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Wear of Unsound Pebbles in River Headwaters

Abstract. Pebbles that are initially weathered, inhomogeneous, angular, or frac-
tured (“‘unsound’’) become sound with transport. The Sternberg law describes well
the wear of sound pebbles found in large rivers, but describes poorly that of unsound
pebbles in river headwaters. For unsound pebbles the Sternberg coefficient (which is
assumed to be a constant) decreases appreciably downstream. An alternative to the
Sternberg law is derived in which the coefficient is proportional to the reciprocal of
the downs ~eam distance traveled. The laws are compared by using data from the

Clutha basin in New Zealand.

The change in weight or length of peb-
bles of a particular lithology as they
move has often been described by the
empirical Sternberg law (/)

W = W, exp(—awZ) (1a)

D = D, exp(—apZ) (1b)
_ Alog.(diameter)

@b = A(distance) (1)

where W and W, are the final and initial
weights; D and D, are the final and initial
diameters; Z is the distance traveled (kil-
ometers); aw and ap are coefficients per
kilometer for weight and length, respec-
tively; and aw = 3ap.

The downstream decrease of the coef-
ficient for unsound pebbles can be shown
in rivers with rocks having very different
coefficients. The best example in New
Zealand is the Clutha River (45°S,
169.5°E), where most of the bedrock is
quartz-veined chlorite schist, and where
my measurements in road cuttings in-
dicate that on average the quartz veins
make up 5 percent of the bedrock. There
is a general downstream increase in the
proportion of the quartz (a relatively
strong rock) to the schist (a relatively
weak rock). The ratio by weight of the
quartz to the schist and the average size
of the five largest pebbles of each li-
thology were measured at most of 53 sites.
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For each site the downstream distance,
x, is taken as the channel distance to its
furthermost headwater, although few
pebbles will have traveled the full dis-
tance.

As pebbles become sound with trans-
port, their size change can be described
by a law in which the coefficient de-

Quartz

400 @

Size (mm)

1000 Schist

. .
0 100 200 300
Downstream distance (km)

Fig. 1. Semilog diagrams showing systematic
difference between fitted straight lines and
data points for the downstream decrease in
size of the five largest quartz and the five larg-
est schist pebbles for about 40 streams within
the Clutha basin.

creases downstream according to the re-
ciprocal of the distance. In Figs. 1 and 2,
I compare the Sternberg law with the
one proposed here, using data from the
Clutha catchment. The data are linear-
ized in Fig. 2 by plotting Y = log,, (size)
against X = log,, (distance) and then fit-
ting the straight line

Y=mX+c
Then
1 dY m
W= BB - x P

gives the coefficient at each point. The
point coefficient given by Eq. 2 is pro-
portional to the reciprocal of the distance
from the headwaters and decreases more
and more slowly downswream, finally be-
coming the Sternberg coefficient. Unlike
the Sternberg law, the one proposed here
cannot be extrapolated to the source to
give an initial pebble size. However for
an interval (x; to x,;) not including the
source, the interval coefficient is given
by

1‘2

_J m .
X

ap =
X2_.xl

_ Zmloedu/x) )
Xo — Xy

which gives the same value that is found
by applying the Sternberg law to the
change in size between the end points x,
and x,. A coefficient of proportional
weight change, ap, expresses the change
in proportion of two lithologies down-
stream. If lithologies A and B decrease
downstream according to the law above,
their weight ratio R over the short dis-
tance Z changes according to

A = Ay exp(—3apaZ)
B = B, exp(—3appZ)
A/B = Ay/B, exp[—3(apa — app)Z]
R = R, exp(—apZ) “

where ap = 3(apa — apg).

The point and interval coefficients for
the quartz and schist sizes for the inter-
val 2 to 294 km are calculated from the
slope of the lines on Fig. 2 by use of Egs.
2 and 3; for quartz

0.171

g = km™'  @pq = 0.00288 km™!

and for schist

0.574

QAps = 'T km™! &Ds = 0.00965 km™!

The curved lines corresponding the size
changes predicted by applying the Stern-
berg law have also been plotted on Fig. 2
for comparison with the data. The obser-
vations indicate that most pebbles in the
upstream reaches are unsound and that
Sternberg’s law is inapplicable.

From Eq. 4 the point coefficient of
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Fig. 2 (left). Log-log diagrams (with normal
values) showing same data as in Fig, 1.
Curved lines are those that are straight in Fig.
1 and correspond to a constant coefficient for
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Fig. 3 (right). Log-log

diagram with data points and eye-fitted line showing the downstream distance from source
increase in the proportion of quartz to schist. About 40 streams and rivers are represented. The
curved line corresponds to a constant value for ap, and the straight line to a coefficient that de-

creases with distance.

proportional change for quartz and schist
can be calculated from their point coeffi-
cients

ap = 3(apq — aps)

0171 0.574\ _
© )

1.21
X

ap = 3( km™!

Figure 3 shows the downstream in-
crease in the weight ratio of quartz to
schist gravel. At source the quartz veins
are about 5 percent of the bedrock; at
Balclutha, 290 km downstream, quartz
gravel is 55 times as abundant as schist
gravel. Many of the data points are be-
low the line because not all of the schist
comes from the furthermost headwater.
From the slope of the straight line in Fig.
3, the point and interval coefficients of
proportional change are

ap = — ﬁkm_l
X

— _ —1.1710g.(294/2) .

The point coefficient so determined is in
excellent agreement (within 4 percent)
with the corresponding value calculated
from independent data on the change
in size of the largest quartz and schist
pebbles. A coefficient of proportional
change that decreases with distance
(ap = —1.17/x km™?) fits the data points
on Fig. 3 much better than the constant
value (@p = —0.020 km™") that would be
predicted if the size change of the quartz
and the schist pebbles fitted the Stern-
berg law rather than the one proposed
here.

There is little possibility that the size

changes discussed here are caused by a
hydraulic selection (2) mechanism in
which the largest pebbles accumulate in
the river headwaters. Erosion rates in
the headwaters of the Clutha catchment
are so rapid that if pebbles of a particular
size were to accumulate they would be
conspicuous. No such accumulation is
observed, many rivers being in bedrock
gorges, and all pebbles must therefore

be moved downriver. Again, if selection
were important, the downstream size
changes—schist initially larger than
quartz, then vice versa—would preclude
any simple relation between their weight
ratio such as that shown in Fig. 3.

The downstream size reduction is
therefore mainly due to the abrasive pro-
cesses of wear, chipping, and fracture.
In river headwaters abrasion is initially
rapid as the weakest parts of the pebble
are preferentially abraded, sharp corners
are rounded, and fracture occurs along
planes of weakness. Eventually all dif-
ferences in lithology and weaknesses are
removed, and the result is a homoge-
nous, sound pebble, the downstream
change of which is well described by the
Sternberg law. Pebble abrasion, when al-
lowance is made for wear of unsound
pebbles, thus accounts for the down-
stream changes observed in the Clutha
catchment.

JOHN ADAMS
Department of Geological Sciences,
Cornell University,
Ithaca, New York 14853
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Molecular Structure of an Unusual Organoactinide Hydride
Complex Determined Solely by Neutron Diffraction

Abstract. The structure of an unusual organometallic complex, {Th[(CH;);C;l,
H(u-H)}, - CsH;CH,, has been determined from neutron diffraction data, using
only the direct-methods program MULTAN. Besides providing accurate metrical in-
Sformation on the first organometallic actinide hydride complex, these results have
general and far-reaching implications concerning the complexity and size of crystal
structures that can be elucidated solely on the basis of neutron diffraction data.

A common misconception regarding
neutron crystallography is that prelimi-
nary structural solutions can only be de-
rived after the tedious collection of re-
dundant x-ray data. In spite of the great
recent advances in the use of direct
methods for phase determination of x-
ray diffraction data (/), there has been
some question about the general appli-
cability of these techniques to neutron
data. In the theory of direct methods, as
developed for the x-ray case, it is as-
sumed that the scattering amplitudes all
have the same (positive) sign, but for
neutron diffraction many atoms have
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negative coherent scattering lengths (b)
2); for example, by = —0.374, by; =
—0.214, by = —0.34, and by, = —0.39
(all in units of 1072 cm). Sikka (3)
estimated that the negative scattering
amplitude of hydrogen would be the
major limiting factor in applying the
symbolic addition procedure for centro-
symmetric crystals (where the sign of the
structure factor F; is + or —). He pre-
dicted that if the quantity 3h%/Sh2%,, ex-
ceeds 25 percent and if there are more
than 100 atoms in the unit cell, the struc-
ture probably cannot be derived directly
from neutron diffraction data. Although
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