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filling of pyrite in the cell lumen of the plant after their
initial biodegradation.

The sulphur is an essential element of the soil, which
indicates sufficient water supply in the basin. The bacteria
available in the sediments do not react fast till oxygen is
present. At this stage, fungi and some aerobic bacteria
generally degrade organic matter. After the consumption
of available oxygen, the anaerobic bacteria, mostly
Thiobacilli, considerably replace this phase. These Thio-
bacilli are involved in the transformation of sulphate into
sulphide during the change-over from oxidizing to
reducing conditions. Under anaerobiosis, the sulphide
formed from sulphate and organic sulphur compounds
may remove iron ions to iron sulphides***®, but rarely
degrade carbohydrates™. The substrate of organic matter
provides energy for microbial proliferation during the
decomposition of carbonaceous substances and iron is
released, which precipitates as insoluble ferric salts. The
precipitation thus induces direct action on the organic
portion of the compounds, rather than the iron. The high
percentage of carbon in degraded leaf cuticles and pyrites
indicates the availability of carbon in form of
carbohydrates (C¢H1,0¢), sugars, etc. It serves a dual
function in nutrient supply for both the plants and micro-
organisms. The biopolymers are transformed through
bacterial activity into monomers and other inorganic
geopolymers'®. When the degradation of organic matter
starts, some compounds quickly disappear, while others
(trace elements) which are less susceptible to microbial
enzymes persist in the sediments.

Critical observations on the nature and composition of
pyrite framboids in freshwater (Mahuadanr) deposits indi-
cate that the framboids were formed in euxinic conditions.
Their formation is related mainly to the presence of sul-
phate-reducing bacteria under the prevalence of reducing
conditions in the basin of deposition. The main requisite
for the formation of pyrite framboids is a reducing condi-
tion and not the location of depositional site under conti-
nental or marine realm.
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Study of river profiles provides significant informa-
tion on both hydrodynamic factors and geomorphic
features of drainage basins. Longitudinal river pro-
files have been extensively studied and different para-
meters have been proposed by various authors for
these profiles, but transverse river valley profiles
(TRPs) have not received similar attention. A new
approach to the TRP analysis has been proposed here.
It identifies several TRP parameters that are easily
guantifiable. These quantified parameters are useful
for inter-TRP and as well as inter-drainage basin
comparisons. These are also useful to derive drainage
basin attributes such as valley symmetry and the state
of valley erosion, identify and correlate geomorphic
features such as plantation surfaces, and importantly,
to draw mor photectonic inferences. The procedure has
been successfully tested in a case study of the Banas
drainage basin, Rajasthan.

GEOMORPHOLOGISTS study two types of river valley pro-
files to assess drainage basin evolution and to draw infer-
ences on geologic controls as well as on morphotectonics.
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The most commonly analysed are the longitudinal river
profiles whose quantified parameters are used to compare
different drainage systems, and specifically, to identify
the response of neotectonic activities in the drainage
basins'™. On the contrary, the transverse river valley pro-
files (TRPs) have not received much attention, except that
these are generally used to ascertain the valley symmetry®
and attempt pediment or river terrace correlation®®. This
communication describes a new approach to define and
analyse several parameters of TRP and gives an example
of their usefulness in drawing morphotectonic inferences
from a case study of the Banas drainage basin, Rajasthan.

The conventional TRP across drainage basins has seve-
ral drawbacks. First, such TRPs are difficult to use to
compare different TRPs across the same basin and also
those across different basins, because of variable valley
elevations and profile lengths. Secondly, the shape of
such TRPs is scale-dependent, and hence, fixing of hori-
zontal and vertical scales of the TRPs, particularly for
the long ones across basins having highly contrasting alti-
metric, frequency is problematic and subjective. These
aspects restrict the usefulness of the conventional TRPs.
These problems can be circumvented to a large extent by
normalizing the two variables, namely the elevation and
the distance.

Figure 1 shows the normalized TRP of a hypothetical
river valley cross-section where the breaks in the curve
slope are taken to represent terraces (Ts), although these
breaks could also represent pediments, planation surfaces
and lithologic contrasts. The abscissa is L;/L, where L is
the profile length and L; is the distance of the individua
data points from the valley summit or watershed on one
end of the profile. The ordinate represents DH;/DH,
where DH is the difference between the maximum and the
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Figure 1. Normalized transverse river valley profile (TRP) across a
hypothetical river valley. DHi/DH is the individual height data
(Hi) normalized against the maximum and the minimum
height differential (DH), Li/L is the individual data-point dis-
tance (Li) from one end of TRP normalized against total TRP length
(L). Th, Thalweg of the main river; Ti— Ta, Terrace positions; Hi, Ha,
Valley top on the left and right banks, respectively; Ea, Measure of
valley erosion. For explanation see the text.
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minimum elevations of the profile, DH; is the difference in
the elevation between the individual data points and the
maximum elevation of the profile. Both L; /L and DH; /DH
vary between 0 and 1, and thus allow for easy comparison
of the parameters of different TRPs. The thalweg (Th) of
the main river, being located at the minimum height in the
TRP, would plot (R) on L;/L axis at DH;/DH =0, while
the tributary confluences can be shown on the profile
curve. The area (Ea) between the profile curve and the
line H;—H, joining the two points of the watershed sum-
mits on opposite sides of the valley, expressed as per cent
of the area ABH,H,, is an approximate 2D measure of the
total valley erosion in the given TRP.

The shape of TRP curves reflects the extent of the val-
ley erosion, which depends on many factors, among which
the duration of erosion, the bedrock resistance and
neotectonic activity causing terrane uplift and subsidence
are important. Figure 2 shows the smoothened TRP curve,
where Th-M join (Ch) is a measure of the maximum ver-
tical incision at the current channel site. The value of Ch
does not necessarily give the extent of the valley-side
incision, because the valley-side shape is controlled also
by other non-hydrological factors unrelated to the main
river channel, assuming that the latter has not shifted its
position drastically across the valley. Some of these fac-
tors are erosion by the tributaries and masswasting at the
valley-sides. In order to assess the role of these factors, it
is necessary to define the TRP curve shape away from the
present river channel in terms of its concavity. As the
valley-side shape is aso linked with the position and the
elevation of the present channel which is the local base-
level of erosion, the point M on H,—H, line is joined with
the point A, depicting the main channel elevation. The
line intersects the TRP curve at the point P. P-N is the
normalized expression of average valley-side incision
(Eh). Each TRP has two values of Eh, one for the left
bank [Eh(Lg)] and the other for the right [Eh(Rg)]. Eh/Ch
ratio indicates the relative significance of factors other
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Figure 2. Smoothened hypothetical TRP curve from which Eh and
Ch are extracted for one valley side. Th, Thalweg of the main river. For
explanation see the text.
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than erosion by the main river, especially tributary ero-
sion on the valley-side slopes. The higher the ratio, more
significant is the role of tributary and masswasting in
valley-side erosion. On the other hand, this ratio tends to
decrease in cases where the incision along the main river
channel is high due to, for example, rejuvenation.

The drainage basin symmetry with respect to the main
river channel has two connotations. First, theoretically the
basin should be symmetric such that the catchment areas
on both banks of the river are equal or nearly equal. Gen-
erally, however, drainage basins are asymmetric, a feature
caused by inherent heterogeneity in the boundary condi-
tions of the catchment area, the initial position of the
channel with respect to the valley flanks, or in some
cases, by the water-divide migration consequent upon
river piracy’. High degree of headward erosion by the
river system on one basin might result in the capture of a
part of the catchment area of the adjacent basin due to
neotectonic movements'®. Second, the difference in the
slopes of the two valley sides causes the valley asymmetry
for which geologic, hydrologic and climatic factors are
responsible®**?, Figure 3 shows a method to quantify
these two symmetry parameters. The basin symmetry (Bs)
is given by AT — 0.5, where AT is the normalized distance
of the thalweg from one end of the profile, 0.5 is the mid-
point of the TRP on L; /L axis which is the central point of
the drainage basin on the profile. Bs values would vary
from + 0.5 to — 0.5, with zero value indicating perfectly
symmetric basin. The gradient of the valley sides on
either bank is not uniform, and hence, the lines joining
H,—T and H,—T do not give the average slope on the left
bank and the right bank, respectively. In order to obtain a
more realistic measure of the valley-side slope (Vs) from
TRP, the form surfaces of the TRP curves are obtained by
joining the maximum deflection points on the concave
and convex sides of the profile curves for each bank with
T, the thalweg (broken lines in Figure 3). The form sur-
face angles for both LB and RB curves are bisected. The
angles between the bisectors and the line TM give the Vs
values.

It may be noted that the valley-side slopes (Vs) thus
computed do not give the actual valley-side slope angle.
The difference in the Vs values for the left bank and the
right bank is a measure of the valley symmetry (Va). The
lower the Va value, the higher is the valley symmetry. Vs
may be related to Eh and Ea because flatter valley-side
slopes (high Vs) would indicate greater degree of incision.
On the contrary, Bs cannot be linked with any other TRP
parameter, but it has a bearing on the influence of geo-
morphic features (tributary confluence, terrace disposi-
tions, river capture, etc.), geological aspects (lithologic
contacts, neotectonic features, etc.) and other boundary
conditions of the drainage basin.

The degree of valley erosion is not uniform along the
length of the main river, and hence, Ea and Eh values of
the TRPs across different segments of the drainage basin
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would vary. In order to compare the degree of erosion at
different TRP locations, the parameter Eh*st, is useful.
(L, is the normalized profile length derived from the ratio
Lo/Lmax, Where L, is the length of the individual TRP, i.e.
the valley width at each TRP location, L. is the maxi-
mum length of the study TRPs, generally the maximum
valley width, Eh* is the mean Eh value of the given TRP).
Eh*s , is an important parameter for expressing valley
incision on two counts. First, it is a 2D parameter, and
secondly, it incorporates an element of linkage through L,
between all the study TRPs of the basin. On both these
counts Eh*»,, parameter is better than Eh used alone for
TRP comparison. Generally, Eh*%, is influenced largely
by non-hydrologic factors. For example, higher value of
this parameter would indicate greater valley erosion in
response to either neotectonically controlled uplift of
blocks or the presence of easily erodible bedrocks. A
similar parameter using the actual valley side-slope eleva-
tions instead of normalized values in longitudinal river
profiles has been used to obtain the approximate bedload/
discharge ratios that are large in highly-eroded valleys*®.

One of the important geomorphic features that the
TRPs are capable of highlighting is the planation surfaces
(pediment, river terrace, piedmont, etc.). The continuity
of agiven surface along the river valley and an associated
tendency for the surface remnants to generally occur at
uniform heights above the present stream is a primary
criterion for their correlation®. The relative elevations of
the surface sets are also an important basis of correla-
tion'®. Reconstruction and correlation of planation sur-
faces in different TRPs are better achieved in normalized
profiles than in conventional cross-sections. The proce-
dure would be to identify the planation surfaces from the
shape of and the slope breaks in TRP curves, and after
field checks, to convert their DH;/DH values to actual
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Figure 3. Method of computation of basin symmetry (Bs) and valley
symmetry (Va). Dotted lines are form surfaces of profile curves origi-
nating from T (thalweg of the main river). The angles between the
bisectors of the form surface angles at T and the line TM give the gen-
eralized valley slope on each valley side. This is not the actual
gradient but B LTM —B RTM gives the valey symmetry (Va) and
AT - 0.5 gives the basin symmetry (Bs). Lg, Left bank; Rg, Right bank.
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heights (HT). The minimum height in the profiles, gener-
aly the elevation of the thalweg of the main river, is
deducted from all HT values to obtain DH; value for the
individual planation surfaces which is then normalized
with respect to DHP (difference between the maximum
and the minimum elevations among the study TRPs). The
surfaces are plotted against the individua TRPs from
which their relative dispositions with respect to one
another and also to the main river channel become clear
for regional correlation and interpretation.

An example of the TRP analysis following the proce-
dure outlined above is given here as a case study in the
Banas drainage basin, Rgjasthan (Figure 4). The Banas, a
6th order Hortonian river, is the longest (510 km) in
Rajasthan, and has a basin area of ca. 46,660 sq km. The
basin is delimited in the NW by the Aravalli hill range
and in the SE by the Vindhyan plateau. Three TRPs (A-B
to E-F) across the basin have been studied (Figure 4). It
may be noted that for such studies to be meaningful, it is
necessary that the profile lines are orthogonal to the trend
of the main river channel in narrow valleys and/or to the
axis of wide valleys within which the main river may
meander. The study TRPs along E-F and C-D are nearly
orthogonal to both the general trend of the Banas channel
and the valley axis, while the TRP: A-B is slightly oblique
to the general channel trend, but is orthogonal to the
valley axis which in the SW segment of the basin is
almost E-W. The non-parallelism of the genera trend of
the channel and the valley axis is because of the asymmet-
ric nature of the Banas drainage basin'®, and also due to
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Figure 4. Location of the Banas drainage basin in Rajasthan showing
the position of the analysed TRPs (A-B, C-D, E-F). The profile loca-
tions are so chosen that these represent the upper, middle and lower
reaches of the Banas drainage basin. Note the drainage basin asymme-
try due to larger catchment area on the left bank than on the right bank
of the Banasriver.
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the fact that the asymmetric Banas valley is wide and rela-
tively flat at the base. The Banas drainage basin shape and
the water-divide outline do not indicate the valley axis
orientation, especially in the SW segment. The normal-
ized TRPs are shown in Figure 5. The different para-
meters defined above, are computed for these TRPs
(Table 1). The TRPs show the position of the river
terraces (T), pediment surfaces (P), and also the probable
faults (F), identified from the slope variations and the
breaks in the TRP curves. Normalized terrace positions
are shown in Figure 6.
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Figure 5. Normalized TRP across the Banas drainage basin. Note
how the shape of the TRP clearly depicts the geomorphic and tectonic
features.
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Figure 6. Normalized disposition of the river terraces (T) in the
Banas drainage basin in each TRP with respect to the respective thal-
wegs (Th). Lg, Left bank; Rg, Right bank. Note that except for Tz in the
upper reaches TRP: A-B all the terrace sets in the study sections across
the Banas drainage basin are asymmetric, a feature related to the
asymmetric nature of the Banas drainage basin, caused by catchment
capture. For explanation see the text.
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From the TRP parameters and terrace/pediment
dispositions, the following general conclusions are made.

The segment of the Banas drainage basin in the central
part (TRP: E—F) is more eroded than the segments in the
upper and the lower reaches (TRPs: A-B, C-D), because
the values of Ea and Eh*>,, are higher in the former seg-
ment than in the latter. The TRP: E-F, bisecting the
drainage basin into two almost equal parts, shows the
maximum basin and valley asymmetries. Interestingly,
the highest basin asymmetry is shown by this TRP having
the highest valley asymmetry. This feature is likely to
have been caused by catchment capture, river piracy and
active faulting™.

High erosion in the central segment of the basin is due
to the incision by both the main Banas river and its 5th
and 4th order tributaries (e.g. Kothari, Khari, Dai, etc.).
This feature is probably related to neotectonically-
controlled grade adjustments consequent upon subsidence
of the area around the confluence of the Banas river with
the Chambal river, as a result of reactivation of the Great
Boundary Fault (Figure 7). From the longitudinal profile

characteristics, particularly the knickpoints, of the Banas
river and its major tributaries, several horst-graben struc-
tures and neotectonically active blocks have been identi-
fied”®. These blocks are bounded by reactivated old
dislocation zones and active recent faults recording dif-
ferential vertical movement. Further evidence of neotec-
tonic movement in the area is provided by ponded and
disorganized streams'®, and also by the hypsometry of the
Banas drainage basin®’.

The normalized longitudinal profile of the Banas river
indicates that the maximum concavity of the profile is
located fairly upstream™ (ca. 130 km downstream the
source) between TRPs: A-B and E-F. The upstream
migration of longitudinal profile concavity is a measure of
the river grading®, and it indicates that the Banas is a
moderately mature river. Therefore, the low-values of Ea
and Eh*, (40.17 and 0.141, respectively) for the
upstream TRP: A-B, indicating poor valley erosion, is
understandable, but low to moderate values of these para-
meters (55.17 and 0.244, respectively) for the downstream
TRP: C-D need an explanation. It is likely that thisis due

Tablel. Computed parameters of the TRPs across the Banas drainage basin, Rajasthan

Vs (degrees)
Profile  Ea (%) Eh (Lg) Eh (Rg) Eh(Lg)/Ch Eh(Rg)/Ch  Eh* Eh*x%t., Bs Le Rs Va (degrees)
A-B 40.17 0.35 0.42 0.44 0.52 0.38 0.141 0.05 22 27 5
C-D 55.17 0.59 0.25 1.13 0.48 0.42 0.244 0.15 55 45 10
E-F 75.86 0.70 0.25 1.45 0.52 0.47 0.220 0.42 68 17 51
o
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Figure 7. Generalized tectonic map (modified after refs 19 and 20) of the Banas drainage basin

showing neotectonically active old and young faults and the position of the river terraces (T) and the

pediments (P), identified from TRP analysis. BDZ, Banas Dislocation Zone; GBF, Great Boundary

Fault; KGL, Kaliguman Lineament; RT, Rakhabdev Thrust; SDT, South Delhi Thrust; SIDF, Samb-

har—Jaipur—Dausa Fault; F-F, Young fault. Note the general correspondence of the fault traces and

the pediment surface on the geological map with those identified from TRP analysis.
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to neotectonic uplift of the downstream basin segment
which is an extension of the ‘ Dausa uplift' .

Eh/Ch ratios (Table 1) for the Banas drainage basin is
instructive. On the left bank valley side, the ratio is
maximum (1.45 to 1.39) in the middle reach where the
major 5th and 4th order tributaries flow, and pedimenta-
tion is also prominent (see later in the text). The ratios for
the right bank valley side are generally lower than those
for the left bank, except for those in the higher reaches.
This means that principally the highly active tributaries
have carved the landform of the left bank valley side,
whereas essentially the main Banas river has eroded the
right bank valley side. In the higher reaches, however, the
right bank valley side is being more actively eroded than
the left bank valley side due to erosion by the 5th order
Berach river. TRP: E-F in the middle reaches, showing
the maximum Eh/Ch ratio, also shows the maximum basin
and valley asymmetries (Bs = 0.42, Va = 51).

The bedrock resistance and the relative dominance of
uplift and river downcutting control the valley side slopes.
Ea takes into account both these factors, and thus, is an
indicator of the degree of downcutting in response to
uplift in neotectonically active domains. The higher the
Ea value, more advanced is the erosion and greater is the
river maturity in the given TRP location. Logically, an
advanced stage of valley-side erosion (higher Ea values),
leading to gentler valley side-slopes, would yield highly
concave TRP curve for the upper part of the valley sides,
with a low convexity for the lower parts’. Such types of
TRP will also have high Vs values. This is illustrated by
the positive correlation between the Ea and Vs values for
the left and the right banks of the Banas basin (Figure 8).
The misfit point in this diagram pertains to the right bank
valley side-slope in the middle reaches, (TRP: E—F),
where other evidences indicate high terrane subsidence
and neotectonically controlled Banas catchment capture
by the adjoining Mgj river system of the Chambal drain-
age basin®®.

Four sets of fluvial terraces within an altitude range of
80 to 950 m and two pediplains at 600 m and 350-300 m
have been reported from the SW part of the Banas basin®™.
The present study using the proposed new method of TRP
analysis has also identified four river terrace sets (Figure 6).
The oldest and the highest terrace set (T;) at ca. 800 mis
recognized only in the upper reaches (TRP: A-B). The
next lower and younger terrace set (T,) occurs at ca
700 m in the upper reaches and at ca. 500 m in the lower
(TRP: C-D). T, and T, terraces are missing in the middle
reaches (TRP: E-F). It is likely that pedimentation com-
mon in the latter reaches has destroyed these high-level
terraces. Generally, Ts is the most extensive terrace set
occurring all along the basin, and it has a slope towards
NE, i.e. downstream, such that its height decreases from
ca. 600 m in the upper reaches to ca. 300 m in the lower
reaches. The lowest and the youngest level terrace set (Ty)
has not been recognized in the upper reaches where its

CURRENT SCIENCE, VOL. 81, NO. 1, 10 JULY 2001

near equivalent elevation is occupied by the present Banas
river channel. T, has also north-easterly downstream slope
with the height decreasing from ca. 400 m in the middle
reaches to ca. 250 m in the lower reaches. Evidently, the
correlation of these terraces is difficult if their heights
from the msl are used, because the reconstructed regional
terrace surfaces have variable downstream slopes. The
problem can be solved, as enumerated earlier in the paper,
by normalizing the terrace elevations against the elevation
of the main river channel (Figure 6).

The terrace correlation based on elevation on normal-
ized TRP (Figure 6) suggests that the highest level terrace
in the lower reaches TRP: C-D can be correlated with T,
of the higher reaches TRP: A-B rather than with T3 of the
adjacent middle reaches TRP: E-F. The levels of the
terrace sequence in the lower reaches TRP: C-D are also
noteworthy because the terraces here occur at relatively
higher elevations from the thalweg than those in other
TRPs from their respective thalwegs. This indicates either
post-terrace uplift or base-level change/tectonics-induced
high incision of a part of the lower reaches of the basin,
where the Banas river shows a strong antecedence. An
evidence for the latter feature is given by the cross-cut of
the Vindhyan hills by the Banas river joining the Chambal
river near Khandar. A comparison of the terrace eleva-
tions from the respective thalwegs suggests that the area
in the lower reaches covered by TRP: C-D has been up-
lifted 10-35 m between T; time and the present, during
which period the Banas river has incised as much extra
depth in this part of the lower reaches compared to the
adjacent middle reaches.

Figure 7 shows the spatial distribution of the terraces
and the major pediments on the TRP lines with respect to
old, but neotectonically active dislocation and fault zones
in the Banas drainage basin. Notably, the fault traces rec-
ognized from TRP curves (Figure 5) match well with
those geologically mapped and intersected by the TRPs
(Figure 7). The high-level pediment surface (P,) at 550—

90

Figure 8. Relation between valley symmetry (Vs) and valley erosion
(Ea). 1, TRP: A-B; 2, TRP:C-D; 3, TRP: E-F; Lp, Left bank;
Rg, Right bank. For explanation see the text.
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480 m is located in the middle part of the basin at the foot
of the Aravalli hill range, and it is best developed in areas
to the S and SE of Ajmer. A low-level pediment (P,) at
420-300 m is an extensive surface, developed in the mid-
dle and lower reaches of the basin (Figure 7). This pedi-
ment surface is known as the Eastern Banas Plain or the
Mewar plateau™®?.

One of the important aspects making the proposed TRP
analysis useful is that it is capable of locating structural
and geomorphic features from the TRP shape that accen-
tuates the slope breaks, a geomorphic criterion to recog-
nize these features more effectively than the conventional
TRPs. This fact is substantiated by the demonstration here
that the faults and pediments deduced from TRP study
generally correspond to those actually mapped using other
methods (Figure 7). The pediments, particularly P,, have
been dissected by the Banas drainage system, and from
the disposition of the terraces it is presumed that the
maximum dissection took place during Tz and T, terracing
stages. P, also shows fluvial terracing, and at places, the
pediment grades towards the terrace at its base. Since the
pediment has almost a similar height as the river terrace,
the former can be temporally related to the latter. The
pediment and the terrace may be considered as a pair®,
and hence, synchronous morphologic features.

The new approach to the analysis of the TRPs, enumer-
ated here, can find application in both inter-profile and
inter-drainage basin comparisons of morphotectonic fea-
tures. The case study in the Banas drainage basin, Raa
sthan, has demonstrated that significant inferences on
neotectonics and river valley erosion can be extracted from
the quantified transverse river valley profile parameters.
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