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Abstract The Trans-Himalayas in India comprise of the Ladakh, Karakoram and
Zanskar (also spelled as Zaskar) ranges. These ranges are marked out by the presence
of several active major thrust faults, which are epicenters of recurrent seismic activity.
Their alignments control the main stream courses of the area, resulting in sharp bends,
obtuse junctions, steep defiles and abrupt changes in channel morphology, wherever
streams transition across different morpho-structural units. The present study focuses
on the drainage composition and topographic characteristics of the Leh and Nubra
valleys in the Ladakh region, along the courses of the Indus, Zanskar, Shyok and
Nubra rivers. The morphometric attributes and spatial variation in terrain aspects
of the basins developed within the aforementioned three ranges and draining into
these four rivers are examined using the ALOS PALSAR Digital Elevation Model
(DEM) to elicit watershed and channel parameters related to tectonics. Thrust faults
digitized from the available geological maps of the region are compared with the
principal streams extracted from the above DEM dataset through an overlay analysis
to discern the influence exerted by the principal thrust faults and other structural
lineaments on the drainage alignment. Segment-wise stream gradient indices reveal
the abrupt changes in longitudinal profile and resultant changes in channel morpho-
logical characteristics as the rivers traverse these various structural and lithological
entities. These attributes of the drainage character are compared with the various
lithological and geomorphic entities of the area, to elicit the river character in each
physiographic unit.
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1 Introduction

Tectonic signatures are often observed on natural landscapes that bear the marks
of relative movement of the surface (England and Molnar 1990). Identifying these
tectonic signatures along rivers is quite difficult since the morphological signatures
are subtler, wherein the appearance of river courses and the paths taken by them from
source to mouth depends on the natural setting of the environment through which
they flow (Nag and Chakraborty 2003; Strecker et al. 2003). Tectonic signatures
along streams can thus be identified using associative attributes like angular drainage
patterns, channel sinuosity, abandoned channels, anomalous river flow, compressed
meanders, abrupt change in flow directions and the asymmetry of river bends, to
mention a few (Guha and Patel 2017). The strong controls exercised by the various
mountain fronts all over the Himalayas are evident from the courses of the rivers
that flow through it (e.g. Duncan et al. 2003). Such rivers are generally characterized
by straightened courses, v-shaped valleys, asymmetric and oval-shaped watersheds
and sharp knee-bend turns of seasonal rivulets and incised meanders (Burbank et al.
1996).

In this respect, the best description of the shape of a river’s longitudinal profile is
its slope or gradient, which is the graphic representation of the ratio of the fall of the
elevation along the channel to its length over a given reach. It is thus the configuration
of the channel bed or bottom in longitudinal view (Knighton 1998). In most cases and
particularly in humid regions and for steady-state conditions, it is concave-upwards
(Seeber and Gornitz 1983). Yet, the longitudinal profiles of natural rivers, though
concave upward, rarely tend to be smooth and they often contain breaks (Oguchi
1997). Such local steepening of the channel gradient can result from one of several
causes like more transitions in the lithology, the introduction of a coarser or larger
bedload or from tectonic activity (Bhat et al. 2008). This ‘concave up’ shape of the
long profile has also often been described in terms of the graded profile or profile of
equilibrium for stable channels. Thus, the longitudinal profile of a river represents
its long-term morphologic adjustment to the varying conditions of climate, lithology
and tectonic activity (Burbank and Anderson 2011).

In a steady-state system, erosion keeps pace with uplift (Guha and Patel 2017).
River gradients, which are a driving factor of erosion, are adjusted to the external
forcings. Thus abrupt changes in slope along river profiles may indicate active faults
encountered by these rivers (Seeber and Gornitz 1983). River channels, therefore,
have a lot of controlling factors behind their evolutionary trajectories, which include
topography, climate and geology. However, most often it is the tectonics of the area
that plays the most crucial role of all, especially in high mountain regions. The aim of
the work presented is to discern the tectonic signatures that appear in the landscape
using geospatial and quantitative methods, along with their likely influence on the
examined river forms in the studied area.
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2 Concepts and Parameters Related to Morphotectonic
Indices and River Longitudinal Profile Analysis

The availability of several of GIS technologies as well as a large range of geospa-
tial data have led to their wide-ranging applications in geomorphology (Remondo
and Oguchi 2009). These technologies allow precise quantification and mapping of
geomorphic features at a range of spatial scales. Therefore, they have become an
integral part of Geomorphometry, defined as the science of quantitative land surface
analysis (Pike 2000; Pike et al. 2009; Sofia 2020). Geomorphometry has found appli-
cations in a variety of fields but the largest applications have been in river basin
analyses (Evans, et al. 2009; Sofia 2020). A number of morphometric variables or
parameters may be identified and these provide information about the land surface
and hydrology of an area either in itself or in the form of indices (i.e. combinations of
various parameters) (Olaya 2009; Gruber and Peckham 2009; Florinsky 2017; Patel
2012; Sofia 2020).

One such morphological parameter group includes various morpho-tectonic
indices, which allow us to understand how rock resistance, tectonics and climate
interact and affect the evolution of landforms and drainage in an area (Doornkamp
1986; Ramirez-Herrera 1998; Keller and Pinter 2002; Bull 2007; Brocklehurst 2010).
Various morphotectonic indices have been devised over the years but the most
common ones used are the hypsometric curve and integral (HI, Strahler 1952), moun-
tain front sinuosity index (S, Bull and McFadden 1977), valley floor to valley height
ratio (V¢, Bull 1977, 1978), stream length gradient index (SL, Hack 1973), normal-
ized stream index (NSL, Seeber and Gornitz 1983; Whipple and Tucker 2002), basin
asymmetry factor (A¢, Hare and Gardner 1985), transverse topography symmetry
factor (T, Cox 1994), S, Index (Sklar and Dietrich 1998) and channel steepness
index (kg,, Wobus et al. 2006; Castillo et al. 2014). All these indices have been used
in a number of studies dealing with tectonic geomorphology. The hypsometric inte-
gral/curve is especially important as it describes the distribution of elevations across
a land surface (e.g. a basin) and the HI is the area under the curve (Strahler 1952).
Based on the shape of the curve and HI values, the landscape may be divided into
classical stages of youth, maturity and old, with progressively declining HI values
indicating increased senility (Strahler 1952; Keller and Pinter 2002; Patel and Sarkar
2007). The skewness and kurtosis of the hypsometric curve are geomorphologically
significant (Sarkar and Patel 2011) as a large, positive value of skewness indicates
increased erosion in the upper reaches of a basin, whereas larger values of kurtosis
indicate higher erosion in both the upper and lower reaches (Harlin 1978; Perez-
Pena et al. 2008; Radaideh and Mosar 2019). However, the hypsometric curve and
its integral value may also be influenced by the dimensions of the basins rather than
erosion and uplift alone and Radaideh and Mosar (2019) suggested that care must
be employed while using the hypsometric approach.

In contrast to the abovementioned indices that discern the tectonic influences at
the landscape (basin) scale, are those which derive such information directly from the
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channel itself. A river’s long profile is indicative of the occurring long-term adjust-
ments by the channel and its resultant morphology to climatic, structural, lithological
and tectonic variations, perturbations and forcings. The easiest and most comprehen-
sive way of its analysis is via methods like the Stream Length (SL) Gradient Index
and its direct correlation with the geology of the study area. While the numerical
calculations provide an idea about the steepness of the river, this index can be directly
connected to the underlying lithology to assess the ambient stream power (Kale et al.
2010). For computing the SL Index, Hack (1973) devised a semi-logarithmic relation
connecting the channel length and elevation, as:

H=C-k In(L)

where, H = elevation, L. = distance from the source, C = an empirical constant and k
= slope of the idealized profile, or the Gradient Index. Furthermore, a graded stream’s
long profile can be taken to be in a state of equilibrium and this would then appear
as a straight line on a semi-logarithmic plot. Consequently, any notable deviations
from the plotted or theoretically expected straight line can be taken to be indicative of
forcings or disturbances along/across the stream course. Thus, Hack (1973) further
provided a morphotectonic index, which is known as the Stream Length Gradient
Index. This is computed as:

L— (e1 —€2)
[In(D3) — In(Dy)]

where, e; = elevation of the first point from the source, e, = elevation of the second
point of the source, D; = distance of the first point from the source and D, = distance
of the second point from the source.

The above SL index is also commonly referred to as the Stream Gradient Index
(SGI). The SGI refers to a range of values that indicate the gradient of a stream. It is
calculated using the fall in elevation of the stream and its change in the logarithmic
value of cumulative length. Essentially, it tries to draw a relation between the amount
of elevation drop and the traversed distance (Patel et al. 2021). These values are
generally not bound by any range and tend to represent the geomorphic conditions
of the region. Higher values are indicative of a greater change in elevation, rugged
relief and steeper slopes, possibly as a result of uplift or marked variation in the local
lithology (Lee and Tsai 2010), while lower values indicate flatter relief and gentler
slopes. The SL to k ratio is referred to as the Normalized Stream Index (NSL) and
this indicates the range of channel steepness (Seeber and Gornitz 1983; Whipple and
Tucker 2002). Mathematically, it is expressed as:

NSL = SL/k.

where, SL = gradient index of a reach and k = slope of the stream’s graded profile.
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The NSL has a similar, if not almost identical graphs to the original SL Index
and is representative of the same characteristics of the area, only reducing the scale
of the values to more easily comprehendible and comparable range by dividing the
originally derived values by the ideal value of the region. Seeber and Gornitz (1983)
studied various Himalayan rivers and suggested that NSL > 2 indicates steep reaches,
whereas values >10 indicate extremely steep reaches. Since channels in tectonically
active areas are generally steep, they considered SL and NSL to be indicators of
neotectonics within the drainage basin. However, high SL and NSL values might
also result from differential erodibility of the various lithounits (Patel et al. 2021)
or mass movements like landslides, debris flows and slumps (Troiani and Della Seta
2008).

Another good indicator of the steepness or gentleness of a channel reach and the
inherent effect of the local structure/tectonics/topography on the channel form is the
change in the SGI or the SL change rate. In either case, a river when steeper has a
greater SGI value and when gentler has a lesser SGI value. Naturally, when moving
from a gentler to a steeper territory, the SGI value of the river increases and the change
value calculated is a positive number. However, when moving from a steeper to a
gentler territory, the river’s SGI value falls as a result of which the change in SGI value
returns a negative number, helping us immediately identify those places that have a
significantly gentler gradient than its neighbours. It furthermore helps in correlating
the reasons for such changes in gradient with the possibly concomitant changes in
lithology, presence of faults and lineaments or simply the geomorphology. Using
the normalized elevation and cumulative downstream distance parameters, plotted
graphs can be fitted with linear, exponential, logarithmic and power form trendlines.
According to Lee and Tsai (2010), when the calibre of load in the river is larger
than the carrying capacity of the stream, thereby choking the river in turn, the long
profile of the river has a better linear function fit. As the river downstream reaches
dynamic equilibrium, it has a better exponential fit. Further downstream when the
load calibre becomes even smaller, the river reaches a graded condition and the long
profile is a better logarithmic fit. With increased downstream concavity of the river,
the long profile fits the power function the best. Thus an indicator of the geomorphic
evolutionary stage of the channel (and likely its basin) can be obtained from such
trendline fitting (following Kale et al. 2010).

The various morphotectonic indices mentioned above have been used to under-
stand the tectonic influences on landscape and drainage evolution throughout the
active orogens of the world, including the Himalayas and Trans-Himalayan moun-
tains. Seeber and Gornitz (1983) pioneered this through their work on the SGI and
NSL and that paved the way for multiple studies in the region (Jamieson et al. 2004;
Robl et al. 2008; Singh and Tandon 2008; Dortch et al. 2010; Phartiyal and Kothyari
2012; Mahmood and Gloaguen 2012; Dar et al. 2013; Munack et al. 2014; Kumar
and Srivastava, 2017; Prerna et al. 2018; Anand and Pradhan 2019, Nag et al. 2021;
Sarkar et al. 2021). Within the Ladakh region, however, such studies are somewhat
limited. Dortch et al. (2010) combined the use of morphometric parameters, longi-
tudinal profile analysis and cosmogenic radionuclide dating to conclude that the
Ladakh range is eroding asymmetrically, with the southern part of the range eroding
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at almost twice the rate at which the northern part is, implying that there is an imbal-
ance between uplift and erosion in the northern catchments. The Indus basin, of which
Ladakh is a part, was divided into upper, middle and lower segments through analysis
of morphometric parameters and longitudinal profiles by Prerna et al. (2018), where
they concluded that a third of the basin is in a state of tectonic stability. However,
their finding stands in conflict with those of a recent study along a 225 km long
stretch of the River Indus (Nag et al. 2021), which concluded that the upper Indus
is yet to reach tectonic stability and has continued to have tectonic disturbances
throughout the late Quaternary. This suggests that tectonic disturbances rather than
climate driven changes are the dominant raison d’étre for the present configuration
of the landscape in Ladakh.

3 Study Area

Ladakh (32°15' N-36° N and 75°15'~78°15’ E; approx. 119,820 km? in area) may be
considered as the western extension of the Tibetan Plateau (Fielding 1996; Sharma
2003). Due to its remote location, rugged topography, inclement weather condi-
tions and strategic position, studies on this region were scarce till the 1990s. Some
notable works (e.g. Cunningham 1854; Drew 1875; Gansser 1964), nevertheless, did
exist. However, the proliferation of research since the 1990s has shed a wealth of
information about the geology and geomorphology of Ladakh. The entire Ladakh
region may be divided into four tectonic zones, namely, from south to north, the
Zanskar (or Zaskar) Suture Zone, the Indus-Tsangpo Suture Zone (ITSZ), the Shyok
Suture Zone and the Karakoram Plutonic Complex (Thakur 1981). Parallel to these,
run three major mountain ranges, the Zanskar Range, the Ladakh Range and the
Karakoram Range. The study areas, the Leh and Nubra valleys, lie on either side of
the Ladakh Range. Numerous studies have documented the glacial geomorphology
of Ladakh (summarized by Dortch et al. 2013). Though glaciers in the Ladakh region
only made small advances from their present positions during the Late Glacial (Owen
2011,2014; Owen and Dortch 2014), their retreat has left a remarkable assemblage of
landforms that are essentially paraglacial (sensu Church and Ryder 1972) in nature.
The main components of this landscape include glacial troughs, moraines, cirques,
fluvial terraces, alluvial fans, sand dunes and palaeo-lacustrine deposits (Juyal 2014).

In terms of climate, this region lies in the rain-shadow zones of successive
Himalayan and Trans-Himalayan ranges, and as such the prevailing climatic condi-
tions are typical of a high altitude cold desert. At Leh, the maximum and minimum
temperature in January is —2.8 °C and —14.0 °C, while those in July are 24.7 ° C
and 10.2 ° C, respectively (Osmaston 1994). Though the average annual precipita-
tion is <500 mm (Bookhagen and Burbank 2006; Hedrick et al. 2011), the precip-
itation regime is affected by the altitude, the Indian summer monsoon streams
and mid-latitude westerly disturbances (Benn and Owen 1998; Dortch et al. 2010,
2013). While the 30-year average precipitation at Leh is 115 mm/year, only a small
percentage of it is in the form of snow (Osmaston 1994). A recent study has found
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that over a period of 89 years (1901-1989), both the total annual precipitation and
winter precipitation in Leh have been showing a declining trend (Bhutiyani et al.
2010). Very little climatic data exists for the Nubra Valley. However, it is distinctly
colder and wetter (precipitation is mostly in form of snow) as it lies between the
Ladakh and Karakoram ranges, where the temperature is below 0 °C for significant
parts of the year (Bhutiyani 2014). Most of the precipitation is received from the
western disturbances that hit the region during the winter months (September to
April). During this period, the temperature can drop to —25 °C (Nagar and Ahmed
2007). After April, the weather improves and July is the hottest month when the
temperature in the valley can be as high as 32 °C (Nagar and Ahmed 2007; Ganjoo
et al. 2014).

Another climatic parameter that has an important control on geomorphic processes
in Ladakh, including the two study areas, is insolation. Due to its high elevation and
consequent, low temperature and pressure (510 mm of Hg at Leh [Bharadwaj et al.
1973]), the atmosphere here is rarified. As a consequence, Ladakh receives a large
amount of insolation, approximately 320 days of sunshine in a year (Lohan and
Sharma 2012). Ramachandra et al. (2011) found that on average, the Ladakh area
receives between 4.7 and 5.0 KWh/m?/day of insolation throughout the year, but
during the summer months (May to August), the range increases to between 5.7 and
6.7 KWh/m?/day. Additionally, Jacobson (2000) reported that during 1996—1998,
Leh received 5530 Wh/m?/day of solar energy, whereas Sumoor in the Nubra Valley
received 5300 Wh/m?/day. These studies suggest that insolation is a potent force that
can exacerbate thermal weathering in the study area.

The Indus is the main river of the region. As an antecedent stream that was
formed in the Eocene (Searle and Owen 1999), it initially follows the strike of the
Karakoram Fault before taking a westward turn to flow along the east-west trending
Indus-Tsangpo Suture Zone (ITSZ) (Clift 2002). Together with its tributaries (the
Dras, Zanskar, Shyok and Nubra rivers), it forms the lifeline of Ladakh. The town of
Leh (34°17' N; 77°58’ E) is situated on the right bank of the Indus, on the southern
foot slopes of the Ladakh Range. One of the longest tributaries of the Indus, the River
Shyok, flows parallel to the Indus, on the northern side of the Ladakh Range, before
joining it near Skardu. The confluence of the Shyok and its tributary, the Nubra, near
the village of Diskit (34°33’ N; 77°32’ E) has given rise to a barbed drainage pattern
due to stream piracy (Juyal 2014). The chosen study area in this paper comprises the
Zanskar—Indus—Shyok—Nubra valleys and their intervening mountain ranges (Fig. 1).

4 Datasets and Methods

The present study has used several of different datasets that are listed and described
below:

a. The terrain attributes of the area studied were mapped from the ALOS
(Advanced Land Observing Satellite) PALSAR (Phased Array type L-band
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Fig.1 Location of the study area within Ladakh

Synthetic Aperture Radar) Digital Elevation Model (DEM) of spatial resolu-
tion 12.5 m, obtained from the Alaska Satellite Facility. This is at present the
highest resolution freely available global DEM (as a re-sampled by-product of
the SRTM 30 m DEM) and its use was preferred since DEM resolution has been
shown to have a significant effect on the terrain attributes derived (Das et al.
2016). Since this DEM is of an ellipsoidal nature, the required conversion of the
elevation values from the reference ellipsoid to the required geoidal heights was
done using the 1’ x 1’ interval Earth Gravity Undulations Model (EGM2008)
dataset that was interpolated for the study area. The finally corrected DEM with
proper elevation values (Fig. 2) was obtained using the equation:

H=h-N

where, H = corrected elevation or orthometric height, h = ellipsoidal height
and N = geoid height.

The corrected DEM was processed for any data gaps and voids and to remove
any inadvertent data peaks and pits in the Geospatial WhiteBox software envi-
ronment. Subsequently, standard D-8 flow routing and flow accumulation algo-
rithms were used to extract the principal drainage lines and their tributary
networks and perform Strahler order classification of streams (see Patel and
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Fig. 2 The corrected DEM representing the elevation values in the study area

Sarkar 2009, 2010 for full details on these methods and their utility). The
drainage basins of the ascertained stream segments (Fig. 3) were extracted
using the classified flowlines and the entire raster datasets thus elicited were
converted to vector shapefiles for ease of mapping and parameter extraction.
Once the principal drainage lines were discerned in the above manner (i.e. the
courses of the Zanskar, Shyok (its upper and lower segments, situated before
and after its great bend), Nubra and Indus), we identified all the river basins
that drained directly into these channels. Leaving out the very minor stream
segments, all basins of Strahler Order 2 and higher (which went up to Order
5) were thus mapped (Fig. 4). In all, 177 such basins were identified and each
of these were assigned a numerical code to differentiate them from each other
(Fig. 5) and also the relative position of each basin (i.e. which river it drained
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Fig. 3 Classified streams according to the Strahler (1952) stream segment ordering scheme

into and whether its location was on the right or left flank of the main channel)
was ascertained and input into its respective database (Fig. 5).

c.  Arange of terrain parameters were directly extracted from the DEM and enumer-
ated for each of the river basins. These comprised of the maximum, minimum
and mean basin elevation and its standard deviation, the mean basin slope,
hypsometric integrals, ruggedness and dissection indices (for details of their
enumeration methods see Patel 2012, 2013 and Sarkar and Patel 2009, 2012).
Alongside these, the basin geometric attributes (area and perimeter) and shape
(circularity ratio) were also computed. Enumeration of the basin-wise stream
frequency and drainage density parameters was done by overlaying the stream
segments on each basin and clipping their extents, followed by stream number
counts and total length estimates.

d. The reach-wise channel steepness index (SL index) was measured and mapped
for the principal rivers, using the method outlined in the prior section. It is to
be noted that some of these streams are international rivers and as such only a



Spatial Variability of Topographic Attributes and Channel Morphological ... 77

76°45'0°E TT00"E T7T15'0"E 77°300°E T7°45'0"E 78°00°E 78*150°E
1 1 1 1 L 1 1

35°0'0"N- F35°00"N
34°45°0"N 34°45'0°N
34°30°0"N | Faaea0on
34°150"N ) 34°15'0"N
34°0'0"N- 34°00"N
33°450"N 33°45'0"N
33°30°0"N . -33°30'0"N
33°150"N 33°15'0"N

T6450°E  TPO0E  TTMSOE TTA00°E TTASOE 78°00°E  78'SOE
Legend 0510 20 30 40
z [ = = - ]

Basin Order {s"ahler} Kilometers

[ L1 /4 s

Fig. 4 The demarcated basins of Strahler second order and higher that drain directly into the four
principal drainage lines of Indus, Shyok, Nubra and Zanskar

portion of their courses lie within India. Therefore instead of looking into the
longitudinal profile character of the whole stream, we have constrained ourselves
to simply examining it within the demarcated study area, in which these river
valleys are in close juxtaposition to each other. The long profiles of these partial
courses were extracted from the corrected DEM and an 11-pixel smoothening
window (following Kale et al. 2010) was used to remove any irregularities in
their plots. Each stream was divided into segments of 5 km each for the SL
Index enumeration. This created 66 segments for the Indus, 105 segments for
the Shyok (comprising its upper and lower portions, before and after its great
bend within the study area), 24 segments for the Nubra and 82 segments for
the Zanskar. Subsequently, their respective fall in elevation was calculated and
each segment slope was found out, with a combination of these eliciting the SGI
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Fig. 5 The coded drainage basins for subsequent morphometric analysis

value per segment of the river. When overlain on the DEM and geological maps,
a clear insight into the possible role of the lithology/structure on the channel
morphology could be ascertained.

Breaks along the longitudinal profile are indicators of lithological or struc-
tural changes. In order that the studied rivers could be compared, despite
their different lengths and different elevation differences along their courses,
a normalization or standardization procedure was applied (cf. Guha and Patel
2017). Four mathematical functions were then used to compare and derive a
best-fit curve on the respective profiles to ascertain the stage of development
of the respective basins, as well as inculcate a process-based understanding, as
previously described (cf. Kale et al. 2010).

Langbein’s (1964) Concavity plots were used to further the argument about the
shape of the river longitudinal profile curves. According to this concept, when
the value is 0, the channel is straight. As the value increases, the channel starts
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to curve or meander and the calibre of its load tends to decrease. The greater
the relief of a given basin, the straighter the profile. Simply put, the greater
the length of a basin for a given relief, the more concave it is and the river
is characterised by an increase in discharge downstream with relative crustal
stability.

g. A number of topographical and geological maps were used to obtain the surface
lithological attributes. The toposheets of the area were obtained from the US-
AMS collection and were at 1:250,000 scale. The geological maps were obtained
from the Geological Survey of India (GSI) Quadrangles and the informa-
tion present in these sheets were mapped and overlain on the DEM derived
parameters for visual correlations.

h. High-resolution Google Earth images, in planform and tilted 3-D views, were
used to examine the minor geomorphic units present in the study area. For select
reaches of the principal streams, their respective stream corridor morphologic
attributes (cf. Banerji and Patel 2019) could thus be ascertained and using similar
information present in the GSI maps, these were outlined.

5 Results and Discussions

5.1 Ambient Structural and Geologic Characteristics

The study area reports elevations ranging from 2588 to 7553 m (Fig. 2). This almost
5000 m elevation change within this region markedly influences the terrain character
and geomorphic attributes. This great elevation difference is a result of Himalayan
and Trans-Himalayan tectonics and repeated movements that characterise the entire
region (Burbank and Anderson 2011). The Zanskar cuts across the mountain range
that bears its name while the Ladakh Range forms the water divide between the
Indus and Shyok rivers, with rivers draining its southern face flowing into the Indus
and those arising on the northern flanks eventually meeting the Shyok. The Great
Karakoram Range abuts between the Shyok and Nubra valleys and carries on further
to the east.

A number of lithologic groups and formations are present herein (Fig. 6), with
all of them exhibiting a linear pattern, aligned from NW-SE, highlighting both the
compressional tectonics that have occurred here, resulting in a series of parallel
ranges and the melange of rocks that have been crumpled and uplifted along the main
suture zones that trend in the aforementioned direction. A greater heterogeneity of
these rock groups/formations is apparent in the Zanskar zone, on the left flank of the
Indus. Typical metamorphics and crystallines associated with continental subduction
and suture zones (ophiolites and acidic intrusives) abound. Notable is the presence
of patches of undifferentiated recent sediments (mixture of coastal, glacial, aeolian
and fluvial origin). This denotes the complex evolutionary history of the area and
these sediment patches occupy locations where the valley floors have broadened
out to accommodate them, resulting from the infilling taking place along the suture
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Fig. 6 Major geological formations and rock groups in the study area
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zones (especially the Indus and Shyok sutures). These valley fills extend upslope
as finger-like projections that represent the tributary valleys (Fig. 7) that meet these
main drainage lines, as can be seen prominently along the Ladakh Range and on
the eastern flank of the Nubra. By bringing rocks of very different geologic ages in
close juxtaposition, these two suture zones typify the sharp lithological changes that
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are characteristic of continental subduction zones and the associated chaotic rock
complex. A classic example of the intense upwarping and tilting of the constituent
rocks is seen along the Indus’ left flank at Stok and Choglamsar, with seemingly
large-scale uniclinal and folded formations being present here (see Fig. 26k).

Such intense rock décollement also gives rise to multiple faults and folded struc-
tures alongside the main sutures and these are seen abundantly in the study area, witha
variety of anticlines, synclines and folded forms present along with series of different
thrusts, lineaments and faults. Simple visual comparison of their position and align-
ment with the overlain drainage lines makes it apparent that they exert marked control
over the courses of not only the main rivers but also influence the formation of struc-
tural meanders, obtuse tributary junctions and sharp course changes throughout the
entire drainage network of the area (Fig. 8). In the northern part of the map, the
upper section of the Shyok initially flows to the south but then executes a sharp turn
of more than 90° towards the NW on meeting the Karakoram Fault. This confined
channel then courses towards the NW and occupies the Shyok Suture and then the
Shyok Thrust further to the west. The alignment of the Shyok’s main tributary, the
Nubra, is entirely controlled by the NW-SE trending Shyok Thrust that results in
these two rivers forming a remarkable obtuse barbed junction at their confluence. In
the central part of the area, the course of the Indus is also constrained and controlled
by the adjacent SE-NW trending Indus Suture and its associated Pashkyum, Wakha
and Tajurma Thrusts (cf. Phartiyal et al. 2005; Kumar and Srivastava 2018). While
the Zanskar region does not have any of the markedly developed thrusts, it has a
number of folded and structural lineaments that have influenced the alignment of the
main channels and its tributaries. That these faults are quite active and have influ-
enced tectonic movements in the recent past also becomes clear when the seismicity
map of the area is examined (Fig. 9). The NE and SW zones of the study area have a
preponderance of earthquake epicentres. Most of these are shallow focus earthquakes
and are generally above 4 MW, reflecting the ongoing tectonic movements in this
area.

5.2 Spatial Variability of Basin-Wise Topographic
Attributes

The mapped basins draining directly into each main channel were examined next.
Of the total of 177 such basins that are of Strahler second to fifth orders, 54 drained
into the Indus (19 on its left flank and 35 on its right), 44 into the Zanskar (26 left
and 18 right), 64 into the Shyok (30 left and 54 right) and 15 into the Nubra (10
left and 5 right) (Table 1). The markedly unequal distribution of drainage basins on
either flank is possibly due to the respective alignments of the main water divides
and the courses these streams have cut through them. The mean basin size is 158.52
km? with the Zanskar region reporting the highest mean basin size and the Nubra
the lowest (Table 1).
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Fig. 8 Different types of structural elements present in the area and their overlay with drainage
lines

We observed that the basin-average relief varies between ~1000 m and 4000 m
(Fig. 10). The highest relief is observed in the northern part of the region along
various tributaries of the Shyok and Nubra rivers. These regions exhibit high relief
because there are topographic and chronological signatures of the displacement along
the Karakoram Fault (Phartiyal et al. 2005; Imsong et al. 2017). The high standard
deviation among the elevation values (Table 1) within each basin (these are often



84

P. P. Patel et al.

T76°45'0"E 77°00°E 77*150°E T7°300°E 77°45'0°E 78°00°E 78°150°E
L 1 1 1 1 1 i
Onsss
009 —J
35°0'0"N- On 937 aseoo'N
] 996

34°45'0"N+ -34°45'0"N
34°30'0"N+ Lageaoon
3415'0°"N+ Lag0150°N

ooz

34°0'0"N+ F34°0'0"N
33°45'0"N+ F33°45'0"N
33°30'0°N4 Y F33°30'0"N

h
5
=
008 % i
82 012, ]
33°15'0"N4 & b o F33°15'0"N
@201 (D000 ~Zaskar
T T T T T T T
TE"45'0"E TT°00°E T7T*150°E TT°300"E T7°45'0°E T8°00°E T8150°E

Legend 0510 20 30 40
Earthquake magnitude (MW)  Tectonic Framework Kilometers Earthquake Focus Depth
ETET Feeohcioaic Faut Oghiokte | Metange (]

\S e —— Mtchecieic Faut | Gty Faut Pro o Syrtactore: B 1iove ran6o | 20-30
) so1-800 —— Hpotecionic F aut | Sinke Sip Falt Trae Hemakay a I | i

(- 50-60 10-20
O am-sm — Sutune e { Accruted Are wih sadments —

O aon-anr Thus Late 83 Paat Tactenic Grangos ] 40-50 I o
B Aczrabenary Compies e Cover SHgInce Teidhd dumng HImatsy an F ek Thiuat mev smant 30-40

o ibridm Alhoveal Tl in Superpeses Basn e tolded Covar S8TENCE OreprntRd By Himalay an fold - hrust movemest

& AB0- 188 Basi Vocanics CrYIEMEIA COMOINE v DAMIAG By AL B 1013 - IMLAE mew WA

Fig. 9 Recent seismicity map of the area

1/4th or 1/5th of the mean basin relief) indicates the rugged nature of the terrain
and the marked changes in elevation (and consequently surface slope) within short
distances. The basin-average slope varies between 7° and 35° (Fig. 11), however, its
spatial variability is not distinctly discernable. We observed that the basin-average
slope is mostly high in the entire region whereas it is highest in the tributaries of the
Zanskar in the southwest part and the tributaries of Shyok in the northeast part of
the region. It is clearly observed that the basin-average slope is highest in the small
tributaries across the region. Usually, the slope values are derived locally from the
neighbourhood analysis that inherently introduces a scale-factor dependent on the
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Table 1 Mean values of select morphometric parameters enumerated for basins in the Leh—Nubra
region

Basin | No. of | Area(km?) | Perimeter | Circularity | Mean Basin Std. dev. | Avg.

location | basins (km) ratio Elevation | relief elevation | stream
(m) (m) (m) nos in

basins

All 177 158.52 75.22 0.27 4879.80 |2572.12 |514.83 |41

basins

Indus 54 123.40 69.58 0.26 4657.71 |2500.80 | 542.65 32

all

Indus 19 158.52 75.22 0.27 4879.80 | 2572.12 |514.83 |41

left

Flank

Indus 35 99.61 69.03 0.25 4630.70 |2507.24 | 561.33 25

right

flank

Zanskar | 44 198.21 78.77 0.30 4805.27 |2098.48 |415.16 |52

all

Zanskar | 26 161.82 70.26 0.32 4779.46 |2084.16 |417.58 |42

left

flank

Zanskar | 18 250.77 91.07 0.28 4842.53 |2119.17 |411.68 65

Right

Flank

Shyok |64 175.02 79.32 0.26 5089.10 |2813.48 | 535.41 45

all

Shyok |30 223.90 87.40 0.27 5007.22 |2825.00 | 556.20 |55

left

flank

Shyok |54 131.88 72.19 0.25 5161.35 |2803.33 | 517.08 36

right

flank

Nubra |15 98.17 67.63 0.24 5004.98 |3188.37 |619.22 |26

all

Nubra |10 113.32 72.90 0.23 5026.53 | 3268.78 | 642.24 30

left

flank

Nubra |5 67.88 57.10 0.26 4961.89 |3027.56 | 573.18 19

right

flank

(continued)
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Table 1 (continued)

Avg. Stream Drainage | Mean | Std. Ruggedness | Dissection | Hypsometric
total frequency | density slope | dev. index index integral
stream | (no./km?) | (km/km?) | (°) slope

length @)

(km)

79.59 |0.26 0.50 26.65 |11.76 |1.29 0.42 0.53
62.65 |0.27 0.52 2529 |1042 |1.30 0.43 0.53
79.59 0.26 0.50 26.65 |11.76 |1.29 0.42 0.53
50.88 |0.25 0.52 25.28 [10.38 |1.29 0.43 0.53
9590 |0.25 0.47 26.12 |10.62 |0.97 0.36 0.48
79.02 025 0.46 26.59 [10.84 |0.96 0.36 0.48
120.30 | 0.26 0.47 25.44 110.30 |0.99 0.36 0.47
88.23 10.26 0.49 28.09 1294 |1.39 0.45 0.57
108.55 |0.26 0.48 27.88 |12.27 |1.36 0.46 0.57
70.31 0.25 0.50 28.27 |13.54 |1.42 0.44 0.57
55.88 0.25 0.55 26.98 |14.93 |1.79 0.50 0.57
64.37 |0.24 0.55 26.61 |14.28 |1.82 0.50 0.57
38.91 0.28 0.57 2771 1622 |1.73 0.48 0.56

Source Enumerated by the authors

spatial resolution of the dataset. Therefore, the hillslope dominated regions primarily
depict higher slope, which is consistent in the study region.

Basin circularity ratio values are all on the lower side (all values are below 0.50)
(Fig. 12). Higher values, nearer 1.00, indicate a more circular and developed basin
with well-integrated drainage lines and usually having a dendritic drainage pattern
developing over gentler terrain. These lower values again indicate the ambient struc-
tural control and segmented, parallel linear drainage lines that have developed on
the steep flanks of the intervening high mountains between the main rivers. Overall,
drainage density values are again on the lower side, possibly due to the scant rainfall
received in this region. Relatively, drainage density is highest in the tributary basins
of Shyok and Nubra in the northeast part of the region (Fig. 13). However, high values
are also observed in the tributary basins of the Indus. The major rivers are generally
oriented according to the main tectonic structures (e.g. Karakoram Fault and Indus
Suture). Therefore, the relative movement of these structures results in disturbances
in the tributaries of these rivers. Previously, researchers have characterised the slope
angle as a factor of drainage density (e.g. Schumm 1956). However, high-resolution
DEM studies have suggested that direct correlation seldom exists and corresponds
to the channelization stages (Lin and Oguchi 2004). We also observed that there is
no direct relationship between drainage density and the mean basin slope.

The basin hypsometric integral (HI) values again attest to the predominantly
youthful nature of the landscape. Most of the HI values range between 0.4 to 0.6
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Fig. 10 Basin Relief Map

or between 0.6 to 0.8 (Fig. 14), with these higher values indicating a landscape that
has suffered relatively less net dissection (uplift and/or incision). A strong spatiality
is observed in this aspect. The basins flanking the Karakoram Range between the
Shyok and Nubra valleys show higher values, as do the basins located around the
remarkable great bend of the Shyok in the eastern part of the study area (see Table
1 for comparison of region-wise mean HI values for the constituent basins). Most
basins of the Indus and Zanskar region show values between 0.4 - 0.6, being in the
mature stage of geomorphic evolution. The fact that these basins still report such
higher values from landscapes that are essentially millions of years old, amply attest
to the ongoing uplift and increase in surface elevation that has occurred here over
millennia. Consequently, the mean ruggedness index and dissection index values are
also greater for the basins along the Shyok and Nubra in the northern part of the
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Fig. 11 Mean Basin Slope Map

study area (see Table 1 for comparison) than for the basins in the central part along
the Indus or in the southern portion within the Zanskar’s province.

The respective basin morphometric parameters were collated for all the 177 basins
and a hierarchical clustering analysis was done through a dendrogram (Fig. 15). We
could identify some distinct groupings of the basins in this manner (Fig. 16), based
on the respective basin morphometric parameters. In all, 23 such basin groups were
differentiated (see Table 2 for details). Most basin groups are situated on any one
flank of the different ranges and water divides that cut across the study area (e.g.
Groups I1, 12, M). These groupings further reveal the possible influence of the local
structural elements, lithology and basin position/alignment on its formed geometric
and morphological attributes.
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Fig. 12 Circularity Ratio values for the mapped basins

5.3 Long Profile Characteristics of the Main Rivers

The longitudinal profile of a river is highly sensitive to changes in the underlying

lithology over which it courses or to any sudden relative elevation change
from tectonic disturbances (Lin and Oguchi 2006; Ambili and Narayana 20
index changes generally indicate the elevation drop per unit length in a region.

arising
14). SL
Higher

values mean that the slope is steeper while a lower value means that the slope is gentle.
Sudden changes in values are indicative of tectonic occurrences, often where knick-
points are located or other anomalies take place. Knick-points are longitudinally
steepened sections of river reaches that bear the unmistakable signatures of tectonic

activities among other factors (they can also arise due to lithological vari
They cause an abrupt change in the downstream gradient of the river and

ations).
have a
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Fig. 13 Basin-wise Drainage Density Map

direct effect on the local base level of the area. Knick-points are thus a source of
identification of change in a transient landscape.

Calculating the stream gradient index and the normalised stream gradient index
along with their rate of change and fitting the resultant curves reveals the extent
and result of the tectonism that occurs in the region. We can thus see a relationship
where the more confined a stream is, the lesser opportunity it has to adjust to the local
geological setting, making the reach steeper and straighter with higher SL values and
lower channel sinuosity values. Contrarily, when the streams are less confined and
more able to shifting across the valley, they adjust to the local setting better, making
the reach gentler and are more meandering in nature, returning a lower SL value
and higher channel sinuosity value. Higher SL values are seen along segments of the
Zanskar and western part of the Shyok (Fig. 17), that are situated within gorges. SL
index values are the lowest along the central part of the Indus, near Leh, and around
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Fig. 14 Hypsometric Integrals for the mapped basins

the Nubra-Shyok confluence zone. It is exactly these channel segments that display
a wide braided planform morphology, and thus the link between channel slope and
form is apparent. The NSL values (Fig. 18) reflect the same picture. NSL values
higher than 2.0 reflect steep courses while those higher than 10.0 are usually taken
to reflect extremely steep courses, usually formed by uplift induced incision (Seeber
and Gornitz 1983). Most segments here report values higher than 2.0 and the highest
values are seen along the courses of the Shyok and Indus in the western part of the
study area, where these rives transition into gorges after earlier occupying broader
valley floors further to the east.

Examined individually, each of the main rivers’ longitudinal profiles elicit perti-
nent information about its course. The initial part of the Indus’s long profile (Fig. 19)
shows a gently declining course before this translates into a steep fall in its latter
half, dropping by about 1400 m over 350 km. The marked rise in the segment SL
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Fig. 15 Clusters formed on the basis of basin morphometric properties using a dendrogram. Note
The figure presented here has been segmented out into smaller fragments due to its large size. The
unbroken image can be supplied if required, upon request

values reflects this pertinently. Due to this steep course, the river profile shows little
concavity in its course (the concavity value is 0.44). The mathematical curve that
best fit its normalised profile was the exponential one (R? = 0.975). For the Zanskar
(Fig. 20), the semi-log river long profile shows a number of sharp breaks. After an
initial less steep segment, the curve falls sharply before again straightening out. This
portion corresponds to the gentle middle section of the river, just after its confluence
with its principal tributary, the Stod. Here the valley widens and a variety of deposi-
tional features have formed. Beyond this, the river enters a gorge that continues till
its confluence with the Indus, and this is reflected in the steeply falling last portion
of its long profile curve. The above changes are apparent in its markedly changing
segment-wise SL values, being below 500 initially, then shooting up to four times
that before dropping to the initial levels and then shooting up again. The exponential
curve also best-fits the normalised long profile of this river. Of all the four studied
rivers, the Zanskar’s profile has developed possibly the greatest concavity (value is
0.54), due to its sharp fall in the upper reaches and then continued fall post the gentle
middle segment. The semi-log plot of the Shyok’s long profile (Fig. 21) also shows
a number of breaks in the river’s course. Its segment-wise SL index values show a
steadily rising trend before dropping markedly between 350 and 450 km along its
course. This portion corresponds to the broad valley that has formed at Diskit-Hunder
and where the Nubra flows into it. Given the semi-confined nature of the river and
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Fig. 16 Mapped basin clusters on basis of the devised dendrogram

the abundant supply of detritus from the surrounding terrain, an extensive braided
channel planform has evolved herein (Fig. 25¢). After this segment, the Shyok tran-
sitions into a gorge further to the west and this is reflected in its sharply rising SL
index values. The exponential curve is again the best fit for its normalised profile
form, while its constant drop has developed some measure of concavity in the profile
(value is 0.34). The semi-log profile plot of the Nubra (Fig. 22) shows the least vari-
ations, compared to the other three rivers, due to its shorter length and the fact that
it entirely occupies the Shyok Suture for the duration of its course. The river drops
down at an almost constant rate and steepens slightly in its lowermost segments, just
before its confluence with the Shyok. This is reflected in its segment-wise SL Index
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Table 2 Basin groups ascertained through hierarchical cluster analysis based on basin morpholog-

ical attributes

Basin group

No. of basins

Remarks

A

16

Scattered basins in the Zaskar region, mostly concentrated
around its headwater reaches, amidst heavily dissected hill ranges

B

17

Basins that are mostly clustered along the upper section of the
Shyok, just prior to and after its great bend and which drain both
flanks of it

Basins that cluster in the upper sections of the Zaskar and around
the eastern section of the Indus’ course

12

These basins cluster around the upper to middle course of the
Zanskar, primarily draining its right flank

These basins are scattered around the headwater reaches of the
Zanskar and Shyok

Located within the medium to highly dissected structural hills
around the upper reaches of the Zanskar

16

Clustered around the steepest segments of the Shyok in the
westernmost part of its course in the study area, draining down
both its flanks

11

Basins mostly clustered around the upper course of the Nubra, on
its right flank

I1

Larger basins that arise on the northern flank of the Karakoram
and drain into the Nubra on its right flank

12

Smaller and elongated basins that arise in the Karakorams and
drain the left flank of the Nubra and the Shyok’s right flank just
before they meet

I3

These are larger sized basins that drain either into the upper
section of the Nubra or the steep western segments of the Shyok

11

This is a group of some of the smallest sub-basins, that are often
located on the extensive piedmonts, between the mouths or larger
sub-basins. The mostly drain into the Zanskar, in its central
section, where its valley has widened considerably

Medium sized basins that drain into the Shyok just after its sharp
turn towards the northwest and into the steeper western segment
of the Indus

Quite small sub-basins that are present between the lower
sections of larger basins and drain the left flank of the Nubra into
it

31

The Group with the largest number of sub-basins, almost all of
which are of smaller dimensions, arise from the southern flank of
the Ladakh Range and flow into the left flank of the Indus. Some
of these arise from the opposite flank too, particularly over the
extensively dissected northern flank of the Zaskar Range and the
substantial pediment surfaces that have formed opposite Leh and
Choglamsar and near Stok. These basins are essentially steep
mountain flank originating small parallel basins

(continued)
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Table 2 (continued)

Basin group | No. of basins | Remarks

N 2 Very small, narrow basins lying between larger members, that
drain the southern face of the Zanskar Range into the Indus and
Zanskar rivers

(0] 3 Quite small, elongated sub-basins situated between larger
members and mostly flowing into the Nubra-Shyok near their
confluence zone

P 8 Small confined basins that lie on either side of the Indus Thrust
and Suture Zone and drain into this river

Q 2 This group denotes the largest sub-basins in the study area, one
of which drains into the Zanskar and the other into the Indus in
its eastern section

R 3 This group contains the next largest sub-basins in terms of size,
after Group Q and all of these drain into the Zanskar, on both its
left and right flanks

S 3 Medium to large sized sub-basins situated in the dissected hill

ranges of the Zaskar Basin and draining into it or into the Indus
towards the north

T 2 Small group that is present by the Nubra’s left flank

X 6 Singular basins, without any group members. These are scattered
across the study area

variations and the near-constant drop has made the linear trendline the best-fit for its
normalised long profile curve. The concavity value is low at 0.39.

Thus, the two more southern rivers, the Indus and the Zanskar, have higher
concavity values, indicating a possibly greater ongoing erosion process. Situated
within the Karakoram, the Shyok and Nubra have slightly lower concavities, indi-
cating possibly a greater incidence of uplift that has kept channel segments steeper.
Comparison of the best fit curves show that in three cases the logarithmic trendline
was the best fit while the linear trendline was the best fit in one case. However, in
each case, the R? values of the logarithmic and linear trendlines were quite close to
each other. This is indicative of the coarse bedload that characterise these rivers and
cause braiding to occur in certain stretches, while also hinting at a yet to be achieved
equilibrium condition for these streams, possibly due to the ongoing tectonic move-
ments that perturb the channel. However, these conclusions are mere surmises and
no generalisations should be drawn on the basis of a single parameter or index-
based evaluation, without ancillary data and field information. What is undeniable,
however, is the role that the regional geological structures and tectonics have had
in influencing the channel morphologies and alignments. This is examined in more
detail in the next section.
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Fig. 17 Mapped SL Index values for the principal drainage lines

5.4 Principal Drainage Lines, Valley Form and Channel
Morphology

The strong controls exercised by the various mountain fronts all over the Himalayas
is evident from the courses of the rivers that flow through it. Such rivers are generally
characterised by straightened courses, v-shaped valleys, asymmetric and oval-shaped
watersheds and sharp knee bend turns of seasonal rivulets and incised meanders, as
channels adjust to the surface they are flowing over and these are directly related to
the lithology and geology of the area. The channels carve out their landforms and
vary diversely from an alluvial channel to a bedrock channel. O’Brien et al. (2019)
defined channel confinement as the percentage of the length of a channel margin that
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abuts a confining margin on either bank. Channel confinement gives us an idea as
to what degree the channel has the freedom to move and adjust to the rocks beneath
it. Channel slope and scale is often used to determine the level of adjustment of a
river but in most cases, the simplest way is by comparing the channel width to the
valley width. (O’Brien et al. 2019). When the channel width is equal to the valley
width, it means that the channel is flowing across the entire valley with no space for
the stream to move and hence adjust to the local setting. Such channels are generally
geometrically straighter with little to no bends and both flanks of the channel are
in contact with the valley edge. In other cases, when the river is meandering within
the valley, the channel width is always lesser than that of the valley width allowing
the stream to roll over from one edge of the valley to another and giving the stream
enough space to adjust to the local setting. In such cases, either end of the stream
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Fig. 19 Long profile plot and curve-fitting for the River Indus, along with reach-wise SL Index
variations and computation of the Langbein’s concavity parameter

might be in contact with the valley edge or may have both ends of the stream freely
flowing within the valley. These channels are generally not straight and can have
considerable sinuosity to them.

The above structural control induced channel confinement aspect is seen to
markedly influence the valley form, channel morphology and formed geomorphic
units in the study area along its principal rivers. Here, the main valleys stand out
as broad lower elevation ribbons, especially the confluence zone of the Nubra and
Shyok rivers and the Indus at Leh, and have wider river corridors. The Indus flows
southeast to northwest across the central part of the area and is joined on its left flank
by the Zanskar river near Nimo Peak. The gradual widening of the Indus valley can
be observed from its narrow linear form towards the east and subsequent increase in
width in the central portion alongside the settlements of Leh, Stok and Choglamsar,
just before it is met by the Zanskar and then the Yappola (Fig. 23). Beyond this,
the valley width is maintained almost uniformly, though to a lesser extent than was
seen in the central portion. This wide central portion is characterised by extensive
piedmont surfaces (Fig. 26¢), valley margin alluvial fans, high fan-talus (cf. Wadia
1919) and scree deposits and the braided character of the main channel (Fig. 24a,
Fig. 25a—d). The Zanskar forms by the meeting of the Tsarap-Lungnak and Stod
rivers, at which point its valley widens considerably to the greatest extent along its
course, in the south-western portion of the study area. This short wide section of the
Zanskar valley contains the greatest diversity of geomorphic forms along its course,
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Fig. 20 Long profile plot and curve-fitting for the River Zanskar, along with reach-wise SL Index
variations and computation of the Langbein’s concavity parameter

being occupied by several small alluvial fans, large mid-channels bars that cause
extensive braiding in this stretch, talus deposits and abutting dissected hill ranges
(Fig. 24c¢). After this, the river flows through a gorge for almost the entire extent of
its remaining course before debouching into the Indus (Fig. 24b). The Nubra arises
from the Siachen Glacier which is just to the north of the demarcated study area.
It flows through a broad glacial valley and is a markedly braided river for its entire
course (Fig. 23). Its valley sides are occupied by a number of alluvial fans formed
by the steeply dropping streams along either flank. These alluvial fans have been
further incised due to repeated regional uplift and thus are flanked by paired terraces
along their margins, formed of past deposits. Often the surface of the present fan is
occupied by small settlements (Fig. 25b and c). A considerable length of the Shyok
is present in the study area and its course most aptly depicts the strong structural
control exerted by the parallel Trans-Himalayan ranges and their associated suture
zones and fault lines. The Shyok enters the study area at its upper right corner, flows
due south in a narrow valley, before taking a sharp but pronounced bend to turn all
the way towards the northwest, by an angle of >90° (Fig. 24d). After this turn, the
river is flanked by extensive piedmont slopes as the valley widens out manifold times
towards its confluence with the Nubra.

The confluence zone of the Nubra and Shyok rivers is the largest lower elevation
zone in the entire region along with the Leh town piedmont surface and is discernable
by its valley widths of around 2.5-3.0 km (Fig. 24e). This wide floodplain represents
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Fig. 21 Long profile plot and curve-fitting for the River Shyok, along with reach-wise SL Index
variations and computation of the Langbein’s concavity parameter
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Fig. 22 Long profile plot and curve-fitting for the River Nubra, along with reach-wise SL Index
variations and computation of the Langbein’s concavity parameter
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Fig. 24 Different geomorphic units present in the landscape and associated channel morphology in
select reaches of the principal rivers. a Central part of the Indus’ course around Leh. b Confluence
of the Zanskar with Indus. ¢ Confluence of the Stod and Zanskar, with resultant wide valley segment
with diverse geomorphic forms. d The great bend of the Shyok, turning from going towards due
south to towards the northwest, after occupying the Karakoram Fault. e The confluence zone of the
Nubra and Shyok rivers in an obtuse barbed meeting and the resultant wide valley floor formation
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Fig. 25 Google earth views of the channel morphology and adjacent valley geomorphic features in
plan view and in tilted 3D view—a and d for the central part of the Indus valley near Leh, Stok and
Choglamsar, with extensive pediments on the southern flank and valley fills and alluvial fans on the
northern side wherein banded and inclined rock formations are also discernable along the dissected
triangular scarp facets; b and c the obtuse/barded confluence zone of the Nubra and Shyok rivers
near the village of Diskit, with the two valleys being separated by the intervening Great Karakoram
Range

the obtuse and barbed drainage confluence of these two rivers, with the Nubra flowing
in almost a completely opposite direction to the Shyok, as both of these rivers occupy
their respective fault zones (Fig. 25b and c). Their confluence zone around the villages
of Diskit and Hunder is also unique in having some high-altitude wetlands and
barchanoid sand dunes that have developed in the broad space created by these two
rivers via sediment infilling of the Karakoram fault and Shyok Sutures (Fig. 26n).
The broad nature of the Shyok valley (Fig. 260) is retained for some duration after
this confluence as the river occupies a central position and extensively braids over
the rest of its course here before it transitions into a narrower channel and then moves
into a gorge further west.

The highly braided nature of some of these main channel segments is typically
what happens in the Himalayan region when adequate valley width is available,
usually due to tectonic and warping processes and then infilling of these zones by laid
down deposits and the marked sediment supply from hillslopes and river discharge
variability (Rajbanshi et al. 2022). It also points to the marked denudation that occurs
throughout this region, not only by fluvial processes but also by substantial phys-
ical weathering due to the great extremities of the weather elements in daily and
seasonal timescales and the intense insolation received here, as pointed out before.
The exposed and bare hillslopes, which are almost entirely devoid of any vegetation,
often have thick weathered angular rock fragments at their base. Adding to this is the
sheetflow and rill erosion that occurs along these slopes. Thus large fan-talus forms
are seen to occupy the valley margin areas and their materials are gradually worked
into the main channels by tributaries. The other source of sediment supply comes
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Fig. 26 Field photographs of the Ladakh region and the study area. a Sharp anticlines in the Zanskar
Range. b Large fan-talus deposits near Dras. ¢ Extensive bare pediment surface along the southern
flank of the Indus opposite Leh. d Re-incised alluvial fan surface and fan front margin near Dras
indicating possible latter day uplift after initial deposition. e Glacial valley near Khardung La. f
Meeting of two former glacial valleys that then form a piedmont zone near Leh. g Moraine near
Khardung village that has been partly levelled and used for cultivation. h Apparent recumbent fold
in the Zanskar range. i Moonland at Lamayuru, possibly indicating a former lake that has been
uplifted, drained and heavily dissected. j Possible white salina surface, resulting from evaporation
of a playa lake, along the Muree Plains within the Zanskar Range. k Possible homoclinal rock
attitude along the Zanskar Range opposite Choglamsar indicating the great uplift and tilting that
has occurred. 1 Folded and vertical rock alignments in the Zanskar Range of many hues. m Looking
across the Shyok valley at Hunder village, with the seasonal wetlands in the foreground and the
dissected surface of the a portion of the Great Karakorams in the background. n High altitude
barchans in the foreground that have formed along the Shyok plains near Hunder village, with the
braided Shyok River in the background. o The extensive braided nature of the Shyok River, which
is occupying the Karakoram Fault and the wide valley floor across which it traverses. p A tributary
arising from the Great Karakoram range confluences with the Shyok River, having cut down through
its past deposits that are present as paired terraces on either flank of its present lower vegetated
alluvial fan surface. Note All the photographs have been taken by the first author

from reworked past glacial deposits, with a number of moraines present in this area
(e.g. the moraine deposits at Khardung village- Fig. 26g). Past and ongoing uplift can
also result in hydrological changes, by raising lake beds, leading to their dissection
(e.g. what has occurred in the Moonlands of Lamayuru (Kotlia et al. 1997)—Fig. 26i).
Conversely, the basins formed within the uplifted ranges can also house extensive
piedmont zones and low-lying playas (Fig. 26j) where local runoff can accumulate
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and form lakes, which usually dry up and leave behind salinas, while along the main
channels like the Shyok and Indus, particularly where their tributaries flow in, local
seasonal grasslands/wetlands also arise that are usually used as pasturelands.

6 Conclusions

This paper has tried to briefly bring out the notable lithologic and structural elements
of a part of the Ladakh region and relate them with the enumerated terrain parameters
and ambient river character. The high mountain landscape and the associated tectonic
and structural elements have abetted the formation of very confined to partly uncon-
fined river channels. While the main rivers have some wider valley segments, occu-
pied by extensive channel braids, the tributaries are incised and of bedrock character.
Both erosional and depositional forms are seen, with the former being more exten-
sive and manifesting as numerous dissected ridges of varying degrees and substantial
pediment surfaces. The depositional features are more localised, whether they be in-
channel bars or channel adjacent alluvial fans. The extent to which such depositional
elements have formed largely rests on the available valley floor space, which is in
turn dependent on the compressional/extensional and shearing movements that have
occurred herein. In-filling of such available spaces by unconsolidated deposits borne
by the principal rivers and supplied by their many tributaries have enabled the forma-
tion of sustained flatter surfaces in some locations, which serve as settlement points
(e.g. on valley floors or lower fan surfaces). The alignments of almost all streams
are controlled by the underlying sutures, faults and their associated thrust elements.
Greater insight into the evolutionary history of the drainage and its linkages with
the ambient past and present tectonic elements can be better ascertained through
detailed sediment/rock dating, reach-scale denudation rates and facies analysis of
the deposited sediment profiles along the main and tributary channels.
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