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ABSTRACT

Grain-size data of sediment samples are often plotted on log (phi)-probability paper
with a view to identifying the lognormally distributed size populations. It is also customary
to assign these lognormal grain-size populations to the different modes of transportation like
rolling, saltation and suspension. The paper describes how this conventional approach was
followed for interpretation of the transportational-depositional conditions of some Gondwana
sediments, and also indicates how the clues obtained from controlled flume experiments might
provide a more precise tool for interpretation of the flow velocity condition.

Flume studies show that water current has a preference for medium to fine sand grains
which are lifted into suspension in much larger proportion than other grains, coarser or finer.
The process leads to the generation of lognormal grain-size distribution in suspension loads,
when flow velocities and heights of suspension above the bed are suitable.

Mixtures of lognormally distributed grain-size populations could be generated in
suspension loads in flumes over a variety of sand beds at medium (60—110 cm/s) flow velo-
cities. Nearly perfect lognormal grain-size distributions resulted when the flow velocity was
increased. Mixtures of lognormally distributed grain-size populations therefore, need not
necessarily represent different modes of transportation. On the otherhand, the degree of
lognormality attained might prove to be an effective tool for deciphering the flow velocity condi-

tion under which a sediment population was transported and deposited in nature.

INTRODUCTION

Grain-size frequency distributions of
sediments are believed to be environ-
ment sensitive, and sedimentologists
have for a long time endeavoured to
obtain clues to the environments of
transportation and deposition from ana-
lysis of grain-sizes of sediment samples.
Three different modes of approach are
generally followed for interpretation of
palaeo-environmental conditions from
grain-size data. These are, in short: (1)
comparison of grain-size distribution
patterns of ancient sediments with those
of modern sediments collected from
known environments; (2) study of grain-
size distribution patterns generated in
laboratory flumes under simulated natural
conditions; (3) theoretical interpretation

of grain-size distribution patterns from
the existing knowledge of hydrodyna-
mics and sediment transportation.

The present state of knowledge of
the forces operating in nature is so
incomplete that a single line of approach
often proves to be inadequate. An
integrated approach combining the in-
formation drawn from the three different
lines of study is likely to yield more
complete information about palaeo-en-
vironment. Of the three above mention-
ed techniques moreover, the first and
the third lines of approach often prove
to be baffling; because the variables
operating in nature are so many, and
our knowledge of the dynamics of sedi-
ment transportation is so incomplete.
Under such circumstances experimental
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studies in laboratory, under simulated,
but controlled natural conditions might
yield more dependable results. The
present paper discusses this idea with
specific reference to the procedures
being followed for interpretation of the
transportational conditions of some an-
cient fluviatile deposits.

The example used for the present
discussion is from the Gondwana rocks
of the Godavari valley, southeast India.
Examination of primary sedimentary
structures and sand body geometry of
the Permo-Triassic Kamthi sandstones
and siltstones belonging to the Gond-
wana in parts of the Godavari valley
indicated that these were laid down by
a system of ancient rivers (Sengupta
1970). A more detailed interpretation of
the palaeo-environment was attempted
through analysis of the grain-size fre-
quency distribution patterns of these
rocks.

CONVENTIONAL APPROACH : COM-
PARISON OF GRAIN-SIZE DISTRIBU-
TION CURVES

The method followed for palaeo-
environmental interpretation was essen-
tially that of visual--comparison of the
Kamthi grain-size distribution patterns

‘lations (see Fig.

with those obtained by earlier workers
from known depositional environments.
Grain-size distribution patterns of the
Gondwana sandstones closely followed
the trend of “type-C" curve of Doeglas,
which represents average river suspen-
sion deposit (Doeglas 1946) The Gon-
dwana grain-size distribution patterns
also compared well with the size dis-
tributions of sediments obtained from
various present day river deposits (data
of Fisk and others, complled by Allen
1965).

Grain-size plots of the Gondwana
samples on log (phi)-probability paper”
showed several straight line segments
indicating that each Gondwana sand-
stone sample was a mixture of several
lognormally distributed. grain-size popu-
1 B): 'Of these, the
coarser 95% generally: consisted of a
single lognormal population. The finer
materials did not belong to a single

* Since statistical tests for normality of “weight
frequency’"data are not known it has been customary
among the sedimentologists to depend on this
approximate graphical test. If on a normal probabi-
lity paper a straight line is a good fit to the plots of
cumulative “weight frequency” percentages, -against
the sieve sizes in phi () scale (¢= -log, diameter

_in mm, Krumbein, 1936), the size data are said to be

lognormally distributed.
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population at all, but were possibly in-
corporated into the main bulk of the
sediment in several instalments. The
conclusion reached from comparison
of each segment of the grain-size dis-
tribution curve with the data available
in the existing literature was that the
medium to coarse grained sediments
constituting the bulk of the Upper Kamthi
represented the point bars of the Gond-
wana river. Presumably due to periodic
turbulent currents comparatively finer
grained materials were moved towards
these point bars they settled from sus-
pension during the waning phase of
floods and infiltrated into the coarser
sediments in several instalments (Sen-
gupta 1970).

In conformity with this observation
the CM plots (cf. Passega 1957) of
the Kamthi sandstones indicated that
the very coarse materials were trans-
ported by rolling, whereas the finer
sand and silt were deposited as graded
suspension or pelagic suspension. Al-
though this interpretation gave a fairly
consistent picture of the Kamthi sedi-
mentation in the area, several basic
questions still remained open. Why
and under what condition should sand
grains be transported as lognormally
distributed size populations by rivers?
What does this mean in terms of the
hydrodynamic conditions of flow and
the nature of the source material ?

Log (phi)-probability plots of
cumulative “weight frequencies” of
sediment samples collected not only
from fluvial deposits, but from a variety of
other environments as well, often show
up as mixtures of several linear segments.
This suggests that each such sampleis
constituted of a number of distinct
grain-size populations, each of which
is lognormally distributed. Following

Moss (1963) and Visher (1969) it has
been customary among sedimentologists
to interpret these linear segments as the
grain-size populations transported as
bed, suspension and saltation loads.
The basic assumptions behind this ap-
proach are : (i) the grain-size popula-
tions transported as bed, suspension
and saltation loads are distinguishable
because they belong to distinct ranges
of grain-sizes, and (ii) in each case the
grain-size frequency distribution is log-
normal. It is worthwhile to critically
examine the validity of these assump-
tions before using the log (phi)-
probability plots for environmental inter-
pretation.

The conventional clear-cut division
between the bed and the suspension
loads have been questioned by some
on the ground that all types of transition
between the two exist. Near the bed the
grains follow deterministic trajectories
of jump whereas in suspension they
follow random or probabilistic paths
(Yalin 1972). Transitions between these
two modes of transport are common in
nature and it is not clear why the bed
and the suspension loads should always
show up as two distinctly different
populations under such circumstances.
The question is particularly true for the
saltating grains which constantly change
their positions between the bed and the
suspension during transportation and
are unlikely to be preserved in the de-
posit as a population distinct from the
two.

The natural processes responsible
for lognormal distribution of grain-size
populations, the other crucial problem
requiring close study in the context of
the above discussion, has not been
clear to the sedimentologists since it was
first reported by Krumbein (1936). From
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time to time several theoretical models
were proposed to explain this pheno-
menon (e.g. Kolmogorov 1941, Middle-
ton 1970). However, critical studies
have shown that it is difficulttofind con-
ditions in natural fluvial regimes which
will fully satisfy the requirements of any
of these theoretical models (Sengupta
1975¢). The precise conditions for
transportation of the ancient fluvial sands
therefore, remained unclear and it was
decided to trace the environmental
condition in which lognormality of grain
size distributions might be happening in
nature today.

STUDIES ON RECENT FLUVIAL SEDI-
MENTS

With a view to finding the environ-
mental conditions in which sand popula-
tions having lognormal grain-size dis-
tributions can accumulate in modern
fluviatile regimes, a series of samples
were collected from the point bars of the
Usri river near Giridih, Bihar at various
distances from the source. The grain-
size distribution patterns of these samples
were studied by sieving. Although the
phi size distribution of the material in

sand sample shown in A.

the source area of the river did not
conform to the normal law, the sedi-
ments occurring on the river point bars
at a considerable distance from the
source, showed a definite trend towards
linearity when plotted on log-probability
paper (Fig. 2B). The sand samples
which showed this trend occurred in
thin, nearly horizontal, structureless
laminae on top of the point bars. Ap-
parently, the material was deposited
either under high flow regime condition
or was laid down from suspension
during the waning phase of a flood.

Can a process of size sorting operat-
ing during transportation of sand either
in suspension or as bed load (in high
flow regime condition) generate log-
normality of grain-size distribution? How
can, in that case, the parameters of the
grain-size frequency distribution of sand
be correlated to the physical conditions
of flow? These were the questions
which followed naturally from this study.
it is difficult to obtain answers to these
questions from studies in natural river
regimes where a number of unknown
variables work simultaneously. In the
next stage of work therefore, it was
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Figure 3 A. Grain-size frequency distribution of the suspended loads generated at different flow velocities
in a laboratory flume over a sand bed having polymodal grain-size frequency distribution
pattern. The bed load’s grain-size distribution is shown in the lower diagram. { =mean

flow velocity in cm/s.
Figure 3 B.

load samples shown in A.

necessary to investigate into the process
of size sorting in fluvial regimes through
controlled experiments in laboratory
flumes, where the influence of a single
variable on the grain-size frequency
distribution could be studied at a time.

EXPERIMENTAL APPROACH : FLUME.

STUDIES

Flume experiments carried out in
the Groningen laboratory, Netherlands
(Kuenen and Sengupta 1970) indicated
that lognormal distribution of particle
sizes can occur when sediments are
taken into suspension by high velocity
water flows. Field observations in the
Usri river point bars together with these
laboratory findings suggested that a
process of size sorting operating during
suspension transportation might be res-

Phi-probability plots of the cumulative grain-size frequency distributions of thesu spension

ponsible for generation of lognormality
of grain-size distributions in fluvial sand
populations.

Following these clues, a series of
flume studies were conducted in the
Department of Physical Geography of
the Uppsala University, Sweden. Grain-
size frequency distribution of the ma-
terials taken into suspension by water
at different flow velocities (and at
different heights) from a bed of hetero-
geneous (polymodal) grain-size com-
position were studied in a large number
of suspension load samples by sieving
(Sengupta 1975 ab). Fig. 3A shows
the nature of the suspension loads at
different velocities, at a height of 20 cm
above this heterogeneous bed. Interest-
ingly enough, grain-size distributions of
the suspension loads were unimodal at
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Figure 4 A. Grain-size frequency distributions of the suspended loads generated at different flow
velocities in a laboratory flume over a sand bed having skew grain-size frequency
distribution pattern. The bed load's grain-size distribution is shown in the lower diagram.

y=mean flow velocity in cm/s.
Figure 4 B.

all the three flow velocities. Moreover,
with increase of flow velocity the size
distribution became more and more
symmetric around the mean size. Log-
probability plots of the grain-size dis-
tributions of these suspension loads
are shown in Fig. 3B. At the highest
velocity (160 cm/s), grain-sizes of nearly
97% of the suspended particles are
lognormally distributed, whereas at lower
velocities only 92% (at 104 cm/s) and
26% (at 43 cm/s) of the total materials
are lognormal. Two interesting clues
emerge from these results : (i) the current
has a definite tendency to take into
suspension a unimodal grain-size popu-
lation even when the bed’s grain-size
distribution is polymodal (ii) with in-
crease of flow velocity there is a greater
tendency for the grain-size distribution
of the whole suspension load to attain

Phi-probability plots of the cumulative grain-size frequency distribution of the sus-
pension load samples shown in A.

lognormality. 1t is also clear that at lower
velocities the load is constituted of a
mixture of several lognormally distri-
buted populations (Fig. 3B, v=104
cm/s.). Such mixtures therefore, need
not necessarily represent the products
of different modes of transportation.
They might, on the other hand, be
indicative of a particular flow velocity
condition.

Since the first series of experiments
conducted in 1971, these flume experi-
ments have been repeated in the Up-
psala flume laboratory with a variety of
beds having different grain-size fre-
quency distributions. Fig. 4 shows the
resuit of one such experiment where the
bed’s grain-size distribution was highly
skewed. The grain-size distribution of
the suspension load above this bed
however, was nearly symmetrical at
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high flow velocities. Moreover, the modal
size of the particles in suspension
(3¢ or 0.126 mm) did not coincide
with the mode of the bed load (0.5 ¢ or
0.71 mm). Similar results were obtained
when the experiments were repeated
with a variety of beds having different
grain-size distribution patterns. These
experiments indicate that the grain-size
distribution pattern of the suspension
load is nearly independent of the size-
distribution pattern of the source material
(the bed load). lrrespective of the nature
of the bed load, the current always
lifts into suspension an essentially uni-
modal grain-size population. Moreover,
more of the intermediate size sand
grains always go into suspension irres-
pective of the proportion in which they
occur in the bed.

The earlier experiments have shown
that the grain-size frequency distribution
of the suspension load is dependent on
(i) flow velocity (ii) height of suspension
above the bed and (iii) grain-size dis-
tribution of the bed material (Sengupta
1975 a, b). While confirming these con-
clusions in a general way, the present
series of experiments indicate that the
grain-size frequency distribution of the
suspension load hardly, if at all, reflects
the actual grain-size distribution of the
bed. By comparing the nature of the
suspension loads at different flow velo-
cities, it is also seen that with increasing
flow velocity there is a tendency for the
current to lift into suspension lognor-
mally distributed grain-size populations.
It is possible therefore, that the degree of
lognormality of grain-size distribution
attained, is a direct function of the flow
‘velocity. Should it be possible to cor-
relate the two, it would provide a new
and useful tool for precise interpretation
of the flow conditions under which

sediment populations were transported
and deposited in the geologic past.

SUMMARY AND CONCLUSIONS

The technique commonly followed
for interpretation of transportational con-
ditions of sediments involves visual
comparison of the grain-size distribution
pattern of the sediment sample with
those obtained from known depositional
environments of present day. The paper
describes how this method was follow-
ed for interpretation of the depositional
environment of the fiuviatile Kamthi
(Gondwana) rocks of the Godavari
valley.

While giving broad clues to the
palaeo-environmental conditions, the
technique of visual comparison does
not give precise information on the
nature of the flow conditions respon-
sible for transportation and deposition
of the sediments. For more precise
analysis it is customary to plot cumula-
tive “weight frequency” percentages
against logarithms of grain-sizes on
probability paper in order to test whether
the grain size distributions are lognormal.
These plots often resolve into a number
of straight line segments indicating that
the sediment samples are mixtures of
several populations, each of which is
lognormally distributed. These popula-
tions are often attributed to the different
modes of transportation like rolling,
saltation and suspension. This technique
of interpretation needs critical examina-
tion. The mechanism of generation of
the suspension should be expected to
be deposited as lognormally distributed
populations having grain-size parameters
distinguishable from both.

Field investigations of river trans-
ported sediments and controlled ex-
periments conducted in laboratory flumes
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have shown that grain-size frequency
distributions of sediment populations
transported in suspension are generally
lognormally distributed at high flow
velocities. At medium (60-110 cm/s)
velocities the cumulative frequencies of
grain-sizes often show up as mixtures
of several lognormally distributed popu-
lations. When the flow velocity was
increased to about 150 cm/s, nearly
95% of the material in suspension ex-
hibited almost perfect lognormal grain-

~ size distribution. Mixtures of lognormally
distributed grain-size populations thete-
fore, need not necessarily be indicative
of different modes of transportation.
On the otherhand, the degree to which
the grain-size frequency distribution ap-
proaches perfect lognormality, may be
used as a measure of the flow velocity
condition. This clue might lead to the
formulation of a theoretical model cor-
relating the parameters of grain-size
distribution with that of the flow con-
dition.
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