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Late Cenozoic fresh water molasses sediments (+6000 m thick) deposited all along the length of the
Himalayan fore deep, form the Siwalik Supergroup. This paper reports the results of the paleodrainage
and paleohydrology of the Middle Siwalik subgroup of rocks, deposited in non-marine basins adjacent to
a rising mountain chain during Pliocene. Well-exposed sections of these rocks have provided adequate
paleodrainage data for the reconstruction of paleochannel morphology and paleohydrological attributes
of the Pliocene fluvial system.

Cross-bedding data has been used as inputs to estimate bankfull channel depth and channel sinuosity of
Pliocene rivers. Various empirical relationships of modern rivers were used to estimate other paleohydro-
logical attributes such as channel width, sediment load parameter, annual discharge, and channel slope
and flow velocity. Computed channel depth, channel slope and flow velocity are supported independently
by recorded data of scour depth, cross-bedding variability and Chezy’s equation.

The estimates indicate that the Middle Siwalik sequence corresponds to a system of rivers, whose
individual channels were about 400 m wide and 5.2–7.3 m deep; the river on an average had a low sinuous
channel and flowed over a depositional surface sloping at the rate of 53 cm/km. The 700-km long Middle
Siwalik (Pliocene) river drained an area of 42925 km2 to the north–northeast, with a flow velocity of
164–284 cm/s, as it flowed generally south–southwest of the Himalayan Orogen. Bed-load was about
15% of the total load of this river, whose annual discharge was about 346–1170 m3/s normally and rose
to approximately 1854 m3/s during periodic floods. The Froude number of 0.22 suggests that the water
flows in the Pliocene river channels were tranquil, which in turn account for the profuse development
of cross-bedded units in the sandstone. The estimated paleochannel parameters, bedding characteristics
and the abundance of coarse clastics in the lithic fill are rather similar to the modern braided rivers of
Canada and India such as South Saskatchewan and Gomti, respectively.

1. Introduction

In recent years, fluvial sedimentologists have car-
ried out numerous studies to estimate quanti-
tative hydrodynamics of ancient fluvial systems,
particularly, their morphology and hydrology
(Gardner 1983; Casshyap and Khan 1982; Tewari

1993; Kale et al 2004). The methods for recon-
structing the morphology and hydrology employ
either several groups of empirical relationships
derived from modern fluvial environments or
dynamic models of fluvial flow and sediment trans-
ports in alluvial reaches (Schumm 1968, 1972;
Bridge 1978; Allen 1984).
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The inherent methodological problems in the in-
put data are as follows:

• Difficulty in obtaining accurate estimates of
paleochannel width and depth, and paleove-
locity used as initial inputs for paleohydraulic
calculations.

• Rapid expansion in error because previously es-
timated parameters are used in subsequent
hydrological calculations.

• Appropriateness of using Schumm’s empirical
equations, which were developed from data on
stable alluvial channels that transport a small
quantity of gravels and thus, may not be equally
applicable on the preserved portions of ancient
fluvial systems.

In spite of these constraints, the quantitative re-
sults deduced by using similar relationships and pro-
cedures as followed by several researchers, should
be of paleogeographic significance. Although the
ancient fluvial Siwalik Supergroup sediments are
studied for depositional environments and paleo-
flow characters (Kumar et al 2003; Shukla et al
2009), yet no channel morphological and paleo-
hydrological data are available from the Pliocene
fluviatile deposits of the Siwalik Supergroup of
northern India. The paleochannel and paleoflow
analysis is based on large-scale tough cross-beds as
well as from those units of planar foresets, which
have a gentle curvilinear surface and a tangential
lower contact. These cross-beds are formed from
migrating sub-aqueous dunes in the upper part
of the lower flow regimen (Allen 1984; Sengupta
2006), because they are normally oriented within
a few degrees of the flood stage current direc-
tion in the river channels (Coleman 1969; Shelton

and Nobel 1974; Miall’s 1976) transformation of
Langbein and Leopold (1966) equation is used to
estimate channel sinuosity independently from the
maximum angular range of paleoflow direction.
The empirical relationships developed by Schumm
(1972) and reviewed by Ethridge and Schumm
(1978) were then used to estimate other morpho-
logical and hydrological channel parameters during
the deposition of the Middle Siwalik sequence.

2. Geological setting, lithological
and sedimentary characters

The middle Miocene to lower Pleistocene Siwalik
Supergroup is a foreland basin along the foothills
of the northwestern Himalaya (figure 1). Non-
marine mudstone, shale, sandstone and boulder
conglomerate of Siwalik Supergroup has a total
accumulation of +6000 m and represents deposi-
tion by southerly flowing river systems (Jain and
Sinha 2003; Kumar et al 2003; Shukla et al 2009).
The Kuluchaur area under investigation forms part
of the middle Siwalik subgroup (Early Pliocene)
and consists of pebbly to fine-grained sandstone
with repeated intercalations of lenticular siltstone,
shale and mudstone adding up to a total of +1600 m.
This sequence of molasses deposits is a response to
the late stages of tectonic activity in the Himalayan
Orogenic belt and represents sediments accumu-
lated in non-marine basins adjacent to a rising
mountain chain. The vertical section commonly
shows an asymmetrical fining upward sequence as
deduced by quasi-independence and entropy anal-
ysis (Khan 1996), with pebbly sandstone overlain
by medium- to fine-grained sandstone which in

Figure 1. Sketch map of the study area including general geologic setting with major faults (after, Sahni and Mathur 1964).
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turn, is succeeded by siltstone and mudstone. The
interbedded sequences made up of one or more
of the above lithological elements occur repeat-
edly throughout the subgroup as shown diagram-
matically in figure 2. In the analysis of facies
sequence and bedding characteristics together with
a high ratio of in-channel facies to fine-grained
vertical accretion facies, the Middle Siwalik River
appears to resemble a modern braided river sys-
tem (Agarwal and Singh 1983; Singh and Bhardwaj
1991).

The intervals of fluvial sandstone are sheets
or blankets of inconsistent lateral continuity and
thickness (figure 3). Simple channel forms are rela-
tively common. Both sheet- and channel-like bod-
ies can be traced for several hundreds metres
along the direction of regional transport. The aver-

age thickness of individual sandstone bodies is
10 m, though it may range up to 20 m maxi-
mum. It shows development of trough (St) and
planar (Sp) cross bedding occurring in cosets and
locally in single sets. These sandstones are mod-
erately to poorly sorted, friable with calcareous
cement. Sometimes the upper parts of the sand-
stone bodies appear to be finer grained than the
lower parts. Most of the sandstone bodies are
isolated from each other by thick to thin finer-
grained deposits of siltstone and mudstone; it is
common to observe several generations of sand-
stone more or less intercised in the form of multi-
level sand bodies. These sandstone bodies show
planar cross bedding in the lower part; they are
mostly capped by layers, a few decimetre in thick-
ness (10–50 cm) of trough cross-beds (figure 4),

Figure 2. Rose diagrams showing frequency distribution of foreset azimuths at outcrop level. Computed statistics is recorded
alongside. Facies code is: G: massive to trough cross-bedded gravelly sandstone; S: scoured surface; Sp–St: Planar and trough
cross-bedded medium to coarse-grained sandstone; Sm–Sh: Massive to horizontal bedded medium to coarse sandstone;
Sr–Fl: Interbedded ripple laminated fine-grained sandstone and laminated shale; and Fm–Fsc: Massive to cross-laminated
variegated fine-grained sandstone.
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Figure 3. Coarse grained multistorey 1-m thick sandstone bodies showing scoured base and separated by a thin layer of
fine mudstone.

Figure 4. Trough cross-bedded medium-to-coarse grained sandstone. Clasts are present along the internal layers of troughs.

generally not very persistent laterally. The foreset
laminae are clearly visible because of concentration
of mica flakes along the laminae. Usually, the base
of a sequence is marked by an erosive scour surface,
followed by several sets of trough cross-bedded sand-
stone (maximum thickness of individual sets is
about 80 cm). In the basal cross-bedded set, there
are concentrations of pebbles both near the base
and along the foreset laminae (figure 4). Many such
sequences show lateral pinching within tens of
metres and are repeated within a single sandstone
body. The reddish-brown mudstone bodies are
about 1–8 m thick. Moreover, they are rather
silty in nature; there are also decimetre-thick
fine sandstone intercalations and some layers con-
tain calcerete nodules. Within the silty grey fine
grained sandstone (overbank facies), small ripple
bedding, climbing ripples and laminated mud are
common.

3. Paleoflow characters

Among the cross-beddings, the large scale trough
(St) type has been regarded as a more reliable
paleocurrent indicator than the planar (Sp) cross-
beds. However, planar foresets developed side-by-
side with troughs, as a single set or cosets, are quite
useful in the interpretation of bed forms and flow
regimen conditions. Considering the above view,
the foreset azimuthal data of large-scale trough
as well as those units of planar cross-beds, which
have a gentle curvilinear surface, recorded from the
sandstone facies of the Middle Siwalik subgroup are
treated statistically.

The orientation of 203 large scale cross-beds
measured from 20 different beds is supplemented
with a few measurements of scour channel depth.
The paleoflow directions indicate a river system
that flowed consistently from north–northeast to
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Figure 5. Rose diagram showing frequency distribution of
foreset azimuth of cross-bedded Middle Siwalik sandstone at
formation level with computed statistics.

south–southwest. Frequency distribution of cross-
bedding azimuth is plotted as rose diagrams with
computed statistics shown alongside (figure 2),
which exhibit unimodal and locally bimodal distri-
bution, with the principal mode directed towards
south (150◦–180◦) through southwest (210◦–240◦)

to west (270◦). The variability of the vector means
probably record the shifting back and forth of chan-
nel bars in response to alleviation of the gradually
subsiding basin floor.

All pooled data for the cross-bedding were
also plotted as rose diagrams (figure 5) at
formation level and there is no evidence of
bimodality. The azimuthal data display uni-
modal distribution with modal class oriented
towards south–southwest (217◦). Furthermore, the
mean paleoflow direction is not much different
from those recorded at other localities to the
east of the study area (Prakash et al 1974).
Evidently, the paleocurrent patterns suggest a
dominant role for the south–southwest-directed
sediment dispersal, presumably down the regional
paleoslope, which brought the sediment from the
Himalayan belt.

4. Data inputs and paleochannel
morphology

Different methods have been developed to esti-
mate hydraulic and morphological parameters of

Table 1. Channel morphology and flow characteristics of Pliocene (Middle
Siwalik) fluvial system.

Parameters Hydraulic equation Estimated range

Channel form

Bankfull depth H = 0.086 D1.19
c 5.2–7.3 m

Bankfull width W = 42 D1.11
bf 392–572 m

Sediment load P = 0.94 M0.25 3.38

Width/depth ratio F = Wbf/Dbf 75.3

Bed load S = 55/M 17

Channel dimension

Mean annual discharge Qm = W 2.43
bf /18F 1.13 346–1169 m3/s

Qm = Vc A 1360 m3/s

Mean annual flood Qma = 16 (W 1.56
bf /F 0.66) 1615–3998 m3/s

Qma = Wbf/2.99 1653 m3/s

Channel hydrology

Channel sinuosity P = 1/(1 − θ/252)2 1.29

P = 1/(R/n) 1.28

P = 3.5 F−0.27 1.24

Channel slope Sc = 30 (F 0.95/W 0.98
bf ) 53 cm/km

Flow velocity Vc = C (DbfSc) 135–218 cm/s

Vc = 1.49/n (D0.57
bf S0.50

c ) 192–216 cm/s

Vmax = 9 (d)0.50 284 cm/s

Froude number Fr = Vc /(g Dbf)
0.50 0.22

Additional parameter

Drainage area Ad = Qm 13725–66000 km2

River length L = 1.4 A0.60
d 425–1090 km

L = 4.5 A0.47
d 396–828 km
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ancient braided and meandering rivers as summa-
rized by Gardner (1983); at least two variables are
required, the most obvious being channel width
and channel depth. The sediment load parameter
(M), expressed as the weighted percentage of mud
(finer than 0.074 mm) in the channel banks, has
been widely used to estimate width and depth of
the ancient river channels. For the Middle Siwa-
lik sandstone, the sediment load parameter can no
longer be determined, as the matrix is largely dia-
genetic (Tandon 1991); nor can channel width be
used because channel sections that could repre-
sent bankfull flows are not well exposed. However,
sedimentary features can estimate two paleochan-
nel attributes, namely, channel sinuosity and
channel depth. Sinuosity (P ) has been estimated
independently from maximum angular range of
paleocurrent direction (Miall 1976; Tewari 2005;
Khan 2011) and a reasonable estimate of chan-
nel depth (Dbf) has been made using the thickness
of cross-bedded sets within a channel sandstone
(Allen 1984). Using these data, regression equa-
tions as presented by Schumm (1972), equations
presented by Leopold et al (1964), and graphs and
equations presented by Dury (1976), a number of
channel morphological and paleohydrological data
are computed for the Pliocene Middle Siwalik River
(table 1).

As there is considerable scatter about many of
the Schumm’s regression lines, it is therefore more
appropriate to present a range of values for a river
variable than a single value which gives no infor-
mation about the possible error evolved. Graphi-
cal 95% confidence limits are estimated by using
1.96 times the standard error of the estimate given
in the regression equation. Therefore, a statement
of the range of values associated with each esti-
mated variable constitutes a reliable approach for
estimation of paleochannel characteristics.

5. Channel forms

5.1 Estimation of bankfull depth

The direct and most reliable method of estimat-
ing channel depth is from the thickness of strati-
fied units of point bars (Moody-Stuart 1966; Elliot
1976) and from the average thickness of the
coarse member in fining upward cycles (Jackson
1979). Frequently, point bar accretion surfaces
(epsilon cross-stratified units) cannot be recognized
in ancient deposits, and it has not been possible to
estimate channel depth from the thickness of the
coarse sand members, because of the presence of
multilevel sandstone bodies and paucity of com-
plete cycles. Alternatively, an estimate of average
channel depth has been made from the thicknesses

of cross-beds, as suggested by Miall (1976) using
Allen’s (1968) derived equation.

H = 0.086 Dc, (1)

where H=mean ripple height and Dc=mean water
depth. Thickness of cross-bedded units in the Mid-
dle Siwalik sedimentary rocks under study varies
from less than 5 cm to about 90 cm but 60% of
them are in the range of 20–25 cm. The mean
cross-bed set thickness is 39.4 ± 14.6 cm. Using
the mean thickness of cross-bedded sets as ripple
height (H), the computed water depth varies from
4.0–5.6 m. This may correspond to the bankfull
depth because the cross-beds are believed to form
at flood stage. Brush (1965) from numerous obser-
vations of dune migration believes that 80% of the
dunes are represented in full height by their cross-
stratified remnants. Regardless of the technique
employed to estimate bankfull depth, two correc-
tion factors are applied to the calculated depth
values from equation (1) to compensate for the
following:

• compaction of sand during burial, c,
• variation in bankfull depth between straight and

sinuous reaches, c′.

A second correction is necessary as the relation-
ships were developed by Schumm (1968, 1972),
using depth measured in straight reaches of sta-
ble alluvial channels. Bankfull depth may then be
estimated from

Dbf = cc′ Dc, (2)

where Dbf is the bankfull depth, Dc is the calcu-
lated depth from equation (1) and c, c′ are defined
as above. Ethridge and Schumm (1978) show that
value for c ranges from 1.1 to 1.2. Gardner (1983)
suggested a value of 1.3 for lithic sandstone with
25–30% ductile rock fragments. The value of c′

ranges from 0.585 to 1.00. The lower value is based
on experimental flume data and may not be appli-
cable to bed- or mixed-load rivers. These correc-
tions are made on calculated bankfull depth in this
study because sandstones of the Middle Siwalik
comprise about 28% of lithic rock fragments (Gill
1985; Khan 1996). By inserting values of c = 1.3
and c′ = 1.00 in equation (2), the channel depth
appears to be 5.2–7.3 m and compares well with
channel scour depth measured on outcrops.

5.2 Estimation of channel width

A constraint in the determination of the channel
morphology of an ancient river system is the lack
of well-exposed point-bar sequences, which pre-
vents direct estimation of bankfull width. Owing
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to this difficulty, Allen (1968), based on pub-
lished data for lower to moderate channel sinuosity
streams, worked out an alternative relationship for
estimating channel width as:

W = 42 Dbf . (3)

Allen (1970) further suggested that the true bank-
full width in low sinuosity rivers is about two-thirds
the channel widths, so that equation (3) can be
read as:

Wbf = 1.5 (42 Dbf) , (4)

where bankfull channel width = Wbf and Dbf is
bankfull channel depth. By substituting the value
of Dbf in equation (4), bankfull width is between
392 and 572 m. Adding various bars and islands
within the river, the original width of the Pliocene
river may have been of the order of 0.50–0.75 km.
Agarwal and Singh (1983) reported similar chan-
nel parameters based on thicknesses of point bar
sequences and sand body geometry.

5.3 Estimation of sediment load parameter

Schumm (1969) has developed the theory that
channel morphology is controlled principally by the
type of sediment load and the quantity of water
moving through the channel. The sediment load
parameter is represented by M , and is expressed as:

M = (Sc Wbf) + (SbDbf) / (Wbf + 2Dbf) , (5)

where Sc is the percentage of silt and clay in chan-
nel bed, Sb is the percentage of silt and clay in
channel bank. Wbf is the channel width and Dbf is
the bankfull channel depth.

Generally, there are two methods to estimate
the sediment load parameter. In one approach, M
can be estimated from thin sections of sandstone
(Cotter 1971; Gardner 1983). The parameter Sc
and Sb can no longer be determined in this study
because diagenesis may have completely altered
the original silt–clay matrix. Also, channel width
cannot be used as we have not seen any sections
that could represent bankfull flow. This may cause
unknown error in estimation of M derived from
thin section study. However, the Middle Siwalik
sequence can provide a variable; channel sinuosity
(P ), which has been reasonably estimated and an
estimate of the sediment load parameter can be
made by using Schumm’s equation.

P =0.94 M 0.25. (6)

If the average value of sinuosity (P=1.27) is used,
the sediment load parameter (M) is 3.38. The
calculated value of sediment load parameter is
characteristic of a bed-load channel in which

the bed-load forms about 15% of the total load
(Schumm 1968).

6. Channel morphology

6.1 Estimation of channel sinuosity

Sinuosity is defined as the ratio of channel length to
meander axis or valley length (Brice 1964). In one
approach, channel sinuosity (P ) has been calculated
directly from the maximum range of paleocurrent
directions from large scale cross-beds using formu-
lae developed by Langbein and Leopold (1966),
later modified by Miall (1976) as:

P = 1/(1 − θ/252)2, (7)

where θ is the mean angular variation in the orien-
tation of cross-beds. This relationship is commonly
used to deduce paleochannel sinuosity of ancient
braided rivers (Casshyap and Khan 1982; Tewari
2005). In the study area, mean azimuthal direc-
tion of 70 cross-beddings ranges from 160◦–273◦.
Inserting the value of mean angular variation in
the orientation of cross-beds as measured in the
field; yields channel sinuosity of 1.29 well within
the range of sandy bed-load river (Schumm 1968,
table 1). Barrett and Fitzgerald (1985) suggested
that channel sinuosity of a braided river system can
approximately be estimated from the reciprocal of
the vector magnitude of a set of paleocurrent direc-
tions. The sinuosity calculated in this way from the
paleocurrent directions in figure 2 is 1.28, virtu-
ally the same as that obtained from Langbein and
Leopold’s equation (7). A third approach popu-
lar among sedimentologists is based on the regres-
sion equation worked out from the studies of stable
alluvial channels (Schumm 1972) relating channel
sinuosity (P ) to bankfull width/depth ratio (F ).

P = 3.5 F−0.27. (8)

The sinuosity so calculated yields a value 1.24,
which is about the same as deduced above. Kumar
(1993) has estimated channel sinuosity of the
same order (P=1.03–1.23) from the Middle Siwalik
sequence exposed along the southern flank of the
Dehradun valley in Mohand anticline.

Studies from recent fluvial environments
(Schumm 1978) indicate that channels with sin-
uosity value in the range (P =1.24–1.30) should
have width/depth ratio >40, and a sediment load
parameter up to 5. Calculated values of these
parameters in the study area lie well within the
range of the established values. The prevalence of
coarse channel facies and paucity of fine clastics
with unimodal dispersal pattern in the resultant
lithic-fill support low sinuosity values.



538 Z A Khan and R C Tewari

6.2 Estimating channel slope

Channel slope of Pliocene rivers (Middle Siwalik)
is estimated from a formula developed by Schumm
(1972).

Sc = 30 F 0.95/W 0.98
bf , (9)

where F=width/depth ratio, Wbf=channel width
and Sc is the channel slope. When previously deter-
mined values of F and Wbf are substituted in
equation (9), the estimated channel slope is about
52.3 cm/km. The value of channel slope estimated
for these Pliocene rivers compares fairly well with
the measured channel slope of Recent alluvial rivers
and is consistent with many ancient braided rivers
(table 2).

Independently, measurement of channel slope is
provided by lithic-fill, paleocurrent dispersion and
the resulting sedimentary structures. Harms and
Fahnestock (1965) opined that in general, large pla-
nar cross-bedding cosets and sets are most likely
developed in braided, perennial rivers having steep
channel slopes. In the study area, the Middle
Siwalik sequences were characterized by high ratio
of in-channel sandy facies to fine-grained vertical
accretion facies (Khan 1996; Sharma et al 1999)
and the profuse development of large-scale planar
cross bedding which are interbedded with trough
cross-beds having low variance. All the above char-
acteristics thus adduced for the Middle Siwalik
sequences indicate that the channel slope of the
depositing rivers was steep.

6.3 Estimating flow velocity

The accurate determination of paleovelocity is
largely dependent on obtaining a valid and reliable

measure of flow resistance. In low-sinuosity, coarse-
grained, high width/depth ratio channels, such as
those of the Pliocene braided channel networks,
bed particles are a dominant source of flow resis-
tance. This skin resistance can be readily deter-
mined using a well-established friction coefficient
for small-scale roughness channels, such as Man-
ning’s n. The value of Manning’s n for paleoflood
channels is most accurately determined by compu-
tation rather by empirical methods (Maizels 1983)
as follows:

n = 0.039 D0.167
50 ,

where D50=50th percentile of the sediment size
distribution.

In the study area, diameter of the median sub-
surface material (D50) varies from 0.35 to 0.84 mm,
corresponding to Manning’s roughness coefficient n
ranging from 0.032 to 0.036. Average paleovelocity
was then estimated using the relationship:

Vc = 1.49
(
D0.67

bf S0.50
c

)
/n, (10)

where Dbf=bankfull depth, Sc=channel slope and
Vc=flow velocity. Substituting the respective values
in equation (10), the flow velocity ranges between
2.16 and 1.92 m/s. Ethridge and Schumm (1978)
however demonstrated that there is difficulty in
estimating the Manning’s roughness coefficient pre-
cisely. Alternatively, flow velocity can be estimated
by Lacey’s equation as applied by Goodwin and
Deffendal (1987) for evaluating the paleovelocity of
Ogallala braided streams as:

Vc = 8 D0.60
bf S0.29

c . (11)

The calculated flow velocity yields a value of
2.18 m/s virtually same as the value deduced from
equation (10).

Table 2. Comparison of paleochannel attributes of modern and ancient rivers with the Pliocene river (Middle Siwalik).

River Width Depth Sinuosity Channel slope Velocity Discharge

(m) (m) (cm/km) (cm/s) (m3/s)

Modern river

Pitt (Ashley 1978) 610 12.10 1.21 53 90 1800

Clark Fork (Deoglas 1962) 110 4.10 59 160 370

South Saskatchewan (Cant 1978) 150 5.00 1.20 30 175 1240

Donjek (Rust 1972) 400 3.00 60 360 1400

Gomti (Kumar and Singh 1978) 500 3.50 54 150 2890

Durance (Deoglas 1962) 660 6.60 600 280

Ancient river

Lower Feather (Barrett and Fitzgerald 1985) 160 2.0 1.07 80 140 440

Barakar (Casshyap and Khan 1982) 315 4.2 1.25 60 150 299

Stephanian (Padgett and Ehrlich 1976) 192 3.25 1.16 23 40 500

Battery Powder (Cant and Walker 1976) 467 5.0 1.03 29 120 280

Karharbari (Hota et al 2007) 168 3.49 1.33 38 178 210

Middle Siwalik (this study) 432 6.2 1.26 53 190 760
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Flow velocity can also be assessed by Chezy’s
equation as applied by Cant and Walker (1976) for
evaluating the paleovelocity of Devonian braided
rivers as:

Vc = C (Dbf Sc)
0.50

, (12)

where Sc is channel slope, Vc = mean flow veloc-
ity, Dbf is the mean flow depth and C = dimen-
sional Chezy discharge coefficient, ranging from 8
to 12 for dunes. Substituting the previously calcu-
lated values of channel depth and channel slope in
the above equation (12), the flow velocity is in the
range 1.35–2.18 m/s, about the same as deduced
above.

Pebbly to very coarse-grained units in the Mid-
dle Siwalik sequences are indicative of greater flow
velocities. Several workers (Malde 1968; Turner
1978; Maizels 1983; Khan 2009) have made an esti-
mation of threshold movement velocities using the
relationship between threshold movement velocity
(Vmax) and the largest clast diameter as:

Vmax = 9 (d)0.50
, (13)

where Vmax is the maximum flow velocity and d is
the diameter of the clast. The average size of the
largest pebbles found embedded in pebbly sand-
stone bodies at various outcrops has a diameter of
about 10 cm. The threshold movement velocity to
transport these clasts is in the order of 2.84 m/s,
which is obviously higher than the average flow
velocity calculated from equations (10, 11, and 12).
Mean flow velocity deduced for Pliocene rivers are
the same as that of modern rivers (table 2).

6.4 Estimation of Froude number

Froude number (Fr) is defined ‘as the ratio between
inertial force and gravitational force’ (Reneick and
Singh 1980; Sengupta 2006). For an open channel,
flow is given as:

Fr = Vc/ (g Dbf)
1/2

. (14)

By inserting the previously determined values of
Dbf , flow velocity Vc and gravitational force g
(9.81 m/s2), equation (14) indicates that the
Froude number for the Pliocene river was about
0.22. The obtained value indicates that the water
flow in river channels was tranquil and of lower
flow regimen as substantiated by the profuse devel-
opment of small- and large-scale bed forms in the
sandstone bodies. Secondly, stable natural alluvial
channels usually have Froude number less than
0.25 (Simons and Richardson 1971, p. 9). Further-
more, the estimated result agrees reasonably well
with the graph of the Froude number versus
hydraulic radius/mean fall as presented by Simons
and Richardson (1971).

7. Channel dimensions

7.1 Estimating mean annual discharge

Empirical relationships between discharge and
channel dimensions developed by several workers
(see Kale et al 2004, for references) are employed to
estimate the paleodrainage. Firstly, paleodischarge
of Pliocene river is estimated by using the following
equation developed by Schumm (1972).

Qm = W 2.43
bf 18F 1.13, (15)

where Qm = mean annual discharge, Wbf = channel
width and F=width/depth ratio. When previously
determined values of Wbf and F are substituted,
equation (15) indicates that the discharge of the
Pliocene river is between 346 and 1169 m3/s.

In another line of approach popular among sedi-
mentologists is to estimate paleodischarge from the
continuity equation (Gardner 1983; Khan 2009)
and provide a cross check of Schumm’s equation
(15).

Qm = Vc A, (16)

where Vc = average flow velocity and A = channel
cross-sectional area. Channel cross-sectional area
does not approximate a rectangular shape (i.e.,
area = bankfull depth × bankfull width), as
assumed by many workers. Gardner (1983) sug-
gested a trapezoid as a better approximation of
channel cross-sectional area, used in this study and
can be calculated as:

A = Dbf/2 (2Wbf − PB) , (17)

where Dbf = channel bankfull depth, Wbf = chan-
nel bankfull width and PB is the horizontal extent
of point bar surface. By inserting the respective
values in equation (16), average paleodischarge is
in the order of 1360 m3/s, and similar to that
calculated by equation (15).

7.2 Estimation of mean annual flood discharge

Schumm (1972) and Dury (1976) have presented
the following formulae for the calculation of annual
flood discharge for the ancient rivers as:

Qma = 16
(
W 1.56

bf / F 0.66
)

(18)

Qma =
(
Wbf/

2.99
)1.81

. (19)

Using estimated values of Wbf and F in equation
(18), the annual flood discharge for the Pliocene
(Middle Siwalik) river is in the range of 1615–
3698 m3/s and 1654–3795 m3/s from Dury’s equa-
tion (19), which are more or less similar.
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8. Additional parameters

8.1 Estimation of drainage basin area

Allen (1965) defined the drainage basin of a river
system ‘as the area enclosed by the divide separating
the system from adjacent independent river sys-
tem’. Leopold et al (1964), Gregory and Walling
(1973) correlated mean annual flood discharge
(Qma) with area of the drainage basin (Ad) in the
following manner.

Qma = a A b
d , (20)

where a and b are constants, their values depend
on numerous factors including relief and climate
and lie in the range 0.42–0.25 for a and 1.0–2.5
for b. These values cannot be applied directly in
this study owing to lack of certainty with regard
to relief and climate. This relationship, therefore,
has not been used. However, Eicher’s (1969) for-
mula does not take into account the questionable
constant variable referred to here and is a slightly
modified version of that by Leopold et al (1964)
expressed as:

Qma = Ad. (21)

According to this formula, area of drainage basin
is approximately equal to mean annual discharge
in humid regions. Cotter (1971) and Khan (1987)
have applied this relationship to estimate drainage
area for the rivers that deposited the Cretaceous
fluvial sediments of USA and Late Paleozoic coal
measures of India, respectively. In as much as
humid tropical climate has been visualized during
Pliocene times based on evergreen type of plants
(Awasthi and Prasad 1988), if this is true, the
drainage area for the Pliocene river system could
be therefore approximately 42925 km2.

8.2 Estimation of stream length

Leopold et al (1964) and Muller (1972) derived a
simple regression equation between stream length
and drainage area in the following manner.

L = 1.4 A0.64
d , (22)

L = 4.5 A0.47
d , (23)

where L is the stream length and Ad is the drainage
area. Both the equations are similar and by putting
the calculated values of Ad in equations (22, 23)
indicate that the origin of the Pliocene rivers lay
395–1090 km away, presumably up the paleoslope
to the north–northeast, an area now beneath the
Himalayas. It is possible to test the values of stream
length from field evidences. The sub-rounded to
rounded pebbles from the base of Middle Siwa-
lik sequences are a low-grade metaquartzite and

granite. The rocks, which could provide these
clasts, are in the crystalline zone of the central
Himalayas exposed to the north and northeast,
about 400 km away from the study area.

9. Comparison with modern rivers

Hydrology and channel morphology estimated for
the Middle Siwalik fluvial system and compara-
ble data compiled from modern and ancient rivers
are presented in table 2. Even though the calcula-
tions for the Pliocene river are only gross estima-
tions, if the relationships of Schumm’s are applicable
to conditions during Pliocene times, then it is, nev-
ertheless, evident that the Siwalik fluvial system
closely resembles those of the modern Gomti River
and South Saskatchewan River of India and west-
ern Canada, respectively and many other small
braided rivers (table 2). The data, however, should
not be construed as representing identical fluvial
systems, but rather as representative data from a
relatively similar system. The size of the two sys-
tems (Gomti and South Saskatchewan) and their
load are similar. It is not surprising that the calcu-
lations result in similar geomorphic and hydrologic
characteristics.

Field evidences such as sand body geometry,
grain size and bedding characteristics also provide
other methods of assessment for the comparison
with modern rivers. The grain size and bedding
characteristics of the Middle Siwalik sandstones
are closely comparable with sediment in the upper
reaches of Gomti and South Saskatchewan rivers.
Above the scoured surface, poorly defined trough
cross-bed facies (St) are present in coarse-grained
sandstones along with scattered pebbles (figure 5).
The channels in the Gomti as well as in the South
Saskatchewan rivers are floored by sinuous-crested
dunes and sand bars (Kumar and Singh 1978;
Cant 1978) which deposit sets of trough cross-
beds. Rapid migration of sinuous-crested dunes
with coarse bed-load, gives rise to poorly defined
trough cross-bedding. During flood events, depth
as well as flow velocity rises and coarse sediments
are transported in the channels, then at low stages.
The deep channel deposits, therefore, consist of
trough cross-bedded coarse sandstones similar to
that observed at the base of Siwalik sequences.
Superimposed on the braid bars and in the chan-
nels, sinuous-crested dunes moved obliquely to the
direction of movement of bars resulting in a dif-
ferent paleocurrent direction. The similarities in
sedimentary structure and paleocurrent direction
between braid bars and the direction of dunes
migration of the South Saskatchewan River is strik-
ing (Cant 1978). The Pliocene river remained stabi-
lized within a narrow zone, thus, producing several
cycles of deposition.
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As the main paleoflow was diverted elsewhere,
the area was in places, covered by fine-grained rip-
pled sandstone or interbedded ripple sandstone and
mudstone which occurs at or on the top of the chan-
nel sequences represents deposition in a flood plain.
In the modern Gomti as well as South Saskatchewan
rivers, the uppermost channel deposit consists of
ripple sandstone whereas in the banks this ripple
sand is overlain by muddy vertical accretion depos-
its of the flood plain. The mud in the flood plain
of the South Saskatchewan are thicker and con-
tain few interbeds of sand. A strong resemblance
exists between the flood plain of these channels
and the Siwalik muddy facies. The higher per-
centage of mudstone deposit in the Middle Siwalik
sequences suggests that the river carried more sus-
pended material necessary for building up a thick
flood plain than observed in the Gomti and South
Saskatchewan rivers. The fining upward cycles
from coarse sandstone to mudstone is a product of
channel filling by a single flood event (Khan 1996;
Sharma et al 1999), the mudstone top forming as
the river returned to its normal stages. The scale
of bed forms and bed relief further strengthen the
comparison between them.

Although there are clear limitations in compar-
ing with just two modern examples, however well
described, there seems to be sufficient points of
similarity to justify the attempt for estimating the
quantitative paleochannel parameters and hydro-
logy of ancient Pliocene river systems. Nevertheless,
a point of difference should be mentioned. The
vertical burrows in the Middle Siwalik sequences
appear to have no counterpart in the South
Saskatchewan River, whereas vertical burrows do
occur in Gomti channel sandstones (Kumar and
Singh 1978). Another significant difference between
the Pliocene (Middle Siwalik) and the two modern
rivers lies in their respective tectonic setting.
The Pliocene river system originated from uprising
Himalayan Mountains in foreland basin setting,
whereas the Gomti and South Saskatchewan systems
are alluvial plain rivers.

These quantitative results are merely reasonable
approximations that fit into the stratigraphic and
geologic context in which the fluvial facies of the
Middle Siwalik sequence are deposited. Neverthe-
less, even the less-than-exact information expands
our knowledge of the Pliocene paleogeography in
a way that cannot be obtained from other lines of
geologic reasoning.

10. Conclusions

During Pliocene, in the study area, a 700 km long
river drained an area between 13725 and 66000 km2

as it flowed generally south–southwestwards from

part of the Himalayan Orogen belt. The total load
transported, as bed load was about 15% suggests
that the Pliocene river that deposited Middle Siwa-
lik was of a bed load river according to Schumm’s
classification of alluvial channels. The discharge of
Siwalik bed load river varied from 346–1169 m3/s
during normal period and rose to about 1615–
3700 m3/s during flood season. Water velocity of
1.92 m/s during normal period rose to 2.16 m/s
during flood season and 2.84 m/s during clast flow.
In keeping with the characteristics of a bed load
river, the channel pattern was of low sinuosity
(P = 1.28), with a width/depth ratio (F ) of 75
and sediment load parameter (M) <5. These val-
ues are well within the range of recent braided river
pattern (Schumm 1968).

As the river swept over a depositional surface
sloping at the rate of 53 cm/km through the allu-
vial plain in south–southwest, it was broad (Wbf =
400 m) and moderately deep (Dbf = 6.0 m). Flow
characteristics represent the lower part of the lower
flow regimen (Fr = 0.22), resulting in the develop-
ment of large-scale bed forms. The estimated paleo-
channel parameters, dominance of coarse-grained
channel fills and low paleocurrent variations indi-
cate that the channel pattern of Pliocene river
system may well correspond to a sandy bed load
braided river similar to those of Gomti and South
Saskatchewan rivers of India and western Canada,
respectively.

As the relations for modern river determined by
Schumm have not extended empirically into humid
tropical regions, it is possible that some of the
equations used in this study have extended beyond
their range of applicability. In the authors’ opinion,
Schumm’s equations can be applied to more humid
regions because of the general validity of his prin-
ciple – that the dimensions, shape, gradient and
pattern of a stable alluvial river are controlled by
the quantity of water and type of sediment moved
through the channel.
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