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Analyses of geological structure and geomorphology 
from remote sensing images have been important 
disciplines in  (applied) Earth Sciences. Students have 
excellent (recent) textbooks on remote sensing, struc-
tural geology and geomorphology. However, they lack 
numerous quality examples to learn how to interpret the 
images in real-world examples. This atlas fills that gap 
and benefits both instructors and students. Such a book 
would be most useful during the tight semester schedule. 
The book comes out as part of our ongoing efforts to pro-
duce atlas and other teaching/lab contents in structural 
geology and related disciplines (e.g. Mukherjee  2013, 
2014, 2015, 2020, 2021; Bose and Mukherjee 2017; Misra 
and Mukherjee 2018; Mukherjee et al. 2020).

After qualifying their degrees, students will mostly 
work in industry as geologists and not necessarily as 
“structural geologists.” They would require diverse struc-
tural skills, such as image interpretation, which are pres-
ently not taught in structural geology courses in most 
universities. Some amount of remote sensing image 
interpretation has now become an absolute need in 
regional structural geological articles that may focus on 
other issues (e.g. Vanik et  al.  2018; Dasgupta and 
Mukherjee  2017,  2019; Dasgupta et  al.  2022; Biswas 
et al., in press). Instead of using topo-sheets, geologists 
are now plotting lithocontacts on Google Earth images. 
Along with the plotted structures obtained from the 
terrain, interpretation of images for tectonic geomor-
phology has become essential to strengthen the field 
findings. International journals are interested in han-
dling articles that approach problems from a multidisci-
plinary perspective. Having some knowledge in image 
interpretation therefore has become a “necessary skill.”

This edited book provides examples of the process 
of  interpreting remotely sensed images in terms 

of  structural  geology and geomorphology. It covers 
(i) interpretations on remotely sensed images from varied 
resolutions; (ii) different bands/spectra and their combina-
tions into False Color Composites (FCCs); (iii) diverse 
criteria used to identify and interpret structural geologic 
and geomorphologic features; and (iv) providing one unin-
terpreted and another interpreted image for all examples. 
The book provides a common platform to look for global 
examples for anyone interested in remotely sensed images.

In a few years from now and even during the present 
COVID pandemic, most geologists will be/have been 
developing virtual field trips. We hope that this book will 
be useful in that context. We look forward to receiving 
comments from the readers!

Refer to this book as:

Misra, A.A. and Mukherjee. S. 2022. Atlas of Structural 
Geological and Geomorphological Interpretation 
of Remote Sensing Images. Wiley. ISBN: 9781119813354.

Refer to individual chapters as:

Misra, A.A. and Mukherjee, S. (2022). Introduction 
to Atlas of Structural Geological and Geomorphological 
Interpretation of Remote Sensing Images. 
In: Atlas of Structural Geological and Geomorphological 
Interpretation of Remote Sensing Images 
A.A. Misra and S. Mukherjee (Eds.) Wiley. 
ISBN: 9781119813354.

Achyuta Ayan Misra
Soumyajit Mukherjee

Preface
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Atlas of Structural Geological and Geomorphological Interpretation of Remote Sensing Images, First Edition.  
Edited by Achyuta Ayan Misra and Soumyajit Mukherjee. 
© 2023 John Wiley & Sons Ltd. Published 2023 by John Wiley & Sons Ltd. 
Companion website: www.wiley.com/go/misra/RemoteSensingImages

Remote sensing has been immensely useful in tectonics, 
structural geology, and geomorphic studies (e.g. Misra 
et al. 2014; Dasgupta and Mukherjee 2017, 2019; Shaikh 
et  al. 2020; Dasgupta et  al.  2022). This edited book 
consists of 24 chapters authored and co-authored by 
53 persons from 21 academic organizations and 
industries from 7 countries.

Misra (2022a; Chapter 1) presents the definition, funda-
mental processes, and scopes of remote sensing in struc-
tural geologic and geomorphologic studies. Misra (2022b; 
Chapter 2) pens the next introductory chapter, which clas-
sifies remote sensing based on data type, source, platform, 
and imaging media. Gupta and Biswas (2022, Chapter 3) 
present a morpho-tectonic analysis of a mid-channel bar 
using remote sensing images from the Jaldhaka river 
(India). Deota et al. (2022, Chapter 4) present geomorphic 
indicators of glacier retreat from Jorya-Garang glacier, 
Baspa Valley (India). They identify different stages of 
moraines. Jordan (2022, Chapter 5) presents several inter-
esting aerial views of the 2018 Kilauea eruption (U.S.A). 
Geomorphic features such as lava fissures are documented 
from images. Awais (2022, Chapter 6) documents differ-
ent kinds of depositional systems observable in images in 
Google Earth, viz. different rivers, deltas, lakes, alluvial 
fans, dunes, and estuaries. Patel et  al. (2022, Chapter 7) 
discuss in detail badland geomorphology from images and 
several field photos. Their study area was Garbeta (India). 
Dongare et al. (2022, Chapter 8) discuss the geomorphol-
ogy of the Indian west coast. The area is important from 
the perspective of hydrocarbon exploration (Mukherjee 
et al. 2020) and few recent field data have been available 
(e.g. Misra and Mukherjee  2017). The present authors 
focus on the erosional and depositional landforms of Goa 

beach. Misra (2022c, Chapter 9) works on satellite images 
and field snaps of the Spiti valley and discusses different 
fluvial geomorphic features. Sahari et al. (2022, Chapter 10) 
reports on deformation bands from drone images mainly 
located in the sandstone outcrops. Field geologists from 
any part of the globe will find these images interesting and 
applicable to their terrains. In another contribution, 
Aaisyah et  al. (2022, Chapter  11) present deformation 
bands, predominantly through meso-scale photographs, 
from the Lion King Fault Zone (Brunei) that can have far-
reaching implications for the petroleum geoscience of the 
terrain. Patidar et al. (2022, Chapter 12) use DEM and sat-
ellite data and document deformation and tectonic geo-
morphology from a portion of the Kutch basin, particularly 
the reorganization of the drainage network. Caine and 
Benowitz (2022, Chapter 13) work on a part of the Alaska-
Canada Cordillera for geomorphologic aspects. They also 
present a historical development of the subject for the ter-
rain, so that the present contribution is well understood as 
to where it stands. Ghosh et al. (2022, Chapter 14) discuss 
how image analyses can reveal lineaments from the Indo-
Burma Range, which is a humid tropical region. The sub-
ject of lineament delineation in mega-scale is of common 
interest to tectonicians worldwide. Kania and Szczęch 
(2022, Chapter 15) provide a tectonic interpretation for a 
part of the Polish Outer Carpathians using airborne-based 
LiDAR DEM. They identify and interpret faults, joints, 
overthrusts, bedding planes, and folds. Vasaikar et  al. 
(2022, Chapter 16) work on the Narmada-Tapi interfluve 
in Gujarat (India) and demonstrate how tectonics, folding, 
and faulting can alter drainage patterns. Abolins (2022, 
Chapter  17) utilizes Airborne Visible/Infrared Imaging 
Spectrometer (AVIRIS) images to study faults in the 
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Spring Mountains (U.S.A.). Liu et al. (2022, Chapter 18) 
study images of coseismic ruptures from Sulawesi Island 
(Indonesia) after a 2018 earthquake. Several field snaps 
present the severity of the seismic shock. Rani et al. (2022, 
Chapter 19) elaborate how ASTER imagery and DEM can 
be useful in structural and alteration mapping from the 
Gadak Schist Belt (India). They also present drainage pat-
terns and lineaments from image analyses. Misra et  al. 
(2022d, Chapter 20) present images from the Kutch basin 
(India), otherwise a favorite spot for paleontologists and 
sedimentologists, and manifestation of regional faults, 
scarps, and domes from remote sensing images. Misra 

(2022d, Chapter 21) shows images from Son River, Central 
India, and interprets lineaments on various scales. The 
lineaments are correlated in the field and classified based 
on the confidence of them being deformation structures. 
Biswas (2022, Chapter 22) presents regional faulting from 
the Eastern Dharwar craton using the Sentinel-2A satel-
lite imagery. Biswas and Roy (2022, Chapter  23) study 
mega-scale fold with faulted limbs from Rajasthan (India). 
Deb (2022, Chapter 24) study drainage morphology and 
genesis of bars from Darjeeling Sikkim region (India) 
using Google Earth images. She also refers to sinuosity 
magnitudes of several rivers.
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1.1  What Is Remote Sensing?

Remote sensing can be formally defined in several ways. 
The American Society for Photogrammetry and Remote 
Sensing (ASPRS) defines remote sensing as “the meas-
urement or acquisition of information of some property 
of an object or phenomenon, by a recording device that 
is not in physical or intimate contact with the object or 
phenomenon under study” (Colwell 1983). Fussell et al. 
(1986) comment that there is no ubiquitous definition of 
remote sensing and that different definitions exist for 
diverse uses, and all definitions of the technique are heu-
ristic. They also highlight that the term “remote” here 
means indirect rather than distant. Gupta (2017) defines 
remote sensing as “obtaining information about an object 
without touching the object itself.” It has two facets: the 
technology of acquiring data through a device, which is 
located at a distance from the object; and analysis of the 
data to interpret the physical attributes of the object. 
These two aspects are intimately linked with each other. 
As per Campbell and Wynne (2011), remote sensing is 
“the practice of deriving information about the Earth’s 
land and water surfaces using images acquired from an 
overhead perspective, using electromagnetic radiation in 
one or more regions of the electromagnetic spectrum, 
reflected or emitted from the Earth’s surface.” Lillesand 
et al. (2015) provide a wider definition of remote sensing 
by combing it with “art.” They define remote sensing as 
“the science and art of obtaining useful information 
about an object, area or phenomenon through the analy-
sis of data acquired by a device that is not in contact with 
the object, area, or phenomenon under investigation.”

To arrive at a holistic definition of remote sensing, it 
can be put forward as:

Obtaining indirect, systematic, and interpretable 
information about an area, object, or phenomenon using 
mostly electromagnetic radiation, avoiding any physical 
contact with the object itself.

The information collected comprises reflected and 
emitted energy and must be processed and interpreted 
depending on the problem at hand to get usable informa-
tion. Since it is just the radiation that is received, which 
must be processed to make it usable, the definition has 
the “indirect” term. The “systematic” term indicates the 
methodical acquisition of electromagnetic data accord-
ing and specific to the intended study. The data thus 
acquired and processed must be “interpretable” by 
humans or human-developed algorithms to generate 
usable data. Note that remote sensing includes data 
acquired by not only by satellite-borne sensors but also 
any distant/remote sensor.

The definition of remote sensing does not include 
observing or taking snapshots of distant outcrops with a 
camera, or even technologies like reflection seismic 
(e.g. Misra and Mukherjee 2018) or ground penetrating 
radar (GPR) surveys (e.g. Daniels  2005; Shaikh 
et  al.,2020), which are also imaging technologies. The 
term remote sensing is applied specifically to acquiring 
information about the Earth and other objects in the 
solar system. Currently sensors placed on satellites, 
manned aerial vehicles (e.g. airplanes and helicopters), 
and unmanned aerial vehicles (UAVs) are employed to 
gather data, which is used to identify and analyze objects 
on the surface or shallow depths. Remote sensing implies 
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data acquisition of reflected or emitted electromagnetic 
radiation (~0.4 μm – 30 cm) from sensors usually tens of 
meters (e.g. UAVs) to hundreds of kilometers (e.g. satel-
lites) away. The areas of study include the surface, atmos-
phere, and water bodies, and can be studied based on 
wavelength of propagated radiation.

In the earliest times, remote sensing was done from 
platforms like hot air balloons (e.g. Pommereau 
et al. 1987), which provided great data but lacked a syn-
optic view of a large portion of the surface. The problem 
is overcome by the present use of satellites, which provide 
synoptic information of the surface and environment of 
not just the Earth but also extraterrestrial objects, e.g. 
other planets, their natural satellites, and comets in the 
solar system. Earth-orbiting satellites have remote sen-
sors that provide information about clouds, vegetation, 
geomorphology, temperature, and wind along with their 
short-term and long-term variations. They also provide 
information on mineralogy, gravity, bathymetry, etc. that 
show very slow to nearly no variations in a long-term 
time frame. This global, synoptic coverage leads to the 
analysis of regional to continental/plate scale features 
like orogenic belts or plate boundaries.

It is not just the Earth that has been studied by remote 
sensing. Planetary probes, e.g. orbiters, flybys, surface 
stations, and rovers, have sensors that provide data about 
the surface and environment of the solar system object 
(planet/satellite/comet). At the moment, every planet in 
the solar system has been visited by at least one mission, 
e.g. Voyager 2 (https://voyager.jpl.nasa.gov) has made a 
flyby to outer planets. Also, numerous studies have been 
conducted on comets, even landing on them, e.g. the 
Philae lander on the Rosetta mission by the European 
Space Agency (https://rosetta.esa.int). The planetary 
studies provide information and insight about the solar 
system, its formation and temporal evolution.

1.2  Fundamental Processes 
of Remote Sensing

The technique/technology of remote sensing comprises 
numerous well-defined fundamental processes. Take 
two simple examples: (i) eyes and (ii) a digital camera.

The eyes of any animal are examples of remote sen-
sors. Most animals observe objects because the solar 
radiation interacts with the objects and the radiated/
reflected light is captured by the retina, comparable to a 
sensor, in their eyes. The retina sends the signal, which is 
the data, to the brain, i.e. the processor, which processes 
the data and converts it into information.

All digital cameras are equivalent to remote sensing 
instruments. Some are mounted on drones and 

unmanned aerial vehicles and provide remote sensing 
data. There is a sensor, usually a charge-coupled device 
(CCD) or complementary metal oxide semiconductor 
(CMOS) in the digital camera, which captures the 
reflected solar radiation (data) and transfers the data to a 
processor inside the camera to process the data and pre-
pare it in a format that the human eye can read. In low-
light conditions, a flash is added with the camera to 
provide extra source of light for illumination.

The science of remote sensing comprises three main 
components: (i) acquisition: This encompasses all tech-
nologies employed to acquire data by an instrument 
located at a distance from the object or phenomenon of 
interest; (ii) processing: The acquired data requires 
processing to make it usable for the purpose of study; 
and (iii) analysis: This is the study and interpretation of 
the acquired and processed data to understand the 
attributes of the object or phenomenon of interest. The 
three components are intimately related to each other 
and the latter two are sometimes grouped into a single 
component, because they are commonly iterative 
processes.

These components can be further elaborated into 
sequential fundamental processes as (Figure 1.1):

i)  Energy sources: The most important necessity for 
any remote sensing study is an energy source which 
provides electromagnetic radiation (EMR) to the 
study area, which may be the Earth or other celestial 
objects. They may either be natural, i.e. solar radia-
tion, or artificial, i.e. microwave (Balz and Rocca 2020; 
Dong et al. 2020). For most remote sensing studies, 
solar radiation is used as a source of energy.

ii)  EMR–atmosphere interaction: When the EMR 
travels from its source to the surface of the Earth (or 
other celestial objects), it comes in contact with the 
atmosphere, where present, and interacts with 
atmospheric constituents (Figures 1.2 and 1.3). This 
interaction is very strong for the Earth for imaging 
the surface objects and processes. The EMR reflected 
from the Earth’s surface is received by sensors in the 
remote sensing instruments. During this process, the 
EMR once again interacts with the atmosphere. For 
planets like Jupiter, the atmosphere is composed of 
ammonia and water vapor cloud. Imaging Jupiter’s 
surface is nearly impossible by current remote sens-
ing systems (e.g. Janssen et al. 2005).The most com-
mon interaction mechanisms are (Figure 1.3):
a)	 Absorption, where the radiant energy is con-

verted in other forms of energies at different 
wavelengths and emitted. The absorbed and 
emitted energy can be measured by remote sens-
ing and important information can be obtained 
about the atmosphere.

https://voyager.jpl.nasa.gov/
https://rosetta.esa.int/
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b)	 Scattering, where particles, e.g. particulate 
matter, water vapor, etc., in the atmosphere redi-
rect the EMR from its incident path. Scattering 
depends on radiation wavelength, size of the 
interacting particle, and travel distance of the 
EMR through the atmosphere.

c)	 Refraction, where the incident EMR passes from 
one medium into another with a different density, 
becoming deviated. The entire spectrum of EMR 
gets affected by refraction. However, the degree 
of influence depends on the wavelength of the 
incident radiation along with temperature, pres-
sure, and humidity.

d)	 Reflection, where the incident radiation is 
reflected back to the sensor. Reflection occurs 
very commonly on cloud surfaces.

iii)  EMR–object interaction: EMR reaching the surface 
of the Earth or other celestial objects, with a suitable 
atmosphere transparent to the EMR, through the 
atmosphere interacts with the surface features 
(Figure 1.2). This interaction and the result is depend-
ent on characteristic of the EMR and the feature, 
e.g. water absorbs near infrared (NIR) radiation while 
healthy vegetation reflects most of the incident NIR 
radiation. Reflection and absorption are the main inter-
actions of the incident radiation with surface objects.

A

B

C

B

D

E

F

Figure 1.1  Fundamental processes in 
remote sensing. The different 
processes are denoted in the figure as 
A–E. A: Energy source (here, Sun); B: 
EMR – atmosphere interaction; C: 
EMR – object interaction; D: Recording 
and transmission; E: Reception and 
processing; F: Analysis.
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Figure 1.2  Reflectance of various 
objects and their patterns. 
Source: NASA http://missionscience.
nasa.gov/ems/09_visiblelight.html 
Credited within to: Jeannie Allen.

http://missionscience.nasa.gov/ems/09_visiblelight.html
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iv)  Recording and transmission: After interaction 
with surface features, the reflected and emitted EMR 
is transmitted to the sensor, where it is recorded. 
Sensors are varied and serve different purposes on 
remote sensing studies (see Chapter 2).The recorded 
energy from the sensor is transmitted as electronic 
signals to earth stations. The modes of transmission 
depend on the type of remote sensing vehicle.

v)  Reception and processing: The ground-based sta-
tions receive the electronic signals transmitted from 
the remote sensing instrument. These signals are 
then processed so that they can be read and 
interpreted by humans or human-developed algo-
rithms. Usually the electronic signals are processed 
and converted into images.

vi)  Analysis: The processed image is interpreted and 
analyzed to extract information about the object of 
interest.

Surfaces of all terrestrial and extraterrestrial objects 
reflect, absorb, or transmit variable amount of energy 
depending on the wavelength. Thus, they have unique 
spectral signatures or “fingerprints” (Figure  1.2). This 
information can be used to identify and interpret differ-
ent objects, features, rocks, and minerals. The number of 
spectral bands detected by a remote sensing instrument 
is known as its spectral resolution. This determines how 
many different types of minerals can be interpreted from 
the resulting images.

Remote sensing is employed in numerous fields  – 
hydrology, ecology, meteorology, oceanography, glaciology, 
geology, geography, environment, anthropology, etc. It is 
also applied in commerce, economic, planning, military, 
intelligence, etc.

This atlas is restricted to applications of remote sens-
ing in geomorphology and structural geology.

1.3  Advantages of Remote Sensing

There are number of advantages to gathering data 
through remote sensing compared to ground studies. 
The most important advantages are:

i)  Time-saving: Remote sensing analysis is time saving. 
Nowadays, data is usually present in a repository on 
the internet. Such datasets can be easily accessed 
from anywhere in the world. In case an area needs to 
be analyzed with a specific instrument, data over 
large parts can be acquired very quickly. Once the 
data is acquired and processed, it takes a fraction of 
the time required to undertake a ground-based sur-
vey. This also means a lower cost of analysis, involv-
ing a smaller workforce for a given study. Remote 
sensing images can be used to save time in finding 
sites for drilling and sampling for a variety of studies.

ii)  Cost-effective: Significant amounts of data and 
information can be collected at a relatively low cost.

iii)  Beyond visual range data: Remote sensors provide 
data in frequencies outside the human visual range, 
e.g. infrared ranges. This provides information that the 
human eye cannot detect under normal conditions.

iv)  Unobtrusive: While collecting data, the EMR, sen-
sor, and (most) instruments do not change the char-
acteristics of the area, object, or phenomenon under 
study. This is a significant advantage over other 
means of data collection.

v)  Carbon neutral: Many current projects must make 
efforts to reduce their carbon footprint. In near 
future this will be an important part of every project. 
Less travel to field areas and/or within the field 
decreases the carbon footprint. That means the 
organization undertaking the project will have to off-
set less CO2 for the study, minimizing expenditure.

vi)  Better accessibility: Accessibility to remote loca-
tions has improved in the world as new roads have 
been built. Nevertheless, connectivity is an issue 
for many field locations that may be dangerous 
and/or inaccessible, e.g. high mountains or deep 
inside deserts or forests. Remote sensing images 
can provide reliable data from those regions and 
help analyze best routes to possible outcrops, 
reducing time and effort during field work. Remote 
sensing analysis can be useful to fill in gaps in a field 
study. Such gaps may be made due to inaccessibility 
or may be preconceived to cover larger areas in the 
ground-based field.

vii)  �Comprehensive approach: Remote sensing helps 
analyze features/phenomena in conjunction to adja-
cent features/phenomena. This helps in both under-
standing regional trends and analyzing relationships 
of adjacent terrains.

Scattered Radiation
Consumed 
Radiation

Reflected Radiation

Absorbed 
Radiation

Figure 1.3  Scattering and absorption in the atmosphere. 
Source: compiled from Lillesand et al. (2015), Gupta (2017).
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viii)  Multiple usages: The same dataset can be analyzed 
for various usages including geology, infrastruc-
ture, environment, and land use. This makes remote 
sensing an economic and easily viable solution to 
multiple problems.

ix)  Combining products: Remote sensing products are 
varied and numerous with their own typical charac-
teristics and advantages. There is the capability in 
remote sensing analyses to merge different products 
to form a single product, e.g. Normalized Difference 
Vegetation Index (NDVI) or Normalized Difference 
Snow Index (NDSI) to augment interpretations. 
Other datasets (e.g. topography, bathymetry, geo-
physical measurements, geochemical surveys) can 
be compared with remote sensing data to provide 
new understanding of various properties of natural 
phenomena.

x)  Variety of scales: Remote sensing studies can be 
done at a variety of scales, starting from megare-
gional (100 km) scales from instruments mounted 
on satellites to outcrop (cm) scales from UAVs.

xi)  Historical data: Remote sensing has a very impor-
tant advantage in the availability of historical data. 
Such data can be used effectively to detect changes 
in land use, land cover, infrastructure, etc.

xii)  Sensor/instrument specific advantages: Most 
orbital instruments are operational in all weather 
conditions, have high geometric reliability, are ren-
dered digitally making transmission fast, and are 
easy to preserve and retrieve over long periods of 
time. Sensors outside of the visible wavelength 
range have the benefit of observation on those 
wavelengths, which helps in interpretation of fea-
tures invisible/unrecognizable to the human eye.

1.4  Limitations of Remote Sensing

There are a number of limitations to gathering data 
through remote sensing compared to ground studies. 
The most important disadvantages are:

i)  Availability of appropriate data: Appropriate 
remote sensing data in terms of sensor, resolution, 
area, cloud cover, etc., may not be immediately avail-
able. The tropics have the problem of cloud cover 
and many sensors cannot transmit data through 
clouds. Requests for data, acquisition, and process-
ing may take a long time.

ii)  Resolution of sensors: Resolution of all sensors, 
especially on orbital platforms, are inadequate for 
the work in question or the area of interest. However, 
there are now virtually hundreds of products availa-
ble, making the resolution issue minimal.

iii)  Requirement of reference data: Remote sensing 
studies are never equal to a complete surface-based 
field study. Thus, there is requirement for reference 
data, commonly referred to as “ground truth,” to sup-
port remote sensing analyses.

iv)  Intrusive form: Some instruments, e.g. drones and 
other active sensors such as radars and lasers can be 
intrusive to the object or phenomenon.

v)  Issues on calibration of data: Remote sensing data 
depends on calibration of sensors to ground-based 
calibration points. These calibrations may become 
un-calibrated with time, resulting in erroneous data 
and analyses.

1.4.1  Reference Data (Ground Truth)

“Ground truth” is more commonly used for the more 
appropriate term “reference data” (Lillesand et al. 2015). 
Another term that is used for reference data is “field 
data” (Gupta 2017). “Ground truth” is a generalized term 
for all reference data collected on the ground, in the air 
or on/in water. The main purposes of obtaining ground 
truth are (Gupta  2017; Lillesand et  al.  2015; Misra 
et al. 2014):

i)  To support, augment, complement, and verify the 
analyses and interpretations made on remotely 
sensed data. This is the main purpose for ground 
truth data collection for the purposes of this book.

ii)  To calibrate a sensor.
iii)  To verify maps prepared from remote sensing data.

Ground truth data collection must be planned to sup-
port remote sensing interpretation either in a determin-
istic approach, e.g. verifying presence of a fault on the 
field as interpreted on a satellite image, or a statistical 
approach, e.g. mean land surface temperature over a 
period of time at ground stations for a match with 
remotely sensed data. There are important considera-
tions while collecting ground truth data during a remote 
sensing project. They are:

i)  Timing: Timing of ground truth data collection is 
utmost important. There are two kinds of time-
dependent parameters: (i) time-stable or intrinsic 
parameters (e.g. those in Boggavarapu and 
Manoharan  2018 or in Lee et  al.  2020), which are 
parameters that remain constant over long periods 
of time, e.g. deformation structures, lithology, min-
eralogy, spectral emissivity, etc.; and (ii) time-critical 
or time-variant parameters (e.g. those in Osińska-
Skotak et al. 2019 or Wu et al. 2021), are those that 
change rapidly over time like vegetation, air/water 
pollution, etc. However, factors such as rainfall, 



1  Remote Sensing Fundamentals12

waterlogging, and flooding can hinder collection of 
ground truth data of time-stable parameters due to 
accessibility.

ii)  Sampling: Sampling is usually done depending on 
the project in hand. Purposive sampling 
(Gupta,  2017) or deterministic sampling can be 
done to verify most deformation structures. 
However, measurements of temperature variations 
or variation of vegetation due to presence of large 
fault planes require statistical sampling over time 
and space and correlate with the remote sensing 
data. Photographs from the field are also considered 
a deterministic sampling for verification of defor-
mation and geomorphological features.

iii)  Type of data: Ground truth data can be collected by 
field surveys, where sampling, measurements, and 
observations can be made directly on the ground. 
Maps of the data collected and field photographs are 

common products of such surveys. Such photo-
graphs have also been provided by modern technolo-
gies such as street images acquired and offered by 
several companies like Street View by Google 
(Figure  1.4), which is the most widely used service 
with the widest coverage of street images across 85 
countries. There are others like Apple Look Around 
(Panzarino 2018), Mapillary webpage (https://www.
mapillary.com), KartaView webpage (https://
kartaview.org), etc. Street images have been used as 
an effective ground truthing option (e.g. Cao 
et al. 2018. Kang et al. 2018). Aerial photos from ded-
icated flights or UAVs are another way to collect 
ground truth data. UAV images of very high resolu-
tion (~1–3 cm) provide ground truth verification 
nearly equivalent to ground surveys (Figure  1.5). 
Ground truth data can also be collected from pub-
lished reports, maps, surveys, records, etc.

Figure 1.4  Google Street View image, looking toward NE, from a road-cut section in the NE–SW trending regional deformation structure 
named More-Trondelag Fault Complex (see Misra and Mukherjee, 2018 for review). Inset: Location Map. Such images provide great 
alternative to fieldwork reconnaissance, or may shorten it drastically.

https://www.mapillary.com/
https://www.mapillary.com/
https://kartaview.org/
https://kartaview.org/
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Gupta (2017) lists the main types of data that can 
be collected during ground truth survey. One type is 
thematic maps: These maps show distribution of fea-
tures of interest for the study, e.g. faults, fractures, 
and drainage. They may be older maps prepared in 
earlier field studies or may be specifically planned to 
support the remote sensing study. These maps usu-
ally contain specific data, e.g. attitudes of planar or 
linear structures, depths of water bodies, sediment 
discharge rates, etc. Another type of data collected is 
spectral data: This data is specifically collected for a 
particular remote sensing study. Refer to Gupta 
(2017) and Lillesand et al. (2015) for details on com-
ponents and instrumentation of spectral data.

iv)  Satellite navigation survey: Satellite navigation or 
SatNav is a system that uses a constellation of satel-
lites to provide geo-positioning. Small hand-held 
devices and most smartphones can provide geo-
locations (latitudes/longitudes) at cm to m accuracy 

ranges, and elevation (altitude) at few 10s of m accu-
racy. The United States’ Global Positioning System 
(GPS, since 1979), Russia’s Global Navigation 
Satellite System (GLONASS, since 1983), China’s 
BeiDou Navigation Satellite System (BDS, since 
2000), and the European Union’s Galileo (since 2016) 
are fully operational Global Navigation Satellite 
Systems (GNSSs). Most modern SatNav instruments 
can read radio signals sent in by visible satellites to 
provide geo-position and altitude. At least four satel-
lites are required to return a geolocation with high 
fidelity. Multiple GNSS systems increase the number 
of visible satellites improving the precise point posi-
tioning (PPP) and shorten the average convergence 
time, thus generating a fast and accurate result. 
SatNav location data, commonly referred to as GPS 
data, must be collected with all ground-based sur-
veys and maps prepared with those datasets to have 
maximum accuracy in the prepared maps.

Figure 1.5  Drone imagery from an anonymous location used to map a rocky coast. Note the high-resolution details of the fractures in the 
image. Such instruments can prepare a “virtual” or “digital” copy of an outcrop in a few hours. Source: Credit :davidfpv02 / 2 images / Pixabay.
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2.1  Introduction

Currently, remote sensing techniques cover the entire 
electromagnetic spectrum (EMS) starting from the 
low-frequency radio waves through the microwave, 
sub-mm, far infrared, near infrared, visible, ultraviolet, 
x-ray, and gamma-ray regions of the spectrum (e.g. 
Elachi and van Zyl  2021; Gupta  2017; Lillesand 
et al. 2015).The spectrum of the data to be acquired and 
used for a study depends on the information critical to 
the analyses.

For capturing spatial information over large surfaces, 
high-resolution 2D images over limited areas are 
usually preferred, for example in the analysis of struc-
tural geology, geomorphology, and land cover. Two-
dimensional images of a wide region or global coverage 
are used when synoptic data are required, for example 
in the case of weather studies (e.g. Thies and 
Bendix 2011; Yang et al. 2013). Specific bands from the 
entire spectrum may be used for such analysis in pas-
sive sensing modes (see Section  2.4). Active sensing 
(Section  2.4) products, e.g. radar and microwave, are 
also used for structural geological and geomorphologi-
cal analyses. Most recently, visual wavelength is used in 
unmanned aerial vehicle (UAV) (or drone) imagery and 
street-view photographs (Section 2.5). There are num-
ber of examples in this book on the different types of 
remote sensing data used for structural geological and 
geomorphological analysis. In the subsequent sections, 
remote sensing data is classified based on different fac-
tors, with emphasis on the interpretation deformation 
and geomorphological features.

2.2  Data Type

Remote sensing data can be classified based on the most 
important or the majority of the information needed or 
used for the particular analysis. Table  2.1 summarizes 
different types of data acquired in a remote sensing pro-
gram and the types of sensors that acquire them, along 
with a few examples of each. There are other types of 
data, but they are rarely used for structural geological 
and geomorphological interpretations. They are outside 
the scope of this book and are avoided here.

2.3  Platforms

There are a variety of platforms that are used in remote 
sensing applications, depending on the sensors on each 
platform. The different types of platforms are:

i)  Satellite imagery: Satellite-based remote sensing 
started in the early 1960s with military reconnais-
sance primarily in the US. In 2008, there were more 
than 150 Earth observation satellites, acquiring and 
transmitting more than 10 terabytes of data daily 
(Tatem et  al.  2008). Satellite-borne sensors are the 
most commonly used remote sensing data sources 
today, mainly because of their numerous advantages 
over other systems (see Chuvieco  2020; Ferreira 
et al. 2012; Ide et al. 2011; Liu and Xia 2010), which 
include: (i) large spatiotemporal coverage; (ii) large 
spectral coverage possible; (iii) stereo capability 
using two cameras; and (iv) high-resolution imagery 
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are also presently available. However, a few disad-
vantages compared to other systems are: (i) some-
times corrections are difficult; (ii) image processing 
is time-consuming and involves complex mathemat-
ical transformations; and (iii) much of the older data 
is on film, which needs to be digitized.

ii)  Aerial photography: Aerial photography was first 
used in 1858 over Paris, France, by photographer and 
balloonist Gaspar Felix Tournachon (Professional 
Aerial Photographers Association web page  2021). 
Aerial photography (also called airborne remote 
sensing/imagery) is the technique to acquire data, 
usually in the visible part of the EM spectrum. 
Common platforms used for aerial photography 
include but not limited to aircrafts, helicopters, 
UAVs (or drones), balloons, kites, parachutes, etc. 
Vosgerau et  al. (2016) provide a great example of 
helicopter-based photography for delineating reser-
voir architecture in lava systems. Aerial photography 
has a number of advantages (see Bhardwaj et al. 2016; 
Iizuka et  al.  2018; Saadatseresht et  al.  2015; Yao 
et al. 2019): (i) very high resolution (~3–20 cm); (ii) 
surfaces of any slope can be imaged, e.g. cliff faces or 
quarry walls; and (iii) (re)visit within intended time 
ranges possible. However, there are a few disadvan-
tages: (i) low coverage area; and (ii) high cost per unit 
area covered. Aerial photography is used for one-
time operations and cover small areas of interest, 
while satellite imagery is used for large areas with 
regular, often daily, passes and operations. Along 

with aerial photography, videography is also becom-
ing a popular choice with bandwidths outside the 
visible spectrum, e.g. microwave in synthetic aper-
ture radar (SAR).

Aerial photography can be of the following types 
(Amrullah et  al.  2016; Remondino and Gerke  2015; 
Warrick et al. 2017):

a)	 Oblique: Aerial images taken at an angle are called 
oblique photographs, which can be of two types: (i) 
low-oblique: taken from a low angle relative to the 
Earth’s surface; and (ii) high-oblique: also called 
steep-oblique, photographs taken from a high angle 
relative to the Earth’s surface.

b)	 Vertical: Vertical imageries are nadir-looking, i.e. 
they are taken straight down, and are mainly used in 
photogrammetry and image interpretation. These 
images are very important resources in structural 
geological and geomorphological interpretations. 
These images are specifically taken with special large-
format cameras with calibrated and known geometric 
properties. Ground-based GPS tagging and georefer-
encing are essential processes required here.

c)	 Combined: Aerial imageries are often combined as per 
purpose. They can be: (i) panoramas, made by stitch-
ing several photos taken in a grid pattern achieved 
either by shooting different angles from one spot, e.g. 
with a hand-held camera, or from different spots at the 
same angle, e.g. from a drone; (ii) stereo photography, 
for the creation of 3D images from two or more 

Table 2.1  Classification of remote sensing data based on the important type of data required for the intended analysis, with emphasis 
on identifying and mapping structural geological and geomorphological features.

Important type of 
information needed Type of sensor Examples of sensors

High spatial resolution and 
wide coverage

Imaging sensors, 
cameras

Large-format camera (1984); Seasat imaging radar (1978); Magellan radar 
mapper (1989); Mars Global Surveyor Camera (1996); Mars Rover Camera 
(2004 and 2014); Cassini Camera (2006)

Limited spectral resolution 
with high spatial resolution

Multispectral mappers Landsat multispectral mapper and thematic mapper (1972–1999); SPOT 
(1986–2002); Galileo NIMS (1989)

High spectral and spatial 
resolution

Imaging spectrometer Space-borne imaging spectrometer (1991); ASTER (1999); Hyperion (2000)

High accuracy measurement 
of location and profile

Altimeters, sounders Seasat (1978); GEOSAT (1985); TOPEX/Poseidon (1992); Jason (2001) 
altimeter; Pioneer Venus orbiter radar (1979); Mars orbiter altimeter (1990)

3D topographic mapping Scanning altimeters 
and interferometers

Shuttle Radar Topography Mission (2000); Light detection and ranging 
(Lidar)

Surface displacement 
mapping

Radar interferometer Sentinel (2012, 2016); SkyMed (2007); ALOS (2006); TANDEMX (2010); 
ALOS-2 (2014)

High spatial resolution over 
limited areas or along track 
lines

Imaging sensors, 
cameras (e.g. CMOS)

UAV or drone, street-view imagery

Source: Modified from Elachi and van Zyl (2021).
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photographs of the same area taken from different 
angles, e.g. one oblique and another vertical, or two 
oblique, etc.; or (iii) merged, images from several sen-
sors measuring varied bands of the EM spectrum, and 
sometimes images taken with different lenses, that are 
geometrically corrected and combined to produce one 
image either in the camera or during post-processing.

Detailed analysis on aerial photographs can lead to excel-
lent structural geological (e.g. Lai et al. 2021) and seismic 
hazard identification (e.g. Jun et al. 2021).

2.4  Energy Source

Remote sensing data sensors are of two types (Figure 2.1):

i)  Passive: In these systems, reflected sunlight is 
detected by the sensor. Passive sensors work only 
when the natural energy (sunlight) illuminates the 
surface of the area of interest. Since reflected energy 
from the sun is unavailable at night, most of the pas-
sive sensors do not work at that time. Some wave-
lengths of radiation, e.g. thermal infrared, which is 
emitted naturally both day and night, can be detected 
by the passive sensors at night too, provided the 
amount of energy is sufficient to be sensed. Examples 
of passive remote sensing systems are Landsat, 
ASTER, Ikonos, etc.

ii)  Active: In active systems, the signal is emitted by the 
instrument on a remote sensing vehicle to the object 
for illumination and its reflection is detected by the 

sensor. This resembles making photographs with 
a camera with an external flash. Such sensors have 
the natural advantage of acquiring data even during 
the nighttime. They can also be used to detect wave-
lengths of radiation mostly absent in solar radiation, 
e.g. microwave ranges. Examples of active remote 
sensing systems include LiDAR (e.g. Zhang and 
Muhammad 2020), microwave (e.g. Dong et al. 2020), 
SAR (e.g. Balz and Rocca 2020), etc.

2.5  Imaging Media

There are a variety of imaging media used in remote 
sensing.

i)  Cameras: Cameras are the instrument of choice for 
many remote sensing platforms such as satellite, 
UAVs, airplanes, helicopters, etc. with overlaps, as 
required, for stereoscopic imaging. Cameras with 
photographic sensors are versatile and can acquire 
images in a large range of bandwidths. These images 
are associated with vertical exaggeration, spectral 
and radial distortion, and false topography percep-
tion phenomena (Prost 2013 and references therein, 
Saraf et al. 1996, 2011).
a)	 Black and white photography: Black-and-white 

photography, also known as B/W or panchro-
matic photography, is preferred in many studies 
since its cost is much lower than the color images. 
Structural geological and geomorphological inter-
pretation can be done on B/W images. However, 
the ability to identify lithologies, soils, and altera-
tions is hampered due to paucity of color. 
Currently, B/W photos are becoming obsolete 
owing to the easy availability of low-cost, high-
resolution satellite and aerial imaging systems. 
Notwithstanding, such images in the archives are 
still used to detect changes in geomorphology, 
land cover, etc.

b)	 Color photography: Digital color photography is 
the most commonly used satellite data at present, 
and with the advent of multiple services provid-
ing free, color satellite imagery, and in some cases 
aerial photography too, they have become a prod-
uct of daily use. Color photos are prepared by 
combining three bands usually of red, green, and 
blue. True colors are obtained on an image when 
blue, green, and red bands of the EM spectrum 
are combined in blue, green, and red colors. True 
color images have the obvious advantage of being 
natural and identifying vegetation, waterbodies, 
and land cover becomes easier. However, the blue 
band inherently has a significant haze, which 

R
et

ur
ne

d 
P

ul
se

G
en

er
at

ed
 P

ul
se

Passive System

Active System

Figure 2.1  Passive and active sensor systems.
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deteriorates the images. Therefore, False Color 
Composites (FCC) are used to remove the blue 
band noise and to accentuate certain features, e.g. 
vegetation, water bodies, and soil moisture.

c)	 Thermal scanners: Surface temperatures can be 
recorded by radiometers, which measure the ther-
mal energy emitted from the surface. There are 
passive sensors (Section  2.4) that measure ther-
mal radiation from both land and water on the 
Earth’s surface. This method is used very com-
monly to detect coal fires in subsurface coal mines 
(Kuenzer and Dech 2013; Prakash and Gupta 1999; 
Zhang et al. 2004) or to detect oil slicks (e.g. Fingas 
and Brown 2014 and references therein). Thermal 
Infrared (TIR) imagery can be used to detect cer-
tain thermal anomalies associated with faults (e.g. 
Wu et al. 2012). TIR imagery is usually acquired at 
early morning when the thermal emission of all 
the objects maintains equilibrium.

ii)  Radar: Radar (Radio Detection And Ranging) 
includes all microwave sensors that detect attributes 
of remote objects and phenomena. Radars are active 
systems (Section  2.4) that use artificially generated 
microwaves directed in a particular direction that 
scatter after colliding with objects. The scattered 
radiation is received, processed, and analyzed to 
study the objects. Radar is very sensitive to topogra-
phy and differences in surface moisture. Advantages 
(e.g. Lillesand et  al.  2015; Casagli et  al.  2016; 
Gupta  2017; Abdelkareem et  al.  2020) of radar 
imagery over other techniques are (i) ability to pen-
etrate clouds, and (ii) ability to acquire images in 
darkness.
a)	 Radar altimeters: These are instruments on satel-

lites and aircrafts that radiate radio waves toward 
the ground and calculate the time taken for the 
wave to reach the sensor. As the velocity of the 
radio wave is known, the distance to the surface 
can be calculated from the two-way travel time. 
This data can be plotted over an area in 3D to con-
stitute a digital elevation model (DEM) to map the 
land surface (e.g. Hossain et al. 2021). Significant 
structural geological and geomorphological inter-
pretations can be done on these images.

b)	 Radar interferometry: DEMs are sometimes pre-
pared from data collected very close in time and 
then mapping the difference between the two 
DEMs. This results in an interferogram that 
shows minute temporal changes in elevation. 
This technique has applications in active defor-
mation measurements and also to measure ice 
elevations with respect to water near the poles.

iii)  Multispectral and Hyperspectral Scanners: 
Multispectral imaging (e.g. Hernandez and 

Armstrong 2016; Huang et al. 2018) captures images 
in usually three to fifteen bands (e.g. Landsat, 
ASTER) in 70–400 nm large bandwidths, whereas 
hyperspectral images are usually composed of ~100–
200 spectral bands in relatively narrow 5–10 nm 
bandwidth. The advantage of multispectral and 
hyperspectral imaging are discrimination or identifi-
cation of certain minerals, soils, vegetation, or other 
materials like rock and soil alterations, oil seeps, and 
lithologies. Structural geological and geomorpho-
logical interpretation can be done on such images. 
See Peyghambari and Zhang (2021) for reviews on 
spectral characteristics of hyperspectral systems.

iv)  Lidar: Light detection and ranging (or Lidar) is a 
high-resolution altimetry technique that uses lasers 
of ultraviolet (UV), visible, near-infrared (NIR) 
bandwidths to measure the distance between a sur-
face and the satellite. The Lidar method, much like 
radar altimetry, can be used to map surface topogra-
phy. In addition, they can be used to scan outcrops 
and measure bathymetry, snow cover, etc. Lidar 
instruments are placed on aircrafts (e.g. aeroplanes, 
helicopters, and UAVs) and acquired “on demand” in 
study areas, according to the defined problem. 
Structural geological and geomorphological features 
can be well mapped on Lidar data.

v)  Potential Fields Systems (gravity and magnetics 
instruments): Satellite-borne (e.g. ESA’s GOCE satel-
lite) or airborne gravity measurements are commonly 
performed in mineral and hydrocarbon exploration to 
map anomalies. Satellite-borne potential field data 
can be of a regional scale (100s–1000s of km), whereas 
airborne gravity gradiometry data can reach resolu-
tions of a few tens of meters. Satellite gravity data are 
used to study crustal structure of the Earth and tec-
tonic features, e.g. subduction zones and mobile belts. 
Airborne high-resolution gravity data can be used to 
map large faults, volcanic plugs, mineral zones, etc. 
Magnetometers are placed on spacecraft that meas-
ure variations in the strength and direction of the 
Earth’s magnetic field. Such data, usually of regional 
nature, can be used to map ferrous mineralization 
zones, volcanic plugs, faults, etc. (detail in Prost 2013).

2.6  Significance in Geomorphology 
and Structural Geology

Appropriate remote sensing data are very important in 
augmenting geomorphological and structural geological 
studies. Such data can identify complicated zones of 
deformation or fill gaps in inaccessible areas or identify 
erosion and deposition zones, badlands, and depositional 
geometries in a synoptic overview at a very low cost of 
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analysis. However, remote sensing can never replace 
field-based analyses like ground observations, sampling, 
and measurements. Remote sensing can provide three 
major advantages: (i) observation of the surface from a 
different perspective, in a different spectral region or on a 
different scale; (ii) reduce the area covered in a field work; 
and (iii) proving information about the region of interest 
before undertaking the field work. Chapter 1 details the 
advantages and limitations of remote sensing.

The types of remote sensing data, like those mentioned 
in the earlier sections in this chapter, are varied and the 
data to be used in a particular study will depend on the 
problem definition. The particular geologic analysis to 
be performed in an area, e.g. identification of features or 
processes/phenomena, or land use patterns, will guide 
the type of data that will strengthen the analysis. For 
example, mapping large-scale crustal deformation 
potential should use field data. However, to study 
smaller-scale faulting, images in the EM range are opti-
mal. Resolution is an important factor to be considered. 
Spatial, spectral, and temporal resolutions are the most 
important aspects to be covered with respect to the 
problem in question. Sometimes, vegetation or changes 
in drainage pattern may be good indicators of structural 
geological (e.g. Gold  1980) and geomorphological fea-
tures underneath. In such cases, near infrared or thermal 
infrared data, or in some cases derived products, e.g. 
Normalized Difference Vegetation Index (NDVI) images, 
become ideal for an augmented interpretation. In visible 
range data, care must be taken to avoid images with 
remarkable noise due to significant atmospheric and 
meteorological conditions, e.g. cloud cover and haze.

i)  Geomorphology: Geomorphology is the study of 
landforms (Scheidegger  2012). Landform depends 
on three major factors: (i) climate and change in 

climate through time; (ii) structure and lithology of 
the underlying bedrock; and (iii) the time period 
involved. Geomorphology is the most widely used 
application of remote sensing because remote sens-
ing data give a regional view and also directly con-
strain the surface features and processes. A large 
number of landforms, e.g. landslides, fluvial systems, 
glacial systems, volcanic systems, and marine sys-
tems are widely studied using remote sensing data.

ii)  Structural geology: The deformation nature of an 
area is the most important factor to influence the 
surface of an area. Structure controls erosion and 
denudation of an area’s topography, which when 
observed gives the idea of the deformation process 
the area has undergone or is presently undergoing. 
Most commonly, planar discontinuities in the rocks 
identified by prominent markers observable on 
remote sensing images are the most evident struc-
tures analyzed. However, in some cases deformation 
is manifested by topography, slope, color, soil, vege-
tation, etc. In such cases, appropriate remote sensing 
products can provide insight. Folds and faults can be 
identified in many cases from the satellite images. 
Bedding, intrusives, unconformities, etc. can also be 
inferred from satellite images of appropriate resolu-
tion (e.g. Dasgupta et  al.  2022; Dasgupta and 
Mukherjee  2017,  2019; Gogoi et  al.  2022; Kaplay 
et  al.  2017; Misra et  al.  2014). Morphototectonic 
analysis is one of the most important analyses for 
which remote sensing data forms a major part of the 
dataset required. Usually, topography DEMs and 
remote sensing imageries in visual to NIR bands of 
the EM spectrum are used and supported with field-
work for a morphotectonic study (e.g. Joshi 
et  al.  2013; Radaideh et  al.  2016; Pandey and 
Sharma 2021; Dasgupta et al. submitted).
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3.1  Introduction

Remote sensing has been a powerful tool to interpret 
structural geology and geomorphology of terrains (e.g. 
Misra et  al.  2014; Kaplay et  al.  2017; Dasgupta and 
Mukherjee  2017,  2019; Dasgupta et  al.  2022; Gogoi 
et  al.  2022). Mid-channel bars are common fluvio-
geomorphological features of NE Himalayan alluvial 
channels. Formation of mid-channel bar is a natural pro-
cess and their morphodynamics (Sosnowska,=  2020; 
Tholibon et al. 2016) are interlinked with seasonal flash 
floods (Paul and Biswas  2019), channel width, channel 
depth incoming sediment, volume of water discharge, 
flow velocity, stream power, specific stream power 
(Adami et  al.  2016; Islam and Chandra Das  2015; Lou 
et al. 2018; Li et al. 2019; Wen et al. 2020), bed roughness, 
and drop of bed slope with change of slope, etc., in the 
Jaldhaka River after and before the Nagrakata bridge 
(26°53′50.49″N/88°53′41.38″E in DMS).

The geomorphological investigations of the active chan-
nel shift and change of seasonal active channel are com-
monly noted near the Nagrakata Bridge of the Jaldhaka 
River, Jalpaiguri District, West Bengal, India. Therefore, 
the origin of mid-channel bars and shifting of flow lobes 
change from season to season. Mean stream power and 
specific stream power from 2011–2020 vary±11 kW m−1 
and ± 40 kW m−2 (August to January, primary data 2018). 
Diversion of river in bed channels, channel diversion, and 
aggradation are associated with water sediment flow of 
the river Jaldhakaas, which is one of the most dynamic and 
has the most sediment potential of rivers in North Bengal 
foothills. Such a geomorphic unit is well quantified and 
analyzed using satellite data such as Landsat 8 TM data on 
a spatio-temporal scale. Quantification was performed 

using the extracted temporal scale data satellite images of 
three respective years: 2011, 2016, and 2020. Such analysis 
was verified during field observations (Dec 2018), photo 
evidence, and primary level survey with the help of Total 
Station (Figure  3.1d). Sarma and Acharjee (2018) pro-
posed simple indices to infer the braiding characteristics 
of the river, which are the sum of braid bars and islands of 
the channel count to the total considered reach of river. 
There has not been an assessment of the sampling require-
ments for any of these indices and there has been no sys-
tematic study of the equivalence of the indices to each 
other and their sensitivity to river stage (Khan et al. 2021). 
Resolution of these issues is essential for progress in stud-
ies of braided morphology and dynamics at the scale of 
the channel network. Duro et al. (2016) and Ghinassi et al. 
(2021) presented a work that aimed to characterize the 
channel bar morphology of such braided streams, in order 
to assess whether the system reaches a steady state under 
constant flow conditions.

3.1.1  Study Area

For analyzing the braiding pattern, the Jaldhaka River is 
selected. This river has a total length of 192 km and origi-
nates from the Kupup or Bitang Lake in southeastern 
Sikkim in the eastern Himalayas and flows through 
Bhutan and the Kalimpong, Jalpaiguri, and Cooch Behar 
districts of West Bengal, India. However, a small stretch 
of the Jaldhaka River has been selected for studying the 
mid-channel bar morphology and braiding pattern with 
its temporal dynamics. The starting point of the selected 
stretch has the geographical coordinates (in decimal 
degrees) of 26.898995°N and 88.894294° E and the stretch 
ends at 26.175257°N and 88.29485° E (Figure 3.1a).
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Figure 3.1 (a) Location of the study area with inset of part of Jaldhaka River under consideration (Source: Image courtesy: Google Earth). (b) Classification of stable and unstable 
bars, based on remote sensing data analysis of 2011, 2016, and 2020. (c) Selective horizontal section of riverbed deposition to observe the sediment aggradation layers in the last 
two to three years. (d) 3D representation of Total Station data survey of the Jaldhaka riverbed downstream of Nagrakata Bridge, 26.870885°N/88.893267° (Decimal degrees).  
(e) Comparative representation of braiding index from 2011, 2016, and 2020 with detail classification braiding pattern with magnitude levels.
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3.1.2  Methodology

There are two segments of mid-channel bar analysis of 
Jaldhaka river: one is upstream 18.5 km from the 
Nagrakata bridge and the other is 17.1 km downstream 
from the Nagrakata bridge. The quantification process is 
mainly based on satellite data analysis, which is accom-
panied by field verification and photographic explana-
tions. The considered study area is divided into two 
segments: segment 1, upstream from the Nagrakata 

bridge; and segment 2, downstream from the bridge, 
respectively. The spatio-temporal analysis is conducted 
based on a comparative study of 2011, 2016, and 2021.
The entire study is coupled up in three phases as satellite 
image analysis, primary level survey, and photographic 
analysis. Collectively, the documentation involves appli-
cation of satellite-based data analysis on a spatio-
temporal scale to determine the mid-channel bar 
morphology. Methodologies are listed in the figure here.

Satellite images

*LISS IV P6 Data
Temporal scale changes of Bars from 2011–2016
and 2016-2020 with analysis of aggradation and
degradation nature.

•

•

•

•

•

•

•

Total station survey performed in
2018 December in a particular area
of 26.84N–26.87N and 88.88E–88.89E.

Measurement of selective vertical
section of river bed facies to
observe the sediment aggradation
layers.

Photographic evidence of mid-channel
bars with vertical section as for the
vilification.
Riverbed deposition characteristics in the
last 3–4 years.
Water depth

Bl(Braiding Index) calculation “BRAIDING INDEX”
(Bl) = {2(Σ LB)}LM Where; ΣLB = sum of the
length of channel networks (in metre),Lm =
Straight length (in metre)(e.g.Sharma and
Acharjee 2016).

*Landsat 8 TM data

*Google earth image

*Total Station survey
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3.2  Discussions

Comparing the upstream and downstream of the bridge, if 
we analyze the graphical representation, there is a remark-
able bifurcation of channels including active channels, sea-
sonally active channels, etc. The 2011, 2016, and 2020 data 
regarding the channel orientation and intermediate bar 
dynamics clearly show that the channels are highly bifur-
cated after the bridge (26°53′30.45“N/88°53’35.53”E) 
(Coordinate in DMS), reframing the braiding pattern of 
drainage and stability of bars have increased (Figure 3.1b, 
d). Firstly, the autogenic causes that signify the slope 
change in downstream with specific flood tendency. 
Second, the allogenic causes, e.g. the construction of 
bridges disturbed the flow and sediment regime of the 
river, resulting in the channel bifurcation and aggradation 
process over time (Figure  3.2). From 2011 to 2020, the 
number of bifurcated channels has increased and seasonal 

variations every year have induced the sediment aggrada-
tion process (Figure 3.3a) to be higher downstream than 
upstream. To validate the aforementioned illustration of 
channels orientation, the length to width ratio of up and 
downstream have been framed, which show that the num-
ber of channels is higher downstream than upstream 
(Figure 3.3b).

The significance of road/rail/bridge construction across 
the river also plays an important role in mid-channel bar 
formation. Such construction permanently squeezes up 
the flow paths and rivers are forced to flow through nar-
rower passages (Biswas and Banerjee 2018). As a result, the 
river energy increases, along with flow velocity and sedi-
ment particle size. This is also accompanied with bridge 
and river erosion, and increase of river depth just below 
the flood plain, having a long-term effect on hydrology and 
sediment volume including the vertical sequence of accu-
mulation with seasonal variation (Biswas and Dhara 2019).



Figure 3.2  (a) Temporal changes of bar area of segment 1 from 2011 to 2020. (b) Temporal changes of bar area of segment 2 from 2011 to 
2020. (c) Photographic evidence of stable, semi-stable, and unstable bars upstream from the Nagrakata Bridge. (d) Photographic evidence 
of stable, poorly unstable bars in the immediate downstream of Nagrakata bridge.

Figure 3.3  (a) Aggradation and degradation sequence of two respective segments in positive and negative manner. (b) Changes in length 
to width ratio of considered bars in 2011, 2016, and 2020, in two respective segments.



  References 29

This explanation has been validated using types of 
trend line analysis: a linear curve fit of radius of curva-
ture of bar lobes in both up and downstream. The 
decreasing value of R2 from 2011 to 2020 from 0.038–
0.023 to 0.0026  indicate the flattering and widening 
nature of bar lobes with time that is also accompanied 
with low gradient and increasing sediment aggradation. 

The hydro-morphological parameters, both autogenic 
and allogenic, are responsible for the changing nature of 
regime, which has become a cause of increased deposi-
tion downstream of the bridge, and sudden release of 
energy has increased the deposition rate with resulting 
landforms like mid-channel bars (Figure 3.1c, d).
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Appendix

Satellite Data series: Landsat 8 TM data, Spatial resolu-
tion: 30 m (visible, NIR, SWIR), Coordinate System: 

Geographic, WGS84, Sun Angle  =  30°, Number of 
bands: 11.
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4.1  Introduction

Remote sensing has been a powerful tool to interpret 
structural geology and geomorphology of terrains (Misra 
et al. 2014; Dasgupta and Mukherjee 2017, 2019; Kaplay 
et al. 2017; Dasgupta et al. 2022; Gogoi et al. 2022). A gla-
cier is a mass of ice formed by recrystallization of snow, 
which flowed at some time in the past, under the influ-
ence of gravity (Leet and Judson  1969). The Indian 
Himalayas, popularly known as the third pole, is the 
world’s third largest glacier system after Antarctica and 
Greenland (Anthwal et al. 2006). However, since 1850 the 
Himalayan glacier system has been experiencing reces-
sion (Mayewski and Jeschke 1979) and the rate of reces-
sion has increased in recent times due to climate change 
(Jangpang and Vohra 1962; Leet and Judson 1969; Kurien 
and Munshi 1972; Srikantia and Padhi 1972; Vohra 1981; 
Kulkarni and Alex 2003). Glaciers have a unique way of 
eroding, transporting, and depositing earth materials, 
which give rise to characteristic landforms of erosional 
and depositional nature. These landforms significantly 
reflect the processes responsible for their carving and 
also act as indicators of climate change. A notable charac-
teristic of modern glaciers is that they follow same gen-
eral pattern of growth and wastage around the globe and 
serve as excellent indicators of paleo-glacial activities 
(Leet and Judson 1969).

4.2  Geomorphic Characteristics 
of the Jorya Garang Glacier

The characteristic geomorphic indicators of the Jorya 
Garang glacier, Baspa valley, Himachal Pradesh, India 
(Figures 4.1 and 4.2), viz. accumulation zone, ablation 
zone, snout, deglaciated valley, terminal moraine, lateral 
moraine, and medial moraine are mapped from IRS-P6, 
LISS-III satellite data (28 August 2005, resolution 23.5 m) 
(Figure 4.3) (Trivedi et al. 2007; Deota et al. 2011; Deota 
et  al.  2018). The northeast facing accumulation zone of 
Jorya Garang glacier is significantly observed with cyan 
color and fine texture (Figure 4.3). Below the accumulation 
zone, the east–west trending blue colored and fine tex-
tured exposed ablation zone is clearly demarcated, while 
the moraine-covered ablation zone trending north repre-
sents with a pinkish brown color and medium texture 
(Figure 4.3). The snout of JoryaGarang marks the end of 
the ablation where the glacial system ends and fluvial sys-
tem initiates (Figure  4.5b). It usually appears as a black 
color in images on account of the shadow of the ice-wall 
(Figures  4.3 and  4.4). Two stages of lateral moraines are 
inferred for the Jorya Garang glacier (Deota et al. 2006). 
Stage 1  lateral moraines are marked at the outer edge 
of  the glacier and are longer compared to stage 2  lateral 
moraines (Figure  4.3). Stage 1  lateral moraines exhibit 
brown color  on satellite images (Figure  4.3), generally 
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Figure 4.1  Location map of Jorya Garang Glacier. False Color Composite (FCC) (SWIR, NIR, and Green band) of Landsat-8 OLI-TIRS image, 
September 2017.



Figure 4.2  Uninterpreted False Color Composite (FCC) (SWIR, NIR, and Green band) of IRS-P6, LISS-III Satellite image – August 2005, Jorya 
Garang glacier. (Deota et al. 2018).
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Figure 4.3  Interpreted geomorphic features of Jorya Garang Glacier from FCC (SWIR, NIR, and Green band) of IRS-P6, LISS-III satellite 
image – August 2005 (Deota et al. 2018). ACC: Accumulation Zone; ABL-EXP: Exposed Ablation Zone; MC-ABL: Moraine Covered Ablation 
Zone; HG: Hanging Glacier; G: Glacieret; MM: Medial Moraine; LMS-1: Lateral Moraine Stage-1; LMS-2: Lateral Moraine Stage-2; TMS-1: 
Terminal Moraine Stage-1; TMS-2: Terminal Moraine Stage-2; TMS-3: Terminal Moraine Stage-3; S: Snout; DGV: Deglaciated Valley. 
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Figure 4.4  A closer look to Snout of Jorya Garang Glacier on FCC (SWIR, NIR, and Green band) of IRS-P6, LISS-III satellite image – August 2005.

4.2  Geomorphic Characteristics of the Jorya Garang Glacier 35

(a) (b)

Figure 4.5  (a) Photograph displaying Accumulation Zone, Moraine Covered Ablation Zone, and Lateral Moraines of Jorya Garang Glacier. 
(b) Photograph displaying Snout of Jorya Garang Glacier.
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(a) (b)

Figure 4.7  (a) Photograph displaying stage 2 Terminal Moraine of Jorya Garang Glacier. (b) Photograph displaying stage 3 Terminal 
Moraine of Jorya Garang Glacier.

possess vegetation, and are overlapped with glacio-
fluvial fans and rockfalls (Figure  4.6a). Stage 2  lateral 
moraines exhibit pinkish-brown color on satellite images 
(Figure 4.3) and are composed of fresh angular boulders. 
A linear ridge-like feature, oriented in the northwest 
direction displaying pinkish-brown color and medium 
texture on satellite image, is identified as a medial 
moraine (Figure  4.3) (Deota et  al.  2018), which repre-
sents the active glacier. Further, three stages of terminal 
moraines (Figures 4.6b, 4.7a, 4.7b), exhibiting crescent 
form, with convex side down the valley are inferred by 
pinkish red color and medium texture from satellite 
image (Figure 4.3), (Deota et al. 2018). Below the present-
day ablation zone, the U-shaped long deglaciated valley 

is marked by pinkish orange color with medium texture 
(Figures  4.3 and  4.8). Four hanging glaciers and one 
glacieret nourished on the flanks of high mountains, 
flowing down to join the Jorya Garang glacier, are 
conspicuously seen on satellite data (Figure 4.3).

Remote sensing data has proved to be economical and 
reliable in obtaining information about the excessive rug-
ged terrains with inclement weather conditions. IRS-P6, 
LISS-III data acquired between mid-August to the first 
week of October is preferred to map glacial geomorphic 
features, as glaciers are exposed to their maximum during 
this time period. The presence of two stages of lateral and 
three stages of terminal moraines suggest glacial retreat 
along its length and width during de-glaciation (Figure 4.3).

(a) (b)

Figure 4.6  (a) Photograph displaying stage 1 Lateral Moraine of Jorya Garang Glacier. (b) Photograph displaying stage 1 Terminal Moraine 
of Jorya Garang Glacier.
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5.1  Introduction and Start 
of Eruption

Remote sensing has been a powerful tool to interpret 
structural geology and geomorphology of terrains (e.g. 
Misra et  al.  2014; Kaplay et  al.  2017; Dasgupta and 
Mukherjee  2017,  2019; Dasgupta et  al.  2022; Gogoi 
et al. 2022). On 30 April 2018, the ongoing eruption of 
Kilauea Volcano (Figure 5.1), which had been erupting 
continuously since 1983 (Babu and Kumar  2019; 
Williams et al. 2020), underwent a dramatic change in 
its behavior. At the time, the volcano had two active 
volcanic centers where lava was present: the 
Halema’uma’u summit crater and the Pu’u O’o cone on 
the southeastern flank of the volcano (Liu et al. 2018; 
Williams et al. 2020). Lava lakes existed in Halema’uma’u 
and Pu’u O’o, with relatively small volume flows from 
Pu’u O’o reaching the ocean through a series of lava 
tubes (Figure  5.2) and forming a series of lava deltas 
(Figure  5.3). On 30 April and 1  May, several earth-
quakes occurred, and the lava lake levels within 
Halema’uma’u and Pu’u O’o dropped dramatically. For 
two days, earthquake swarms indicated that magma 
was moving downslope and southeastward beneath the 
Southeast Rift Zone of the volcano. On 3 May, a large 
rift eruption, consisting of a long, linear fracture in the 
Earth’s crust that erupts lava in a line, began within the 
populated neighborhood of Leilani Estates (Williams 
et al. 2020) (Figure 5.4). Similar eruptions had occurred 
in this same area in 1955 and 1960 (Gregg et al. 2008; 
Morales et al. 2010; Liu et al. 2018). However, despite 
the area being directly over the southeast rift zone of 
Kilauea Volcano and designated as lava hazard zones 1 

and 2 (the highest zone designations) (Wright 
et  al.  1992), approval was given for the development 
and construction of homes.

5.2  Lava Behavior

As the eruption progressed, a total of 24  lava fissures 
eventually formed (Figure  5.5). The eruptive activity 
became concentrated at Fissure 8, which had lava foun-
tains that were estimated to reach heights of 80 m 
(Williams et al. 2020). The ejected lava flowed downslope 
to the ocean in multiple coalescing channels (Figure 5.6). 
The channels developed large levees. These levees con-
sisted of solidified rock that formed natural walls or 
banks along the lava channel (Figure 5.7). These levees 
extended the length of the flows to the sea (Figure 5.8). 
The erupted lava was comparatively viscous basalt lava, 
solidifying with thick crusts of a’a lava (Figure 5.9), with 
a smaller amount of pahoehoe (Figure 5.7). Upon enter-
ing the ocean, phreatomagmatic steam explosions 
quenched and shattered the lava and filled the local 
coastal waters with suspended particles (Figure  5.10). 
High concentrations of these particulates created a 
distinctive color change within the sea (Figure 5.11).

5.3  Eruption End

The eruption rate of the lava rapidly fell on 4 August and 
by 21 August lava was no longer reaching the ocean. Final 
observed eruptive activity occurred on 4 September. The 
eruption lasted 107 days. Despite the short period of time 
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Figure 5.1  Map showing the location of the 2018 eruption of Kilauea Volcano in Hawaii, including the rift where the eruption occurred 
(red line in right figure) and the locations of the images in this atlas. Base maps for the right and upper left figures from Google Earth. 
Lower left base map image from NASA satellite imagery.

Figure 5.2  Location of lava entry into the ocean for lava flows 
erupted from the Pu’u O’o cone of Kilauea Volcano. This image 
clearly shows a skylight through which the flowing lava is exposed. 
A skylight is an opening into the lava tube caused by collapse of the 
overlying, cooled lava (Bunnell, 2008). Just prior to this image being 
taken there was a collapse of a lava delta, which was similar to that 
shown in Figure 5.3. A new delta is in the process of forming. This 
image taken from a helicopter on 31 July 2008 using a handheld 
Nikon Coolpix P50 (F-stop: f/5.6, exposure time: 1/141 s, focal length: 
17 mm, ISO speed: ISO-64, image resolution: 300 PPI, image 
uncropped).
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Figure 5.3  A view of one of the lava deltas formed by flows from the Pu’u O’o cone of Kilauea Volcano. Image taken on 10 March 2018, 
a few weeks before the collapse of the Pu’u O’o lava lake. Image taken from a helicopter using a handheld Canon PowerShot SX500 IS 
(F-stop: f/5, exposure time: 1/125 s, focal length: 8 mm, ISO speed: ISO-100, image resolution: 180 PPI, image uncropped).

Figure 5.4  Image taken of the 2018 Kilauea East Rift eruption shortly after it began. The East Rift extends through the neighborhood of 
Leilani Estates. Erupted lavas eventually inundated and destroyed most of the area in the image (red area). This image is digitally stitched 
together, using ArcSoft Panorama Maker 6 (2011) from two images taken from a helicopter on 11 May 2018 using a handheld Pentax K-70 
(both images used F-stop: f/9, exposure time: 1/160 s, focal length: 55 mm, ISO speed: ISO-400, image resolution: 300 PPI, images cropped 
after stitching).
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Figure 5.5  Image of Fissure 22, one of the more active fissures during the 2018 Kilauea East Rift eruption. This fissure was near the Puna 
Geothermal Venture power plant (just out of view beyond the bottom of the image), but did not destroy the plant. Image taken from a 
helicopter on 24 May 2018 using a handheld Pentax K-70 (F-stop: f/11, exposure time: 1/250, focal length: 60 mm, ISO speed: ISO-200, 
image resolution: 300 PPI, image uncropped).

Figure 5.6  View of two of the major lava channels formed during the 2018 Kilauea East Rift eruption, illustrating the large area destroyed 
by lava flows. Image taken from a helicopter on 24 May 2018 using a handheld Pentax K-70 (F-stop: f/13, exposure time: 1/125 s, focal 
length: 18 mm, ISO speed: ISO-200, image resolution: 300 PPI, image uncropped).



Figure 5.7  Closer view of the eastern lava channel from Figure 5.5. This image shows the channelized flow resulting from the formation of levees 
on the sides of the flow as the lava cools. Also evident are the contrasting lava types of a’a, with its rough and jagged surface, and pahoehoe, with 
its much less-fractured surface reflecting more sunlight, giving it a shiny appearance. Image taken from a helicopter on 24 May 2018 using a 
handheld Pentax K-70 (F-stop: f/10, exposure time: 1/250 s, focal length: 115 mm, ISO speed: ISO-400, image resolution: 300 PPI, image cropped).

Figure 5.8  View of the ocean entry of the lava channel in Figure 5.7. 
Image taken from a helicopter on 24 May 2018 using a handheld 
Pentax K-70 (F-stop: f/10, exposure time: 1/200 s, focal length: 
88 mm, ISO speed: ISO-200, image uncropped).
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relative to the previous eruptive event at the Pu’u O’o 
cone, the 2018 eruption is considered the most destruc-
tive volcanic event in Hawaii since at least 1790 CE. It is 
also one of the most expensive volcanic disasters in U.S. 
history (Williams et al. 2020). In total, it is estimated that 

the eruption caused approximately $800 million in dam-
ages including lost homes/property, population displace-
ment, and local financial impacts (Dayton  2018). This 
article has been summarized in Misra and Mukherjee 
(2022).

Figure 5.9  Ocean-level view of the 2018 Kilauea East Rift eruption lava flows entering the ocean. Lavas consisted of a’a basalt. Images 
taken from a boat using a handheld Pentax K-70 (F-stop: f/10, exposure time: 1/200 s, focal length: 100 mm, ISO speed: ISO-1600, image 
cropped).

Figure 5.10  Ocean level view of the ocean entry point for some of the 2018 Kilauea East Rift eruption lava flows. Explosive fragmentation 
and seawater flashing to steam produces the large clouds and discoloration of the seawater. Images taken from a boat using a handheld 
Pentax K-70 (F-stop: f/8, exposure time: 1/640 s, focal length: 18 mm, ISO speed: ISO-200, image cropped).
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6.1  Introduction

Remote sensing has been a powerful tool to interpret 
structural geology and geomorphology of terrains (e.g. 
Misra et  al.  2014; Kaplay et  al.  2017; Dasgupta and 
Mukherjee  2017,  2019; Dasgupta et  al.  2022; Gogoi 
et al. 2022). There are different types of depositional envi-
ronments and settings such as alluvial, deltaic, eolian, 
fluvial, lacustrine, transitional, and marine, which can be 
studied using satellite images. Google Earth is quite useful 
in the teaching and studying of geological and geomorpho-
logical features. It allows us to visualize and study satellite 
images portraying different geologic and geomorphologic 
features of the planet Earth. Google Earth shows high-
resolution and updated true color satellite imagery (the 
majority of land areas are covered in >15 m per pixel resolu-
tion satellite imagery or by small-scale aerial photographs) 
(Tooth 2015). Any terrain can be analyzed in Google Earth 
using a variety of scales and perspective, although some-
times image quality is variable within and between regions 
(Tooth  2013). In Google Earth, some basic quantitative 
measurements such as distance, length, and slope can be 
seen using built-in tools, but there are certain limitation(s) 
in slope measurement (Tooth 2013). It can be considered as 
a gateway to try working with other satellite imageries and 
specialized softwares like Global Mapper and Geographical 
Information System (GIS) packages (Tooth  2013). This 
high-resolution archive is open source, cost-free, instantly 
accessible, and available for multiple types of scientific stud-
ies. On the contrary, other satellite imageries provide images 
at a wide range of electromagnetic spectrum but at high 
cost and procurement; processing and interpretation are 
lengthy processes and need specialized human resource(s).

The present chapter considers the demonstration of 
different depositional settings from different parts of the 
world such as Indus River (Pakistan); Satpara Lake and 
alluvial fans in Skardu (Pakistan); Meandering River 
System (Canada); Horton River System and Horton Delta 
(Canada); Nile River and Nile Delta (Egypt); Lake Ayakum 
(China); alluvial fans in China; Dunes in Rub al-Khali 
(southern Arabian Peninsula); Star Dunes in Algeria; and 
Musa Bay (Estuary) in Iran (Figures 6.1–6.12).

6.2  Indus River (Pakistan)

The Indus River is one of the largest river systems in the 
world originating from Mount Kailas in the Gangdese 
Range of southern Tibet (Kumar and Srivastava  2018); 
based on the Indus River catchment area from source to 
sink, it is placed 12th (Kumar and Srivastava 2018). The 
Indus River has meandering, braided, and anastomosing 
patterns in different areas throughout its course (Kumar 
and Srivastava  2018). Starting from the vicinity of the 
Tarbela dam to Attock Khurd area, the Indus River has a 
well-developed braided river system, as shown in 
Figure  6.1. The overall course of Indus River in the 
aforementioned area is east–west (Figure 6.1).

6.3  Meandering River System 
(Alberta, Canada)

In the northwestern part of Alberta (Canada), there 
is  very well-developed meandering river system 
(Figure 6.2). In the northeast and southwest directions, 
the meandering river system is normal, however, in the 
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middle part of this area the active meandering river sys-
tem is associated with many oxbow lakes and abandoned 
channels (Figure 6.2). This meandering river system has 
high sinuosity (i.e. > 1.5–2.5) (Figure 6.2). According to 
Charlton (2008), different river patterns/types have dif-
ferent sinuosity index (Table  6.1). The sinuosity index 
increases as the river departs from the straight course 
(Table 6.1; Charlton 2008; Rhoads 2020).

6.4  Horton River System 
and Horton Delta (Canada)

In Canada, the Horton River flows into the Franklin Bay 
and a delta called Horton Delta is formed where the river 
discharges water into the marine environment (Mackay 
and Slaymaker  1989). Earlier, the Horton River dis-
charged into the Harrowby Bay in the northwest direc-
tion (Mackay 1958, 1981). In the Horton River, meanders 
are well developed (Figure 6.3). The Horton River (old) 
to the northwest of the Horton Delta consists of aban-
doned meanders (Figure 6.3).

6.5  Nile River and Nile Delta (Egypt)

The Nile River and Nile Delta are one of the most spec-
tacular geological-geomorphological features in the world 
(Figure 6.4). The Nile Delta was formed during the Upper 
Miocene to Recent and was formed by the alluvium car-
ried by the earlier seven active branches of the Nile River 
(Fishar 2018). Now these branches have been silted and 
hence at present only two branches are active: Rosetta and 
Damietta (Stanley and Warne 1993; Fishar 2018). The Nile 
River System has a meandering flow pattern between the 
western and eastern deserts of Egypt (Figure 6.4). The Nile 
Delta consists of different lakes from west to east includ-
ing Manzalah, Burullus, Edku, and Mariut (Fishar 2018).

6.6  Lake Ayakum, Tibet (China)

Lake Ayakum is present in the vicinity of the northern 
periphery of the Tibetan Plateau, China (Figure  6.5; 
NASA 2021). Many small-sized glacier and snowmelt-fed 
streams/rivers discharge and empty into Lake Ayakum 
(NASA 2021). In the lower left (southwestern) portion of 

Lake Ayakum, there are couple of river-deltas (Figure 6.5). 
The deltas have both active deltas and older surfaces with 
many distributaries (Figure 6.6; NASA 2021). It is inter-
esting to note that the overall shape of the lake looks like 
that of a giant animal, perhaps a dinosaur (Figure 6.5).

6.7  Satpara Lake and Alluvial Fans 
in Skardu (Pakistan)

Satpara Lake is high altitude freshwater lake in Skardu 
(Gilgit-Baltistan), Pakistan. The Satpara Lake is fed by the 
Satpara Stream originating from Deosai Plains. Satpara 
Lake’s longer dimension is roughly parallel to north–south 
direction (Figure 6.7). Alluvial fans are also formed in the 
vicinity of Satpara Lake (Figure 6.7 and 6.8). The alluvial fans 
are of different sizes, from small to large (Figure 6.7 and 6.8). 
Likewise, the physical forms/shapes of alluvial fans are also 
many, varying from perfectly fan shaped to sheet-shaped 
(Figure 6.8). A dam called the Satpara Dam is located in the 
north-northeast part of the Satpara Lake (Figure 6.7).

6.8  Alluvial Fans in China

In the vicinity of Taiyang Lake (Central China), well-
developed alluvial fans are noticed (Figure  6.9). In this 
area, there are higher altitude glacier-filled valleys, which 
are involved in the formation of different alluvial fans at 
the foot of the mountains (Figure  6.9; Scheffers 
et al. 2015). The glacier-filled valleys are present in the 
north and south directions and hence alluvial fans are 
formed in both directions, such that the opposite alluvial 
fans are facing each other(s), as shown in Figure 6.9.

6.9  Dunes in Rub al-Khali 
(Southern Arabian Peninsula)

The Rub al-Khali desert, occupying most of the central 
and southern Arabian Peninsula, is one of the largest sand 
deserts in the world (Searle 2019; Figure 6.10). It stretches 
from northern UAE, i.e. Ras al Khaimah in north–south-
wards, and crosses central and south Arabia to the moun-
tain ranges of Yemen and Dhofar (Searle 2019). The Rub 
al-Khali sand dunes have an elevation of 1200 m and indi-
vidual dunes heights reach up to 250 m. The Rub al-Khali 
desert consists of sand dunes and scattered patches of sab-
kha, white gypsum, and salt flats (Searle 2019; Figure 6.10).

6.10  Star Dunes in Algeria

The Ouargla province in Algeria contains a desert (part 
of the famous Sahara Desert) full of well-developed star 
dunes (Figure  6.11). The star dunes have a pyramidal 
shape and large size (height may reach >300 m) with 

Table 6.1  River types in relation to Sinuosity Index (SI) 
(Charlton, 2008; Rhoads, 2020).

S. No. Sinuosity Index (SI) River type

1 ~1.0 Straight
2 1.1–1.5 Sinuous
3 >1.5 Meandering
4 >2.5 Highly meandering
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Figure 6.1  Indus River system near Tarbela Dam, Khyber Pakhtunkhwa, Pakistan. The river system is a braided river. Zoomed-in version of 
the image of the braided river acquired from Google Earth on 20 February 2021, and the regional areas on 12 September 2021. Actual 
date of acquisition of the image (zoomed-in version) by the satellite system is 14 September 2020. Source: Image © 2021 Maxar 
Technologies. Regional area (top) image is Landsat/Copernicus. On the world globe, the red dot indicates the area of Figure 6.1.

radiating arms (Lancaster 1989a). The star dunes are also 
called the Stellate dunes (Glennie 1970). The star dunes 
are one of the largest eolian bedforms in the various sand 
seas of the world (Lancaster  1989a,  1989b). The radial 
symmetry and scale of the star dunes reflects that they 
are formed as a result of complicated interactions 
between multidirectional wind systems and topography 
(Lancaster 1989b; Zhang et al. 2000).

6.11  Musa Bay (Estuary) in Iran

The Musa Bay is a shallow estuary and is positioned at 
the northwestern site of the Persian Gulf (Figure  6.12; 
ESA 2017). In Musa Bay, the water depth varies from 6 to 
40 m in many parts with maximum depth of ~75 m at cer-
tain locations (Yeknami et al. 2016). The northernmost 
part of Musa Bay has a dendritic pattern (Figure 6.12).
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Figure 6.2  Meander River system having well-developed meanders, oxbow lakes/abandoned channels in Alberta, Canada. Source: Image 
acquired from Google Earth on 13 September 2021. Actual date of acquisition of the image by the satellite system is 27 June 2021. Image 
© 2021 CNES/Airbus and Maxar Technologies.
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Figure 6.3  Horton River system and Horton Delta. Source: Image acquired from Google Earth on 19 February 2021. Actual date of 
acquisition of the image by the satellite system is 26 July 2006. Image Landsat/Copernicus and IBCAO.
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Figure 6.4  Nile River (meandering river) and Nile Delta, Egypt. The branches and associated lakes of the Nile River are also shown. 
Identification of different features labeled in Figure 6.4 are based on Fishar (2018) and Stanley (2019). Source: Image acquired from Google 
Earth on 21 February 2021. Actual date of acquisition of the image by the satellite system is 14 December 2015. Image Landsat/
Copernicus; Data SIO, NOAA, U.S. Navy, NGA, GEBCO.
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Figure 6.5  Lake Ayakum and river-deltas in Tibetan Plateau, China. Source: Image acquired from Google Earth on 21 February 2021. 
Actual date of acquisition of the image by the satellite system is 01 April 2006. Image Landsat/Copernicus.
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Figure 6.6  (a) and (b) Close-up photos of river-deltas associated with Lake Ayakum in Tibetan Plateau, China. The details (active delta and 
older surface) and demarcation of delta are made based on NASA (2021). Source: Image (© CNES/Airbus) acquired from Google Earth on 
15 September 2021.
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Figure 6.7  Satpara Lake, Satpara Dam, and alluvial fans in Skardu, Gilgit-Baltistan, Pakistan. The alluvial fans are enclosed in the yellow 
dashed-line boxes. Image acquired from Google Earth on 21 February 2021. Actual date of acquisition of the image by the satellite system 
is 01 September 2020. Source: Image © 2021 CNES/Airbus and © 2021 Maxar Technologies.
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Figure 6.8  Alluvial fans in the vicinity of 
Satpara Lake, Pakistan. (a) Alluvial fans in 
east-southeast part of the lake. (b), (c) and 
(d) Alluvial fans to the west of Satpara Lake. 
(a) and (c) illustrate well-developed fan 
shaped alluvial fans. The alluvial fans are 
marked by red colored stars. Source: Image 
© 2021 Maxar Technologies.



Figure 6.9  Alluvial fans in China. The well-developed alluvial fans are enclosed in yellow dashed-line boxes. Image acquired from Google Earth on 
21 February 2021. Actual date of acquisition of the image by the satellite system is 25 March 2015. Source: Image Landsat/Copernicus and © 
2021 Maxar Technologies.



6  Depositional Systems – An Overview Via Google Earth58

Figure 6.10  Sand dunes and scattered sabkha and evaporites in Rub al-Khali, southern Arabian Peninsula. Source: Image Landsat/Copernicus 
acquired from Google Earth on 20 February 2021. Actual date of acquisition of the image by the satellite system is 27 February 2017.
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Figure 6.11  Star sand dunes in Algeria. The black arrows indicates multidirectional wind region. Source: Image acquired from Google 
Earth on 21 February 2021. Actual date of acquisition of the image by the satellite system is 15 September 2013. Image © 2021 CNES/
Airbus and Maxar Technologies.
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Figure 6.12  Musa Bay, Iran. The white arrows show water movement from the Persian Gulf toward Musa Bay. Source: Image Landsat/
Copernicus acquired from Google Earth on 21 February 2021. Actual date of acquisition of the image by the satellite system is 05 February 
2019. Data SIO, NOAA, U.S. Navy, NGA, GEBCO.
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7.1  Introduction

Remote sensing studies are most helpful for interpreting 
the geomorphology and structural geology of terrains 
(e.g. Misra et al. 2014; Kaplay et al. 2017; Dasgupta and 
Mukherjee  2017,  2019; Dasgupta et  al.  2022; Gogoi 
et al. 2022).

Badlands are zones marked by sustained soil loss via 
gully erosion. In this process, substantial sediment vol-
umes are entrained and transported by accelerated and 
concentrated runoff through incised narrow channels 
(Poesen et  al.  2003), with this being one of the major 
avenues of landscape degradation worldwide. Extensive 
badland tracts and gully channels appear as a dissected 
land surface, with a large number of rills and minor 
channels cutting into the exposed rocks or stratified sed-
iments and usually being devoid of marked vegetation 
cover. Seen from above, these rills and gullies appear as 
finger-like projections extending into the landscape.

Most gullies and badlands develop in sedimentary lith-
ologies and only a small percentage are cut into metamor-
phic substrates (Castillo and Gomez 2016). Laterite is quite 
an unusual substrate for badland formation (Patel 
et al. 2021) and is confined mostly to the tropics. In eastern 
India, however, it abounds, and has been the subject of 
many previous investigations (Bandyopadhyay 1987, 1988; 
Das and Bandyopadhyay 1995; Sen et al. 2004; Ghosh and 
Bhattacharya 2012; Shit et al. 2015). Most of these studies 
have been conducted within the Rarh region, located in the 
western and southwestern parts of West Bengal (Bagchi 
and Mukherjee 1983), which represents a transitional zone 

between the Ganga-Brahmaputra delta to the east and 
the Chotanagpur plateau fringe to the west. Geologically, 
the Rarh region may be considered as the western part of 
the stable shelf region of the Bengal basin and it has 
experienced several phases of marine transgression and 
regression since the Miocene (Alam et al. 2003; Ghosh and 
Guchhait 2020). A number of basin margin fault systems 
traverse the region, and the lateritic zones occur as uplifted 
blocks between these faults (Ghosh and Guchhait 2020).

7.2  Regional Setting of the 
Gangani Tract

The Gangani region near Garbeta (also spelled Garhbeta) 
(22°51′47″ N, 87°21′13″ E) in the Paschim Medinipur dis-
trict, West Bengal, is a classic example of badlands that 
have developed on the local friable lateritic surface of the 
Rarh region (Figure 7.1). Its name translates to the Land 
of Fire, derived from the standout orange-red-brown 
shades of the exposed and dissected compacted alluvium 
and rocks that contain hydrated iron oxides. This loca-
tion is often referred to as The Grand Canyon of Bengal 
(Mandal and Chakrabarty 2021) due to the deep ravines 
that have developed along the right bank of the Silabati 
River, and this spot has also recently been inducted as a 
notable Indian geomorphosite (Bandyopadhyay 2017).

The area is part of the lateritic uplands situated in the 
northern and western parts of the Paschim Medinipur 
district (Patel et al. 2020a). The compacted older alluvium 
forming the dissected surface has a lateritic (ferricrete) 
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Figure 7.1  High-resolution multispectral image (Worldview-2 4B multispectral bundle; spatial resolution: 1.84 m; image date: 5 January 
2011) of the Gangani tract showing the two main gully fields and the other principal geomorphic features in (a) uninterpreted, and 
(b) interpreted images. The band combination for both the images is that done for a Standard FCC (i.e. NIR, Red and Green in RGB).
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mantle and is supposedly of Late Pleistocene age, over 
underlying Middle Pleistocene mudstone and sandstone 
strata (Dey et al. 2009) that are often exposed below the 
eroded upper portions. This lithological composition is 
also well-reflected in the substrate resistance, which 
changes rapidly over short distances due to the juxtaposi-
tion of these varied lithologies (Patel et al. 2020c, 2021). 
Receiving 1400 mm of rainfall annually (Patel and 
Mondal 2019), the Garbeta badlands may be classified as 
being of arid/semi-arid type (sensu Gallart et  al.  2013). 
Consequently, the vegetation cover here is low and the 
surface is often bare or covered with pisolitic laterite 
nodules (Sarkar et  al.  2020). The ferricrete thickness is 
between 6 and 25 m (Bandyopadhyay 1988). The laterites 
here are mottled and dark reddish-brown, being vermicu-
lar to scoriaceous vermicular and often have cavities 
(Singh et al. 1998). They are usually traversed by irregu-
larly spaced vertical joints that can create substantial 
fissures (Ghosh and Bhattacharya  2012). Ghosh and 
Guchhait (2019) consider the laterites of Garbeta to be 
secondary or ex-situ laterites, formed by fluvial transpor-
tation of weathered materials from the primary laterites 
developed on Gondwana and Rajmahal Trap basalts in 
the western part of the Rarh region and their subsequent 
re-cementation with gravels, pebbles, ferricrete nodules, 
and even petrified wood (Haque and Ghosh 2019).

7.3  Badland Formation within 
Laterites at Gangani

While the Gangani tract’s eastern portion has the older 
and wider gullies (Figure 7.2) that are more pronounced 
in length and extend further upstream into the lateritic 
surface (Figure  7.3), the western portion has smaller 
gully basins that have higher relief (Figure 7.4) and more 
entrenched channels (Patel et al. 2020b, 2021). The River 
Silabati flows beside this badland region and undercuts 
the high lateritic scarp, causing repeated riverbank fail-
ures that have gradually eroded the lower river terraces 
on either side and also enabled the ongoing gully incision 
(Patel and Mondal  2019). Marked landscape changes 
have occurred in the area over the last two decades, 
resulting from continual headward erosion by gullies 
along with anthropogenic activities like check dam 

construction for water harvesting and the walking trails 
developed and progressively widened by tourists 
attracted to the scenic beauty of this spot (Figure 7.5).

Pipes and earth pillars have developed along the gully 
walls, with these being hollowed out to form small cave-
like forms in some locations, alongside local mounds and 
other minor erosional and depositional features (Haque 
and Ghosh 2019). Even from very high-resolution satel-
lite images or digital elevation models and vertical top-
down looking UAV surveys, such features are less 
apparent. However, these can be succinctly mapped and 
measured from oblique ground-based close range photo-
grammetry using the structure-from-motion (SfM) tech-
nique (Patel et al. 2020c). The 3D models developed from 
such surveys clearly locate rill and gully heads and reveal 
the alternate more eroded and relatively resistant strata, 
along with piping channels and micro-slope forms 
(Figure 7.6). These soil pipes and earth pillars form as a 
result of processes such as basal sapping, percolation, and 
weathering and are washed away by pluvial erosion and 
seepage (to download/access a textured 3D model of 
these features, which has been prepared using the SfM 
technique and can be zoomed in or rotated, please see the 
online repository and the related instructions for its use 
in Appendix A). Thus, they often collapse and link up 
with gully heads, thereby extending the incised channels 
further, both laterally and longitudinally (Patel et al. 2021). 
Other prominent micro-features here include numerous 
overhangs and undercuts. While the overhanging slopes 
are the result of basal erosion, the undercuts usually result 
from erosion during the rainy season when the otherwise 
dry gully channels have some flow. These overhanging 
parts also have hollows formed by the combined pro-
cesses of solution, seepage, and weathering of the slope 
faces (Patel et al. 2020c). A number of field photographs 
are provided to help visualize the abovementioned differ-
ent morphological attributes of the Gangani Badlands, 
which are a standout example of extensive gullying on a 
lateritic terrain (Figures  7.7–7.9). The particular field-
work during which these photographs were taken (along 
with those for creating the SfM-based 3D model in 
Figure 7.6) was conducted in September 2017. The loca-
tions of the features and the areal extents depicted in 
Figures 7.6–7.9 within the Gangani Badlands are shown 
in Appendix B.



Figure 7.2  Very high-resolution panchromatic image (Worldview-3 PAN; spatial resolution: 0.31 m; image date: 12 November 2014) of the 
Gangani’s eastern portion, showing the main gullies developed herein in (a) uninterpreted, and (b) interpreted images. These gullies are 
longer and wider than their western counterparts. Two check dams have been constructed for local water harvesting. The marked turbidity 
in the collected runoff attests to the high sediment volumes eroded from the gully basins.



Figure 7.3  Gully initiation zones of the longest gullies in Gangani that traverse across its eastern portion as discerned from the Worldview-2 
4B multispectral image bundle (spatial resolution: 1.84 m; image date: 5 January 2011) from the (a) uninterpreted, and (b) interpreted 
images. The minor elevation drops in the sparsely vegetated or bare upper surface are clearly distinguishable, while the rills that emanate 
from the channel initiation points beyond the overland flow zones gradually coalesce and grow into larger gullies as these progressively 
incise downstream. The band combination for both the images is that done for a Standard FCC (i.e. NIR, Red and Green in RGB).
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Figure 7.4  Worldview-3 PAN image of the western portion of the Gangani badland tract showing the upper and lower surfaces, gully 
headwalls and scarp edge and main gullies that debouch into the River Silabati in (a) uninterpreted, and (b) interpreted images.
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Figure 7.5  Historical (a) and recent (b) Google Earth images show the main landscape changes that have occurred in Gangani over the 
last two decades.
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Figure 7.6  Generated 3D model of a gully wall using close range photogrammetry and SfM techniques showing piping, hollowing, and 
minor weathering features. The GCPs for the survey were collected during a Total Station survey conducted in September 2017 and a 
Nikon CoolPix camera was used to obtain the required overlapping photographs. Note: See the PDF file of the same figure provided in the 
online repository for the interactive 3D model, Appendix A, for this model’s description and how to open and operate it, and Appendix-B 
to discern where this spot is situated within the Gangani Badlands.
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(a)

(b)

Figure 7.7  View across the western section of the Gangani badland tract with discerned morphological features in (a) uninterpreted, and 
(b) interpreted images. Note: See Appendix B, where this location has been marked in a Google Earth screenshot of the area.
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(a)

(b)

Figure 7.8  Incised main gullies and the differentially eroded/weathered escarpment separating the upper and lower surfaces at Gangani, 
as identified from (a) uninterpreted, and (b) interpreted images. Note: See Appendix B, where this location has been marked in a Google 
Earth screenshot of the area.
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Appendix A

Details about 3D model prepared via SfM for image 
given in Figure 7.6 and how to open/operate it

The 3D model for Figure  7.6 was prepared via the 
Structure-from-Motion (SfM) technique using multiple 
photographs of this landscape element. A number of 
minor geomorphic features can be distinguished, which 
have formed along the channel walls of one of the main 
gullies in Gangani (this location has been marked in the 
Google Earth screenshot included in the Appendix). From 
the 3D model, piping features are evident, along with the 
development of a hollow in the left portion of the figure. 
Weathered and broken-down blocks that have detached 
from the main gully wall are seen toward the right. The 
alternate fine depositional beds are distinguishable by 

their differential colors, while nodules of weathered ferri-
crete are visible on some of the minor slope segments.

In the 3D pdf file for Figure 7.6 (available in the online 
repository), do the following to visualize the 3D model:

Open the pdf file in Adobe Reader. From the top right 
corner of the opened file, select the Options button (in 
yellow) and click on the option “Trust this document 
always.” Then in the top left corner, click on the Question 
Mark (?) button that appears after the previous step. The 
3D image will now appear. Once it does, use the mouse 
scroll button (central wheel) to zoom in and zoom out of 
the 3D model. To rotate the model and move it around, 
press and hold the left click button on the mouse and 
then drag it. 

Appendix B

Google Earth screenshot to show locations of spots 
denoted in Figures 7.6–7.9
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Source: ESRI World Imagery Map Base Layer (primarily, Maxar [DigitalGlobe], ~1 m resolution); Earthstar Geographics 2.5 m resolution.
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8.1  Introduction

Remote sensing is an effective tool to decipher the 
structural geology and geomorphology of terrains (Misra 
et al. 2014; Dasgupta and Mukherjee 2017, 2019; Kaplay 
et al. 2017; Dasgupta et al. 2022; Gogoi et al. 2022). The 
Indian west coast has been of great importance for tec-
tonic and petroleum geological viewpoints (e.g. Misra 
et  al.  2015; Misra and Mukherjee  2017; Misra and 
Mukherjee 2018; Mukherjee et al. 2020). The coastline of 
Goa (Figure 8.1), which forms the southern part of Kokan 
coast originated after the India–Madagascar breakup at 
~88 Ma, trends parallel to the west coast fault of India 
and is characterized by west-facing scarp extending for 
1500 km (Sukhtankar 1995; Subrahmanya 1998).

8.2  Geomorphic Characteristics 
of the Goa Coast

The coast of Goa possesses significant geomorphic fea-
tures such as headlands, sea cliffs, wave-cut platforms, 
islands, estuaries and bays, beaches, spits and bars, dunes, 
and recent broad alluvial plains (Figure 8.1). It is located 
between N 14° 55′ 0″-15° 45′ 00″ latitude and E 73° 40′ 
00″ – 74°10′ 00″ longitude and stretches for about 100 km 
from the River Terekhol in the north to the River Talpona 
in the south. The Goa coast is highly indented with a 
presence of peculiar erosional and depositional land-
forms. Erosional landforms include headlands (at Baga, 
Aguada, Dona Paula, and Marmagoa), rocky platforms, 
cliffs (at Aguada and Marmagoa bays; Figure 8.3), estuar-
ies (at Zuari and Mandovi). and islands (Piqueno, Grande, 

St. George, and St. Jacinto), indicative of palaeo regional 
submergence (Fieo  1956; Krishnan  1956; Davies and 
Clayton  1980; Kale and Rajguru  1983; Ghate  1986; 
Wagle 1987, 1991; Dholakia 1995; Bloom 1998; Dholakia 
et al. 2000; Martha et al. 2013). Depositional landforms 
characterize beaches (at Calangute and Colva), parallel 
coastal dunes, and spit (at Betul), indicative of emergent 
coastline. The entire setup of the Goa coast has preserved 
the imprints of physical changes that have occurred over 
geologic time in the form of geomorphic features, which 
are manifestations of combined effects of neotectonics, 
eustacy, subaerial processes of erosion, and deposition 
(Fieo  1956; Krishnan  1956; Kale and Rajguru  1983; 
Ghate 1986; Wagle 1987, 1991; Dholakia 1995; Dholakia 
et al. 2000; Martha et al. 2013) Figure 8.1.

These erosional and depositional features are mapped 
on False Color Composite (FCC) (NIR, Red, and Green 
band) prepared from October 2020 Landsat-8 Operational 
Land Imager (OLI) data with a resolution of 30 m (https://
earthexplorer.usgs.gov) (Figure 8.2). However, the features 
such as rocky platforms (Figures 8.4a, b, 8.5b, and 8.6a), 
cliffs (Figures  8.4a, b) and spit (Figures  8.9a, 8.9b; 
Figure 8.11a) are more appreciable when viewed through 
high-resolution Google Earth imageries in 3D. Coasts 
with alternating headlands and half-heart shaped beaches 
are described as zeta-form beaches (Figure 8.12a, b). Each 
straight segment of zeta-form beach is rotated from the 
mean trend of the coast toward the dominant swell direc-
tion and offset relative to its neighbors (Yasso 1965; Davies 
and Clayton 1980; Bloom 1998; Claudino-Sales et al. 2018). 
The synoptic view of Google Earth image reveals the sig-
nificant development of zeta-form beaches (Figure 8.12a, b) 
at Bhatkal, Karnataka, India.
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Figure 8.1  Uninterpreted False Color Composite (FCC) (NIR, Red and Green band) of Landsat – 8 OLI/TIRS satellite image between Baga in the 
North and Betul in the south. Subset displaying a political map of India with the location of Goa state highlighted by red color box and fill.



8.2  Geomorphic Characteristics of the Goa Coast 79

73°40'0"E
15

°3
0'

0"
N

15
°2

0'
0"

N
15

°1
0'

0"
N

15
°3

0'
0"

N
15

°2
0'

0"
N

15
°1

0'
0"

N

73°50'0"E

73°40'0"E 73°50'0"E

Figure 8.2  Interpreted Landsat 8 OLI/TIRS False Color Composite (FCC) (NIR, Red and Green band) satellite image of indented coastline of 
Goa displaying geomorphic features. viz. Headland-A = Baga; Headland-B = Aguada; Headland-C = Dona Paula; Headland-D = Marmagoa; 
Bay = Aguada (North) & Marmagoa (South); Island-A = Grande; Island-B = St. George; Island-C = Pequeno; Island-D = St. Jacinto; Linear 
Beach = Calangute (North) and Colva (South); Crescent Shape Beachs = At East of Aguada Headland and South of Marmagoa Headland; 
Spit = At the end of Colva beach near Betul; Stabilized Dunes = Parallel to Calangute Beach; Tidal Flats = Near Mandovi and Zuari Estuary.
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Figure 8.3  In the satellite data, headland exhibits red color and medium to coarse texture due to presence of vegetation, e.g. Baga and 
Aguada. Funnel-shaped blue color Aguada bay between Aguada and Dona Paula headlands is prominently seen on satellite data. 
Stabilized dunes behind Calangute beach exhibit mixed red and blue color and medium to mottled texture due to scattered vegetation.
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Figure 8.4  (a) Uninterpreted Google Earth 3 – Dimensional view of headland, cliff, and rocky platforms at Baga. (b) Interpreted Google 
Earth 3 – Dimensional view of headland, cliff, and rocky platforms at Baga.
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(a)

(b)

Figure 8.5  (a) Photograph showing headland, cliff, and rocky platform at Baga. (b) Uninterpreted Google Earth 3-Dimensional view of 
headland and rocky platform at Aguada.



(a)

(b)

Figure 8.6  (a) Interpreted Google Earth three-dimensional view of rocky platforms at Aguada. (b) Photograph depicting seaward sloping 
rocky platforms at Aguada.
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Figure 8.7  (a) Uninterpreted image and (b) interpreted image. Funnel-shaped blue color, fine texture on satellite data marks Marmagoa 
bay between Dona Paula and Marmagoa headlands. Islands of St. Jacinto, Pequeno, Grande, and St. George are conspicuously seen within 
and outside the Marmagoa bay on satellite image by their rounded to elliptical shape, moderate texture, and red color due to presence of 
vegetation.
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(a)

(b)

Figure 8.8  (a) Photograph of St. Jacinto Island. (b) Photograph of Grande and St. George Islands captured from Marmagoa headland.
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(a)

(b)

Figure 8.9  Linear beach at Calanguate (Figure 8.2) and Colva appear as white color and fine texture on the satellite data. Image (a) is 
uninterpreted and (b) is interpreted. Southward extension of Colva beach with white color and medium to fine texture projecting into the 
water body is marked as Betul spit. It is more clearly appreciated when seen through the three-dimensional view of Google Earth (Figure 8.11a).
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(a)

(b)

Figure 8.10  (a and b) Photograph of straight linear beach at Calangute and Colva, respectively.
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(a)

(b)

Figure 8.11  (a) Three-dimensional Google Earth view of anchor-shaped spit of Betul. (b) Photograph revealing crescent-shaped beach to 
the east of Aguada (Figure 8.2b).
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(a)

(b)

Figure 8.12  (a) Uninterpreted synoptic view of Google Earth image of Zeta form beaches at Bhatkal, Karnataka. (b) Interpreted Google 
Earth image representing alternate headlands and half-heart shaped (Zeta form) beaches, Bhatkal, Karnataka.
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9.1  General Geology

Remote sensing has been a powerful tool to interpret the 
structural geology and geomorphology of terrains (e.g. 
Misra et  al.  2014; Kaplay et  al.  2017; Dasgupta and 
Mukherjee  2017,  2019; Dasgupta et  al.  2022; Gogoi 
et al. 2022). The Spiti River, a tributary of the Sutlej River, 
flows through the rain-shadow zone of the picturesque 
valleys of the Lahaul-Spiti district of Himachal Pradesh 
(Binita et  al.  2009; Gill  2010; Srivastava et  al.  2013). It 
starts from a glacier in the Kunzum Range with the 
mouth of the glacier at (Lat: 32°32′34″N; Long: 77°37′ E). 
The Spiti River constitutes a series of minor snow-fed 
tributaries from the glaciers on the northern slopes of 
the Great Himalayan Ranges. It flows through the Spiti 
Valley in a general southeasterly direction and drains 
into the Sutlej at Namgia. Rivers draining the famous Pin 
Valley drainage area are also a part of the Spiti river sys-
tem (Srivastava et al. 2013). The general geomorphology 
of the Spiti River basin is complex (Phartiyal et al. 2009b; 
Kujur 2013). The topography of the terrain is immature 
(Phartiyal and Kothyari 2012) and consists of deep val-
leys with steep edges, high mountain ranges, and a number 
of lakes (Binita et  al.  2009; Phartiyal et  al.  2009a). 

The entire area is a “cold desert” and receives scant rain-
fall. The rivers are all glacier-fed during the summers 
when the glaciers melt. The area is underlain by rocks of 
Neoproterozoic, Paleozoic, Mesozoic, and Cenozoic eras 
(Bhargava 2008). The lithostratigraphic layers generally 
trend NNE–SSW and NE–SW with steep slopes, and can 
be accessed along the river valleys.

9.2  Image Interpretation

The Spiti valley is characterized by glacio-fluvial geomor-
phology. However, this work depicts only the various flu-
vial geomorphic features along the Spiti River on 
high-resolution images provided by Google Earth 
(Figures 9.1–9.16). These images are high-resolution (typ-
ically <1 m) data products offered by Maxar Technologies 
and/or CNES Airbus. The red, green, and blue EM bands 
are merged into red, green, and blue channels in image 
processing, generating “True Color Composites” that gen-
erate naturally colored images. The imagery dates are dif-
ferent for each image and are mentioned in each image. 
The satellite image interpretation is supported with 
ground truth photographs from the field area.
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Figure 9.1 Hill- shaded topographic map of the Spiti River basin showing the geomorphology of the area. High mountain ranges appear in the entire area, traversed by deep gorges 
cut by swift- flowing rivers in their youth phases. River Beas and River Spiti are the major rivers cutting across this region. There are numerous glaciers that accumulate snow and feed 
these rivers. In this work, only fluvial geomorphology is depicted, so the glacial geomorphic features are out of scope here. Source: Image courtesy of Google maps in “Terrain view” 
mode. Inset: India map with the study area marked in red. Red dots: positions of ground truth locations.
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Figure 9.2 Satellite image showing the Spiti River valley flowing from NW to SE, and the high mountain ranges flanking either side with steep valleys. There are a number of glacier- 
fed tributaries feeding water into the Spiti River. All these tributaries are short and drain either from NE or SW into the trunk channel of the Spiti River. Red dot: ground truth location 
in Figure 9.3. Source: Image courtesy of Google Earth.
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Figure 9.3  Field photograph showing the deep gorge formed by the Spiti River flanked by the steep edges of the valley. Location of 
photograph marked as a red dot in Figure 9.2.
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Figure 9.4 Clean satellite image of Thakche area showing the Spiti River bed and a tributary of the Spiti River, called ThakcheNalla. Source: Image courtesy of Google Earth.
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Figure 9.5 Annotated version of satellite image in Figure 9.4. The expansive dry riverbed of the Spiti River is visible in the upper right of the image. The riverbed has large boulders, 
indicating the ephemeral high- energy streams that bring in sediments in the system. The image also shows thin streamlets that carry low- volume streams from the tributaries into the 
main channel. The tributary of the Spiti River called ThakcheNalla is also a seasonal channel, which had a broad unvegetated dry riverbed (marked “d”) and a vegetated riverbed 
(marked “v”). The vegetated area has finer sediments that allow for the growth of vegetation on the riverbed. There are a numerous colluvial fans (marked “f”) formed on the edges of 
the ThakcheNalla, developed by the activity of the short streams bringing sediments during seasonal floods. The ThakcheNalla is a narrow stream in the SW and develops into a broad 
stream as it reaches the Spiti River, possibly because of the change of slope along the course of the stream. Red dots: ground truth location in Figure 9.6. Source: Image courtesy of 
Google Earth.
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Figure 9.6  Field photographs for ground truth for the location shown in Figure 9.5. (a) Colluvial fans forming at the valley floor; (b) narrow 
channel of the ThakcheNalla at the upper part of the stream.
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Figure 9.7 Clean satellite image of Thakche area showing the Spiti River bed. Source: Image courtesy of Google Earth.
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Figure 9.8 Annotated version of satellite image in Figure 9.7. The vast unvegetated dry riverbed of the Spiti River is visible in most of the image. There are numerous colluvial fans 
(marked “f”) in the image. The riverbed deposits have different colors viz. mauve, light gray, ochre, which indicate the various layers of rocks eroded at the provenance during each 
flooding event. Such differences can only be picked up on a satellite image. Red dot: location from where the ground truth image (Figure 9.9) was taken. Source: Image courtesy of 
Google Earth.
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Figure 9.9  Field photograph looking toward E from the location marked in Figure 9.8. Note the broad riverbed and the colluvial fans on 
the base of the hills in the distance.
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Figure 9.10 Annotated satellite image showing the Spiti River and grooves on the bank. Red dot: location from where the ground truth image (Figure 9.11) was taken. Source: Image 
courtesy of Google Earth.
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Figure 9.11  Field photograph looking toward S from the location marked in Figure 9.10. Note the grooves on the banks, which form 
because of differential erosion of the banks due to wind and river action. The dark colored horizontal level is the maximum flooding level 
during the previous season.
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Figure 9.12 Clean satellite image of Key Monastery area showing the steep mountain cliffs to the NE and Spiti River to the SW. Source: Image courtesy of Google Earth.
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Figure 9.13 Annotated version of satellite image in Figure 9.12. The Key Monastery and the Spiti River are marked. 1, 2, and 3 are three hanging valleys, which were formed due to 
glacial action in the past, however they currently are fluvial river valleys, bringing in sediments in ephemeral (1) to perineal (2 and 3) flow along their streams. Red dot: location from 
where the ground truth image (Figure 9.14) was taken. Source: Image courtesy of Google Earth.
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Figure 9.14  Field photograph looking toward S from the location marked in Figure 9.13. 1, 2, and 3 are the corresponding hanging valleys 
in Figure 9.13.
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Figure 9.15 Annotated satellite image showing the Spiti River and presence of large, braided trunk channels (similar to Phartiyal et al. 2018). The Pin River, another important river in 
the Spiti Valley, also joins the Spiti River, forming a braided channel system. The braided system in the youth stage of a river is formed because of very high energy sedimentation due 
to slight local decrease of the slope. The braided bars can be either vegetated or non- vegetated depending on the fine fraction in the sediment. Red dots: locations from where the 
ground truth image (Figure 9.16) was taken.
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10.1  Mapping of Deformation Bands

To decipher structural geology and geomorphology of 
terrains, application of remote sensing is ubiquitous 
(e.g. Misra et al. 2014; Kaplay et al. 2017; Dasgupta and 
Mukherjee  2017,  2019; Dasgupta et  al.  2022; Gogoi 
et al. 2022). Deformation bands are some of the most 
distinguished features of the sandstone-dominated 
Miocene rock outcrops in Brunei Darussalam (this 
study), which is part of Borneo Island (Figure  10.1). 
These structures are formed in response to the strain 
localization processes in highly porous rocks and  
are routinely observed in various types of sandstones,  
limestones, siltstones, poorly welded volcanic tuffs,  
and breccias (Schultz and Siddharthan  2005; Fossen 
et al. 2007; Torabi and Fossen 2009). The geologic out-
crops in Brunei Muara are dominated by the shallow 
marine sedimentary sequence with interbedded sand-
stone and shale lithologies. These rocks are asymmetri-
cally folded, which is shown by the well-developed 
synclines and narrow anticlines (Figure  10.1). The 
Berakas syncline and Jerudong anticline are the struc-
tures that we have mapped in detail (Figure 10.1). The 
outcrop locations shown are located near the Jerudong 
anticline where steeply dipping beds, and we have 
mapped a number of faults in the area (Figure  10.2). 
Broadly, the faults are observed to have laterally dis-
placed the marker beds, which are mapped either as 
sinistral faults (labeled F1 and F3), or dextral strike-slip 
faults (F2) when viewed from the top. In this ATLAS, 

we have only been focused on one main fault in the 
Sengkurong outcrop, which is F1 (Figure 10.3). Aerial 
images (Figures 10.2, 10.3, and 10.6) were taken using 
the DJI Mavic 2 Pro while the field photographs 
(Figures  10.4 and  10.5) were taken using the Fujifilm 
XT20. The Sengkurong outcrop is part of Miri 
Formation, where sandstone dominates and interbed-
ded layers are a common occurrence. The fault has 
clearly displaced a number of lithological layers, and 
since sandstone dominates, a number of textbook 
examples of deformation bands can be observed. Some 
of the examples are shown in Figures 10.3–10.6. Fossen 
et al. (2007) have shown various types of deformation 
bands, and we have observed two such types at the 
Sengkurong outcrop, which are classified either as dis-
aggregation (Figure  10.4–10.6) or phyllosilicate bands 
(Figures 10.4 and 10.6). Disaggregation bands are dis-
tinguished by characteristic features involving rolling, 
boundary sliding, and breaking of bonding cements in 
grains along the brittle shear zone (Fossen et al. 2007). 
The phyllosilicate bands are easily identified because of 
the typical mm-scale offset of various bands and folia-
tions that are usually distinguished by variations in 
color, fabric, and a higher content of platy minerals 
(>10–15%), which causes the grains to slide and  
not fracture (Fossen et  al.  2007). Some phyllosilicate 
bands can develop into clay smears, as observed in 
Figures  10.4–10.6, which is usually attributed to the 
host rock lithology that contains 40% clay content 
(Fisher and Knipe 2001).
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Figure 10.1  The geological and structural map of Brunei Muara modified after Wilford (1960) and Morley et al. (2003), overlaid on the 30 m 
shuttle radar topography. The location map is shown on the left upper corner. The outcrop structural information is based on our own work 
(Jamalullail et al. 2021). The location of the study area labeled Figure 10.2 is located in Brunei Muara district, Brunei (4.900998, 114.830440).

Figure 10.2  (a) The map-view aerial image of 
the Sengkurong outcrop captured 100 m 
above sea level using the DJI Mavic 2 Pro. 
With its 20MP 1″ CMOS sensor, the drone was 
able to take high-resolution images, which 
shows the exposed shallow marine faulted 
rock sequence of Miri Formation of the site. 
(b) The faults traced and numbered as F1, F2, 
and F3 have laterally displaced the steeply 
dipping lithological beds. The F1 and F3 show 
evidence for sinistral displacement when 
viewed in map view, and with F2 is mapped 
as a dextral strike-slip fault. The sedimentary 
beds dip 63° toward SW.
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Figure 10.2  (Continued)

Figure 10.3  Uninterpreted (left) and interpreted (right) drone image of F1 taken 60 m above sea level. Flight time took less than 
15 minutes where images were taken at a constant height along the fault. The images were merged using Adobe Photoshop to create a 
single image showing the 11 m of the sinistral strike-slip fault that dips 83° toward the south. Black rectangle: Figures 10.4–10.6.
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Figure 10.4  Uninterpreted (a) and interpreted (b) field image taken using the Fujifilm XT20 handheld mirrorless camera. With its 
24.3MP 23.5 mm × 15.6 mm X-Trans CMOS III sensor, the camera was able to capture the details of the complex deformation bands. The 
feature here shows both the disaggregation and phyllosilicate band formation with clearly developed P-Y plane, according to Passchier 
and Trouw (2005). This feature clearly shows a left lateral strike-slip displacement.

Figure 10.5  Uninterpreted (a) and interpreted (b) field image taken using the handheld camera. The detail of the image shows a 
compressional deformation band formation zone with textbook examples of disaggregation bands and clay smears. From the high 
resolution (6000 × 4000 pixels), the details of the deformation bands were easily traced and illustrated.
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11.1  Deformation Bands

Remote sensing helps to decipher structural geology and 
geomorphology in mega-scale (e.g. Misra et  al.  2014; 
Kaplay et al. 2017; Dasgupta and Mukherjee 2017, 2019; 
Dasgupta et al. 2022; Gogoi et al. 2022). Brunei Darussalam 

is part of Borneo Island, which is tectonically surrounded 
by the plates of India, Australia, and the Pacific (Shah 
et al. 2018). The geologic map (Figure 11.1) shows the 
Brunei-Muara district, which is dominantly composed  
of shallow marine sedimentary rocks of the Miri and 
Belait Formation that were sourced from the fold and 
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Figure 11.1  Geologic map of Brunei-
Muara district, modified after Morley 
et al. (2003) and Aaisyah et al. 
(2020a, 2020b), showing that the area is 
mostly made up of alternating 
sandstones and shales of the Belait and 
Miri Formation. Two major structural 
features – Berakas syncline and Jerudong 
anticline – are shown. The selected site 
shown here is located on the western 
flank of the Jerudong anticline, which is 
cut by a thrust fault known as the 
Sengkurong fault.
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thrust belt in the east and have Setap shale at the base 
(Morley et al. 2003). The rocks are asymmetrically folded 
with broadly developed synclines and narrow anticlines, 
which are structurally controlled by faults at depth  
(e.g. Sandal  1996; Morley et  al.  1998,  2003; Aaisyah 
et  al.  2020a,  2020b). We investigated one of the best 
geological outcrops in Brunei, locally known as the “Lion 
King” outcrop, which shows textbook examples of faults, 
deformation bands, and shale smears. The map view 
exposure is quite large, which allows drone-based map-
ping with ease in the otherwise canopy-covered tropical 
regions of Borneo. The aerial images (Figures  11.2 
and 11.3) were captured using the DJI Mavic 2 Pro with 
close-up images (Figures  11.4–11.7) taken using the 

Nikon D7000, a handheld camera. Images captured by 
both pieces of equipment show that the subvertical sedi-
mentary beds are crisscrossed by faults and the length of 
a major fault zone can be continuously mapped for 60 m 
along the strike, which makes the site a perfect place to 
map the fault in detail (Figures 11.2–11.7). In this chapter 
we show some examples of the deformation bands, shale 
smears, compressional bends, and deformation lens 
(Figures 11.4–11.7) that we have mapped to understand 
the trapping and sealing potential of the outcrops. These 
structures are well developed; therefore, we have used 
high-resolution images to capture the kilometer to mil-
limeter resolution scale that illustrates the structure in 
much more detail.

Figure 11.2  The drone image of the “Lion King” outcrop located along the western limb of the Jerudong Anticline. The aerial image was taken 
by the DJI Mavic 2 Pro that is equipped with a 20MP 1″ CMOS sensor. Even at a height of more than 100 m, the cropped image of the outcrop 
clearly shows that the site is sandstone dominant with steeply west dipping (77°) beds that are pierced by a steeply south dipping (~ 70°) fault. 
This site is one of a few outcrops in Brunei Darussalam where textbook examples of brittle deformational structures can be observed. The 
drone image shown above captures the entire extent of the outcrop, where 60 m strike of the main sinistral strike-slip fault can be seen.



Figure 11.3  Uninterpreted (left) and interpreted (right) close-up drone image where the drone was flown lower to show the lithology and 
the fault zone along 10 m strike length of the main E–W trending fault. In the high-resolution (5472 × 3648 pixels) image, it is clear that the 
displacement varies along the strike of the fault, which is due to changes in lithology, fault interaction, branching, and deformation bands. 
The decreasing displacement toward the west shows that the deformation is mainly compensated by the formation of deformation 
bands, which are shown in Figures 11.4–11.7. Location is shown in Figure 11.2.

Figure 11.4  Uninterpreted (top) and interpreted (bottom) field images taken using the Nikon D7000, which has a 
16.2MP 23.6 mm × 15.6 mm CMOS sensor. Field photos were taken at a constant height along the fault to show the deformation zone. A 
compressional deformation bend with variable slip across the fault zone. The outcrop map view shows thin clay layers are offset along the 
fault, which is greater at the fault margins than within the core. The deflection of the sedimentary laminations within the fault zone is 
consistent with the left-lateral slip of the main fault. Location in Figure 11.3.
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Figure 11.5  Uninterpreted (top) and interpreted (bottom) field image showing the formation of disaggregation and phyllosilicate bands 
within the thin layers of laminated sand and clay. The displacement/slip of marker beds also reflect the left-lateral strike-slip displacement 
of the main fault, which has also caused the reduction of the pore spaces and permeability. The juxtaposition of lithologies is also 
observed, which makes it a good structural trap. Location in Figure 11.3.
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Figure 11.6  Uninterpreted (top) and interpreted (bottom) field image of the fault core showing sinistral strike-slip fault. The textbook 
example of fault lens is shown that contains highly strained rock and deflected layers, which are consistent with the geometry of 
compressional bends along the trace of the strike-slip fault. Location in Figure 11.3. Source: modified after Aaisyah et al. (2021).

Figure 11.7  Uninterpreted (top) and interpreted (bottom) field image showing the formation of disaggregation and phyllosilicate bands 
within the thin layers of laminated sand and clay. The deflection of the primary sedimentary lamination is consistent with the formation 
during the left lateral strike slip faulting. The juxtaposition of lithologies clearly suggest a good example of a structural trap and seal. 
Location in Figure 11.3.
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Remote sensing has been a powerful tool to interpret 
structural geology and geomorphology of terrains 
(e.g. Misra et al. 2014; Kaplay et al. 2017; Dasgupta and 
Mukherjee  2017,  2019; Dasgupta et  al.  2022; Gogoi 
et al. 2022). The Kachchh Rift Basin (KRB) is located at 
the western continental margin of India (Maurya 
et al. 2017; Padmalal et al. 2021; Shaikh et al. 2018, 2020). 
The seismically active landscape of this basin is domi-
nantly controlled by E–W tectonic fabric and NE–SW, 
NW–SE oriented transverse trending fault systems, 
which is clearly reflected in its geomorphic configura-
tion. The Kachchh Basin can be subdivided into five geo-
morphic units: (i) the Great Ranns and the Banni plain; 
(ii) the Island belt; (iii) the Wagad highland; (iv) the 
Mainland Kachchh region; and (v) the Coastal zone of 
Kachchh (Figure  12.1). This basin preserved 3000–
4000 m thickness of Mesozoic and Cenozoic sediments, 
overlaid unconformably by a thin apron of Quaternary 
sediments. The fault-controlled geomorphic setup and 
series of elliptical to oval-shaped domal structures are 
attributed to the inversion of the basin in the Late 
Cretaceous (Biswas  1987). The domes of mainland 
Kachchh are bounded by E–W trending master faults. 
The Kachchh Mainland Fault (KMF) and Katrol Hill 
Fault (KHF) are the major structural elements control-
ling the rugged topography of mainland Kachchh 
(Figure 12.1). Both these faults are seismically active and 
responsible for major earthquakes that occurred in the 
recent past. The geomorphological mapping of seismi-
cally active regions using satellite data and its integration 
with field evidence of neotectonic activities may help in 
the delineation of landscape variability, geomorphic 
evaluation of terrain, and slope-stability assessments 

(Chowksey et al. 2010; Maurya et al. 2003, 2017; Sissakian 
et al. 2020; Tiwari et al. 2021). It can also contribute to 
understanding the chronology of paleo-seismic events 
and natural hazard zonation. In this chapter, we have 
demonstrated the application of remotely sensed satellite 
data to interpret the neotectonic deformation and their 
geomorphic responses along KHF.

12.1  Tectonic Geomorphology  
of KHF

In the southern part of mainland Kachchh, KHF controls 
the topography, where E–W trending active fault line 
with youthful fault scarp extends ~60 km (Figures 12.1, 
12.2). Geomorphic mapping using satellite data and neo-
tectonic field studies reveal that this intra-uplift master 
fault is segmented by transverse faults and is not ruptur-
ing along its entire span (Figure 12.2) (Patidar 2010). The 
fluvio-tectonic interpretation of the Katrol Hill Range 
reveals that the KHF has been dissected into four dis-
crete segments by transverse faults (Figure  12.3). The 
linear profiles of fault scarp and drainage divide 
(Figure  12.4), local in homogeneities and variations in 
the attitude of fault plane along its length (Figure 12.2), 
systematic deflection, offsetting, and incision by younger 
order drainages within the vicinity of KHF, Quaternary 
terrace formation and surface rupture evidence along 
Khari river (Figure  12.5), abrupt meandering and deep 
incision in Quaternary sediments by Gunawri river in 
back-valley and retreated fault scarp of Khatrod area 
(Figure 12.6), and other geomorphological characters of 
individual segments indicate differential fault block 
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movement along the KHF (Maurya et  al.  2017,  2021; 
Patidar et  al.  2007,  2008). Systematic interpretation of 
remotely sensed satellite data supported by neotectonic 
field studies validate the persistence of KHF segments in 
space and time. It is also noticed that the dip of KHF var-
ies in all four segments. The KHF is dipping gently (45–
50°) due south in western segments while it becomes 
nearly vertical (75–80°) toward the eastern extremity 
(Figure 12.2).

The present work successfully demonstrated the uses 
of satellite and DEM data in morphostructural analysis 
of the Katrol Hill Range like drainage deflection and their 
reorganization due to neotectonic activity, back valley 
formation by Gunawri river due to vertical upliftment 

along KHF, tilted late quaternary miliolite sediments 
near the vicinity of transverse faults, vertically incised 
paired terraces and displacement of quaternary sedi-
ment along KHF in Khari river basin area (Figure 12.5), 
field validation and mapping of the fault plane, and 
retreated scarp analysis in the eastern part of the KHF. 
The quaternary landscape development, geomorphic 
observations, and neotectonic topographies indicate late 
quaternary tectonic reactivation of the KHF. It can be 
concluded that the transecting sites of KHF with trans-
verse fault are the weakest place to transfer accumulated 
fault stresses and responsible for recurring seismic activ-
ities in the mainland Kachchh region, and are also sus-
ceptible to future surface rupture.

Figure 12.1  Geological map of the Kachchh Basin superimposed on digital elevation model (https://www.usgs.gov) showing the 
tectono-geomorphic configuration. Geological and tectonic details are after Biswas (1987) and the color map is refurbished by Patidar 
et al. 2008. The present study area to the south of Bhuj is shown by a rectangle along Katrol Hill Fault (KHF). An up-to-date map of the area 
with compiled geoscientific information can be found in Shaikh et al. (2022).

https://www.usgs.gov/


12.1  Tectonic Geomorphology of KHF 127

69°45'

69°30'

69°15'

23°05'
23°10'

(m)

(a) (b)

(c) (d) (e) (f)

350

300

250

200

150

100

50

Figure 12.2  Tectonically controlled topography of the Katrol Hill Range (southern mainland Kachchh) and exposed traces of Katrol Hill 
Fault (KHF). (a) Uninterpreted satellite image (https://earth.google.com) showing a 3D view of the Katrol Hill Range. (b) A digital elevation 
model (DEM) of the southern mainland Kachchh, prepared using 90 m spatial resolution SRTM DEM (https://www.usgs.gov), showing 
southerly tilted rugged topography of E–W trending Katrol Hill Range and associated domal structures. The location of the KHF and 
transverse faults are marked based on satellite data interpretation and geological field mapping of neotectonic features (Patidar 2010). 
The tectono-geomorphic evaluation of the southern mainland Kachchh using field and ground-penetrating radar studies is established 
by Maurya et al. (2021) and Patidar et al., 2007, 2008. (c) Field photographs of the KHF showing variation in the dip of the fault plane in its 
entire length from east to west. The photograph shown in Figure 12.2c is taken from the SE of Samatra showing a gentle dip (45° due 
south). (d) Exposed KHF to the north of Bharasar dome showing a dip of 60° due south. (e) A steeply southward dipping (76°) fault plane 
exposed in a younger order stream to the North of Tapkeshwari. A prominent lithotectonic contact between Jhuran shale and Bhuj 
formation can be seen and marked as KHF. (f ) Field photograph of steeply southward dipping (~80°) KHF plane exposed to the North of 
Khatrod peak. The location of field photographs is shown in Figure 12.2b by red color fonts. The notations in the map are as follows: 1. 
Sansosradungar (233 m); 2. Dholadungar (270 m); 3. Jandia hill (234 m); 4. Khatrol (349 m); 5. Marutonkdungar; 6. Tapkeshwari; 7. Bharasar; 
8. Samatra; 9. Bhujiya fort (232 m); TF – Transverse fault; KHF – Katrol Hill Fault.

https://earth.google.com
https://www.usgs.gov/


Figure 12.3  Tectono-geomorphic analysis of the Katrol Hill Range. (a) A plan view of an uninterpreted satellite image (2021, https://earth.google.
com) showing rugged topography and tectonically controlled geomorphology of the Katrol Hill Range. (b) Interpreted satellite image draped 
over 90 m spatial resolution SRTM DEM (https://www.usgs.gov), showing a 3D view of the terrain. Note the tectonically complex and deformed 
structures in the southern part, while the low laying rocky plane of Bhuj is situated toward the North of KHF. The location of the KHF, transverse 
faults, and other structures are marked based on satellite data interpretation and geological field mapping (Patidar et al. 2007). The location of 
Figures 12.5 and 12.6 is shown by yellow boxes. (c) A 3D perspective view of a drainage network map of the Katrol Hill Range draped over 90 m 
spatial resolution SRTM DEM (https://www.usgs.gov), showing terrain elevation difference and tectono-geomorphic relation. Note the sharp 
geomorphic contrast between the rocky plain of Bhuj and the rugged topography of older Mesozoic formations to the south of the KHF. The rose 
diagrams prepared along north-flowing Khari, Pat, Dharawa, and Pur rivers show a distribution of directional data along oblique trending 
lineaments too. Dendritic and radial drainage patterns controlled by bedrock topography and patchy domal structures can be seen. An E–W 
trending Gunawari river back valley can be seen between range front scarps and drainage divide. See Figure 12.6 for more details.

https://earth.google.com
https://earth.google.com
https://www.usgs.gov/
https://www.usgs.gov/
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Figure 12.4  (a) N–S trending randomly selected topographic sections of the Katrol Hill Range showing topographic differences between 
crest line of the range front scarps and the drainage divide. Note the southward tilted rugged topography and formation of Gunawari 
river back valley between topographic section B and E. (b) Linear topographic sections along the E–W trending crest line and the drainage 
divide for the comparison of topographic changes and their relation with north-flowing rivers of the Katrol Hill Range. Note the irregular 
altitude along the crest line because of rapid erosion of the range front scarp due to the uplift along KHF. A remarkable observation is 
made that the Khari, Pat, and Dharawa rivers cross to KHF and flow northward from the areas where higher elevation differences between 
drainage divide and crest line are found. It is good evidence of geomorphic evaluation of surface topography, associated landforms, and 
younger fluvial system controlled by subsurface tectonic processes.



Figure 12.5  Geomorphic analysis and neotectonic field evidence from Kharriver, SW of Bhuj city. The location of this area is marked in 
Figure 12.3b. (a) A plan view of an uninterpreted satellite image (2021, https://earth.google.com) showing upper reaches of Quaternary 
filled Khari river valley. Note the rugged Mesozoic topography and formation of a deeply incised narrow valley. (b) Interpreted geological 
map of the area shown in (a). Mapping of various tectonic elements, KHF, transverse fault, and stratigraphy (Mesozoic/ Quaternary) is 
carried out based on interpretation of remote sensing data and geological field evidence. Formation of vertically incised paired terraces 
(field photograph shown in (e)) of eolian and valley-filled miliolite sediments (youngest quaternary sediments) by vertical incision 
(ranging between 6 and 16 m) by lower-order streams of Khari river indicates vertical uplift of the area due to reverse movement along 
KHF during its Late Quaternary reactivation. (c) Satellite image of the same area draped over 90 m spatial resolution SRTM DEM (https://
www.usgs.gov), showing a 3D perspective view of Quaternary filled Khari river valley, miliolite terraces, young scarp, and other tectonic 
elements. (d) Geomorphic mapping of the region shows southward tilted rugged topography of Fakirwadi and Bharasar domes to the 
south of KHF, while the low laying rocky plane of Bhuj is located to the North. Three cross-sections are also shown. The cross-section A-B is 
taken across the Khari river showing vertically incised narrow valley and paired miliolite terraces. The cross-section C-D is taken across the 
KHF showing a rapid increase in elevation toward the south due to reverse motion and upward movement of the hanging wall side. The 
precise location of the KHF is marked by field evidence and near-surface investigations using GPR (Patidar et al. 2007, 2008). The cross-
section E-F is taken along an N–S transect showing sharp geomorphic contrast across the KHF. Note variation in the dip of the scarp due 
to doming of the Mesozoic formations. (e) Field photograph of miliolite terrace incised by Khari river for ground validation of satellite 
image shown in (a)–(c). (f ) Exposed cliff section of late Quaternary sediments along Khari river showing reverse movement along KHF. 
Splaying nature of the gently southward dipping KHF plane is noticed during upward propagation in Quaternary sediment (Patidar 
et al. 2008). (g) Field photograph showing vertically incised narrow gorge developed to the north of KHF in Bhuj formation indicating 
differential upliftment along KHF. The location of field photographs is shown in (c).

https://earth.google.com
https://www.usgs.gov/
https://www.usgs.gov/


Figure 12.6  Geomorphic analysis and neotectonic field evidence from Gunawari back valley and Khatrod area located toward the eastern 
part of the Katrol Hill Range. The location of this area is marked in Figure 12.3b. (a) A plan view of an uninterpreted satellite image (2021, 
https://earth.google.com) showing Gunawari river valley located between the range front scarps and the drainage divide as shown in 
Figure 12.3a. (b) Satellite image draped over 90 m spatial resolution SRTM DEM (https://www.usgs.gov), showing an east-facing 3D 
perspective view of Gunawari river back valley filled with Quaternary deposits. Range front scarp of the KHF and drainage divide of the 
Katrol Hill Range to the south of the back valley can be seen. Mapping of E–W trending KHF and oblique trending transverse fault near Ler 
is marked based on interpretation of satellite data and geomorphic evidence of neotectonic deformation and GPR. (c) Field photograph of 
the back valley filled with Quaternary sediments. Note the E–W trending view of the drainage divide in the background. (d) Field 
photograph showing deeply incised (~10 m thick) Late Quaternary sediments (valley-filled miliolite, alluvium) by a meandering curve of 
Gunawari river in the back valley. Overall southward tilted topography of Mesozoic strata can be seen in the background. (e) Field 
photograph from further east showing unconformable contact between south-dipping Mesozoic rocks and overlaying Quaternary 
stratigraphy (valley-filled gravel and miliolite deposits). (f ) Incised cliff exposing fine-grained alluvium that unconformably overlies the 
Mesozoic formations at the base in the eastern part of the Gunawari river valley. (g) An uninterpreted satellite image showing the Khatrod 
dome located at the eastern end of the KatrolHill Range. The location of this area is marked in Figure 12.3b. (h) Satellite image draped over 
90 m spatial resolution SRTM DEM (https://www.usgs.gov), showing a north-facing 3D perspective view of the rang front Khatrod scarp. At 
this part of the Katrol Hill Range, the crest line of the range front scarp and drainage divide meets together and extends further eastward 
as shown in Figure 12.4a. During the geological field mapping, a steeply southward dipping (~80°) plane of KHF is found around 1 km 
north to the range front scarp, which indicates the southward retreat of the fault scarp due to erosion. Abrupt deflection in the north-
flowing small order drainages is also noticed near the vicinity of KHF. (i) A panoramic view of north-facing range front scarp of the KHF at 
khatrod area. A youthful topography of a fault scarp and the fan-shaped scarp-derived colluvium deposits can be seen at the base.

https://earth.google.com
https://www.usgs.gov/
https://www.usgs.gov/
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13.1  Introduction

Synergistic interactions between geologic structures 
and topography have long been recognized to reflect 
numerous Earth processes and rock properties over 
time (e.g. Dasgupta and Mukherjee 2017, 2019). In this 
review contribution we briefly highlight the scientific 
history and then the tectonic and geologic framework, 
and upper crustal structural geologic attributes that 
have collectively contributed to the topography of  
the Alaska–Canada Cordillera in existence today 
(Figure 13.1). Alaskan geologists and explorers of the 
late nineteenth century observed and recognized the 
intimate connections among mountainous topogra-
phy, geologic structures, and rock types. Paraphrasing 
Walter C. Mendenhall of the U.S. Geological Survey 
(Mendenhall 1905): “. . .The general strike of the beds, 
[is] parallel to the axis of the adjacent parts of the 
Alaska Range, [and] to the structural valleys of the 
region. Toward the north the formation is limited by a 
profound fault. The faulting has crumpled the soft 
Permian shales, and the confusion too complex for 
solution by reconnaissance work.” Brooks and Prindle 
(1911), Moffit and Pogue (1915), Capps and Moffit 
(1933), and many colleagues in subsequent explora-
tions made additional improvements on their prede-
cessor’s field work. These field-based observations, 
over time, built upon each other resulting in important 
intellectual advancements in the pondering of the 
hypothesis that tremendous blocks of Earth could 
move long distances along “great faults” and ultimately 
control topography.

13.2  Regional Tectonics of the 
Northern Cordillera

It was not until the advent of plate tectonics in the mid-
twentieth century that researchers began to view the nature 
of the northern Cordillera orogen as a quilt of foreign 
pieces of crust or “suspect terranes” (e.g. Coney et al. 1980; 
McPhee 1983). Alaska and northwestern Canada including 
Yukon, British Columbia, and associated continental mar-
gins reflect the record of largely additive or accretionary 
tectonic processes and the evolution of the western North 
American craton (i.e. Laurentia; Figures  13.1 and  13.2; 
Colpron et al. 2007; Monger and Gibson 2018). This com-
plex (and still active) marginal region of Laurentia includes 
continental and oceanic terranes sculpted by multiple 
phases of contraction, translation, and extension from the 
late Proterozoic. Microcontinents and various fragments 
have been adjoined to the stable cratonic margin, and pos-
sibly pushed out of the way (i.e. extruded); ocean basins 
have opened and closed; ancient and modern volcanic 
island arcs with associated subduction zone plutonic sys-
tems have stitched these pieces together; and rocks were 
buried-metamorphosed-exhumed (Plafker and Berg 1994; 
Dusel-Bacon et al. 2006; Bradley et al. 2014). The entirety 
of this crustal patchwork was reincorporated into the  
combined contractional and translational conveyor system 
via continental scale shear zones with hundreds of kilom-
eters of displacement and, in the present landscape,  
host some of the world’s highest and longest terrestrial 
mountain ranges thus directly controlling adjacent topog-
raphy (Figures 13.1–13.3; e.g. St. Amand 1954, 1957; Till 
et al. 2007; Trop et al. 2019).
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(a)

(b)

Figure 13.1  (a) 30-m digital elevation model (DEM) hillshade image showing major continental topography and bathymetry. The locations of 
Denali (D), formerly named Mount McKinley; Talkeetna Mountains (Tm); and the Wrangell volcanic arc (Wv) are shown in the inset map area 
for Figure 13.2. Kr denotes the location of the Kluane Ranges and the eastern Denali fault (Source: Image and DEM is from Airbus, USGS, 
NASA, CGIAR, NCEAS, NLS, OS, NMA, Geodatastyrelsen, GS, and the GIS User Community). (b) Major terranes grouped by tectonic affinity, 
tectonic features, and fault map of the northern Cordillera overlaid on DEM (Source: modified from Colpron and Nelson 2011). Major faults 
are shown as white, dark gray, and red traces and include AMT, Aleutian megathrust; BRF, Border Ranges; LCF, Lake Clark; CMF, Castle 
Mountain; CSF, Chatham Strait; DF, Denali; HCF: Hines Creek; FF, Fair weather; KF, Kaltag; QCF, Queen Charlotte; TF, Tintina.
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(a)

(b)

Figure 13.2  (a) Google Earth™ image showing topographic details of the Alaska Range, abbreviations as in Figure 13.1. (b) Image in A 
with major structural geologic, tectonic, and geodynamic features superimposed. Insets show overall location in the northern Cordillera 
of Alaska (USA) and Canada and major terranes.
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(a)

(b)

Figure 13.3  Oblique aerial photographs looking along the Denali fault in the Alaska Range (Source: photos by Jeff Benowitz). 
Thermochronometric ages and associated mineral chronometers with respective ages are also shown on either side of the Denali 
fault with red dashed lines pointing to the sample locations. Note the lack of age continuity with position along the fault and with 
topography (see Benowitz et al. 2011, 2014; Burkett et al. 2016). Photo locations shown in Figure 13.2. View directions are (a) West to 
Denali (Mount McKinley) and (b) East to Mounts Deborah and Hayes.
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13.3  The Denali Fault and the 
Alaska Range: Topography, 
Geophysics, and Crustal Processes

Like a giant scar sliced through the Earth’s upper crust, 
the ~2000 km long Denali fault has puckered up the 
Alaska Range as one of the paramount examples of a 
mountain range-fault system (Figures  13.1–13.4). The 
mountain range-fault system is arcuate in shape, covered 
in alpine glaciers, and is segmented with displacements 
and topography that are not uniformly distributed along 
its trace. The Eastern and Central Denali fault segments 
have accommodated at least 400 km of right-lateral 
strike-slip separation and in places kilometer-scale 
reverse slip since ca. 57 Ma (Riccio et al. 2014). The far 
western segment has ~130 km of dextral separation since 
~85–70 Ma (e.g. Eisbacher 1976; Nokleberg et al. 1985; 
Plafker and Berg  1994; Lowey  1998; Cole et  al.  1999; 
Miller et al. 2002; Ridgway et al. 2002). Ancient to mod-
ern components of reverse, oblique, and strike slip are 
reflective of the dominantly transpressional nature of the 
fault system (e.g. Plafker and Berg 1994; Eberhart-Phillips 
et al. 2003; Bemis et al. 2015).

The Alaska Range shows complexity in topographic, 
geometric, and exhumational age asymmetry along and 
across the strike of the Denali fault zone attributable to 
several factors (Figures  13.4 and  13.5; Benowitz 
et  al.  2011,  2012). These factors include orogen-scale 
transpressional tectonics; fault geometric elements such 
as the major restraining bend along the Denali fault 

where the extreme topography of Denali occurs (for-
merly known as Mount McKinley, the highest peak in 
North America at 6190  masl); variations of juxtaposed 
rock types of different intrinsic strengths; as well as cli-
mate and weathering, particularly due to glacial pro-
cesses (Benowitz et al. 2011; Fitzgerald et al. 2014; Lease 
et al. 2016; Burkett et al. 2016; Regan et al. 2020). The 
modern topographic signature of the Denali fault zone 
reflects a combination of linked vertical and horizontal 
slip since at least 45  million years, northward conver-
gence of southern Alaska against the Denali fault since at 
least 30 million years, and late Cenozoic global cooling 
and related glaciation rearranging mass distribution in 
these sub-arctic mountains (Benowitz et al. 2011; Riccio 
et al. 2014; Lease et al. 2016; Haeussler et al. 2017).

To illustrate fault-related topography and asymmetry 
associated with the Denali fault, simple topographic 
profiles showing average elevation versus distance along 
fault strike are presented in Figure  13.4. Figure  13.4 
shows topographic profiles along the fault trace and 
subparallel profiles connecting many of the highest 
summits on either side that fall within 5–10 km of the 
fault trace (see Data Supplement for profile locations 
and other metadata). From the west end of the fault to 
Denali (Mount McKinley, see point DF on Figure 13.4) 
there is symmetry in the locations of topographic highs 
among the profiles, moderate variations in the magni-
tudes of the highs relative to the fault trace, and a switch 
in the topographic highs where the north side has a 
higher high compared with the south side relative to the 
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Figure 13.4  Plot of averaged elevation along the surface trace of the Denali fault and along two arbitrary subparallel lines on either side 
of the trace that connect many of the high summits. (Note that the profiles are smoothed with the use of a 4-point moving average.) The 
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Figure 13.5  Geophysical data associated with the northern Cordillera of Alaska showing major faults (DF, Denali fault; TF, Tintina fault; 
modified from Saltus et al. 2007). (a) Magnetic potential derived from merged aeromagnetic data are shown as colored regions with 
regional aeromagnetic domains noted with text. (b) Complete Bouguer gravity (colored regions) and topography (gray contour lines have 
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trace (Figure 13.4). Just west of Denali (Mount McKinley) 
the fault trace, the south and north sides of the fault, all 
show roughly co-located increases in topography. 
However, the magnitude of the high on the south side is 
about three times greater than that along the trace and 
along the north side reflecting the immense topography 
of Denali (Mount McKinley) on the concave-south side 
of the bend in the fault trace (Figure 13.4). Additionally, 
the overall possible effects of the fault on local topogra-
phy are found within a narrow region on either side of 
the fault, particularly when compared with the fault 
trace length (e.g. Figure  13.3). Directly east of Denali 
(Mount McKinley) the profiles show strike-parallel 
broadening in the topography with fault trace and 
south-side profile highs being reasonably co-located 
(Figure 13.4). These topographic features are consistent 
with overall right-lateral strike-slip but also vertical 
components of slip; topography in the restraining bend 
at Denali (Mount McKinley); vertical extrusion between 
the Hines Creek and Denali faults (Figure  13.2); the 
complexities in exhumational age; and possibly the rela-
tive variations in resistance to weathering of various 
rock types within and adjacent to the Denali fault itself 
(e.g. Benowitz et al. 2011, 2014).

The tectonic-scale processes associated with slip, 
deformation, and topographic change along the Denali 
fault are tied to oblique convergence of the ancient Kula 
and Pacific plates with the North American plate, and 
more recently with flat slab subduction of the Yakutat 
microplate resulting in modern seismic activity such as 
the 2002 M7.9 Denali fault earthquake (Figure 13.2; e.g. 
Eberhart-Phillips et al. 2003; Eberhart-Phillips et al. 2006; 
Haeussler et al. 2003). The arcuate, oroclinal shape of the 
Denali fault and the Alaska Range are controversial but 
have been in place since ca. 45 Ma and likely earlier 
(Murphy 2018; Benowitz et al. 2021). The Oligocene to 
present subduction of the over-thickened Yakutat flat 
slab involved a change in plate motion at ~6 Ma (e.g. 
Fitzgerald et al. 1995). This change caused several geody-
namic effects along much of the Alaska Range and the 
Denali fault including the onset of rapid exhumation of 
Denali (Mount McKinley) as well as significant volcan-
ism in the Wrangell volcanic arc (Figures 13.1 and 13.2; 
e.g. Brueseke et al. 2018; McDermott et al. 2021).

Magnetic and gravity data show distinctive, continental-
scale domanial anomalies (Figure 13.5; Saltus et al. 2007; 
cf. Schulte-Pelkum et al. 2020). These anomalies are geo-
metrically aligned with the southern Alaska plate margin, 
the orogenic tectonic grain, and the Alaska Range, and 
thus indicate that subsurface crustal features may play a 
role in controlling tectonic inheritance, reactivation of 
geologic structures, and topography. Alaska’s gravity sig-
nature is challenging to model, particularly due to the 
dynamic nature of subduction along the southern margin 

and Aleutian megathrust (Saltus et  al.  2007). Although 
the commonly observed inverse relation between topog-
raphy and the complete Bouguer gravity anomaly is 
absent in southern Alaska and is also not strong along the 
Alaska range in central Alaska, particularly at Denali 
(Mount McKinley), there is a residual gravity gradient 
along the northern edge of the Alaska Range (Figure 13.5; 
Saltus et al. 2007). This gravity gradient from the western 
to central Denali fault disappears along and north of the 
eastern Denali fault. The domains also include regional 
scale alternating magnetic highs and troughs. The north-
eastern margin of the southern Alaska magnetic high is 
co-located with the Alaska range but diverges to the 
southwest at the central and western segments of the 
Denali fault zone. The northern boundary of this mag-
netic high tracks with the northern boundaries of the 
Wrangellian and Peninsular terranes (Insular terranes in 
Figure  13.1). The magnetic high has been attributed to 
Late Triassic emplacement of deep crustal mafic mag-
mas, associated tectonism, and over-thickened crust 
(Saltus et  al.  2007) prior to the inception of the Denali 
fault. However, the divergence of the magnetic boundary 
from the central to western Denali fault may indicate that 
the factors controlling tectonic inheritance may not be 
the same along any one terrane boundary at any given 
time. Additionally, the possible northwestern gravity gra-
dient may also be consistent with post-Late Triassic pro-
cesses such as the location of inception, geometry, and 
exhumation associated with the younger evolution of the 
Alaska Range and Denali fault zone.

13.4  Exceptional Bedrock 
Exposures Reveal Strain Localization 
Along the Denali Fault

Although direct exposures of the Denali fault zone in 
bedrock are exceptionally rare, regional to outcrop scale 
observations show the common internal structure con-
sisting of some degree of strain localization in one or 
more, and presumably relatively weak, fault cores and an 
associated, commonly hydrothermally altered, damage 
zone (e.g. Caine and Forster 1999; Faulkner et al. 2003). 
In the field, the influence of the Denali fault and its 
geometry are easily recognized controls on local topog-
raphy. Figures 13.3, 13.4, and 13.6 show that, in general, 
the fault core and possibly damage zone regions, com-
prising the entire fault, are weathered out and in many 
areas host glaciers, rivers, and in the southeastern seg-
ment of the Denali fault, major fjords. Within about 
5–10 km on either side of the fault zone the major verti-
cal component of high topography, directly related to 
the fault itself, begins to fall back to background 
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elevations (Figures 13.4 and 13.5; cf. Benowitz et al. 2011; 
Schulte-Pelkum et  al.  2020). Along the eastern Denali 
fault in southwest Yukon, the entire fault zone is exposed 
near Kluane Lake (Figure  13.6). Here the fault zone is 
characterized by the juxtaposition of highly weatherable 
carbonaceous metapelites against more resistant meta-
volcanic rocks (Caine et al. 2015). The entire fault zone 
here is on the order of only 100 m wide indicating 
extreme and long-lived strain localization, and it also 
forms an important modern drainage feature. Thus, 

from regional scale topographic and geophysical data to 
outcrop scale observations, the Denali fault zone 
appears to be a highly strain-localized feature. Ongoing 
research that integrates multi-scale geologic mapping, 
topographic analyses, advances in thermochronology, 
geophysics, and geodynamics will continue to refine the 
original hypotheses made over a century ago toward an 
understanding of the fully integrated scope of tectonics, 
fault zones, and landscape evolution in the northern 
Cordilleran orogen.

(a)

(b)

Figure 13.6  Photographs of outcrop-scale, 
bedrock exposures of the Denali fault (photos 
by the authors). (a) View looking west at the 
Gunsight Pass-Muldrow Glacier exposure in 
Denali National Park (Benowitz et al. 2011). 
The fault juxtaposes ca. 40 Ma McGonagall 
Granite (light gray rocks, EMg) against 
Mesozoic meta sediments (dark gray rocks, 
MzMs). The fault trace in magenta strikes 
west–east and the dip is subvertical. Fault 
block motion toward the reader is shown by 
the magenta circled dot and motion away by 
the circled plus sign. The inset was taken from 
Gunsight Pass and looks east to where the 
enclosing photo was taken from on the 
Muldrow glacier. (b) Oblique aerial view of the 
Eastern Denali fault in the Kluane Ranges of 
southwest Yukon, Canada (Caine et al. 2015). 
The view is looking northwest showing the 
juxtaposition of Permian Hasen Creek 
formation metapelites (PH) against Upper 
Triassic Bear Creek assemblage metaplutonic 
and metavolcanic rocks (uTrBv). The fault 
strikes northwest–southeast and is 
subvertical shown by the magenta trace with 
arrows showing relative motion of each fault 
block). The reddish, fault parallel bands are 
iron-oxide rich hydrothermally altered zones 
associated with faulting.
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The demarcation and analysis of linear geomorphological 
features from satellite images occupies a significant place in 
several geologic investigations (e.g. Dasgupta et  al.  2022; 
Dasgupta and Mukherjee  2017,  2019; Gogoi et  al.  2022; 
Kaplay et al. 2017; Misra et al. 2014). Lineaments are used to 
infer mineral prospects of a region, analyze structural defor-
mation pattern/trends, identify geological boundaries, and 
infer crustal structure and various subsurface phenomena in 
areas of unexposed lithology (Anand and Rajaram  2004; 
Tiren 2010). In addition, lineaments help in understanding 
the hydrogeological conditions of a region along with its 
extensive use in seismic and landslide hazard assessment 
studies (Ahmadi and Pekkan 2021; Azar et al. 2019; Marghany 
and Hashim 2010; Masoud and Koike 2006; Mountrakis and 
Luo 2011; Pour and Hashim 2012; Qari et  al. 2008; Ramli 
et al. 2010). Remotely sensed imagery plays a vital role in line-
ament mapping over large areas and particularly in inacces-
sible regions of the Earth’s surface. Imagery acquired using 
sensors in different spectral regions like optical and Synthetic 
Aperture Radar (SAR) has complementary information in 
this regard and has shown significant improvement in both 
the quantitative and qualitative aspects. Taking into account 
the varied aspects, we present here a comparative analysis of 
geological lineaments derived from SAR and optical data 
taken from two different climatic regimes pertaining to 
humid sub-tropics and semi-arid regions. The humid sub-
tropical region is mostly covered with moderate to dense 
vegetation, whereas the semi-arid region contains sparse veg-
etation due to dry weather conditions. The extracted linea-
ments from satellite data along with rose diagrams 
representing its trend and length are demonstrated in figures 
for an improved understanding regarding the different 
advanced semi-automatic algorithms implemented.

We utilized freely available satellite imagery, i.e. 10 m 
pixel size C-band Sentinel-1 SAR ground range detected 
(GRD) products acquired in IW mode (https://developers.
g o o g l e . c o m / e a r t h - e n g i n e / d a t a s e t s / c a t a l o g /
COPERNICUS_S1_GRD#description), 25 m spatial resolu-
tion L-band ALOS PALSAR global mosaic of 2017 (https://
developers.google.com/earth-engine/datasets/catalog/
JAXA_ALOS_PALSAR_YEARLY_SAR#description), 
and Level-2A Sentinel-2 multi-spectral surface reflectance 
products (https://developers.google.com/earth-engine/
datasets/catalog/COPERNICUS_S2_SR) datasets from 
Google Earth Engine (GEE), a cloud computing platform. 
In this study, Lineament Extraction (LINE) tool inbuilt in 
the software PCI Geomatica is used for initial lineament 
extraction. The LINE tool parameters, i.e. RADI, GTHR, 
LTHR, FTHR, ATHR, and DTHR are optimized based on 
geological lineaments provided by the Geological Survey of 
India (GSI) through Bhukosh portal (https://bhukosh.gsi.
gov.in/Bhukosh/Public). Furthermore, automatic extracted 
lineaments are further refined, based on the ArcGIS true 
color composite image and Digital Elevation Model (DEM) 
database over the study area.

14.1  A Case Study from Humid 
Subtropical Region

The study area is a part of the Indo-Burma Range with an 
extent between 93.50° E and 93.89° E longitudes and 24.38° 
N to 24.94° N latitudes as shown in Figure 14.1. Overall, 
the study area is encompassed by several neotectonic fea-
tures, viz. thrust faults, anticlines, and right and left lateral 
active faults in its vicinity. Geologically, the rocks in the 
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Figure 14.1  Geological map of the study area showing the major lithotectonic units adapted from GSI (2020); accessed on 3 February 
2020. The area is encompassed by several neotectonic features like thrust faults, anticlines, and right and left lateral active faults. The 
Loktak lake located in Moirang is one of the largest and most important freshwater lakes (287 km2) in northeast India. The red square 
denotes the area of interest for lineament extraction demonstration.
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Indo-Burman ranges are made up of Neogene molasses, 
Tertiary, and Cretaceous Flysch sediments, which occupy 
70% of Manipur with older igneous and metamorphic 
rocks (Singh et al. 2013). The terrain in this region is highly 
undulating with slope ranging from 0 to 73°.

In this section we analyze the performance of multi-
parametric SAR data for lineament extraction. The 
median image of Sentinel-1 SAR data collection 

acquired during January to December 2018 and ALOS 
mosaic data of 2017 are considered for this case. In 
addition to these, cloud-free composite generated from 
Sentinel-2 multi-spectral data acquired during February 
to April 2018 is also considered. The multi-frequency 
(C and L-bands) multi-polarization (like and cross) 
provided in Figure  14.2 clearly shows that C-band is 
more sensitive toward topographic variations than the 

Figure 14.2  Analysis of multi-frequency multi-polarized SAR data for lineaments in a humid sub-tropical region. Lineaments are extracted 
from part of the Indo-Burma ranges: (a) C-band VV (vertical transmitting, vertical receiving); (b) C-band VH (vertical transmitting, 
horizontal receiving); (c) L-band HH (horizontal transmitting, horizontal receiving); and (d) L-band HV (horizontal transmitting, vertical 
receiving). Results are enlarged to the red square extent denoted in Figure 14.1 for demonstration purposes.
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L-band. It is also observed that the like-polarization 
(VV) provided slightly improved results in comparison 
with cross-polarization (VH) data. Figure 14.3 exempli-
fies that the lineaments oriented perpendicular to the 
SAR sensor look direction are more prominently 

extracted than those in parallel direction. Thus, inte-
gration of lineaments extracted from multi-look SAR 
data has been carried out to improve the performance 
(see Figure  14.4). The detailed procedure for integra-
tion of lineaments extracted from multi-look SAR data 

Figure 14.3  Analysis and superposition of lineaments extracted from C-band VV backscatter data for (a) ascending pass and (b) 
descending pass for a region in the humid tropics. Results are enlarged to the red square extent denoted in Figure 14.1 for demonstration 
purposes; (c) and (d) represent the bidirectional rose diagrams showing the length of the lineaments along with its major trend for entire 
study area. The red line in the rose diagrams denotes the mean lineation vector.
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is provided in Ghosh et al. (2021). In addition to this, 
Sentinel-2 optical data has also been explored for this 
purpose. In this regard, 10 bands acquired in blue, 
green, red, red edge, near infrared, and shortwave infra-
red regions are considered. These bands are initially 
processed using principal component analysis (PCA) 
and identified as the best band for lineament extrac-
tion. The lineaments derived from Sentinel-2 optical 
data is given in Figure  14.5. The study results, as 
observed from Figures  14.4 and  14.5, demonstrated 
that the lineaments derived from SAR and optical data-
sets show significant difference in pattern/trends in 
vegetation-covered regions. It is observed that the 
multi-look SAR data derived lineaments are numerous 
as well as matching with the pattern/trends with the 
lineaments provided in Bhukosh portal of GSI.

14.2  A Study from an Arid Region

An area south of the Khetri copper belt in the northwest-
ern part of India has been chosen for extraction and 
analysis of lineaments using satellite images. Copper 
deposits in the Khetri copper belt are hosted in the 
Proterozoic sequence of rocks, which belong to the 
Ajabgarh group of Delhi Supergroup situated in the foot-
hill zone of Aravalli Mountain range North-West, India. 
The copper belt is a 100 km-long metallogenic province 
trending in the NE–SW direction, extending from 
Singhana in the north to Sangarava in the south. The 
area is located in a sub-tropical, semi-arid region with 
mean annual rainfall around 500 m. The mid-Proterozoic 
Delhi Supergroup comprises shallow-water, sedimentary 
rocks, with lesser mafic and felsic volcanic rocks hosting 

Figure 14.4  (a) Analysis and superposition 
of lineaments extracted from multi-look 
C-band SAR VV backscatter data in the 
humid subtropical region. Results are 
enlarged to the red square extent denoted 
in Figure 14.1 for demonstration purposes; 
(b) Bidirectional rose diagram representing 
length for lineaments along with its major 
trend for entire study area. The red line in 
the rose diagram denotes the mean 
lineation vector.
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the copper mineralization (Knight  2002). These rocks 
have been deformed into numerous NE–SW striking, 
doubly plunging folds as seen in Figure 14.6.

In this section, the median image of dual-polarized 
Sentinel-1 SAR data collection acquired during January 

to December 2020 and cloud-free composite of Sentinel-2 
optical image collection acquired during April to May 
2020 are considered for analysis. Figures 14.7 and 14.8 
demonstrate the lineaments extracted from multi-look 
Sentinel-1 SAR VV backscatter and Sentinel-2 optical 

Figure 14.5  (a) Analysis and superposition of lineaments extracted from optical data (Sentinel-2) in the humid subtropical region (false 
color composite is considered to enhance geology). Results are enlarged to the red square extent denoted in Figure 14.1 for 
demonstration purposes; (b) Bidirectional rose diagram representing length for lineaments along with its major trend for entire study 
area. The red line in the rose diagrams denotes mean lineation vector.
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imagery, respectively. The rose diagrams denote the 
major trend of the lineaments extracted from satellite 
images, in the NE–SW direction, which is complemen-
tary with the trend of the lineaments formed in this 
region. The study results observed that the multi-look 
SAR and optical derived lineaments are showing similar 

pattern/trends in the arid region. However, SAR data-
derived lineaments are numerous in comparison to  
those derived from optical data. Therefore, it is indicated 
that the use of multi-look SAR data is preferable to the 
optical data for lineament extraction purposes in arid 
regions.

Figure 14.6  Figure 14.1 Geological map of the study area showing the major lithotectonic units adapted from GSI (2020 [accessed 3 
February 2020]). The red square denotes the area of interest for lineament extraction demonstration from remotely sensed imagery. 
The entire region is located south of the Khetri Copper belt, NW India.
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Figure 14.7  (a) Analysis and superposition of lineaments extracted from multi-look Sentinel-1 SAR data in an arid region. Results are 
enlarged to the red square extent denoted in Figure 14.6 for demonstration purposes; (b) Bidirectional rose diagram representing length 
for lineaments along with its major trend. Red line in rose diagram: mean lineation vector.
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Figure 14.8  (a) The analysis and superposition of lineaments extracted from Sentinel 2 optical image. Results are enlarged to the red 
square extent denoted in Figure 14.1 for demonstration purposes; (b) Bidirectional rose diagram representing length for lineaments along 
with its major trend. The red line in the rose diagram denotes mean lineation vector.
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15.1  Introduction

The application of remote sensing has greatly enhanced 
structural and geomorphic interpretations of terrains  
(e.g. Misra et  al.  2014; Kaplay et  al.  2017; Dasgupta and 
Mukherjee  2017,  2019; Dasgupta et  al.  2022; Gogoi 
et al. 2022). Airborne LiDAR (Light Detection and Ranging) 
is currently one of the most advanced remote sensing 
methods of collecting data to produce digital elevation 
models (DEM). The main advantage of LiDAR is detecting 
series of reflections, which after filtering allows us to get 
high-resolution data of the elevation even in areas with a 
lush vegetation cover, which is the case in the Carpathians. 
LiDAR data has become a great source of structural infor-
mation, especially in geological mapping (e.g.: Cieszkowski 
et al. 2017; Jagodnik et al. 2020; Kania and Szczęch 2020).

The study area is located in the Polish part of the Outer 
Carpathians (Figure  15.1). The Carpathians are the 
mountain-arc located in central Europe between Austria 
and Romania. From the geological point of view, there are 
two main zones: The Outer and the Inner Carpathians 
separated by Pieniny Klippen Belt (Książkiewicz  1977; 
Plašienka 2018; Golonka et al. 2019). The selected exam-
ples are in the Polish sector of the Outer Carpathians, 
known also as Flysh Carpathians (Mahel  1974; 
Książkiewicz  1977). They are built mainly of the flysh 
deposits of the Late Jurassic to Middle Miocene age. The 
total thickness of these deposits is 6000 m (Mahel  1974; 
Książkiewicz  1977; Golonka et  al.  2005,  2019; Ślączka 
et  al.  2006). The sediments were deposited in the deep 
basins of the northern Tethys, which were separated by 
ridges. During the Miocene, these sediments were detached 
from the basement, folded, and overthrusted as a series 
of nappes (from the south): Magura Nappe; Dukla and 

Foremagura nappes; and Silesian, Subsilesian, and Skole 
nappes (Książkiewicz  1977). The folding, overthrusting, 
and later faulting were results of the collision of Inner 
Carpathians, which are part of the ALCAPA microplate 
with the North European Platform (Plašienka  2018; 
Golonka et al. 2021). The nappes of the Outer Carpathians 
were overthrusted on the autochton of the Carpathian 
foredeep Miocene deposits with the underlying southern 
margin of the North European Platform (Mahel  1974; 
Golonka et al. 2005, 2019; Plašienka 2018).

We present some examples of how geological struc-
tures such as faults and joints, overthrusts, bedding, and 
folds can be interpreted from the high-resolution air-
borne LiDAR DEMs. The data were obtained during the 
Polish state program of the digital mapping of geohazards 
(Wężyk 2015). All models are in 1 m/pixel resolution.

The basic image for interpretation presented in this 
chapter is a multidirectional hill-shade model. However, 
we were using the following auxiliary images derived 
from the DEMs: slope angle maps, topographic position 
index, and vertical and horizontal Sobel filter (Nixon and 
Aguado 2019). We observe that the most effective method 
of interpreting the model is often changing the visualiza-
tion method, however with a constant working map scale. 
Additionally, on the interpretation map, we added topo-
graphic contours to show the bedding dip.

15.2  Faults and Joints

These structures are the most common ones. The inter-
pretation bases on the presence of the lineaments 
(O’Leary et  al.  1976). The lineaments can be: (i) clear 
straight features present in morphology, like stream valleys; 
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(ii) zones of visible relative layers displacement; and (iii) 
weakly visible lines in the image, in most cases verified 
by using other than the hill-shade image. Only type 2 can 
be directly interpreted as a fault; however, in most cases 
of type 1 and 3, field investigation allows the interpreta-
tion of lineaments as tectonolineaments, especially fault 
zones (Figure 15.2). In some cases, the presence of the 
faults is also enhanced by tearing and relative displace-
ment of mountain ridges.

We confirmed tectonic interpretation of the linea-
ments in many places, by finding displacements or fault 
breccia zones in a field (Figure  15.2). Moreover, our 
interpretation fits to published geological maps as in the 
case of northern part of the Gorce Mts (Mszana Tectonic 
Window, Figure 15.5) which was mapped by Szczęch and 
Cieszkowski (2021).

15.3  Overthrusts

The presence of overthrust is inferred from the geologi-
cal mapping of the area. However, the detailed interpre-
tation of DEM allows us to determine the position of the 
overthrust even in the areas without outcrops. This is 
possible especially if there is a strong contrast in rocks 
lithology on both sides of the overthrust trace. On the 
other hand, the presence of the faults cutting the over-
thrust can often be visible on the model.

15.4  Bedding

As the Outer Carpathians are built of flysh rocks, the 
common situation is alternating of the layers of shales 
and sandstones. The contrast in the weathering and ero-
sion susceptibility of these two lithologies creates a pat-
tern of slight changes in the slope angle, creating the 
natural intersection lines on the DEMs. Some of the 

most prominent beds were marked on the interpretation 
images by wide semi-transparent lines. The layers dip 
can be interpreted by observing the angle between layer 
traces and topographic contours. In some places, the 
bodies of the thick-bedded sandstones (like Magura 
sandstone) forms clear thresholds in the morphology.

15.5  Folds

The folds axes can be interpreted mainly by detailed 
analyses of the pattern of the layers. This is in most cases 
backed by traditional geological mapping data.

We selected five cases from the different geological 
units of the Outer Carpathians to show examples of the 
structural interpretation.

15.6  The Lubogoszcz Mountain (Figure 15.3)

This is one of the Beskid Wyspowy range culminations. 
The characteristic feature of the morphology in this area 
is the presence of short, isolated mountain ridges. The 
mountains massifs are, from a structural point of view, 
cores of synclines formed by thick-bedded Oligocene-
Miocene sandstones of the Magura Formation, gently 
dipping to the syncline axis. This dipping results in low-
angle cross-cutting of the intersection lines and morpho-
logical contours. The syncline axis is marked, trending 
SW–NE, turning to W–E in the eastern part. Note two 
prominent faults, cutting the ridge with NNW–SSE 
trends. These faults are accompanied by some less visi-
ble, however also likely of tectonic genesis, lineaments. 
The NE corner of the mountain as well as its SE part are 
big landslides. The body of thick-bedded sandstones is 
separated from an underlying packet of thin-and 
medium-bedded sandstone-shales and shales by distin-
guishing morphological threshold.

Figure 15.1  Localization of the presented models in the Polish Carpathians (Cieszkowski et al. 2017).
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15.7  Ustrzyki Górne Area (Figure 15.4)

The trending of mountain ridges in this area is a direct con-
sequence of the geological structure. Steeply dipping beds 
are trending NW–SE and are composed of alternating lay-
ers of the Krosno sandstone and shales, which is visible in 
the DEM. In particular, relatively thin layers of the resistant 
sandstones are visible as sharp steps. The fault system is 
dominated by NE–SW faults. The second set is developed 
mainly in the northern part of the area. The model allows us 
to see relationships between two systems, showing the 
second one (N–S) to be older, cut and displaced by the first 
one. Note that the gorge of a stream in the centre of the 
image is also probably based on the fault of the first system.

15.8  Mszana Tectonic Window Area 
(Figure 15.5)

This example shows the trace of overthrust of the Magura 
Nappe, which is reflected as contrast in morphology. The 
overthrust is cut by a younger series of NW–SE trending 
faults, and a subsidiary set of NE–SW faults. The second-
ary thrust line can be spotted in the easter part of the 
area. A morphological threshold is a boundary between 

thick-bedded Magura sandstones in the south and a less 
resistant packet of thin- and medium-bedded sandstone-
shales and shales of different lithostratigraphic forma-
tions in the north. The presence of shale packets between 
Magura sandstones allows tracing bedding on the model, 
showing in general intermediate dipping (30–40°).

15.9  Dzwonkówka (Beskid Sądecki) 
(Figure 15.6)

This area is located near the southern boundary of the 
Outer Carpathians. The dominating set of lineaments 
(NNW–SSE) is characterized by long, continuous forms 
as visible in the central part of the model. These two 
forms are probably conjugate with NNE–SSW short 
faults visible in-between forming major dislocation zone. 
The dominating set is continued far to the south, to the 
Pieniny Klippen Belt, which is a suture zone between 
Outer and Inner Carpathians. A relationship between 
two sets of lineaments that can be spotted in the NE part 
of the map suggests the NE–SW set to be probably an 
older one. The massif and steeply dipping Magura 
sandstones make interpretation of bedding difficult, 
especially in the eastern part of the area.

(a)

(c) (d)

(b)

Figure 15.2  Field examples of structures in the DEM lineaments localities. (a) – tectonic melange in a fault zone; (b) – fault breccia in the 
sandstone; (c) – damage zone in the flysch; (d) – fault surfaces in the thick-bedded sandstone. Source: All photos taken in the GorceMts 
(near or in the area presented on the Figure 15.5).
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Figure 15.3  The Lubogoszcz Mountain. The massif is in fact core of the syncline built of thick bedded sandstones. The inset present slope 
angle image showing how the beds are broken on the fault line. More details in the text.
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Figure 15.4  Ustrzyki Górne area in the Bieszczady Mts. Note the regular bedding cut by lineaments system. Cross-cutting faults in the NE 
quarter allows to interpretate fault sets relationships. An inset shows details of the one of the fault zone related lineament visualized with 
Sobel filter enhancing linear features. More details in the text.
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Figure 15.5  The Mszana Tectonic Window area. Note the overthrust reflecting in the morphology as well as boundary of the thick-bedded 
sandstones visible as morphological threshold. More details in the text.
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Figure 15.6  Dzwonkówka Mountain. Note the system of NNW–SSE faults forming the fault zone. More details in the text.
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15.10  The Barnasiówka Ridge (Figure 15.7)

This mountain ridge, built of thick-bedded sandstones of 
the Godula beds surrounded by more eroded softer lay-
ers of shales and tin-thin and medium-bedded sandstone-
shales flysch is an excellent opportunity to see how the 
bedding is reflected in the DEM. Changing in the lithol-

ogy is visible in the mode as morphological thresholds. 
The ridge is trending parallel to the beds and is cut on 
the west by a prominent fault. There are two cross-
cutting sets of faults that are visible in the Barnasiówka 
Ridge; in many cases short stream valleys are developed 
on these faults. The Barnasiówka Ridge’s zigzag shape is 
also probably an effect of the tectonic pattern.

Figure 15.7  The Barnasiówka Ridge. Note the morphological thresholds on the contact of different lithologies. More details in the text.
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16.1  Introduction

Structural geology and geomorphology of terrains 
can  be explained using remote sensing images (e.g. 
Misra et  al.  2014; Kaplay et  al.  2017; Dasgupta and 
Mukherjee  2017,  2019; Dasgupta et  al.  2022; Gogoi 
et al. 2022).We provide examples from the area between 
the west flowing Narmada and Tapi Rivers in the central 
part of the Indian plate that is variously known as the 
Central Indian Tectonic Zone (CITZ) and Son-Narmada-
Tapi (SONATA) zone. This ENE–WSW trending zone 
comprises the Narmada Son fault (NSF) and the Tapi 
fault (TF) systems, in addition to several related faults 
(Acharyya et al. 1998; Ravi Shankar 1992). The zone has 
undergone intense tectonic activity several times during 
the geological history of the Indian plate, including the 
Quaternary time period (Chamyal et  al.  2002). In its 
western part in the Gujarat state, the zone shows evi-
dence of intense deformation under compressive stress 
regime during the Quaternary (Maurya et  al.  2000; 
Chamyal et al. 2002). This is indicated by the ENE–WSW 
trending anticlines and reverse faults in the exposed 
Tertiary rocks, reverse nature of the NSF and TF, and 
the southward tilted trappean lava flows (Agarwal 1986; 
Roy 1990; Chamyal et al. 2002; Chamyal et al. 2022; Raj 
et al. 2003). The alluvial basin of the Narmada River to 
the north of NSF shows geomorphic evidences of uplift 
during the early and late Holocene, suggesting differen-
tial uplift along the NSF under compression (Chamyal 
et al. 2002; Joshi et al. 2013a) (Figure 16.1).

16.2  Narmada–Tapi Interfluve

Drainages in neotectonically and seismically active 
regions show remarkable influence on drainage basin 
shapes and channel morphology (Maurya et  al.  2021). 
The drainage configuration in the region between the 
Narmada and Tapi Rivers shows a variety of strong tec-
tonic controls. The ENE–WSW trending NSF zone is 
characterized by north flowing transverse drainages that 
arise in the trappean uplands to the south of the NSF. 
These drainages to the north of NSF incise the alluvial 
deposits by 40–50 m and show parallel drainage pattern 
developed in response to the prominent northward slope 
of the alluvial plain (Joshi et al. 2013a). In contrast, these 
drainages in the trappean uplands show strong trellis 
drainage pattern influenced by the ENE–WSW and 
NNW–SSE trending conjugate fracture system evidenced 
by the dyke swarm and joints along with linear ridges and 
valleys. Within the uplands, the drainages show several 
reaches that are straight as an arrow, suggesting the pres-
ence of faults and fracture zones that are not mapped so 
far. Deeply incised bedrock channels and multiple water-
falls indicate neotectonic uplift of the area.

The drainages arising from the western fringe of the 
trappean uplands flow westward and follow valleys con-
trolled by the ENE–WSW trending anticlines and reverse 
faults in Tertiary rocks. Within the deformed Tertiary 
domain, a linear alignment of Kosamba, Dungari, Dinod, 
and Talodara anticlines bounded by subvertical reverse 
faults in their respective southern limbs form a major 
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Figure 16.1  (a) Map of India showing the location of Gujarat. (b) Map of Gujarat showing major climatic zones (from https://mausam.imd.gov.in). 
Black box shows the area covered in (c). (c) Satellite image of the area draped over 30 m resolution DEM. Location of the Narmada-Son Fault (NSF) 
and the Tapi Fault (TF) is based on Joshi et al. (2013a) and Kaila et al. (1981). Black boxes show the areas enclosed in Figures 16.2–16.8. Note the 
influence of ENE–WSW structural trend on the landscape induced by the Narmada-Son Fault (NSF) and the Tapi Fault (TF). The majority of the 
drainages meet the Narmada River while there is only one tributary that meets the Tapi River on its northern bank. The Kim River basin is the only 
independent drainage basin in the Narmada-Tapi interfluve. (Source: Google Earth Pro V 7.3 (31 December 1990). Image Landsat/Copernicus, 
Resolution of the image: 4800 × 2275. http://www.earth.google.com and www.opentopography.org).

www.https://mausam.imd.gov.in
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Figure 16.2  Satellite image of the Nandikhadi River, a northward flowing tributary of the Narmada River draped over 30 m resolution 
DEM. Note the north facing scarps along the NSF and trappean uplands to the south showing strong ENE–WSW structural fabric. The 
north sloping alluvial basin to the north comprises Late Pleistocene bajada fan surface in the piedmont zone and alluvial plain deposits 
further north (Joshi et al. 2013b). Location of the image is shown in Figure 16.1. Note multiple waterfalls in Narmada-Son Fault (NSF) zone. 
Field photographs of the waterfalls are shown in Figure 16.3. (Source: Google Earth Pro V 7.3 (31 December 1990). Image Landsat/
Copernicus, Resolution of the image: 4800 × 2275. http://www.earth.google.com and www.opentopography.org).



Figure 16.3  Waterfalls in Nandikhadi River suggesting neotectonic activity along the Narmada-Son Fault (NSF) zone. Location of all 
waterfalls are shown in Figure 16.2. Yellow arrows show upstream dips of Deccan Trap lava flows while white arrows denote the flow 
direction of river. (a) Distant view of the waterfall 1 and rapids. (b) Close view of the waterfall 1 formed over upstream dipping trappean 
lava flows. (c) Panoramic view of the waterfall 2. (d) Close view of waterfall 2. (e) View of waterfall 3.

Figure 16.4  Satellite image of the Madhumati River, a north flowing tributary of the Narmada River, superimposed over 30 m resolution DEM. 
The NSF marks the trappean uplands to the south of it and alluvial plain to the north. Note the anomalous northward swing of the Madhumati 
River along the cross fault F3. The river course shows three segments: ENE–WSW trending structurally controlled channel in upper part; 
NNW–SSE along F3 in the middle part; and the meandering channel in the alluvial plain to the north of the NSF. Location of the image is shown 
in Figure 16.1. Field photographs of the incision and waterfall are shown in Figure 16.5. (Source: Google Earth Pro V 7.3 (31 December 1990). 
Image Landsat/Copernicus, Resolution of the image: 4800 × 2275. http://www.earth.google.com and www.opentopography.org).
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Figure 16.5  (a) Upstream view of the straight canyon-like bedrock channel of Madhumati River controlled by cross-fault of NSF named as 
Madhumati Fault shown as F3. Note the ~40 m deep incision in the Deccan Trap lava flows forming vertical rocky cliffs along the banks. 
(b) ~8 m deep waterfall in Madhumati River suggesting neotectonically active nature of the Madhumati Fault. Location of the waterfall is 
shown in Figure 16.4.

ENE–WSW trending drainage divide. The drainages to the 
north of these highs swing northward around other anticli-
nal highs to join the Narmada River. To south of these 
highs, the Kim River continues to flow westward to form 
the only independent drainage basin between the Narmada 

and Tapi Rivers. The continued westward course of the 
Kim drainage basin is also attributed to the presence of 
anticlinal highs to the south of it including the Tarkeshwar 
high. Except for the Anjanakhadi stream, there is no major 
tributary joining the Tapi River on its northern bank.
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Figure 16.6  Satellite image draped over 30 m resolution DEM showing an anomalous straight segment of the Karjan River in the trappean 
uplands. Note the fracture controlled trellis drainage pattern and abrupt swing of the river at either ends of the straight segment of the 
river. The straight as arrow channel suggests the possible influence of fault. (Source: Google Earth Pro V 7.3 (31 December 1990). Image 
Landsat/Copernicus, Resolution of the image: 4800 × 2275. http://www.earth.google.com and www.opentopography.org).



Figure 16.7  Satellite image draped over 30 m resolution showing strongly trellis drainage network in the trappean uplands indicating 
existence of conjugate fracture system and dykes. Persistent and straight course of the rivers suggest possible influence of faults. Notice 
the four-stream junction at the confluence of the Dhamankhadi River with the Tarav River. Location of the image is shown in Figure 16.1. 
(Source: Google Earth Pro V 7.3 (31 December 1990). Image Landsat/Copernicus, Resolution of the image: 4800 × 2275. http://www.earth.
google.com and www.opentopography.org).



Figure 16.8  Satellite image showing central and upper part of the Kim drainage basin superimposed over 30 m resolution DEM. The right 
half of the image comprises Deccan traps with strong ENE–WSW tectonic fabric. The structural highs shown in the western half are formed 
in Palaeogene and Neogene rocks under compression. Note that the Amravati River and Kaveri River swing north due to structural highs 
to meet the Narmada River further north. In contrast, the Kim River continues to flow westward due to the series of ENE–WSW trending 
anticlinal highs bounded by reverse faults located on its northern bank. (Source: Google Earth Pro V 7.3 (31 December 1990). Image 
Landsat/Copernicus, Resolution of the image: 4800 × 2275. http://www.earth.google.com and www.opentopography.org).
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17.1  Introduction

Remote sensing has been a powerful tool to study struc-
tural geology, tectonics, and geomorphology in different 
terrains and rocks types (e.g. Misra et al. 2014; Dasgupta 
and Mukherjee 2017, 2019; Dasgupta et al. 2022; Gogoi 
et al. 2022). Remote sensing can reveal faults within lith-
ologically variable sedimentary rock units that are not 
subdivided on geologic maps. For example, the Ediacaran 
Johnnie Formation is widely exposed within the south-
western United States, but the formation is not subdi-
vided on the highly generalized Geologic Map of Nevada 
(Stewart and Carlson 1978) and more recent compila-
tions (e.g. Slate et  al.  1999). However, the Johnnie Fm. 
contains numerous carbonate, siltstone, sandstone, and 
quartzite intervals. These intervals are up to tens of 
meters thick and are mappable on the ground over dis-
tances of up to a few kilometers (e.g. Abolins  1999; 
Witkosky and Wernicke 2018), indicating that it should 
be possible to use Airborne Visible/Infrared Imaging 
Spectrometer (AVIRIS) images to identify locations 
where strata are offset across macroscale faults. AVIRIS 
Classic images are used because the images have a smaller 
cell size (~20 m) than Landsat multispectral images 
(~30 m cell size). Also, AVIRIS has a higher spectral res-
olution (224 contiguous bands from 400 to 2500 nm) 
than Landsat and commercial multispectral systems. The 
AVIRIS Classic system has acquired data since 1986. 
Although the newer AVIRIS Next Generation (NG) 
system can acquire images having a higher spatial reso-
lution (typically 0.3–4 m), AVIRIS Classic data has already 
been acquired at select locations around the world, and is 

available at no cost upon request (URL: https://aviris.jpl.
nasa.gov/data/get_aviris_data.html).

17.2  Geologic Setting of the Northwestern 
Spring Mountains, Nevada

The Spring Mountains are a relatively unextended block 
between the Death Valley and Lake Mead extended 
domains in the Basin and Range geomorphic province of 
the southwestern United States (Figure 17.1). Although the 
Spring Mountains are less extended than adjoining areas, 
both extensional and contractile structures are exposed 
within the range (e.g. Burchfiel et al. 1974; Abolins 1999; 
Giallorenzo et  al.  2017). As shown in Figure  17.2, the 
Johnnie Fm. outcrops at elevations of ~830–2050 m along 
the boundary between the northwestern Spring Mountains 
and the adjoining extended domains. For example, the 
contact between the Johnnie Fm. and the overlying 
Ediacaran Stirling Quartzite is at an elevation of ~1820 m 
at Point A and ~1240 m at Point B on Figure 17.2. Because 
of this difference in elevation (~580 m) and the east, north-
east, and southeast dip of the Johnnie-Stirling contact 
throughout most of the northwestern Spring Mountains, 
there is probably a major dip-slip fault between Points A 
and B. This chapter describes an AVIRIS image of litho-
logic units cut by two faults between points A and B. These 
faults are Patrick’s Fault (~1.9 km long) and the Hill 5482 
Fault (~17.3 km long). Another fault, the Gold Springs 
Fault (~9.6 km long), is also imaged. All three faults appear 
on the Stewart and Carlson (1978) compilation, which is 
based primarily on field mapping.

17
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Figure 17.1  Location of the study area in the northwestern Spring Mountains (SM) in relation to the Las Vegas Valley Shear Zone (LVVSZ) and the relatively unextended Sierra Nevada 
Mountains (SN), Colorado Plateau (CP), and Sheep Range (SH). Source: Adapted from an illustration in Wernicke et al. (1988).
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Figure 17.2  Highly generalized map of faults and Johnnie Formation outcrop in the northwestern Spring Mountains, NV. P-Patrick’s Fault, 
H-Hill 5482 Fault, G-Gold Springs Fault. Source: From Stewart and Carlson (1978). See Figure 17.1 for location.

17.3  Using Remote Sensing 
to Subdivide the Johnnie Formation

Comparison of a 1996 AVIRIS Classic image (Figure 17.3a) 
with a geologic map (Figure  17.3b) shows that Johnnie 
Fm. siltstone, quartzite, and carbonate intervals can be 
imaged south of Point A. Geology mapped on the ground 
(Abolins1999) provides ground truth. Of particular inter-
est are the regionally widespread Upper Johnnie Fm. 
(Zju) Rainstorm Member and locally widespread Middle 
Johnnie cherty dolostone (Zjm1a). The Rainstorm 
Member has a distinctive ~2 m thick oolitic dolostone 

near its base and consists mostly of siltstone, carbonate-
cemented sandstone, sandy limestone, and intraforma-
tional limestone breccia (Figure 17.4). Within the Johnnie 
Formation in the northwestern Spring Mountains, the 
intraformational limestone breccia is significant because 
it is largely confined to the Rainstorm Member. Marker 
beds are not as readily apparent in the siltstone and sand-
stone of the Lower Johnnie Formation (Zjl).

Figure 17.3a is a simulated Landsat 5 Thematic Mapper 
(TM) band ratio image. The rationale for processing data 
in this way is that there is a large literature devoted to the 
interpretation of Landsat TM band ratio images (e.g. 
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Figure 17.3  (a) AVIRIS Classic simulated Landsat Thematic Mapper band ratio image (Flight line ID: f960411t01p02_r03); (b) geologic map 
(Abolins 1999); and (c) cross-section (Abolins 1999) of the Middle (Zjm) and Upper (Zju) Johnnie Formation and part of the Stirling 
Quartzite (Zs). See Figure 17.2 for location.
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Crippen 1989; Sadek et al. 2020). AVIRIS radiance values 
are summed over the wavelength ranges of each of the 
Landsat bands (e.g. AVIRIS bands 10–24 for Landsat 5 
Thematic Mapper Band 1), and minimum radiance 

values are then subtracted to reduce haze. In terms of 
Landsat 5 TM bands, colors are assigned in the following 
way: red = band 5/band 7, green = band 5/band 4, and 
blue = band 3/band 1. To incorporate overall brightness 
(e.g. shadows), each color is multiplied by the average of 
the six simulated and haze-reduced visible/near-infrared 
TM bands.

17.4  Imaging Faults Within 
the Johnnie Formation

Principal component analysis (PCA) is used to image three 
faults in the center of the study area (Figures 17.5 and 17.6). 
The rationale for using PCA is that it has been used in car-
bonate remote sensing studies (e.g. Bellian et al. 2007). Two 
faults, the Hill 5482 Fault and the Gold Springs Fault, offset 
the cherty dolostone (Zjm1a), but both offset it by rela-
tively modest amounts because they place Lower Johnnie 
Fm. (Zjl) strata against Lower Johnnie Fm. strata. For the 
Hill 5482 Fault, the hanging wall cutoff is ~60 m lower than 
the footwall cutoff, and the hanging wall cutoff is ~125 m 
lower than the footwall cutoff for the Gold Springs Fault. In 

Figure 17.4  Upper Johnnie Formation (Zju) Rainstorm Member 
intraformational limestone breccia.

Figure 17.5  (a) AVIRIS Classic principal component image (red = PC3, green = PC2, and blue = PC1) and (b) interpretation. Principal 
component analysis based on 164 AVIRIS bands from parts of the spectrum least affected by atmospheric absorption (AVIRIS bands 
1–107, 114–152, 171, 176–177, 180–192, and 195–196). To reduce haze, minimum radiance values were subtracted from each band. 
P-Patrick’s Fault, H-Hill 5482 Fault, G-Gold Springs Fault. Flight line ID: f960411t01p02_r04.
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contrast, the third fault, Patrick’s Fault,1 has a much larger 
stratigraphic throw because it juxtaposes the Stirling 
Quartzite (Zs) and Upper Johnnie Formation (Zju) on the 
northwest with the Lower Johnnie Formation (Zjl) on 
the  southeast. Geologic mapping (Figure  17.7) shows 
that  the Upper Johnnie Fm. (Zju) and Stirling Quartzite 

(Zs) are at an elevation of only ~1350 m at Point C on the 
northwest side of the fault, which is ~470 m lower than the 
elevation of the contact between the two at Point A. These key 
structural relationships clarify the location of a major normal 
fault that separates the northwestern Spring Mountains from 
the adjoining extended domains (Figure 17.8).

Figure 17.6  (a) Visualization (southeast view) of the footwall of Patrick’s Fault and (b) interpretation. See Figure 17.5 and text for 
explanation of principal component image. Bar-and-ball ornament is on down-thrown side of each normal fault. P-Patrick’s Fault, H-Hill 
5482 Fault, G-Gold Springs Fault. Vertical exaggeration: 2×.

Figure 17.7  (a) AVIRIS Classic principal component image and (b) geologic map (Abolins 1999) of units outcropping along Patrick’s Fault. 
Zjl-Lower Johnnie Formation, Zju-Upper Johnnie Formation, Zs-Stirling Quartzite. Bar-and-ball ornament is on down-thrown side of each 
normal fault. See Figure 17.5b for location of Point C.

1 This fault is “Paddy’s Fault” in Abolins (1999). As is customary, Paddy’s Fault was named after a location named on a U.S. Geological Survey 
1 : 24 000 topographic map. “Patrick’s Fault” is used here out of cultural sensitivity.
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18.1  The 2018 Mw 7.5 Palu Earthquake

Remote sensing has been a powerful tool to interpret 
structural geology and geomorphology of terrains (e.g. 
Misra et  al.  2014; Kaplay et  al.  2017; Dasgupta and 
Mukherjee  2017,  2019; Dasgupta et  al.  2022; Gogoi 
et  al.  2022). At 6:02 p.m. on 28 September 2018 
(10:02 a.m., 28 September Coordinated Universal Time 
[UTC]), a magnitude Mw 7.5 earthquake struck the dis-
trict around Palu City, Sulawesi Island, Indonesia. More 
than 2000 people died and more than 70 000 houses were 
reported to be damaged by the earthquake due to the 
associated strong ground motion and related disaster. 
Before the occurrence of the 2018 Palu earthquake, we 
arrived at Palu City on 27 September and experienced 
the earthquake. We conducted investigations of surface 
ruptures and related disasters in Palu City beginning one 
day after the occurrence of the earthquake. A number of 
remote-sensing, unmanned aerial vehicle (UAV), and 
photography images were obtained.

18.2  Coseismic Surface Rupture 
and Related Disaster Produced by 
the 2018 Palu Earthquake

The causative fault of the Palu earthquake was the Palu-
Koro fault, which is a sinistral strike-slip fault cutting 
through Sulawesi Island (e.g. Stevens et al. 1999; Socquet 
et al. 2006, 2019; Wu et al. 2020). Along this fault within 
the Palu basin, the coseismic surface rupture developed 

mainly within a deformation zone several meters to sev-
eral tens of meters wide, causing serious damage and 
casualties, and was dominantly characterized by left-
lateral dislocation (Song et  al.,  2019; Wu et  al., 2020; 
Figures  18.1, 18.2). Using the deformed roads as linear 
surface markers, coseismic displacements were measured 
(Figures 18.3–18.5). Meanwhile, the Palu earthquake also 
generated cascading hazards including tsunami and sand 
liquefactions, considered to be the main cause of cata-
strophic loss. Cyclics hearing of loosely compacted, fluid-
saturated sediments during earthquake-induced ground 
motion results in reduced shear strength in the affected 
media and the occurrence of liquefaction (Quigley 
et al. 2013). During the 2018 Palu earthquake, west of the 
rupture zone, the topography as well as the buildings 
were seriously disrupted by mud flows due to sand  
liquefaction caused by the amplified ground motion 
(Figures 18.6–18.8). The strike-slip Palu earthquake also 
generated tsunamis, which hit the coast lines around the 
narrow Palu bay (Figures 18.9–18.11), especially the east-
ern coast where the celebration of the foundation of Palu 
City was being held during the earthquake. Palu City was 
awarded the status of administrative city on 27 September 
1978, and 2018 marked the 30th anniversary of the city, 
so the celebration lasted until September 28. The 
continental crust moved northward by the strike-slip 
Palu fault and landslide along the coast from the Palu 
earthquake; these were also observed and reported 
during the earthquake, which may be the cause of the 
tsunami generated by the strike-slip Palu earthquake 
(Figure 18.1a; Socquet et al. 2019).
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Figure 18.1  Uninterpreted Pléiades image with a resolution of 0.5 m. (a) Map of Sulawesi Island; the base map is from the 90 m Shuttle Radar Topography Mission (SRTM) digital elevation 
model (DEM), obtained from International Scientific & Technical Data Mirror Site, Computer Network Information Center, Chinese Academy of Sciences (www.gscloud.cn). (b) Pléiades PHR1A 
image of Palu City and its surrounding area acquired on 5 Oct 2018. Pleiades is a constellation of two very-high-resolution satellites capable of acquiring imagery of any point on the globe in 
under 24 hours for civil and military users. The satellite was launched in December 2011 with a sensor that provides Multi Spectral (MS) images. (c) Pléiades PHR1A image of part of Palu City, 
which is the enlarged view of the black box in (b). The image was configured into four bands with different solar irradiance (watt m−2 μm−1): 1594.0 for B2, 1831.0 for B1, 1915.0 for B0, and 
1060.0 for B3, respectively.
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Figure 18.2  Interpreted Pléiades image shown in Figure 18.1. (a) Pléiades PHR1A image of Palu City and its surrounding area. Red lines 
represent Palu-Koro fault with coseismic rupture. Blue translucent area indicates the tsunami area. (b) Pléiades PHR1A image of part of 
Palu City. The red-yellow line indicates coseismic surface rupture and damage zone by strike-slip fault motion. The fault trace and 
coseismic rupture can be clearly identified in the subsequent figures. The blue translucent area indicates the tsunami area. See the black 
rectangle in (a) for location.
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Figure 18.3  The fault deformed the roads and houses. Both the focal 
mechanism and deformation features of coseismic surface ruptures 
indicated that the displacements were dominated by almost pure 
left-lateral strike-slip, with minor vertical displacements, and therefore they 
could be directly measured in the field (Wu et al. 2020). (a) Uninterpreted 
UAV image in Palu City. The consumer grade UAV DJI Phantom 4 was used 
to collect images. This UAV is equipped with a 20-megapixel, 1-in. 
Complementary Metal-Oxide-Semiconductor (CMOS) sensor and internal 
GPS, which can fly for ~30 minutes. We set the flying height at 100 m in the 
UAV Application and then produced a target image object space resolution 
of ~3.5 cm. See Figure 18.2b for location. (b) Interpretation of UAV image 
shown in Figure 18.3a. The surface rupture mainly showed left-lateral offset 
without vertical offset, and the deformation width was only ~20 m, 
indicating that it is caused by a pure strike-slip motion. Small red arrows 
indicate the location of the fault that deformed the houses and roads. 
Based on the dislocated roads, the surface coseismic sinistral offsets were 
4.1, 5.3, and 4.2 m, respectively, at the three locations.

Figure 18.4  Left-lateral offset road. (a) Uninterpreted field photograph taken in Palu City. See Figure 18.2b for location. (b) Interpretation 
of field photography shown in Figure 18.4a. The red line depicts the location of the fault. The road was left-laterally displaced by 3.5 m. The 
different degree of damage to structures caused by coseismic rupture is due to the different stability of structures. On the other hand, the 
damage zone of coseismic surface rupture is very narrow, and only the buildings just passing through the coseismic rupture will be 
seriously damaged, such as the structures on the right side of the road in the figure. The large-scale structures in the following figures 
were razed to the ground mainly due to sand liquefaction.



Figure 18.5  Left-lateral offset road. (a) Uninterpreted field photograph taken in Palu City. See Figure 18.2b for location. (b) Interpretation 
of field photography shown in (a). The red line depicts the location of the fault. The road was left-laterally displaced by 1.8 m.

Figure 18.6  Liquefaction area in Palu city. (a) Uninterpreted Pléiades PHR1A image of liquefaction area. See Figure 18.2b for location.  
(b) Interpretation of Pléiades PHR1A image of liquefaction area. The yellow dotted line is the boundary of sand liquefaction area. During the 
2018 Palu earthquake, sand liquefaction and site amplification damaged this area more seriously than other regions of Palu City (Watkinson 
and Hall 2019), with ∼5000 people lost and buried in the liquefied area covering several square kilometers. At this site, the sand liquefaction 
was more destructive than the left-lateral shear caused by coseismic surface rupture constrained in a narrow zone less than 20 m across.
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Figure 18.7  UAV image in Palu city showing sand liquefaction damaged lots of buildings. See Figure 18.6b for location.

Figure 18.6  (Continued)
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Figure 18.8  Houses damaged by sand liquefaction. See Figure 18.6b for location.
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Figure 18.9  Coastline around the Palu bay hit by tsunami. (a) Uninterpreted Pléiades PHR1A image of tsunami area. See Figure 18.2b for 
location. (b) Interpretation of Pléiades PHR1A image of tsunami area. The blue dotted line is the boundary of sand tsunami area. The 
earthquake-induced tsunamis were possibly due to the northward motion of the seafloor and coseismic landslides. Strike-slip ruptures 
may generate some vertical land motion if the rake is not purely horizontal thereby displacing the water column (Socquet et al. 2019). The 
tsunami caused devastating damage to the coastal areas.
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Figure 18.11  Buildings damaged by the tsunami. (a) Mercure Hotel, where our team stayed, collapsed during the earthquake and then 
was damaged by tsunami. When the earthquake happened, we were resting on the 1st to 3rd floor of the hotel and immediately ran out 
of the hotel with the crowd. Fortunately, no one was hurt. The east side of the hotel has collapsed, shown in the figure. See Figure 18.2b 
for location. (b) A church destroyed by the tsunami. See Figure 18.9b for location.

Figure 18.10  A UAV image showing houses, roads, and automobiles damaged by the tsunami. See Figure 18.9 for location.
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19.1  Introduction

Remote sensing has found versatile use in geosciences 
such as economic geology, structural geology and geo-
morphology (Misra et al. 2014; Dasgupta and Mukherjee 
2017, 2019; Kaplay et al. 2017; Dasgupta et al. 2022; Gogoi 
et al. 2022). Mineralization is basically controlled by lithol-
ogy, structures, and hydrothermal minerals. Satellite 
imageries are useful for mineral exploration in mapping 
geology, faults and fractures that localize ore deposits, and 
hydrothermally altered rocks/minerals (Sabins 1999). The 
purpose of this study was to map hydrothermally altered 
rocks/minerals and structures that may be associated 
with gold mineralization in the Gagad Schist Belt (GSB). 
Hydrothermal alteration zones are considered important 
guides for mineral exploration and can act as potential 
zones of gold mineralization (Rani et al. 2020). Structures 
play an important role in mineral exploration and struc-
tural mapping includes faults, folds, synclines and anti-
clines, and lineaments. The formation of hydrothermal 
mineral deposit is usually the consequence of interaction 
between numerous important processes including struc-
tural, hydrological, thermal, and geochemical. Recognition 
of key structural features controlling mineralization can 
lead to the determination of exploration targets and the 
discovery of ore bodies (Zhang et al. 2011). The GSB is the 
northern extremity of Chitradurga schist belt of Western 
Dharwar Craton (Figure  19.1), mostly occupied by 
variants of metabasalts, metavolcanics, granite gneiss, 
conglomerate, greywacke, argillic, and banded iron for-
mation rocks. In the GSB, gold mineralization is associ-
ated with several prominent shears, striking NNW–SSE 
(Vasudev 2009; Rani et al. 2016) and is controlled by shears 

and marked by wall rock alterations, like chloritization, 
biotitisation, sericitization, carbonatisation, and silifica-
tion (Beeraiah and Kumar 2010). Structures and pressure 
shadow zones wherever they have intersected different 
lithounits have played an important role in hosting gold 
mineralization in the GSB. It appears that in the GSB, the 
gold mineralization is not hosted by any particular lithol-
ogy, instead distributed in the diversified host rocks 
(Ugarkar and Deshpande 1999).

For a long time, remote sensing techniques have been 
used for mineral exploration as indirect tools to map the 
lithology, structures, and alteration minerals, and they 
are very helpful in mapping altered minerals (Rajesh 2004; 
Waldhoff et  al.  2008). The alteration minerals have 
characteristic absorption features from 0.3 to 1.0 μm in 
visible–near infrared (VNIR) and from 2.0 to 2.5 μm in 
shortwave infrared (SWIR) wavelength regions (Rani 
et  al.,  2017a,  2017b,  2020). The Advanced Spaceborne 
Thermal Emission and Reflection Radiometer (ASTER) 
multispectral data have the potential to identify mineral 
assemblages in different hydrothermal alteration zones 
because of its 14 spectral bands, which cover a wide 
spectral range. Therefore, to map the alteration zones 
and structures in the area, ASTER L1B, data acquired 
from https://earthdata.nasa.gov, and the Digital Elevation 
Model (DEM) from https://earthexplorer.usgs.gov were 
processed. False color composite (FCC) band ratioing, 
and minimum noise fraction (MNF) techniques were 
applied to enhance alterations. Lineament, basin, and 
drainage were derived from the DEM data.

Figure  19.2 shows unprocessed ASTER L1B data. To 
map the alteration zones, FCC and different band ratio 
techniques were applied (Figures 19.3–19.5). Figure 19.6 
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Figure 19.1  Location of Gadag Schist belt of Western Dharwar Craton shown on georeferenced ASTER image (RGB-B6: B2: B1).
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Figure 19.2  Unprocessed ASTER satellite imagery (RGB-B1: B2: B3) 
of Gadag Schist belt of Western Dharwar Craton, India.

Figure 19.3  FCC of ASTER bands 4 : 6 : 8 (RGB) shows argillic (pink, 
green), phyllic (yellowish-green), and propylitic alteration (light 
blue). Al-OH minerals (kaolinite, muscovite, and montmorillonite) 
have the most reflection in band 4 of the SWIR region. The phyllic 
zone (muscovite/sericite) shows an intense Al–OH absorption 
feature at 2.20 μm (ASTER band 6), and a less intense feature near 
2.38 μm (ASTER band 8). In the propylitic zone, reflectance spectra 
of the mineral assemblages are characterized by Fe, Mg–OH 
absorption features, and CO3 (epidote, chlorite, and carbonate) at 
2.35 μm (ASTER band 8) region.



Figure 19.4  The band ratio 4/6 enhances the argillic, band 4/7 to 
phyllic, and band 3/1 to Fe-oxide minerals. FCC of band ratios 
4/6 : 4/7 : 3/1(RGB) indicate argillic and phyllic hydrothermal 
alterations in yellowish and orange to pink, and iron oxides in 
light blue.

Figure 19.6  DEM data superimposed on the hillshade map for 
better visualization and interpretation of structures in the area.

Figure 19.5  The band ratio 4/6 enhances the argillic, band 5/6 
enhances the phyllic alteration, and band 5/8 enhances the 
propylitic alteration. In FCC of band ratios 4/6 : 5/6 : 5/8 (RGB), 
argillic to phyllic alterations are highlighted in rust and orange 
and propylitic alteration inlight blue to magenta.
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is the DEM of the area, superimposed on hillshade 
map. Figures  19.7 and  19.8 are the MNF images of 
the  ASTER highlighting structures. Figure  19.9 is a 
DEM derived drainage & lineament map. Figure 19.10 
shows correlation structures, alteration, and gold 

mineralization. Figure 19.11 shows statistical value of 
the distance of gold mineralization from the linea-
ments calculated at the interval of 50 m. Three gold 
mineralizations occur within 50 m and four are in the 
100 m range.

Figure 19.7  FCC image of MNF bands 4, 2, and 3 in RGB, 
enhancing the structures, lithological contact, and geology  
of the GSB.

Figure 19.8  FCC image of MNF bands 2, 4, and 5 in RGB, 
enhancing the structures, lithological contact, and geology  
of the GSB.



Figure 19.9  Drainage pattern and lineaments of GSB, derived from DEM 
and ASTER images. Lineaments (lithological contact, linear to sub-linear 
features, ridge of the hill top, fault and fracture, etc.) are identified by 
interpreting FCC image 4/6 : 4/7 : 3/1 (RGB); 4/6 : 5/6 : 5/8 (RGB), and FCC 
image of MNF bands 4 : 2 : 3 and 2 : 4 : 5 (RGB). Where the lineaments 
correspond to displacement of rock units or sudden change in drainage 
pattern or rock type they may be related to faulting.

Figure 19.10  The derived lineaments (geomorphic, structural), drainage, alteration zones were superimposed on a geological map (by 
Geological Survey of India) in a GIS environment, in order to study the relation of the structures, alteration with gold mineralization of the 
study area. Map shows the gold mineralization is controlled by structures associated with alteration. Occurrence of gold is defined in five 
classes based on their relation with respect to distance of lineaments. Source: The map is modified from the URL: http://GSI.gov.in/bhukosh.

http://gsi.gov.in/bhukosh
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20.1  Introduction

Remote sensing has been an excellent tool to interpret struc-
tural geology and geomorphology (e.g. Misra et  al.  2014; 
Kaplay et al. 2017; Dasgupta et al. 2022; Gogoi et al. 2022). 
The Kachchh (Kutch) Basin is a seismically active pericra-
tonic rift basin on the western continental margin in Gujarat, 
India (Dasgupta and Mukherjee  2017,  2019; Shaikh 
et al. 2020). It was classified as a volcanic passive margin 
(Biswas 2014). It is bounded by the Nagar Parkar Hill on 
the north, Little Rann on the southeast, the Gulf of 
Kachchh on the south, and the Arabian Sea to the west. 
This basin has a unique landscape with highlands sur-
rounded by extensive mudflats with salt covered white 
patches (salinas). Most of the highlands (structural uplifts) 
here expose Jurassic rocks while the surrounding plains 
(structural lows) are covered by Tertiary, Quaternary, and 
Rann sediments. During the marine incursion the uplifts 
were separate islands. There are five such islands viz. 
Pachchham, Khadir, Bela, Chorar, and Wagad. The first 
four are collectively called the “Island Belt” since they 
occur in one E–W linear belt toward the northernmost 
limit of the basin (Figure 20.1).

20.2  Regional Geology

The Kachchh Basin exposes a thick sequence of Mesozoic 
and Cenozoic sedimentary rocks with an intervening phase 
of the Deccan Traps (Biswas 1977, 1978). The tectonic 
framework comprises domal structures of Mesozoic rocks 
as a result of several episodes of uplift and bounded by 
E–W trending intrabasinal faults. The major intrabasinal 

master faults are the Island Belt Fault (IBF), Kachchh 
Mainland Fault (KMF), Katrol Hill Fault (KHF), South 
Wagad Fault (SWF), and Gedi Fault (GF) (Figure  20.1). 
The Mesozoic sequence comprises the Jhurio (Bajocian 
to Bathonian), Jumara (Callovian to Oxfordian), Jhuran 
(Late Jurassic to Early Cretaceous), and Bhuj (Tithonian 
to Albian) Formation. The key type sections of these 
sequences are exposed mainly in three areas: the Island 
Belt, the Kachchh Mainland, and the Wagad Uplift.

The Kachchh rift opened during the Late Triassic–Early 
Jurassic and witnessed continuous sedimentation until the 
Santonian. The Meoszoic rift sedimentation in Kachchh 
Basin was followed by the Deccan Trap eruptive phase 
(Vanik et al. 2018). All known forms of intrusive bodies are 
present and are mainly concentrated in the narrow defor-
mation zones accompanying the master faults. The post-
Deccan Trap inversion of the rift resulted in the formation 
of intra-basinal uplift with corresponding structural lows 
due to movement along faults (Biswas and Khattri 2002).

In this work, we show how remote sensing can help in 
the interpretation of subtle deformation structures. The 
interpretation on the remote sensing data must always 
be accompanied by a field work to support ground evi-
dence to the interpretations. The images presented here 
in Figures 20.2–20.15 are high-resolution (<1 m) imagery 
provided by the ESRI ArcMap software package. These 
images are sourced from Digital Globe, CNES Airbus, 
GeoEye, Earthstar Geographics, etc. The date of acquisi-
tion is not provided with the imagery. There are two 
Google Earth images used here, which are sourced from 
Maxar Technologies and/or CNES Airbus. The date of 
acquisition information is presented with the imagery 
and is mentioned on individual images here.
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Figure 20.1  Geological map of the Kachchh Basin overlay on Digital Elevation Model. Steep north facing scarp along the Island belt range and highly 
undulated topography of Mainland area can be seen (Source: reproduced from Maurya et al. (2017)). Red dots: positions of ground truth locations. (Also 
look at Figure 20.1 in Shaikh et al. 2022 for data compilation).



Figure 20.2  Clean satellite image of Guneri/Ghuneri Dome, westernmost area of Kutch. Source: Image courtesy: ESRI (Environmental Systems Research Institute).
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Figure 20.3  Interpretation of the image in Figure 20.2. A number of faults can be interpreted on the image. These faults are dextral, 
strike-slip to highly oblique-slip in nature. The fault marked in green has the maximum horizontal displacement among the other faults 
interpreted here (in yellow). The fault marked in green was selected for supporting evidence during field work (Figure 20.4). Red dot: 
ground truth location.
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Figure 20.4  Ground truth location for the fault marked in green in Figure 20.3. (a) Panoramic view of the area and the fault plane.  
(b) Close up view of the fault plane. There is a clear shear surface on the ground level in the sub-horizontal outcrop and also on the sub-vertical 
outcrop on the small elevation in the background. The offset is dextral oblique slip. The yellow limestone (Y lst) marker bed is also seen 
dextrally displaced. Arijit Ghosh stands on the yellow limestone marker bed, which is dextrally displaced.



Figure 20.5  Clean satellite image of Pachchham Island, N Kutch. Source: Image courtesy: ESRI.

Figure 20.6  Interpretation of the satellite image in Figure 20.5. This cliff is formed by receded fault scarps of the Island Belt Fault, one of 
the major faults during the earliest rift phase in the Kutch Basin. This area has the highest elevation in the entire Kutch Basin, indicating 
the strong rift shoulder uplifts during rifting. The buried fault planes may be present in a location in the Great Rann of Kutch, marked here 
by yellow dotted lines. Such faults can only be demarcated by reflection seismic data (e.g. Misra and Mukherjee 2018). The zone of intense 
fracturing and faulting can be observed S of the fault scarp, as linear grooves, which deflect streams. Red dot: point from where ground 
truth photograph was taken. This is the highest point in Kachchh district, known as Pachchhmai Pir, one of the busiest temples in the area.



Receded Fault Scarp

N

Figure 20.7  Photograph from Pachchhmai Pir viewpoint (red dot in Figure 20.6) looking toward E. The receded fault scarp is marked by a 
dotted line.

Figure 20.8  Clean satellite image of Khadir Island, N Kutch. Source: Image courtesy: ESRI.
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Figure 20.9  Interpretation of the satellite image in Figure 20.8. Similar to the Pachchham cliff (Figure 20.5), this is also formed by receded 
fault scarps of the Island Belt Fault. This area is not as high as the Pachchham Island, but indicates the significant uplift of the rift 
shoulders. There is a small island, named Cheriabet Island, that houses the oldest sediments in the Kachchh Basin, the Cheriabet 
Conglomerate. This conglomerate comprises of boulders of granites, indicating the early syn-rift sediments (Krishna 2017). The cliff of the 
Khadir Island is highest in the centre and low at the edges, possibly indicating a maximum throw in the centre of the fault and diminishing 
throws away from the centre, as usually expected in normal fault planes (e.g. Misra et al. 2019). Red dot: point from where ground truth 
photograph was taken.



Figure 20.11  Clean satellite image of Jumara Dome area, northern part of Kachchh mainland. Source: Image courtesy: Google Earth.
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Figure 20.10  Photograph from road connecting Bela Island and Khadir Island (red dot in Figure 20.9) looking toward W. The receded fault 
scarps are marked by dotted lines. (a) Panoramic view of the Khadir Island and the Cheriabet Island. (b) Closer view of the fault scarps.
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Figure 20.12  Interpretation of the satellite image in Figure 20.11. The possible fault lines on the image are interpreted as lineament by 
yellow lines. The lineament to the north of the Jumara Dome (marked in red rectangle) was selected for further understanding, shown in 
Figures 20.13–20.15.

Figure 20.13  Clean satellite image of the northern part of the Jumara Dome, area marked in Figure 20.12 by red rectangle. Source: Image 
courtesy: Google Earth.



Figure 20.14  Interpretation of the satellite image in Figure 20.13. The possible fault line on the image is interpreted as lineament by 
yellow line. The lineament appears elevated and could also be a dyke. This was selected to be studied during field work for ground truth 
support. Red dot: Ground truth locations, corresponding to figure numbers in Figure 20.15.

Figure 20.15  Field photographs for ground truth support for interpretation in Figure 20.14. (a) Slick-en-sided fault plane striking NE–SW, 
showing sinistral strike-slip shear sense. The dyke can be seen in the background adjacent to the fault plane. Yellow rectangle: area in b. 
(b) Zoomed in view of the fault plane and the slick-en-sides. (c) The dyke, here slightly elevated, to the NE of the area in a. The 
juxtaposition and parallel nature of the fault and the dyke indicated that the dyke may have been emplaced into the fault plane or even 
that deformation and magmatism were coeval (Misra and Mukherjee 2017).
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21.1  Regional Geology

Remote sensing has been a very effective means to inter-
pret structural geology and geomorphology of terrains 
(e.g. Misra et al. 2014; Kaplay et al. 2017; Dasgupta and 
Mukherjee  2017,  2019; Dasgupta et  al.  2022; Gogoi 
et al. 2022). The Permo-Triassic Gondwana rocks crop 
out in the South Rewa Basin, central India, along with 
the Late Cretaceous Lameta Beds and Late Cretaceous to 
Early Paleocene Deccan Traps (Figure 21.1; Chakraborty 
et al. 2003; Mukherjee et al. 2012). The Deccan igneous 
rocks occur as sills and dykes while the sedimentary 
formations are sub-horizontal (Chowdari et  al.  2017). 
The Son River flows through this area. It starts from the 
Amarkantak hills in Anuppur district (Lat: 22°43′48″N; 
Long: 82°03′31″E).

21.2  Lineament Analysis

I studied lineaments in the area (Figure 21.1–21.16) on 
satellite images from Geoeye Satellite sourced from ESRI 
using the ArcMap software package (ArcGIS Version 
10.3.1 of 2015). The images have a resolution of 0.46 m 
and available in true color composite, i.e. the red, green, 
and blue bands are merged in red, green, and blue chan-
nels, respectively. This gives a true color representation of 

the area in the satellite image. The dates of acquisition of 
the images are indeterminate, since ESRI does not include 
that information for its images. Some interpretation was 
also done on Google Earth and the dates are mentioned 
in the respective figures. The lineaments were ground 
verified to classify them into deformation related linea-
ments to link them to the regional deformation history. 
All the lineaments could not be verified and I classified 
the lineaments into “traffic light” colors to denote con-
firmed deformation lineament as green and unconfirmed 
ones as red, whereas the ones that remain doubtful were 
colored as amber (Figures 21.2, 21.3). The lineaments of 
the region are mostly tectonic tensile fracturing and some 
uplift-related fracturing. These lineaments show two 
major trends: a ~ NE–SW trend, which has higher num-
ber of lineaments and a ~ NW–SE trend, which has a 
lesser number of lineaments. The latter trend, however, 
has few very long lineaments (Figure 21.3b). This trend 
matched with the regional fault and fracture trends of the 
Sohagpur Basin (Mukhopadhyay et al. 2011). There are 
faults that relate to the ~E–W trend of the Son-Narmada 
graben. Figures 21.5, 21.8, and 21.11 are unreported in 
any previous study. The Gondwana coal seams on 
Raniganj and Barakar formations occur in this region and 
such studies will help in deciphering the cleat patterns in 
the coal seams, which are essential analyses in the extrac-
tion of coal or coal seam gas.

21

Lineament Analysis in a Part of the Son River Valley, Madhya Pradesh, India
Achyuta Ayan Misra*

Reliance Industries Ltd., Reliance Corporate Park, Mumbai, Maharashtra, India

*Corresponding Author: achyutaayan@gmail.com



21  Lineament Analysis in a Part of the Son River Valley218

81°0ʹ0ʺE

0 5 10 20

Laterite and bauxite

Deccan Traps

Raniganj/Barakar Formation

Talchir Formation

Lameta Formation

Metamorphics (Maleri-Kota)

Metamorphics (Bilaspur)

Peninsular gneiss (Older Phase)

Granite (Son-Narmada)

30
Km

81°10ʹ0ʺE 81°20ʹ0ʺE 81°30ʹ0ʺE 81°40ʹ0ʺE 81°50ʹ0ʺE 82°0ʹ0ʺE 82°10ʹ0ʺE 82°20ʹ0ʺE 82°30ʹ0ʺE 82°40ʹ0ʺE

N

22
°4

5ʹ
0ʺ

N
22

°5
5ʹ

0ʺ
N

23
°5

ʹ0
ʺN

23
°1

5ʹ
0ʺ

N
23

°2
5ʹ

0ʺ
N

23
°3

5ʹ
0ʺ

N
23

°4
5ʹ

0ʺ
N

Figure 21.1  Geologic Map of central India. The red square shows the area of the present study. Inset: Location of the area. Source: 
Modified from Acharyya (1998).
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Figure 21.2  Uninterpreted image of the study area. Refer to text for details.
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Figure 21.3  (a) Lineaments mapped on the area shown in Figure 21.2. Here most of the lineaments are visible on the river banks, because 
they are areas devoid of the regolith/soil cover. There are structures in the entire area, however they can be seen neither on satellite 
images nor on the ground. Careful interpretation is required to infer whether the distribution of the lineaments is uniform or is only along 
narrow zones throughout the entire area. The lineaments are colored in “traffic light” shades on the confidence of the lineament being 
related to deformation. (b) Length classified azimuth-frequency rose-plot for the lineaments mapped here. GEOrient 3.2 software (www.
holcombe.net.au) used to plot the diagram. See text for details.
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Figure 21.4  Uninterpreted image of eastern part of the study area.
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Figure 21.5  Lineaments mapped on the area shown in Figure 21.4.The ~E–W trending lineament clearly interpretable on the satellite 
image is a N-dipping normal fault. The fault has 5–10 m throw. This was confirmed during ground truthing (Figure 21.6). The incised 
meander formed here is possibly lineament controlled, and may be related to the uplift of the region due to Tertiary tectonics. There are 
other linear features visible on the satellite image, which are the lithological contacts between Deccan intrusives and the Gondwana 
sediments. Red dot: Ground truth location (Figure 21.6). River Son is the major river in this image.
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Figure 21.6  Field photos showing ground truth for interpretation in 
Figure 21.5. (a) Upthrown, S block of the fault, where the Raniganj 
Formation sandstone occurs on the surface. (b) Downthrown, N 
block of the fault, where a deep pit has been dug and the Raniganj 
Formation sandstone is absent. The Raniganj Formation sandstone 
appears just at the base of the pit, which is ~5 m deep. Thus, the 
throw of the fault is possibly ~5–10 m.
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Figure 21.7  Uninterpreted image of central part of the study area.
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Figure 21.8  Lineaments mapped on the area shown in Figure 21.7. Sarpha Nalla is the river joining the Son River at the left of the image, 
and it forms a straight channel morphology, indicating to the presence of a lineament, which is a ~ W-dipping fault. There are numerous 
fractures on the N bank of the river at this location, which depict a conjugate morphology besides the presence of tectonic tensile 
fractures (Figure 21.9). Red dot: Ground truth location (Figure 21.9).
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Figure 21.10  Uninterpreted image of central part of the study area.

W

Figure 21.9  Field photos showing ground truth for interpretation in Figure 21.8. Photograph taken pointing toward north showing the 
m-scale fracturing in the Raniganj Formation sandstone. Note the person in photo for scale.
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Figure 21.11  Lineaments mapped on the area shown in Figure 21.10. The lineaments classified as green are tensile fractures seen in the 
sandstones exposed on the river bank. However, the amber ones are possibly faults, but they were not directly observed in the outcrops. 
However, we observed isolated and clusters of deformation bands (see Fossen et al. 2007) in the sandstones at the riverbank 
(Figure 21.12). Red dot: Ground truth location (Figure 21.12).
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Figure 21.13  Uninterpreted image of northern part of the study area.
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Figure 21.12  Field photos showing ground truth for interpretation in Figure 21.11. (a) bi-directional and (b) unidirectional deformation 
bands. These are cataclastic deformation bands (see Fossen et al. 2007), 1 mm to 2–3 cm thick, occurring alongside the tensile fracturing. 
These indicate the presence of a large fault in the area, which may be covered by the river water or the soil cover.
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Figure 21.14  Lineaments mapped on the area shown in Figure 21.13.These lineaments represent tectonic tensile fracturing. These are 
nearly equidistant, vertical to the bedding surface and parallel to each other. These were confirmed through ground truthing 
(Figure 21.15).
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W
Figure 21.15  Field photo showing ground truth for interpretation in 
Figure 21.14. Note the near parallel and equidistant nature of the fractures. 
The fracture surfaces are modified by the water action of the river.

9-Dec-2007 24-Jan-2013 05-Mar-2014 13-Nov-2016

Figure 21.16  Historical imagery obtained from Google Earth showing the importance of comparing images from different seasons and 
years. The lineaments mapped on each imagery were combined to form the final map. One image does not show all the lineaments 
because the level of the river water fluctuates and hides the lineaments when it is very high. Similarly, the point bar deposit also hides the 
lineaments when it covers largest area.
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22.1  Overview

Remote sensing has been a very effective means of 
interpreting structural geology and geomorphology of 
terrains (e.g. Misra et  al.  2014; Kaplay et  al.  2017; 
Dasgupta and Mukherjee  2017,  2019; Dasgupta 
et al. 2022; Gogoi et al. 2022). The rocks of the Eastern 
Dharwar craton (EDC) include those of Archaean calc-
alkaline granitoid belts, collectively called Dharwar 
Batholith (2.5–2.7 Ga) (Friend and Nutman  1991; 
Chadwick et al. 1997; Meert et al. 2010), and accreted 
linear array of N–S to NNW–SSE trending parallel 
greenstone belts, which are lithologically similar to the 
Dharwar Supergroup of the Western Dharwar Carton 
(WDC) (Chadwick et al. 1997, 2000).

22.2  Description

A meso scale sinistral shear is observed in Sentinel-2A 
satellite imagery (True color composite, bands 4-3-2) 
over the granitoid ridges (Figure  22.1) of Peninsular 
Gneissic Complex-II (PGC-II) (Dashora and Shah 1988–
1989, Reddy et al. 1988–1989, Ali and Sumanth 1990–
1991; Kazmi  2008–2009), around Fatehpuram village, 

Telangana, as per inset of Figure  22.2a, b. The PGC is 
represented by the older migmatitic gneiss, granitic 
gneiss, and banded gneiss. They are intruded by grani-
toids of PGC-II represented by granodiorite, hornblende 
granite, coarse-grained gray/pink granites, alkali feldspar 
granites, and gray biotite granite. They are later intruded 
by pegmatite, quartz reef/veins, mafic dykes (pyroxenite, 
dolerite, and gabbro), and minor granophyre dykes 
(Dashora and Shah  1989, Reddy et  al.,  1988–1989, Ali 
and Sumanth  1990–1991; Kazmi  2008–2009). Four 
quartzo-feldspathic veins occurred as marker beds and 
are dragged to the left from the top across the NE–SW 
sub-vertical plane as observed in the field photographs 
(horizontal section as seen in Figure 22.2c) representing 
sinistral sense of shear. The resolution of the Sentinel-2 
imagery is 10 m. Bands 4, 3, and 2, i.e. red, green, and 
blue are used to create a true color composite image of 
the region to portray the region in true color.

Location: about 4 km south of Fathehpuram, Telangana, 
India (Lat: 17°51′40.74″N; Long: 79°15′36.54″E). Lithology 
observed in field: Granite mylonite of PGC-II of Archaean 
to paleo-Proterozoic with younger intrusives of quartzo-
feldspathic veins (After Dashora and Shah  1989,  
Reddy et  al.  1988–1989, Ali and Sumanth  1990–1991; 
Kazmi 2008–2009).
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Figure 22.1  Geological map of the study area with field photograph showing sinistrally sheared granite mylonite of PGC II.
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22  Meso Scale Sinistral Shear, Eastern Dharwar Craton232

References

Ali, A. and Sumanth, N.G. (1990–1991). Report on 
investigation for sulphides in Ghanpur area, Warangal 
district, AP, GSI Unpub. Prog. Report for the F.S.: 
1990–1991.

Chadwick, B., Vasudev, V.N., and Hegde, G.V. (1997). The 
Dhawar craton, southern India, and its late Archean 
plate tectonic setting: current interpretations and 
controversies. Journal of Earth System Science 106 (4): 
249–258.

Chadwick, B., Vasudev, V.N., and Hegde, G.V. (2000). The 
Dharwar craton, southern India, interpreted as the 
result of late Archaean oblique convergence. 
Precambrian Research 99: 91–11.

Dasgupta, S. and Mukherjee, S. (2017). Brittle shear 
tectonics in a narrow continental rift: asymmetric 
non-volcanic Barmer basin (Rajasthan, India). The 
Journal of Geology 125: 561–591.

Dasgupta, S. and Mukherjee, S. (2019). Remote sensing in 
lineament identification: examples from western India. 
In: Problems and Solutions in Structural Geology and 
Tectonics, Developments in Structural Geology and 
Tectonics Book Series, vol. 5. Series Editor: Mukherjee, S 
(ed. A. Billi and A. Fagereng), 205–221. Elsevier. ISSN: 
2542-9000. ISBN: 9780128140482.

Dasgupta, S., Biswas, M., Mukherjee, S., and Chatterjee, R. 
(2022). Depositional system, morphological signatures, 
tectonics and sedimentation pattern along the transform 
margin- Palar-Pennar basin, Indian east coast. Journal of 
Petroleum Science & Engineering 211: 110155. https://
doi.org/10.1016/j.petrol.2022.110155.

Dashora, S., Shah, B.M. (1989). Report on systematic 
geological mapping of the area around Ghanpur and 
Warangal, falling in toposheet Nos. 56O/5 & 9, GSI 
Unpub. Prog. Report for the F.S.: 1988–1989.

Friend, C.R.L. and Nutman, A.P. (1991). SHRIMP U–Pb 
geochronology of the Closepet granite and peninsular 
gneiss, Karnataka, south 1304 India. Journal of the 
Geological Society of India 38: 357–368.

Gogoi, M.P., Gogoi, B., and Mukherjee, S. (2022). Tectonic 
instability of the petroliferous upper Assam valley (NE 
India): a geomorphic approach. Journal of Earth System 
Science 131: 18. https://doi.org/10.1007/
s12040-021-01752-6.

Kaplay, R.D., Md, B., Mukherjee, S., and Kumar, T.V. 
(2017). Morphotectonic expression of geological 
structures in eastern part of south East Deccan volcanic 
province (around Nanded, Maharashtra, India). In: 
Tectonics of the Deccan Large Igneous Province (ed. 
S. Mukherjee, A.A. Misra, G. Calvès and M. Nemčok), 
317–335. London, Special Publications 445: Geological 
Society.

Kazmi, S.M.K. (2008–2009). Preliminary Investigations for 
gold and other associated elements in Ghanpur Schist 
Belt, Warangal district, Andhra Pradesh (G4 Stage) GSI 
Unpub. Prog. Report for the F.S.2007–2008 
& 2008–2009).

Meert, J.G., Pandit, M.K., Pradhan, V.R. et al. (2010). The 
Precambrian tectonic 1449 evolution of India: a 3.0 
billion year odyssey. Journal of Asian Earth Sciences 39: 
483–515.

Misra, A.A. and Mukherjee, S. (2022). Introduction to “Atlas 
of Structural Geological and Geomorphological 
Interpretation of Remote Sensing Images”. In: Atlas of 
Structural Geological and Geomorphological Interpretation 
of Remote Sensing Images (ed. A.A. Misra and S. 
Mukherjee). Wiley Blackwell. ISBN: 9781119813354.

Misra, A.A., Bhattacharya, G., Mukherjee, S., and Bose, N. 
(2014). Near N-S paleo-extension in the western Deccan 
region in India: does it link strike-slip tectonics with 
India-Seychelles rifting? International Journal of Earth 
Sciences 103: 1645–1680.

Reddy, M., Rahmatulla, K., and Ramanaidu, K. (1988–
1989). Geology of the area in parts of Warangal district, 
AP, GSI Unpub. Prog. Report for the F.S.1988–1989.

https://doi.org/10.1016/j.petrol.2022.110155
https://doi.org/10.1016/j.petrol.2022.110155
https://doi.org/10.1007/s12040-021-01752-6
https://doi.org/10.1007/s12040-021-01752-6


233

Atlas of Structural Geological and Geomorphological Interpretation of Remote Sensing Images, First Edition.  
Edited by Achyuta Ayan Misra and Soumyajit Mukherjee. 
© 2023 John Wiley & Sons Ltd. Published 2023 by John Wiley & Sons Ltd. 
Companion website: www.wiley.com/go/misra/RemoteSensingImages

23.1  Overview

Remote sensing has been an efficient means of inter-
preting structural geology and geomorphology of ter-
rains in mega-scale (e.g. Misra et  al.  2014; Kaplay 
et  al.  2017; Dasgupta and Mukherjee  2017,  2019; 
Dasgupta et al. 2022; Gogoi et al. 2022). A regional pol-
yclinal fold with faulted limbs exhibiting observable 
offsets is seen in Sentinel-2A satellite imagery. The true 
color composite, bands Red (4): Green (3): Blue (2) 
shows a synoptic view of the regionally deformed and 
faulted suite of rocks in the region with the area of 
interest (Figure 23.1a, marked by black box). The reso-
lution of the Sentinel-2 imagery is 10 m, thus providing 
significant granularity in identification of the folded 
geometry and the faults.

23.2  Description

The synoptic view of the region (Figure 23.1a) further 
shows that the area has undergone regional polyphase 
deformation with signatures of east–west as well as 

north–south compression. Though the fold appears to 
be polyclinal with more than one observable axial sur-
faces, the primary axial trace is oriented east–west. The 
limbs show some indications of detachment from the 
associated layers. Both the limbs of the fold are faulted 
and display offset. We have been able to map at least six 
co-oriented faults trending northwest–southeast 
(Figure  23.1b, c). These are possibly one set of shear 
resulting from the east–west compressive event (Tikoff 
and Teyssier 1992). The bed thickness has been main-
tained in the unfaulted hinge zone of the fold. The 
orthogonal thickness of the layers near the hinge are 
maintained at ~210 m (Figure 23.1d). The fold may be 
classified as of Class 1b fold geometry (Ramsay 1967). It 
is worthwhile to mention that the folded layers show 
indistinct signatures of inter-layer slip. However, the 
same cannot be conclusively substantiated from satellite 
imagery. The location is 2 km SE of Barundani, 
Rajasthan, India (Lat: 25° 8′43.02″N; Long: 74°57′9.93″E). 
The rocks are of Lower Bhander (Lakheri) limestone, 
Samaria Shale with dolomitic limestone of Bhander 
Group of Vindhyan Supergroup. The age of the rocks 
are ~750 Ma (Ray 2006).
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Figure 23.1  Regional polyclinal fold with faulted limbs exhibiting observable offsets, as seen in Sentinel-2A satellite imagery. (a) synoptic view; (b) close-up view showing faulted 
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24.1  Introduction

Remote sensing interpretation for structural geology 
and geomorphology of terrains is widespread (e.g. 
Misra et  al.  2014; Kaplay et  al.  2017; Dasgupta and 
Mukherjee  2017,  2019; Dasgupta et  al.  2022; Gogoi 
et al. 2022). Neotectonics, geology, and climate control 
the drainage architecture and evolution of associated 
channel bars in the early stage of a fluvial system (Keller 
and Pinter 1996; Zhang et al. 2018; Kothyari et al. 2020). 
Neotectonic activity along the drainage segments of the 
lower Tista sub-basin and the Rangit tributaries, 
Eastern Himalaya, has been documented (Ghosh and 
Sivakumar 2018, 2019; Sarkar et al. 2021). The drainage 
architecture and bar formation of the Rangit tributar-
ies, India, are controlled by the tectonism and topogra-
phy of the area. The sinuosity of the Chhota Rangit 
river is topography-controlled while the zigzag drain-
age pattern of the Jhepi Khola river is dominantly fault-
controlled. The presence of the “pseudo-plain land” in 
this Himalayan region influences the channel bar for-
mation in Chhota Rangit river, while the eye-shaped 
bar in the Rammam river is formed due to the local sub-
sidence along the lineaments and is tectonically con-
trolled. Presented here are the drainage morphology 
and channel bar evolution of the four tributaries 
(Rammam, Chhota Rangit, Jhapi Khola, and Rongdong 
Khola) of the Rangit River (in the study area as marked 
in Figure 24.1a), Darjeeling-Sikkim Himalaya.

24.2  Image Analysis

Although all tributaries are within 10 km of one another, 
the Rammam (sinuosity 1.15), Jhapi Khola (sinuosity 
1.45), and Rongdong Khola (1.49) are less sinuous than 
the Chhota Rangit (sinuosity 1.86) in the study area 
(Figure 24.1). The last 12 km flow path before meeting 
the Rangit river, the Chhota Rangit exhibits a highly sin-
uous nature (1.86, even though the earlier ~7 km flow 
path of the Chhota Rangit appears less sinuous) 
(Figure 24.1b). This highly sinuous nature of the Chhota 
Rangit river resembles the meandering river channel of 
the middle course of a fluvial system. Semwal and 
Chauniyal (2018) have postulated that tectonics and 
lithology are responsible for the meandering of a river 
channel in the mountainous region. A possible explana-
tion of the highly sinuous nature of the Chhota Rangit 
River is that the morphology is dominantly controlled by 
topography and tectonism. Besides tectonism, relatively 
low elevated topography (average elevation is between 
300 and 600 m with 5–10° slope) compared to the sur-
rounding area acts as “pseudo-plain” geomorphology in 
the Himalaya, enhancing sinuosity of the Chhota Rangit. 
The change in Chhota Rangit river sinuosity also follows 
the sharp fall of the gradient of the river basin to the 
northern side (fall from ~900 to 540 m) (Figure 24.2a). It 
possesses mostly point bars along its entire channel 
(Figure 24.2b). What is more, the last 600 m flow path of 
Chhota Rangit river passes through a pseudo-plain with 
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Figure 24.1  (a) Map showing the study area. The satellite image of the study area (marked by the polygon). (b) The four tributaries, Rammam, Chhota Rangit, Jhepi Khola, and 
Rongdong Khola are present (within 10 km of one another) from the northwest to southeast, respectively, and finally meet the Rangit river. Source: Image courtesy Google Earth.
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Figure 24.2  (a) Elevation profile shows the sharp change of Chhota Rangit river gradient with the change of sinuosity. The last 600 m flow 
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almost 0° slope. The channel bar present here resembles 
the bar on the foothill area (Figure 24.2c). On the con-
trary, the Jhepi Khola and Rondong Khola are less sinu-
ous and at places exhibit sharp turns with zigzag 
morphology, and a few small bifurcations (30–60 m in 
length) (Figure 24.3). The deflection of the drainages in 
the Jhepi Khola is due to the presence of the local (NNE–
SSW trending) strike-slip faults (Figure 24.3), which are 
almost parallel to the Gish Transverse fault (see Matin 
and Mukul 2020). Such drainage morphologies imply the 
dominance of tectonic significance. The Rammam tribu-
tary, on the other hand, is also less sinuous (1.15) com-
pared to the Chhota Rangit (1.86) (Figure  24.4). 
Furthermore, the Rammam river shows bifurcation of 
the channel with the formation of the eye-shaped chan-
nel bars (250–360 m in length) (Figure  24.5). The eye-
shaped channel bar may form due to the local subsidence 

along the lineaments and is tectonically controlled. Such 
eyed channel bars are previously reported from the 
Rispana river, Doon valley, western Himalaya (Joshi 2017). 
The Palar river, Tamil Nadu (although associated with 
rift tectonic), also has an eyed channel bar. However, the 
mechanism of eyed bar formation in the Rispana river 
and the Palar river is related to the subsidence along the 
lineaments (Ramasamy and Kumanan 2000; Ramasamy 
et al. 2011; Selvakumar and Ramasamy 2014; Joshi 2017; 
Resmi et  al.,  2017). Presence of lineaments along the 
Ramman river and surrounding region has been identi-
fied by Sarkar et  al. (2021). This may indicate that the 
eyed channel bar in the Rammam river was possibly 
formed by the local subsidence along the lineaments and 
tectonically controlled. Further studies are necessary to 
delineate the cause of the formation of those bars in the 
area.
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Figure 24.3  Satellite image of the JhepiKhola River exhibits a sharp turn in drainage and zigzag pattern (shown by the dotted line). The 
sharp drainage deflection (see, inset diagram at top left corner) may be due to the presence of local faults (parallel to the Gish transverse 
fault). The small bifurcations of the river are due to the tectonic disturbance (zoom image at the bottom left corner). Source: Image 
courtesy: Google Earth.
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Figure 24.4  The satellite image shows that the Rammam river is less sinuous (1.15) compared to the Chhota Rangit (sinuosity 1.86) river 
(rivers present 1.5 km apart). The Rammam river has eye-shaped channel bars in the study area (marked by the white arrows). 
Source: Image courtesy: Google Earth.
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Figure 24.5  The satellite image shows an eye-shaped bar in the Rammam river. Source: Image courtesy: Google Earth.
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