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THE bed surface of most gravel rivers is considerably coarser than
the sub-surface or the gravel load transported over it, a %
phenomenon affecting river dynamics, morphology and ecology. *
The coarse surface Iayer, often called an armour or pavement, husf
been attributed to an inherent tendency for small grains to settle 3
between larger ones during active transport of all sizes'* and lg
selective erosion or trapping of finer particles when the coarsd
grains are relatively immobile’™. Where bedload supply is cut off,
below dams, selective erosion causes coarsening™*. Using a simpl'g"f
quantitative model, we propose that surface coarsening develo
in gravel-bedded rivers when local bedload supply from upstrea
is less than the ability of the flow to transport that load.
present laboratory results which support this hypothesis, and sh
that supply reduction causes changes in bedforms and progressive
confinement of active bedload transport to @ narrow band of ﬁd(r
bed surface bordered by a coarse, less active bed. It may therefgre
be possible to relate the degree of river-bed surface coarsening to
sediment supply resulting from land use. : .

In rivers, when the boundary Jhear stress 7, imposed hy} he
flow exceeds the critical boundary shear stress 7, requircg to
mobilize grains on the stream bed, the bedioad lrunspnrl]%mlc
gy, is observed to increase rapidly with small increases in o7,
The simplest approximate equation for predicting g, It g

da

T
where k and n are empirically determined (n is usuallygclose
to 1.5)". On a bed composed of many different grain sizeg 7. is
roughly proportional to the median grain size of the bed su?acc“.
Flume and field studies indicate that a stream bed’s sab-surface
is similar in grain size distribution to the stream’s bedload”. We
propose that the disparity between median grain size of the
surface and that of the sub-surface or load can arise when the
transport rate exceeds the local supply rate. This imbalafice may
cause net erosion, but in poorly sorted sediment (thzn?is, sedi-
ment with a wide grain size distribution), it may u‘lgw cause
selective _erosion and deposition and vertical wingbwing to
coarsen the bed and raise the critical shear stress. (F) r model
differs from those that argue that armouring 1s inherght in the
transport of poorly sorted sediment'’; we propose ir}étcad that

~ . ¥ . . -
surface coarsening occurs ‘g:mzmly where there s agfansport

o k(77"

supply imbalance, and itfnay occur over small p
stream bed or over the entire stream bed. i

Using equation (1), we can form a dimcnsionie.‘ :
transport ratio g, , which is the tramsport rate forgthe coarse
surface normalized by the transport rate for a sur‘fg as fine as
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the sub-surface or load: N
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where 7., and 7 are the critical boundary -shear stresses of thg.
curface and the sub-surface or load, respecavely, the pa_ramet%r
o for gravel with uniform specific gravity isunity, and Do and
D, are the median grain size of the surfade and load} respet-
tively. An alternative’ to equation (1} can be'manipulateg! to give
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where the bracketed expressions represent the dimensignless
excess shear stress for the median grain size of the surfady and
the load. Our hypothesis implies that g, in equations (2)8r(3)
<hould -be unity when sediment supply rate matches the river's
ability to transport the load, and should decrgase towards zero
as the surface coarsens when supply 1s rcduc‘gdv

We progressively reduced the sediment sj}pply to a small
flume, holding the water discharge and the tedload grain size
distribution constan(. Sediment identical to the supply was
placed on the flume bed while damp to minimize settling of
finer sediment hetween the larger grains. Nonctheless, simple
wetting of the surface and grain vibrations (produced by water
faw rates helow that required for sediment tragsport} coarsened
the hed significantly (hig. 1) as the fiper graiins infiltrated the
hed. As the surface reached equiltbrium at-a high bedload
transport rate {174 g min " per cm width), it became distinctly
finer and more poorly sorted; however, the median grain
diameter, or D, of the bed surface was equal to that of the
load (3.7 mm) within measurement error. Reducing the sediment
supply rate to 6.1 gmin ' per cm width coarsened the surface
to D, 4.3 mm, with a marked reduction in bed surface sand.
Decreasing the sediment loading to 1.7 g min ' per ecm width
coarsened the surface further (124, 49 mm).

The bed surface showed spatial segregation of gramn sizes into
distinet zones which varied with supply (Fig. 2). At the high
transport rate, the surface was covered with mobile, thin (1-2
grain diameters) hedioad sheets'”, consisting ol alternating con-
gested (coarse), smooth (fine}, and transitional (intermedtate)
sones' ', migrating downstream (in that order), thus creating
strong pulsations in bedload delivery to the flume outlet. As the
cediment supply rate was reduced, sheets became less frequent
and distinct, coarse inactive zones formed and expanded, and
sediment transport became confined to a progressively narrower
Gne-textured active zone (Fig. 2) where bedload travelled in
indistinct long-wavelength pulses.

The constriction of active bedload zones with decreasing
supply probably results from interactions between coarse and
fine grains. As the bed coarsens because of diminished supply,
the finer bedload will tend to stap in the pockets formed by the
coarser surface particles. Locally, if a sufficient number of fine
particles stop, the pockets will partially fill, causing a reduction
in local grain [riction and a reduction in the fluid momentum
loss from particle wakes. These effects will cause this local area
to transmit more load and to have a higher flow velocity {causing
locally convergent near-bed flow '), leading to an active bedload
sone bounded by less active coarse sufaces.

Values of g, predicted by gquation (3) compare well with
our experimental results (Fig. 3}, supporting the simple explana-
tion for surface coarsening proposed here. We used equation
(3) rather than (2) for our own data and that of Parker et al’
hecause the Yalin bedload equation predjeted the observed
transport rates more accurately. We estirﬁ?ted 7. and 7,10

%

%
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equation (3} by using the relationship 7, =7, X [(p,—p) %

g D] ' =0.045 (where p, and p are the grain and fluid density,
. respcctivcl‘y, and g i gravitational acceleration), recently

proposcdl 16 for poorly sorted coarse sediments. We calculated
a in equation (3) as a = 1.66 7= 0.35. The boundary shear
stress was calculated from flow depth, water surface slope, and
bed surface slope; it decreased (from 52 to 47 and then to 39
dyne cm 7) with decreasing surface slope as the sediment supply
was reduced between the three runs. The uncertainty in calcu-
lated T, (because of variability.of bed slope over ime) was close
to the differences between these runs, however, and the family
of curves shown in Fig. 3 all exhibit a similar rapid decline in
g4, - Two data points calculated from experiments by Parker et
al® under similar conditions are shown (Fig. 3) their 7,/ 7,
ratio was ~2.5. The g, values for these two points were calcu-
lated from the observed initial and final bedload discharge rate
inrun 4 and from the estimated initial and observed fina! bedload
discharge in run 2. For the Kuhnle and Southard'! data, g, was
calculated in two ways: by assuming that the highest feed rate
(run H5) defined the transport rate without a coarse surface
layer, and by calculating this transport rate for the same 7.,/ 7,
4 as their other runs. The predicted relationship 1s from

“equation (2} rather than from (3) because the bedload equation
behind equation (2) gave a better estimate of observed sediment
transport rales. Because the experiments of ref. 14 used super

» critical flow, and the water surface slopes and cquilibrium trans-

¥ port for all grain sizes were not reported, the quantitative inter
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FIG. 1 Changes in bed-surface grain size distribution with sediment supply
reduction. Cumulative size distributions shown for grain mixture fed into
the flume (sediment supply), initial bed surface after wetting but before any
sediment transport (initial bed), and bed surfaces under pedioad transport
rates of 17.4, 6.1, and 1.7 g min * per cm width.

METHODS. The flume was 7.5 mlong, 0.3 m wide. and was kept at a constant
slope of 0.0046. Water surface ‘slope, gravel bedislope. and bed surface
texture were free to equilibrate at the imposed tes of water discharge
(0615 cm 1) and sediment loading (varied betﬁen runs as above). The
highest sediment loading rate was ‘adjusted to the observed bedioad dis-
charge from the initial bed. Fresh sediment was fed constantly into the
upstream end of the flume by hgnd or conveyor pelt. Discharged bedload
was collected from the flume outlet at 5 min intervals, weighed, and sieved
to determine grain size distribution. Samples of the bed surface were
recovered at the end of each run by removing plates (0.5m long, 03 m
wide) which;had previously been buried in the tiume bed. The undisturbed
bed surfaces on these plates were fixed with glue and analysed for gran
size distribution by measuring grains located at fixed points on an overlaid
grid?°. Water surface and bed slope were determined every 6 min by reading
poirit gauges Plaoed at the 1-m intervals along the flume centreline The
mean water surface slope of each run decreased with reduced sediment
joading. from 0.0052 to 0.0046 and then to 0.0035 {all £15%), while the
mean depth increased from 10 to 11 ém. Runs lasted six to eight hours.
and were terminated at equilibrium when water surface slope stabilized and
when rate and size distribution of begload discharge matched those of
bedload supply.
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pretation of their results is uncertain. We assumed hat their
bed slope and average flow depth could be used to esgmate the
average boundary shear stress using the Williams' ' gide-wall
correction. .

Parker and Klingeman® argued that the coarse surfxre layer
developed by vertical winnowing of fines, making coars grains
more abundant at the surface and giving the coarsé wnd fine
fractions of the load equal mobility. They proposed that & coarse
surface layer was generally required to transmit poorlf
coarse bedioad when boundary shear stresses were not faga
critical. Our analysis suggests that their experiments wel
ducted under very low sediment feed rates, relative to thégboun-
dary shear stress imposed. This imbalance between se
supply and transport led to surface coarsening which reduced
the difference between the imposed boundary shear stresy and
the critical shear stress. Kuhnle and Southard' varied sedi§
feed and water discharge in experiments which they integgret
as supporting the Parker-Klingeman equal-mobility hypot 515
They imposed large initial excess boundary shear siregses
(/7. -4) relative to the imposed load, however, and 9
sequently a coarse surface layer developed in a manner ¢
sistent with our theory (Fig. 3). Although they conclude )
their results support the cqual-mobility hypothesis, they afso
propose that the initial surface in their experiments was 100 i‘:%?

{

ta accomplish equal mobility for the imposed flow and sedim

feed rate. Hence, indirectly, they recognized the importancc"‘

sediment supply in their experiments. .
We propose that surveys of rivers to determine patterns of g,
may provide a gquantitative method to determine the sensitivity

of tivers to sediment supply changes resulting from land usel,
Such a tool would be useful where conflicts arise between land.
use (such as forest cutting) and river use (such as fish produc-

tion). Spatial variation in bed surface texture can be related to
channel topography through detailed mapping of rivers at low
flow. The local dimensionlgss Lransport rate g, can then be
estimated directly from 7, (from the bankfull channel geometry),
. (from bed-surface grain size analysis) and 7, (from sampling
of the bed sub-surface, whose grain size distribution approxi-
mately equals the load”) for different grain-size zones. Such held
surveys of rivers in California have revealed significant g, vari-
ation with sediment supply similar to that predicted by our
theory (1. Kinerson and W. k. Dietrich, manuscript in prepar-
ation).

We suggest that, in rivers with predominantly low g, values,
increased bedload supply as a result of accelerated erosion may
he primarily accommodated through a local increase in g, values

congasted

bedload shea!

Sediment supply

ke

FIG. 2 Plan view of the flume bed, showing effect of sediment loading rate
(indicated by 'supply’ pox) on iateral and jongitudinal grain size segregation
of flume bed surface (flow is left to right). At a high (17.4 g min 1 per cm
width) sediment supply rate, bedioad travelled as thin rapidly migrating
bedload sheets (see text) with relatively well sorted coarse (4.7 mm median
diameter) ‘congested’ leading edges, followed by poorly sorted ‘smooth’ and
‘transitional’ zones (2.7 mm and 3.7 mm median diameter, respectively).
Reductions in sediment supply resulted in expansion of the coarse ‘inactive’
zones. in which little or no transport took place.
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A new, post-stishovite high-
0 T sty pressure polymorph of silica

equation (3). 1/, < 1.5 O Parker et al® -~

08 0 Kunnie & Southard'® Yoshihiko Tsuchida & Takehiko Yagi .
06 equation (3). 1/, =25 Institute for Sotid State Physics, University of Tokye, Roppong!. Minato-kuig:
q* ; Tokyo 106. Japan Y : *,
0.4 equation (2), 1/t =42 - , 3 T
THE possibility of ‘post-stishovite’ phases of silica (S5i0;) has .
run H3 been the subject of extensive study during the past two decades, :

runs

L5 W H2 ‘not only because of the intrinsic crystallographic interest it also

‘because of its relevance to the geochemistry of the lower Jantle.

0.0 ] A " Here in situ X-ray diffraction observations of Si0; compr d to
1 2 3 4 5 . . X .
. pressures of up to 124 GPa using 2 laser-heated diamongeanvil
t DSOS/DSOl cell. Stishovite was formed by heating o-quartz or amom hous .
| silica at pressures of up to 92 GPa; on heating at 108 and 124 GPa, )
{ FIG. 3 Comparison of the predicted transport ratio q, as a function of however, the materials crystallized into @ CaCly-type structure, S
| median grain diametér (D.,) ratio, with the ohserved transport ratio and which results from a distortion of the stishovite structure fpd is
\ grain ratio at transport rates of 17.4. 6.1, and 1.7 gmn P per cm width slightly denser. The quenched and recovered sample was agways
| The symbol size represents the approximate range of ohserved values 1ot stishovite; thus the transformation from stishovite to the (aCl,
each run. «tructure is reversible on release of pressure. f

Silica is*one of the most abundant minerdls in the Larth’s

. . . . L crust and occurs in many different forms, or pplymorphs. Since

and widening (_)f hlgh_-q* zones. In s.lrcm_nmm'lh high initial qs the discovery of the rutile-type polymorph ( tishovite) above

values, grain size adjustment resulting from increased load 1s 10 GPa, many attempts have been made to find further high-

: hr:mled,_ zmd‘ hcng:e mc:rcuscd hcdl(')ad sup[?l)f sh(zuld lead 1o net g hrewsure polymorphs of S0 Both «-PhO -type and Fe,N-type

deposition dnq c})l?scqucnlly to dllcrcq Lh“mnd mnrphnlogy‘ Gi0). have heen synthesized at very high pressures using either
such as pool infilling and channel migration. If accelerated ok or static comprcssion"', but neither polymorph has yet /

Rt

-

e

erosion leads primarily 10 increased fine bedload supply, 1L g heen confirmed to exist as stable phase. Based on systematic
studies of AX,-type compounds, it is generally believed that

should cause fining of the bed, which may 1n turn lead 10

dirati " AT M . ey o1t . . St - T . . . . - - . & ~ -

mobilization of the coarser fraction and an increase in g, - These Jtishovite may ultimately transform info an crghtft)ld~0()()rd1n- _
}, ated fluorite structure . :

hypotheses ar¢ being tested in continuing field studies on
¢ a‘hfornm nivers. . o . N A recent theoretical prediction using 4 firs(-principles elec-
n most rivers, many factors (limited supply of gravel-4izs tronic structure calculation® has indicated, however, that
fluorite-type S0, has a much higher free energy than stishovite,

=

G

material to streams from hillslopes, chemical and mechanici

h“d“_kd‘)w"_“f Z?d malc(;lal, net foss of material to ﬁ'm)dpl;nn making it an unlikely candidate for the “post-stishovite phase’. ge
and increasing distance ownstream from upldndﬂsedlmcnls(?u Instead, it was pointed out that Jtishovite may ultimately trans-
ces) restrict bedload supply and promote bed surface coarsening. form into a Pad (pyrite-like) structure; the aim of our experi- ¢
P o ~ e g o 1 ~ Tve .y ) . . A ’ ‘
()ndd; very l(})\cal scale, LA()p()L,‘mphllcdlly induced flow dxvugun - ments was (o test this theoretical prediction.
an <]:mss-‘; annel "?ll'(qu_(]il particles C‘”‘f reduce the “?d‘”fx ,',l Synthetic single crystals of quartz, natural quartz sand and
2;1[‘»[’ yd"ln C().)rser]\ ';‘ W'(h”“! patches of the _h':d ’fl’rff“c . amorphous silica were used as starting materials. These samples
urse .mu}(.supphy yp?lt es18 s.ug%csl_\d LOSU(;\UU};“;" *U(; € were finely ground and mixed with platinum black, which
responses, from the well-armoure: river peds below s absorbs the Nd YAG laser hght. Details of the experiments are
(where all bedload supply 1 eliminated) to the armour-pee described clsewhere’. Powdered samples were embedded jn a
surface found on bars below tandslides or other local hﬁghj «mall hole (100 wm) in a otainless-steel gasket and concentric
supply sources. L
T _
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