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ABSTRACT: Antidunesand their sedimentary uctures can be useful in reconstructing g-hydraulic cin-
dition, especially for large discharge events. Haeve 3D antidunes in sand-sized sediments haveyetot
been studied extensively as compared to eitherrizldumes or in gravel-sized sediments. In this gtude
applied genetic conditions of 3D gravel step-poplographies to sand beds, and proved that 3D mikend-
antidune configurations and internal sedimentanycstires could be preserved. The genetic conditiaex-
pressed as the relationship between the bed slopéha water discharge. Thus this result indicttias the
existence of 3D antidune configurations can helph&é more precise reconstruction of paleo-hydrapdie
rameters such as flow-depth and water dischargeoagared to previous methods. Internal sedimentary
structures were characterized by shallow lenssikectures whose bases are erosional. Althoughygeipt
ping concave-upward lamination occurs dominantbnvex-upward lamination is occasionally observed as
well. It appears that the geometry of lenticulanilmasets can be used to estimate the antidune gsoamsl
thus it would still be possible to estimate theepahydraulic parameters even if only the sedimgrgauc-
tures of 3D antidunes are left.

have discontinuous crests or mound shapes. Both 2D

and 3D gravel antidunes, including “putative” ones,
1 INTRODUCTION have been reported from modern and Quaternary

river (flood) and glacial outwash deposits (e.g.,
Antidunes are bedforms generated by unidirectiongdbhaw & Kellerhals, 1977; Alexander & Fielding,
flows in the upper flow regime. Previous flume ex-1997; Carling & Breakspear, 2007). On the other
periments have revealed that when the flow velocithand, in the case of sand-sized sediments, 2D
increases, antidunes are formed next to the uppeantidunes have been reported from modern and an-
stage plane bed formations in sand-sized sedimentsent rivers (e.g., Langford & Bracken), washover-
and next to dune formations in gravel-sized sedifans (e.g., Barwis & Hayes, 1985), beaches (Au-
ments (e.g., Boguchwal & Southard, 1990). gustinus, 1980), and volcanic-ash-base-surges, (e.g.

Despite their abundance in rock records, it haSchmincke et al., 1973; also see Allen’s (1982)
been pointed out that the sedimentary structures @bmprehensive review of other examples). However,
the interpreted upper flow regime origin might havefairly limited 3D antidunes have been found in sand
remained unnoticed (Fielding, 2006). Bedforms andeds, and all of these have been reported from an-
sedimentary structures originating from the uppecient rock records, i.e., fluvial sandstone (Rust &
flow regime are often formed by catastrophic flgods Gibling, 1990; Masuda et al., 1993; Collinson et al
therefore, understanding their characteristicsgatd 2006) and turbidites (Prave & Duke, 1990). These
netic conditions will be useful for reconstructitie  antidunes have been noticed because they exhibit in
environmental changes induced by such catastrophiernal sedimentary structures that are identicahéo
events. This does not apply only to the Earth’s surhummocky beds that are observed in shallow marine
face; it will also be very useful for estimatingeth deposits that are affected by waves.
discharge of channels on other planets such as Mars There have been a good number of theoretical
through image analysis (e.g., Burr et al., 2004). and experimental works on antidune formation (see
There are two types of antidune geometriesthe review of Allen, 1982; Carling & Shvidchenko,

namely, 2D and 3D. 2D antidunes have continuoug002). Kennedy’'s works (Kennedy, 1961, 1963,
crest lines transverse to the flow, while 3D antiei  1969) can be considered to be the most well known
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and cited ones. Kennedy (1991, 1963) showed thehere U denotes the depth-averaged velocity;
formative condition of antidunes in terms of thlare the average water depth; argl the acceleration due
tionship between the Froude number and the wave gravity.

number. Furthermore, Kennedy (1961, 1963) calledr, is expressed as:

3D antidunes “short-crested antidunes,” and showed . _
that they appear at Froude numbers greater tha%rl Jtanhih)/kh 2

M where k is wave number andh is the ay- Wherek denotes the wave number of the bed undula-

erage water depth, whereas 2D antidunes form él%ns, ang It is g'Vﬁn Ilgydtfhe relatlor}ship;]ZH/Lb,
lower Froude numbers (Kennedy, 1963). However" erel, denotes the bedform wavelength.
the formative condition of sandy 3D antidunes hayoreover,
hardly been studied experimentally after Kennedy'sFr >Fr, and Fr <Fr,,
(1963) studies. where

On the other hand, transverse ribs, which ar _
cobble and boulder ridges oriented transversedo trﬁ:ru B .:I,/(kh)tanhkh) (3)
flow, and stone cells, which are cellular netwooks 2nd with larger values okh (approx. kh21), the
stones, are observed in the outwash fans and they &ntidunes migrate downstream (e.g., Carling &
considered to be relict antidune bedforms (e.gs-Gu >"vidchenko, 2002; Parker, 2004). .
tavson, 1974). In mountainous rivers, it has been N addition, Kennedy (1963) reported that in the
known that there exist small (wavelength: 2—20 mf'é@ expressed as
channel units called “ribs” and “step-pools” (e.g., Fr > Fr,_
Hasegawa et al., 1990). A “rib” is a step-like tgpo where
raphy in which gravel forms ridges transverse ® th
flow, whereas gravel forms circles in a “step-pbol.
Whittaker & Jaeggi (1982) and Ashida et al. (1984) _ 1 @)
revealed that ribs are formed by antidunes and sorg: m kh'
ing effects. Hasegawa & Kanbayashi (1996) showe@D antidunes (long-crested waves) are not a passibl
that step-pools are generated due to the interaeofio configuration; instead, short-crested waves (3D
antidunes and 3D water surface waves (diagonalntidunes) occur.
cross-waves) on a supercritical flow. When the  On the other hand, Kennedy (1961; after Foley,
wavelengths of the antidunes and water surfac&977) found that the wavelengths of stationary
waves coincide, the 2D undulation of the antidunesvaves and antidunes are related to the mean flew ve
gradually becomes 3D and then, the surface wavescity by the equation:
begin to be amplified. They developed equations tha
represent the genetic conditions of step-pools and
verified them experimentally. U= /Q_Lb (5)

In this study, we applied Hasegawa & Kanbaya- 27T
shi's (1996) genetic conditions for 3D gravel step-Furthermore, Kennedy (1961; after Foley, 1977) de-
pools to fine sand, and examined the resultant bedived a velocity-wavelength relationship for 3D-sta
forms formed in the flume. The genetic condition oftionary waves from the inviscid flow theory and
3D antidunes in fine sand is presented in termbef found a qualitative experimental agreement in the
relationship between the water discharge per unfiorm:
width and the bed slope, and the internal sedimen-
tary structures were also observed in detail.

1
N
2. GENETIC CONDITIONS FOR 2D AND 3D U aﬂ—"” 1+(5J (6)
ANTIDUNES 27 L
where L, denotes the transverse wavelength of the

3D antidune.
2.1. General conditions for antidune formation

Potential flow analyses, developed by Andersorf-2- Genetic conditions of step-pools

(1953) and Kennedy (1963), give the condition for = Hasegawa & Kanbayashi (1996) showed that

antidune formation as step-pools are generated due to the interaction of

Fr>Fr (1 antidunes and 3D water surface waves (diagonal
L cross-waves) in a supercritical flow. When the wave

lengths of the antidunes and water surface waves co

Fr =U/@ incide, the 2D undulation of the antidunes graguall

becomes 3D and then, the surface waves begin to be

Here, Fr is the Froude number and it is defined as:
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amplified. When the 2D antidunes and surface di-

agonal waves have different wavelengths, they can-

cel out. Therefore, Hasegawa & Kanbayashi (1996)

analyzed the conditions in which the wavelengths of h y4)2

both the 2D antidunes and the water surface didgongr? = 6.{3 = j ,
- 84

(11)
cross-waves are the same.
First, to express the relationship between thguhere N denotes Manning’s roughness coefficient;
wavelength of the antidunes and the Froude numbeg,,, the grain size in cumulative 84%; arid the
Hasegawa & Kanbayashi (1996) used the equatioBed slope. Eliminating the Froude number from
below based on Hayash_l (1970)fs work because thegquations (9), (10), and (11), the flow depth can b
field data agreed with this equation: obtained in the case where both wavelengths are the
same. Then, we can obtain the combination of the
cothikh) 1 1 bed slope and the discharge per unit width for the
= S+ = (7) generation of step-pools. Equations (9), (10), and
kh kh)” 3 (11) have to be calculated numerically. One of the

The relationship between the Froude number and thggyts is nearly equivalent to the flow depth e t
water surface waves (diagonal cross-waves) is ©%ingularity of equation (9):

Fr*=

pressed as:
h=0.192B/n. (12)
Therefore, to generate step-pools, only equati@p (1

2= A tanh(gh) = aph (8) needs to be satisfied. Equations (10) and (11) are

(kh)? (kh)? only used to calculate the values of the discharge

that match the flow depth derived from equation) (12
(Hasegawa & Kanbayashi, 1996).

a=0.83 3. EXPERIMENTAL METHODS

fh =+/(kh)” + (Ih)’, We used a glass-walled recirculating flume 10 m

Ih=2mh/B long, 40 cm deep, and 30 cm wide, with adjustable

slope in Hokkaido University for the experiments.
, he discharge of water was measured by the weir
agonal cross-waves’ wave number mode along th ounted at the upstream end. Well-sorted quargs fin

d|re<_:|_t|hoenntr2r;ss\lljc;r“sr?gtotggte Ilhogv wavel engths in equ sand, whose mean diameter is 0.18 mm, was used.
' a\%Vhen antidunes were being formed, additional sand

where B denotes the flume width and, the di-

tions (7) and (8) are both the same, they eliminat nd silicon carbide abrasives were added from the

them, and the relationship of the Froude number an . - = '
the mean depth is obtained as follows: top of the flume in a manner similar to sediment

rain, so that the bed surface gradually aggraded. T

5 2 2 abrasives made the internal structures more distinc
—az{l—A}ia /7A_7+az After_ the bed surface aggraded to a height of ap-
Fr2 = 3 9 3 9) proximately 5 cm, the tailgate was suddenly closed

2{02A—1} and the pump was switched off. As a result, the wa-
ter level increased and the flow stopped so that ve
little bed-deformation could occur. The flume then
) be drained very slowly without altering the bed-fea
_| 27 tures.
where A‘{%} : Sedimentary structures in the section parallel to

. : . Al the flow were observed and traced through the glass
Equation (9) has a singularity alk—]/a , Where windows. Then, the sediments were cut to make sec-

the l':l'rk(])eu dﬁrgﬂ&neberfucﬁg ebre ::rg:]nltg é expressed usintions perpendicular to the flow at intervals ofrh to
b bserve the sedimentary structures.

Manning’s equation and Hey’'s equation respectivel

as follows:
13
Fr?= h i , (10)
oN



4. RESULTS waves become steeper, and project outward (called
as ‘rooster-tails”; Fig. 2c). By this time, the bed
waves already begin to diminish. Then, the project-

4.1 Formation of 3D antidunes ing surface waves break, waves on the bed and water

. . " surface flatten away, and 2D antidunes and in-phase
Figure 1 shows the genetic condition of 3D ¢ rface waves begin developing again.

antidunes f(_)r fine_ sand (diameter: 0.2 mm) in terms Under these conditions. 3D and 2D antidunes
Of the relatlonshl_p b_etween the_ bed slope and_ th8ccur alternately. Althoug’h 3D antidunes are
discharge per unit width according to the equat'onﬁphemeral, if we can stop the flow in time, the 3D

mentioned in Chapter 2.2n d_enotes the wave mound-like, hummocky geometry remains on the
number mode along t_he dlrectl_on transverse to thBed (Fig. 3). Figure 3 shows an oblique view of 3D
ﬂO\.N' When the ﬂow discharge is low, two or three antidunes after draining. The gently undulatedgehr

trains of 3D antidunes are formed. The conditiongyinensional, round hummocks and swales are
used in this study are listed in Table 1, and ey prominent. The wavelength and wave height of the

indicated by the four points shown in Figure 1. Al-5,44 nes is approximately 50 cm and 2 cm, respec-
though 3D antidunes occur at any condition on th‘fively. This is the case fon =1 and thus the three-

lines, we sel_e_cted thesg points near the boundary 8imensiona|ity was not caused by the friction af th
the super-critical flow, i.e., where the Froude AUM  -lls

ber is near unity, because it is easy to treat them

Table 1. Experimental conditions used in this gtud
Run Discharge Slope Depth Velocity Froude No

q(m’s/m) | h(cm) U (m/s) Fr
1 0.039 0.00945 4.6 0.87 1.29
2 0.043 0.01158 3.02 1.43 2.63
3 0.043 0.01158 3.61 1.20 2.02
4 0.045 0.01138 4.18 1.09 1.71
: n=1
£ 0.1 | Supercritical flow condition
e n
% B '| Genetic condition of 3D antidunes
L 4
0.05
L 14023 / n=2
: ‘\ n=3
0 L T = i e e ] e e
0 0.02 0.04 0.06 0.08 0.1

Figure 1. Genetic condition for 3D antidunes ok&fisand (di-
ameter: 0.2 mm) in terms of the relationship betwte bed
slope and the discharge per unit width. See thetems in o
Chapter 2.2.n denotes the wavenumber mode of the diagona
cross-waves in the transverse direction to the .flohe four
points indicate the conditions used in this study.

3D surface waves and antidunes are formed by

the following process (Figure 2). First, 2D antidan _ o . .

were formeg ?Fig 2a)( a%ld the)y triggered the Wategfljg%re 2. SMowe l_mgges_I showing the formation of 3D
, ' ; t : text tail.

surface diagonal waves. When the wavelengths o aunes. see fextin detal

both the antidunes and the surface diagonal waves

are the same, both waves interfere and make the bed

surface 3D. This leads to the formation of 3D water

surface waves (Fig. 2b). Then, the 3D water surface
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4.2 Internal sedimentary structures lenses. In addition, a gently dipping convex-upward
The sedimentary structures including 3D antidunetamination is observed. This lamination occurs as a
remain in the sediments with the additional sumbly result of the preservation of antidune crests. die
sand (Fig. 4). Figure 4a shows a line drawing ef th gle-of-repose avalanche cross-lamination such as is
internal structure of the 3D antidunes paralleth®e typical of ripple lamination is absent. These struc
flow, as traced through the glass sidewalls. Thet betures appear similar to hummocky and swaley cross-
surface is gently undulating, and it is almost symstratification, which are generated by waves or-com
metrical. The wavelength and wave height are apbined flows.
proximately 50 cm and 1-2 cm, respectively. Almost  The sedimentary structures in the section per-
symmetrical shallow lens-like structures are fotmd pendicular to the flow (Fig. 4b) are also undulgtin
be remarkably dominant. The wavelength of thewavy laminated ones similar to those in the section
lenses is shorter than that of the surface wavies (d parallel to the flow. Shallow lens-like structures
tribution: 15-30 cm and wave height: 0.5-3 cm).  whose bases are erosional surface are characteristi
Although gently dipping concave-upward lamination
dominantly occurs, convex-upward lamination is oc-
casionally observed as well. The characteristic fea
tures of these transverse sections are shallow lens
like structures sandwiched between almost planar
(slightly wavy) laminations. This could be attribdt
to the alternate occurrence of 3D antidunes, plane
beds, and 2D antidunes.

Figure 3. Oblique view of 3D antidunes after dnaini The /@

width of the flume is 30 cm. The flow was along igedtion //

away from the viewer. Gently undulated, 3D, roumthimocks =

and swales are prominent. The wavelength and waighthof @

the antidunes is approximately 50 cm and 2 cm,estsgely.

This is the case fom =1. Figure 4. (a) Flow-parallel line diagrams of theeimal sedi-

mentary structure of 3D antidunes, as traced thrdhg glass
sidewalls. The scale is 20 cm. The flow was from tight to

The lenses are truncated by the next upstream-sidfe left. (b) Flow-perpendicular line diagrams, teed from
lenses in most cases. The bases of the lensesoare he photographs of successive sections. The sc@lgé ¢m. The

. . low was along a direction heading out of the damgr Undu-
sional surfaces. These erosional surfaces are ‘m‘antllating wavy laminations and shallow lens-like sttwes whose

by smaller lenses. The inside of each lens appeaggses are erosional surface are characteristihodgh gently
massive in most cases, although upstream dippin@pping concave-upward lamination occurs dominantign-
foreset-like structures are rarely observed in someex-upward lamination is occasionally observed &ii.\irhe
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shallow lens-like structures are sandwiched betwalemost  (Langford & Bracken, 1987; Barwis & Hayes, 1985),

planar (slightly wavy) laminations. and these values are in good agreement with their
experimental observations. In this study, the lami-
naset length and height is also approximately dialf
that of the antidunes preserved on the bed surface.
Although more data should be examined to refine

5. DISCUSSION these relationships, it appears that the geométry o
lenticular laminasets can be used to estimate the

Hydraulic conditions in this study are consisteithw antidune geometry, as stated by Alexander et al.
the previously known antidune genetic conditions(2001). _ .

described in Chapter 2.1, and the relationship be- |f 3D configurations are found on the bed sur-
tween the antidune wavelength and the averagd@ce (gravel or sand bed), it is highly possiblatth
flow velocity is also consistent with the formeudt they result from the mteractlon between antidunes
ies. Thus, the 3D antidunes generated in this studgnd 3D water surface waves (diagonal cross-waves).
are not peculiar ones but fall into well known Thus, using the formula given in this study, the-po
antidune range. 3D antidunes have been reported fible combinations of discharges and bed slopes can
lerhals, 1977; Carling & Breakspear, 2007). Thisfound, if the diagnoses of 3D antidunes are fousd u
may be because once gravel forms mound structure89 the relationship between the dimensions of the
it aggregates and then cannot be dislodged by Waﬁamlr_lasets anq the formative ant_ldunes,_ _|t is still
ing flows. On the contrary, only small numbers ofPossible to estimate paleo-hydraulic conditionshsuc
3D antidunes have been reported on sand beds froa$ the flow depth or water discharge.

rock records (Rust & Gibling, 1990; Prave & Duke,

1990; Masuda et al., 1993; Collinson et al., 2006).

To the best of our knowledge, no “preserved” 3D6. CONCLUSIONS

antidune has been reported in a sand bed fromreithe , N

modern rivers or from experiments. This study!n this study, the genetic conditions of 3D gravel
showed that 3D-antidune beds can be preserved $feP-pool topographies applied to sand beds weh th
the genetic conditions are satisfied, and if thertg ~ Same conditions yield 3D antidunes on the sand bed.

and manner of flow deceleration is suitable for-pre Step-pools are generated due to the interacti@bof
serving the bed configuration. Despite their lowantidunes and water surface waves (diagonal cross-

preservation potential, sandy 3D antidunes may hay¥aves). When the wavelengths of the antidunes and

remained unnoticed, as pointed out by Rust & Gibthe water surface waves coincide, the 2D undulation

ling (1990). of antidunes becomes 3D. Although 3D antidunes
As compared to the surface configuration, inter-occur alternately with 2D antidunes under these con

nal sedimentary structures can be preserved mo#flitions, 3D mound-like antldune_s and mternal‘sedl-
easily if bed accumulation occurs. The internali-sed Mentary structures were left behind by the addaion
mentary structures obtained in this study are essefand supply and sudden decrease in the flow of the
tially identical to those of 2D antidunes (Yokokawadammed up flume. The genetic condition is ex-
et al., 1999; Alexander et al., 2001). In the sexti Pressed as the relationship between the bed slope
transverse to the flow, the combination of shallowdnd the water discharge per unit width. If 3D
lens-like structures and almost planar (slightlwyya antidune — configurations are found, the paleo-
laminations are characteristic in this study. Ties hydraulic parameters can be obtained more precisely
flects the periodic occurrence of 2D antidunes, 3phan in previous cases.

antidunes, and plane beds, as described in Chapter The internal sedimentary structures were also
4.1. Although further studies are required to réveaobserved in detail. Shallow lens-like structures
the relationship between the bed-aggradation rata¥hose bases are _er0_5|onal surfaces are char_alcte_rlst
and the preserved sedimentary structures, the eomtilthough gently dipping concave-upward lamination
nations of the cross stratification of shallow kike ~ ©occurs dominantly, convex-upward lamination is oc-
antidunes and planar (slightly wavy) laminations ca casionally observed as well. '_I'he characteristic fea
be preserved when the hydraulic condition describefiires of flow-transverse sections are that shallow
in this study remains the same for some duratiorf€ns-like structures are sandwiched between almost

and there is adequate sediment supply and accorflanar (slightly wavy) laminations. This could ke a
modation space. tributed to the alternate occurrence of 3D antidyne
Alexander et al. (2001) described that the meaR!ane beds, and 2D antidunes. The laminaset length
laminaset length/mean antidune length is approxiand height is approximately half of that of the
mately 0.5 and the maximum laminaset thick-a@ntidunes preserved on the bed surface; this is con
ness/mean formative antidune height is around 0.8istent with previous studies. Although more data
based on the examples from modern environmeng@ould be examined to refine these relationships, i
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appears that the geometry of lenticular laminasetgoley, M.G. 1977, Gravel-lens formation in antiduegime

can be used to estimate the antidune geometry., Thus
if only sedimentary structures and the diagnoses oéusta

3D antidunes are found, it will still be possibdeets-

timate paleo-hydraulic parameters such as the flow

depth and water discharge.
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