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Abstract

Space-borne and airborne technology has comprehensively used in geomorphology since longer than a century because these
technologies are benefited with landform analysis, geomorphic feature extraction, and improvements in mapping techniques. It
has been extensively used in geomorphology since 1972, when Landsat series data (from 1972 to present) are freely available,
and it has also fulfilled the analytical requirements of geomorphologists. In this study L-band ALOS/PALSAR, Sentinel-1,
C-band SRTM, Landsat-8 OLI have been used to assess the geological structures, and geomorphological investigation/mapping
of the study area (within 25 Km buffer from the center of Taj Mahal), while Landsat series data from 1972 to 2021 at 5 years
interval have been applied for river morphology and urban geomorphology analysis. Geomorphologically, the area has been
classified as upland/older alluvial plain-Varanasi older alluvial plain (VOAP), and low land older flood plain including erosional
terrace, depositional terrace active flood plain of present-day rivers. Geo-strata of the area around Taj Mahal were found as clay
(RL 149-133 m), non-plastic to silty-sand (RL 133-123.8 m), thicker clay layer (RL 123.8-60.3 m), and fine-to-medium-grained
quarzitic sandstone (below then 60.3 m). The mean river width (1972-2021) of Yamuna River right behind the Taj Mahal is 149.6
m, while average sinuosity index of the study reach is 2.31 which corresponding to the highly meandering form of the river,
because tectonic control is less powerful than other variables, the meandering is more influenced by the gradient, lithology and
river surrounding. meander bends migration rate has been observed at d/s of Taj Mahal, as two spurs, u/s of Taj Mahal have been
installed to train the river and avoid any danger to the structure of Taj Mahal. Through the cross-sectional profile analysis, some
human intervention has observed behind the Taj Mahal, and notices that a low-level weir up to a RL of 146 m has been
constructed across the Yamuna River to create a permanent lake of water behind the Taj Mahal. Agra city has experienced a
significant urban growth in the last 50 years (1972-2021), it has increased 1284% of urban area with an average growth rate of
2.88 Km’ per year, while population has increased only 282%. Till 2001 urban area is limited to only one geomorphic unit of
older alluvial plain, but onwards due to Immanent of population increment it has been extended to other geomorphic units which
are not good for the residence purpose.
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processes that are responsible for the forms of the Earth's
1. Introduction surface. Understanding the environment in which we live
requires an understanding of the various processes that lead to
landforms. A geomorphological map of an area should give
information about the morphology (appearance), morpho-

Geomorphology is deal with the origin of relief forms of the
surface of the earth's crust, including several of the natural
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metry (dimension / slope), morphogen (origin) and morpho-
chronology (the age) of each form [1]. Understanding various
earth surface processes, landscape evolution, geochronology,
structural characteristics, natural resource inventory and
mapping, and natural hazards requires geomorphological
mapping and analysis of various processes in fluvial
environments, while remote sensing can provide information
on the location / distribution of landforms, surface/sub-surface
composition, and natural hazards [2]. Earth observations from
space utilising optical, thermal, and radar remote sensing
instruments have aided in the resolution of significant
geomorphological and geological problems on a variety of
scales [3].

Advances in remote sensing methodology have constantly
benefited geomorphology by improving mapping technology,
form analysis, and feature discrimination [2]. Space-borne and
airborne technology now not a new technology, it has been
widely used since over a century. The aerial perspective was
an integral part of the physiographic analysis [4-7].

Beginning in the 1930s, government agencies in the United
States enlisted the help of various resource experts, including
foresters, pedologists, hydrologists, and civil engineers, to
undertake resource inventories using landform interpretation
methodologies. In Europe, the work of [8-9] demonstrated the
growing importance of aerial photography in academic
geomorphology. The work of [10-13] demonstrated to the
engineering and earth scientific communities that these
techniques were more than just mapping tools, and that they
could be used as data resources and field tools. The work of
[10-13] demonstrated to the engineering and earth scientific
communities that these techniques were more than just
mapping tools, and that they could be used as data resources
and field tools. The use of thermal infrared scanners by [14],
imaging radar by [15], and space platforms by [16] opened the
path for today's remote sensing applications in
geomorphology. Satellite remote sensing imagery has been
widely used in geomorphology since 1972, when Landsat
series data (from 1972 to present) became freely available, and
because of its worth, which can be measured by how well it
meets geomorphologists' investigative needs [17].

Geomorphic features have been successfully identified using
space-based radar sensors [18-20]. Because microwave EM
radiation can probe near-surface features [21] and may be
utilised to investigate active and inactive geological
formations and geomorphological features using distinct
time-series satellite photos, this research has been conceivable
[22]. Surface changes and spatiotemporal dynamics have also
benefited from the interferometric SAR (InSAR) coherence
approach [22-25]. Remote sensing, as opposed to traditional in
situ measurements, has allowed for continuous monitoring of
the Earth's surface at varied spectral, spatial, and temporal

resolutions [26-27]. Remote sensing data including GIS,
digital elevation model (DEM) data, digital surface model
(DSM) data, GPS/DGPS, LiDAR data, Radar data, and
drone-based sensor imagery have enhanced the capability to
understand the surface processes more clearly and improve the
accuracy in geomorphological mapping. Authors also
conducted several studies on geomorphology investigation
and mapping using satellite remote sensing data and GIS
[28-45].

In this study, space-borne remotely sensed imagery of various
types of viz. L-band Advanced Land Observing Satellite
(ALOS) / Phased Array Type L-band Synthetic Aperture
Radar (PALSAR), C-band Shuttle Radar Topography Mission
(SRTM), Sentinel-1, Landsat-8 Operational Land Imager
(OLI) and Google Earth have been used in a complementary
manner to assess the geological structures, geomorphological
investigation and mapping of the study area. Landsat-1 MSS,
Landsat-2 MSS, Landsat-3 MSS, Landsat-5 TM, Landsat-7
ETM+, and Landsat-8 OLI have been used for river
morphology (mean river width, sinuosity index, and meander
bends trend analysis) and wurban expansion / urban
geomorphology analysis.

2. About the Study Area

The Taj Mahal was built between 1631 and 1648 on the right
bank of the Yamuna River in Agra, Uttar Pradesh, at 27° 10'
30.44" N latitude and 78° 02' 31.25" E longitude, more than
373 years ago. The Taj Mahal's major component is the tomb,
which is composed of white marble and has a height of 73
metres above ground level. It's a gigantic edifice weighing in
at over 12,000 tonnes [46].

The study area has been selected 25 Km buffer from the center
of Taj Mahal. Within this area, geology, geomorphology,
urban geomorphology, and subsoil investigation has been
done. A 114 Km long river reach of the Yamuna River (which
is fall within the buffer area) is also selected for river
morphology study i.e. mean river width, and sinuosity index.
Yamuna river is a meandering river, and Taj Mahal is located
on a meander bend, therefore, authors have decided to do the
meander bends trend of the study area. For meander bend
trend analysis total 12 bends have selected in study reach of
Yamuna River (Figure 1).

The study area situated in the extreme south-west corner of the
Uttar Pradesh state. It is a part of the southern upper Ganga
plain. Based on geology, soils, topography climate and natural
vegetation, the study area can be divided into two
physiographic division: (a) Yamuna Khadar, and (b) Agra
Plain. Yamuna Khadar is situated parallel to river Yamuna
with an average width of 10 Km to 15 Km. The slope is
according to the direction of flow of river Yamuna, meanders
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and ravines are the main topographic feature in this division.
Agra Plain is a flat plain sloping towards south-east direction.

The climate of the study area is characterized by extremely hot
summers, a cold winter and general dryness throughout the
year except the southwest monsoon. The winter season in
Dec-Feb is followed by the summer season which continues
till mid-June and is followed by the monsoon season which
continues till the end of Sep. The maximum temperature
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during hot touches has reached 45°C while during winters it
comes to 5°C. The average annual rainfall of the study area is
695 mm. Four National Highways (NH) have passed through
the study area. These are: NH-44 route from New Delhi to
Gwalior, NH-19 route from Agra to Kanpur, NH-21 route
from Jaipur to Bareilly, NH-509 route from Agra to
Moradabad. The study area is also well connected to major
cities of India by Indian railways and airlines.
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Figure 1. Location Map of Taj Mahal, Agar (Uttar Pradesh).

3. Data Used and Their Sources

Landsat series satellite data from 1972 to 2021 (at 5 years
interval, 11 datasets in total) have been downloaded from
Earth Explorer, USGS: https://earthexplorer.usgs.gov. The
spatial resolution of these datasets is ranging between 57*79
m and 30 m.

The DEM data for the Shuttle Radar Topography Mission
(SRTM) were gathered from the United States Geological
Survey (USGS) in partnership with NASA and the National

Geospatial-Intelligence Agency (NGA):

https://earthexplorer.usgs.gov. Using a single microwave
C-band X-SAR-SRTM with 30 m spatial resolution, several
sceneries were analysed and combined into a mosaic to gain
comprehensive topographic information.

The Sentinel-1 Synthetic Aperture Radar (SAR)-IW satellite
imagery with 5*20 m spatial resolution of year 2021 has been
download from Alaska Satellite Facility (ASF):
https://search.asf.alaska.edu/#/. The detail of these datasets
with acquisition date, satellite name, sensor type, and spatial
resolution is given in Table 1.
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Table 1. Type of Satellite Remote Sensing Data.

S. No. Acquisition Date Satellite Name Sensor Type Spatial Resolution (m)
1 14" November 1972 Landsat-1 MSS 57*79
2 26" March 1977 Landsat-2 MSS 57*79
3 10" September 1981 Landsat-3 MSS 57*79
4 11" January 1986 Landsat-5 ™ 30

5 14" March 1991 Landsat-5 ™ 30

6 09" March 1995 Landsat-5 ™ 30

7 05" February 2001 Landsat-5 ™ 30

8 31% March 2006 Landsat-7 ETM+ 30

9 06™ April 2011 Landsat-5 ™ 30

10 21% May 2016 Landsat-8 OLI 30

11 01" April 2021 Landsat-8 OLI 30

12 18" May 2021 Sentinel-1A Iw 5%20
13 23" September 2014 SRTM X-SAR 30

MSS = Multispectral Scanner, TM = Thematic Mapper, ETM+ = Enhanced Thematic Mapper Plus, OLI = Operational Land Imager, IW = Interferometric Wide
swath, SRTM = Shuttle Radar Topography Mission, SAR = Synthetic Aperture Radar.

Apart from above stated datasets, geological maps have been
collected from Geological Survey of India (GSI):
http://www.portal.gsi.gov.in.

Subsoil data has been accumulated from published article
which were conducted by [47-52], as well as some literature

has been collected from Archaeological Survey of India (ASI):

https://asi.nic.in/?s=tajmahal.

Agra city population data has been collected from Census of
India website: https://censusindia.gov.in for year 1971, 1981,
1991, 2001, and 2011; while the projected population data of
year 1977, 1986, 1995, 2006, 2016, and 2021 has been
collected from United Nations World Population Prospects
(https://www.macrotrends.net/cities/21151/agra/population).

4. Methodology

The remote sensing and GIS methods and other statistical data
techniques have been comprehensively used for geological,
subsoil investigation, geomorphological, river morphology,
and urban geomorphological analysis of the area around Taj
Mabhal. This study looked at Landsat satellite images of the
predominantly dry season (Mar-Apr-May) from 1972 to 2021
(11 total). The satellite imageries were shot during the dry
season to avoid overestimation of the river's expanse, which is
frequent with images taken during high flow or monsoon and
flooding seasons. There were no clouds in the satellite image
data that was chosen.

The Landsat satellite images from 1972 to 2021 have been
download from Earth Explorer, USGS. These raw data or
separate bands have been stored in a specific folder and by
using ArcGIS 10.7.1 software (with ArcToolbox => Data
Management Tools => Raster => Raster Processing =>
Composite Bands) these satellite imageries have been
geo-processed including the removal of haze and noise. Agra

city and surrounding area is fall in two UTM zones (43, and
44), but major part of the study area fall in UTM zone no 43,
so it has decided the projection system - Universal Transverse
Mercator (UTM) zone no. 43, and datum - the World Geodetic
System 1984 (WGS-84) was employed, for better calculation
and verification of distances between utilities, banklines, river
infrastructure, span length, and urban expansion, the World
Geodetic System 1984 (WGS-84) was employed. An
automatic produced Root Mean Square Error (RMSE) of less
than 0.23 has been maintained. Various digital image
processing and visual image interpretation techniques have
used for geological and geomorphological mapping of Taj
Mabhal, as well as river morphology and urban expansion
study.

5. Result and Discussion
5.1. Geology

A general lithological map can help understanding of the
geomorphology of an area. Published geological quadrangle
maps of 54-E and 54-1 (which is fall in Agra city) have been
downloaded from Geological Survey of India (GSI) website:
http://www.portal.gsi.gov.in. These maps have been
geo-referenced and digitized and prepared a geological map of
Taj Mahal. This geological map has been updated through
Landsat-8 OLI satellite imagery (30 m spatial resolution),
SRTM DEM data (30 m spatial resolution) with slope map,
landform map, and Survey of India (Sol) topographical maps
(1:50,000 scale) with limited field check. A geological map of
Taj Mahal is shown in Figure 2.

Various geologists have contributed to the study area's various
geological characteristics. Among them are [33, 53-64], others,
and so forth. They have recorded the principal rock formations
as described in Table 2.
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Table 2. Lithostratigraphic Succession of Taj Mahal.
Map Symbol  Geological Unit Lithology Group  Age
Grey, fine to medium grained cross bedded to laminated, micaceous sand
Qfc Channel Alluvium  with capping of overbank silt.
(Active Flood Plain) Newer Holocene
Cyclic sequence of grey, fine to medium grained, micaceous sand and Alluvium
Qoft Terrace Alluvium  laminated grey silt-clay.
(Older Flood Plain: Depositional Terrace - T1, Tla) Qi
Polycyclic sequence of oxidized Khaki silt-clay with or without kankar and .
. . . . . Middle to
Qifo Varanasi Alluvium yellowish brownj fine to medium, micaceous sand. Q,fo.: Silt-clay facies, Older. Unper
! Q,fo,: Sandy facies. Alluvium pp

Pleistocene

(Varanasi Older Alluvial Plain and Erosional Terrace of Older Flood Plain - Te)

Source: Geological Survey of India (GSI)

The area is largely covered by a thick layer of Quaternary
sediments classified as (i) Older Alluvium and (ii) Newer
Alluvium geologically. Varanasi Alluvium, which is from the

Middle to Late Pleistocene age, represents the Older Alluvium.

Newer Alluvium of Holocene age comprises two units viz. (i)
Terrace Alluvium and (ii) Channel Alluvium.

Varanasi Older Alluvium is an extensively developed
polycyclic, sequence of yellowish khaki silty clay with kankar
and ferruginous concretions and brown to grey colour
micaceous sand. Surficially, the sediments have been classified
into widely developed silt-clay facies and sandy facies. Silt-clay
facies comprises oxidized khaki to brownish colors silt-clay
with disseminated kankar nodules. At places calcrete horizon,
enclosing lenses of honeycomb type of kankar, is present which
comprises several gastropod shells like, Lymnea sp. And
Planorbis sp. The sandy facies represent scattered sand mounds
and sandy flats and is made up of oxidized light brown to deep
khaki. In exposed sections sand bed comprises brown to reddish
brown and grey micaceous sand exhibiting horizontal
laminations, ripple marks and worm burrows (Skolithos).

The Terrace Alluvium is restricted in the valley zones of
Yamuna within their depositional domain. In Yamuna single
depositional terrace represents Terrace Alluvium. It is mainly
composed of alternate sequence of silty clay and fine to
medium grained, micaceous sand, mainly of grey colors
replete with sedimentary structures like parallel laminations,

of quartz whereas remaining 25 to 20% comprises mica,
opaques, and rock fragments.

The Channel Alluvium of Yamuna River is represented by fine
to medium grained, light grey, micaceous, cross bedded to
laminated sand of point bars, channel bars, and lateral bars
with occasional overbank silt capping at places.

The area is poor in mineral resource. Reh (alkaline soil) is found
at places over Varanasi Alluvium, which is utilized locally as
washing detergent. Clay, occurring extensively on Varanasi
Alluvium, is used for local pottery production and brick making.
Sand Occurring in riverbed is widely used in masonry work.

5.2. Geomorphology

Remote sensing data is an important resource for
interpretation and preparation of geomorphological map. A
detailed geomorphological map of the Taj Mahal has been
prepared by using visual image interpretation of Sentinel-1
Synthetic Aperture Radar (SAR)-IW satellite imagery with
5x20 m spatial resolution, Landsat-8 OLI satellite imagery
with 30 m spatial resolution, SRTM DEM data with 30 m
spatial resolution, geological quadrangle maps with structural
and lithological maps from Geological Survey of India (GSI)
(1: 250,000 scale), and Survey of India (Sol) topographical
maps (1: 50,000 scale) with limited field check, and shown in
Figure 2. The various geomorphic units and their components
have identified and mapped. Important geomorphic units of

cross bedding, ripple marks etc. The sand comprises 75 to 80%

Table 3. Important Geomorphic Units of the Taj Mahal.

the Taj Mahal area are given in Table 3.

S. No. Geomorphic Origins Geomorphic Landforms Geomorphic Primary Units Geomorphic Secondary Units
1 Fluvial Origin Flood Plain Active Flood Plain Active Flood plain
2 Fluvial Origin Flood Plain Active Flood Plain Channel Bar

3 Fluvial Origin Flood Plain Active Flood Plain Lateral Bar

4 Fluvial Origin Flood Plain Active Flood Plain Point Bar

5 Fluvial Origin Flood Plain Active Flood Plain Abandoned Channel
6 Fluvial Origin Alluvial Plain Older Alluvial Plain Older Alluvial Plain
7 Fluvial Origin Alluvial Plain Older Alluvial Plain Gullied Tract

8 Fluvial Origin Alluvial Plain Older Alluvial Plain Oxbow Lake

9 Fluvial Origin Flood Plain Older Flood Plain Older Flood plain
10 Fluvial Origin Flood Plain Older Flood Plain Meander scar

11 Fluvial Origin Flood Plain Older Flood Plain Abandoned Channel
12 Water Bodies Water Bodies Ponds, Lakes Ponds, Lakes

13 Water Bodies Water Bodies River River
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Figure 2. Geological and Geomorphological Map of the Study Area.

The area has been classified into two broad geomorphic units
viz. an Upland or Older Alluvial Plain termed as Varanasi
Older Alluvial Plain (VOAP), and a Low Land or Flood Plain
comprising Older Flood Plain, divisible into Erosional Terrace
(Te) and Depositional Terrace (T1, Tla), and Active Flood
Plain of present-day rivers. The most developed Varanasi
Plain is the oldest geomorphic surface free form floods,
representing a flat terrain without any marked relief variations.
It demarcates its boundary with the flood plain by a
well-defined scarp. It has a general south-easterly slope. It is
dotted by few tals. Badland is developed along Yamuna River.

The Varanasi Older Alluvial Plain, the height and the oldest
geomorphic unit covering maximum part of the area, ranges in
elevation from 152 m to 188 m above msl with a general
south-easterly master slope. It is a flat alluvial terrain with
relief variations at micro-level. This plain has been classified
into two surfaces viz. a flat silt-clay surface and a humpy
sandy surface. The latter comprises sandy flat, mounds and
ridges. The height of sandy mounds and ridges extends up to 6
m above ground level. A very wide zone, trending NW-SE
comprising greater concentration of tals and palaco-channels
as well as patches infested by soil sodacity or reh passes
through the area. The water table is also shallow in this zone.
This zone represents an older phase of active channel.

The Older Flood Plain of river Yamuna comprises a single
depositional terrace on either bank. It is separated from the

VOAP by a scarp 3 m to 5 m high. The higher terrace (T1)
ranging in elevation from 168 m to 173 m above msl is a
more-or-less flat surface with several abandoned channels.
The lower Terrace (T1a) is slightly undulatory and restricted
as narrow lenticular patched along the river course. Its
elevation ranges from 157 m to 164 m above msl. It is
separated from T1 terrace by a gradual and undistinctive scarp
about 1 m to 1.5 m high.

The Older Flood Plain of Yamuna River is represented by two
terraces i.e. a Higher Erosional Terrace (Te), and a Lower
Depositional Terrace (T1). Active Flood Plain of Yamuna
River is restricted within the present-day bank limits of these
rivers and is generally represented by point bars, channel bars,
and lateral bars. The environmental hazards of the area include
seasonal flooding of terrace zones, seasonal water logging in
tals, palaco-channels and along canals, land degradation due
to badland formation along Yamuna and reh infestation or soil
alkalization near waterlogged bodies.

5.3. Geostrata and Subsoil Investigation

In general, no one is permitted by the Government of India for
drilling boreholes to investigate the geo-strata and subsoil
properties of the Taj Mahal premises. Consequently, Authors
have decided to the used past published research work, which
has provided valuable information about the geo-strata and
subsoil properties of the area around Taj Mahal. Subsoil data
has been accumulated from published article which were
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conducted by [47-52], as well as some literature has been
collected from Archaeological Survey of India (ASI). It is
important to consider soil data from all these studies to provide
a more accurate subsoil profile. Before the early 1980s, there
were no historical records of the subsurface conditions at the
Taj Mahal. Total number of ten boring have been reported in the
north, east, and west sides of the Taj Mahal, and approx.
locations of boreholes are shown in Figure 3.

While repairing the riverside walls in 1957, the
Archaeological Survey of India (ASI) discovered a well
foundation beneath the building. The well spacing was
determined to be 3.76 m centre to centre. Timber piles were

Geomorphological Analysis of Taj Mahal Area using Remote Sensing and GIS

also exposed near the riverside wall in 1958 [47].

According to [48], each well is made of stone and lime mortar,
with wheels with axles and spokes positioned at regular
intervals throughout the depth. According to him, the wells
were filled with rubble mixed with lime mortar, and the spaces
between the wells were filled with solid stone and lime
masonry. The findings of the Indian Archaeological Review
1957-58 [47] back this up. This foundation structure
distributes load evenly and allows the entire system to be
connected as a single unit. The foundation system is depicted
graphically in Figure 3.
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Figure 3. Geo-strata and Sub-soil Properties of Taj Mahal Area.

The soil characteristics at the Taj Mahal's site are described by
[49]. The analysis was based on soil data from a previous
borehole sunk by local officials in the 1980s to operate the Taj
Mabhal's fountains. The borehole was bored 135 metres below
ground level (BH-01). The area around Taj Mahal having deep
alluvial deposits where the depth of rock sometimes can be
very large. Below ground level there is a layer of 3 m of clay
followed by clay with kankar up to 13.50 m depth. This is
underlain by 2.5 m deep kankar layer, followed by 0.8 m deep
fine sandy clay, 2.19 m of kankar and 7.01 m deep deposit of
sandstone with fine sand. Then there exists 9 m deep clay with
stone and 12.5 m deep sand with kankar and sandstone up to a
depth 0f 47.5 m below ground surface. This is followed mostly
by deposits of clay with impregnations of kankar and sand at
times and with sandwiched layers of sandstone and sand at
some depths.

The subsoil stratification of the 350-years old Taj Mahal had been
studied by [50]. They have presented soil profiles obtained from
six boreholes (BH-02 to BH-07) drilled along the periphery and
away from the plinth of the Taj Mahal to depths of about 89 m.
Four boreholes (BH-02 to BH-05) have been located between the
Taj Mahal and the Yamuna River, whereas boreholes BH-06 and
BH-07 lie to the east of the Taj Mahal (Figure 3). The soil
samples were examined in the lab to determine the physical and
engineering qualities of the area surrounding the Taj Mahal. They
created a soil profile based on six boreholes (BH-02 to BH-07)
conducted for their research, as well as a deeper borehole (135 m)
previously drilled. From reduced level (RL) 149 to 133 m, clay of
low-to-intermediate compressibility (CL-CI) was discovered,
followed by non-plastic to silty sand (SP-SM) from RL 133 to
123.8 m. From 123.8 to 60.3 m, a thicker clay layer with
intermediate compressibility appeared. Below 60.3 m,
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fine-to-medium-grained quarzitic sandstone was discovered. The
groundwater table was likewise found at 145.2 m (approximately
4 m below ground level), which is consistent with prior findings.
Only the layer containing clay soil, according to this study, would
show significant consolidation behaviour. [50] determined that
since the Taj Mahal's building in 1653, 99.4% of the ultimate
settling has occurred.

The ground-penetrating radar (GPR) investigations at three
locations in 2000 has been carried-out by [51]. 1% location is
situated near the northern boundary of the monument (BH-08),
while 2™ (BH-09) and 3™ (BH-10) locations are situated near
the marble floor of the mausoleum (Figure 3). To verify the
GPR data, three boreholes (BH-08 to BH-10) were dug. The
GPR data revealed well foundations at a depth of 17.5 m
beneath the structure. In addition, the GPR results were
compared to previously collected borehole data (BH-01) and
six dug boreholes (BH-02 to BH-07). The groundwater table
was also revealed by GPR data at a depth of 5.25 m below the
level of GPR profiling. Figure 3 depicts the soil strata of the
several boreholes.

The foundation was built on masonry wells that were
strengthened with sagwan (teak) wood wheels, as suggested
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by [52] in his book. These wheels would be spaced out along
the vertical length at regular intervals. The wells were filled
with riverside soil and rubble. Above the wells would be piers
joined by brick arches, on which the structure's red sandstone
foundation would rest. Stone and lime mortar would next be
used to fill the remaining area.

5.4. River Morphology
5.4.1. Mean River Width

The cross section of a river can be defined as the change of depth
(height) of a river with respect to the horizontal distance from one
river to the other. The changing form of river cross section is a
well-known parameter of a river's health. The average river
length (1972-2021) in the study reach starting from 27° 17' 55" N
latitude, 77° 49' 57" E longitude, and end at 27° 05' 00" N latitude,
78°16' 21" E longitude is 114.67 Km. Total 113 cross-sections (at
1 Km interval) have been established on Yamuna River within
the study reach. The river width has been measured at each
cross-section by using multi-temporal Landsat satellite remote
sensing data from 1972 to 2021 (11 in total). Overall mean river
width in this reach is 144 m.

Mean River Width (1972-2021

250

200

san River Width (m)

Sub-Reach-01

Cs-01
CS-04

Sub-Reach-02 i Sub-Reach-03
nﬂm'—Qr-Dl'\t.DO‘f‘dlﬂt‘D'—ﬂh-oﬁgmN
L LA LLEEEEEER-R-8-K-5
WO WwuOomaoaowuaoewaowaowawaewwew & & & 4
OOOLVOLDOLOOLOOLODOOLDODOOLOODOO

Figure 4. Mean River Width (1972-2021).

Taj Mahal structure is situated at CS-67. For comparative
analysis of mean river width, Authors have divided this reach
in three sub-reaches i.e. CS-01 to CS-47, CS-48 to CS-86, and
CS-87 to CS-113. The mean river width in sub-reach-01 is
137.62 m, in sub-reach-02 is 147.95 m, and in sub-reach-03 is
150.14 m, while the mean river width of CS-67 (where Taj
Mabhal is situated) is 149.59 m. 113 cross-sections vs river
width (m) has been plotted and shown in Figure 4. it is
observed that river width is large in the flood year.

5.4.2. Sinuosity Index

Sinuosity is a term used to describe the degree of meandering

in a riverbed, which is subsequently used to categorise
geomorphological river types [35, 42-45, 65]. Sinuosity is a
quantitative index of stream meandering and a distinctive
property of channel pattern. Among the variables involved in
the geometry and dynamics of alluvial channels, sinuosity is
functionally related to morphological, sedimentological, and
hydraulic characteristics. Sinuosity has been utilized in
functional, comparative, and historical studies. Straight rivers
are uncommon in the natural world, and many of them are the
product of structural restrictions or sections that connect a
succession of meanders. The sinuosity index (Si) has been
divided into four alluvial river groups by [66]. According to
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them, if Si are “less than 1.05, 1.06-1.25, 1.26-1.50, and
1.51-4.00”, then river classes are “straight, sinuous, moderate
meandering, and meandering form” respectively.

The length of the talweg (channel length-CL) is divided by the
length of the valley (valley length-VL) is well-defined by [66].

Geomorphological Analysis of Taj Mahal Area using Remote Sensing and GIS

CL’s and VL’s have been measured on multi-temporal Landsat
satellite imageries from 1972-2021 (11 in total) by using
ArcGIS 10.7.1 software, and sinuosity index (Si) has been
calculated, and given in Table 4.

Table 4. Sinuosity Index and Geomorphological River Types.

S. No. Year Channel Length (Km) Valley Length (Km) Sinuosity Index River Classes
1 1972 113.37 49.69 2.28 Meandering Form
2 1977 113.42 49.69 2.28 Meandering Form
3 1981 114.29 49.69 2.30 Meandering Form
4 1986 114.56 49.69 2.31 Meandering Form
5 1991 117.69 49.69 2.37 Meandering Form
6 1995 114.60 49.69 231 Meandering Form
7 2001 116.80 49.69 2.35 Meandering Form
8 2006 114.65 49.69 231 Meandering Form
9 2011 113.81 49.69 2.29 Meandering Form
10 2016 114.68 49.69 2.31 Meandering Form
11 2021 113.54 49.69 2.29 Meandering Form
Average 2.31 Meandering Form

The gradient of riverbeds is commonly declared to be one of
the most strongly weighted explanations when it comes to the
origin of sinuosity [65]. The maximum Si has been notices in
year 1991 with 2.37, while the minimum Si has been found in
year 1972 with 2.28. The average sinuosity index of Yamuna
River (within study reach) is 2.31 which corresponding to the
highly meandering form of the river. Because of tectonic
control is less potent than other variables, the Yamuna River
(within study reach) is heavily meandering morphology is
governed more by the gradient, lithology, and river
environment [35]. As a result, with low gradients, the
interaction between the current's energy and the substrate's
resistance becomes more dynamic, resulting in cut-offs, river
migrations, and other phenomena [33].

5.4.3. Meander Bends Trend Analysis

In a meandering river, migration is caused by erosion on the
outer bank and comparable sedimentation on the inner bank
[67]. The erodibility of banks is the rule rather than the
exception in alluvial river systems [68]. The eroded bank

material is moved downstream to the next point bar, where bar
deposition and advancement often balance off outer bank
erosion. The Taj Mahal has gone through various climatic,
environmental, and geotechnical changes in its long history
(350-years), and it is located on a meander bend. Therefore,
authors have decided to do the meander bends trend of the study
area. For meander bend trend analysis total 12 bends have
selected in study reach of Yamuna River (Figure 1). Bend No.
01, 03, 05, 07, 09, 10, 12 have situated on left river bankline,
while Bend No. 02, 04, 06, 08, 11 have situated on right river
bankline, and Taj Mahal has located at bend No. 08, right river
bankline. Meander bends migration data has been extracted
from 1972 to 2021 by using Landsat satellite imageries of years
1972, 1977, 1981, 1986, 1991, 1995, 2001, 2006, 2011, 2016,
and 2021. The meander bends migration data (A) and
cumulated meander bends migration data (B) are given in Table
5. A positive value (+) indicates that the meander bend has
migrated to right direction from previous study year, while a
negative value (-) indicates that the meander bend has migrated
to left direction from previous study year.

Table 5. Meander Bends Migration Data (A), and Cumulated Meander Bends Migration Data (B) from 1972-2021.

Years 72-77 77-81 81-86 86-91 91-95 95-01 01-06 06-11 11-16 16-21
(A) Meander Bends Migration Data
Bend-01 -23.8 108.3 -338.2 224 6.2 367.8 -278.3 -117.0 14.3 -13.2
Bend-02 9.4 68.2 -6.4 -32.2 7.6 43.1 -77.2 58.8 -20.8 10.4
Bend-03 13.1 58.4 -108.0 60.2 8.6 -15.5 21.2 10.2 -31.0 24.0
Bend-04 8.8 434 23.6 8.0 -10.8 -71.5 14.8 -10.8 12.6 -13.4
Bend-05 -43.9 -82.6 94.4 -169.2 -76.8 -221.8 -52.3 -10.4 316.7 -158.3
Bend-06 64.0 1355.5 143.3 83.3 -321.8 3433 -74.7 83.3 -100.7 112.3
Bend-07 6.1 87.9 -143 -68.3 37.3 8.5 64.9 -16.7 82.5 15.6
Bend-08* 37.9 585.7 129.7 -11.9 -16.5 -557.8 -34.1 -50.5 -16.5 47.7
Bend-09 -11.6 34.8 -62.5 -31.7 3225 -304.6 7.9 15.0 -11.5 22.4
Bend-10 7.6 29.7 871.9 -127.3 -22.0 -53.6 199.0 172.3 -433.3 10.9
Bend-11 -8.8 -11.3 -27.7 -65.5 -5.5 -13.8 343 13.8 -111.5 96.2
Bend-12 3.8 12.6 32.0 58.6 15.9 -6.8 -25.4 42.9 254 28.1
(B) Cumulated Meander Bends Migration Data
Bend-01 -23.8 84.5 -253.7 -276.1 -269.9 97.9 -180.4 -297.5 -283.2 -296.4
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Years 72-77 77-81 81-86 86-91 91-95 95-01 01-06 06-11 11-16 16-21
Bend-02 9.4 77.6 71.1 38.9 46.5 89.6 12.4 71.2 50.4 60.8
Bend-03 13.1 71.5 -36.5 23.7 322 16.7 37.9 48.1 17.1 41.1
Bend-04 8.8 52.2 75.8 83.8 73.1 65.5 80.3 69.6 82.1 68.7
Bend-05 -43.9 -126.5 -32.1 -201.2 -278.0 -499.8 -552.1 -562.5 -245.8 -404.2
Bend-06 64.0 1419.4 1562.7 1646.0 1324.3 1667.6 1592.9 1676.1 1575.5 1687.8
Bend-07 6.1 93.9 79.6 11.3 48.6 57.2 122.1 1054 187.9 203.4
Bend-08* 37.9 623.6 753.2 741.3 724.8 167.0 132.9 82.4 65.9 113.6
Bend-09 -11.6 23.2 -39.3 -70.9 251.6 -53.1 -45.2 -30.2 -41.7 -19.3
Bend-10 7.6 37.3 909.2 781.9 759.9 706.3 905.2 1077.5 644.2 655.2
Bend-11 -8.8 -20.1 -47.8 -113.3 -118.8 -132.6 -98.3 -84.5 -196.0 -99.8
Bend-12 3.8 16.4 48.4 107.0 122.9 116.1 90.6 133.6 108.2 136.2

Through the cumulated meander bends migration data, it is possible to know the trend of any meander bend. The bend migration

data from 1972 to 2021 has been analyzed, and trend of all 12 bends have gotten, which is shown in Figure 5.

Figure 5. Meander Bends Direction Map.
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Referring to the Figure 5, meander bend no. 01, 02, 04, 05, 06,
08, and 09 are continuously migrating towards in meander bend
direction, while the meander bend no. 03, 07, 10, 11, and 12 are
migrating in opposite direction of meander bends. The
migration rate (meter / year) of bend no. 01, 02, 03, 04, 05, 06,
07,08, 09, 10, 11, and 12 are 5.93 (m/y), 1.22, 0.82, 1.37, 8.08,
33.76,4.07,2.27,0.39, 13.10, 2.00 and 2.72 (m/y) respectively.
The maximum migration rate has been observed at bend no. 06,
while the minimum has been observed at bend no. 09 (just after
the Taj Mahal). The migration rate of bend no. 08 (where the Taj
Mabhal is situated) is only 2.27 meter/year, because two spurs
upstream of the Taj Mahal have been constructed to train the
river suitably so as to avoid any threat to the structure of the Taj
Mabhal and keep the river from attacking the foundations [49].
Over three and a half centuries, the system appears to have
operated successfully and survived high floods.

The cross-sectional profile of each cross-section (which is
located at the center of meander bends) has been generated by
using SRTM DEM data and shown in Figure 6. The all-CS
profiles have demonstrated the undulation riverbed surface
except the cross-sectional profile of bend no. 8, where the Taj
Mabhal is situated, here riverbed surface is showing the flat
surface throughout the river width. Behind the Taj Mahal, in
the Yamuna River some human intervention has observed. A
low-level weir up to RL of 146 m across the Yamuna River to
impound water to create a permanent lake of water behind the
Taj Mahal has been constructed [50]. They have also
examined the effect of impounding water on foundation
performance and found that these has no influence on the
behaviour of subsoil strata and hence on the performance of
the foundations of' Taj Mahal as well as no problem to the
stability of' Taj Mahal.

Geomorphological Analysis of Taj Mahal Area using Remote Sensing and GIS
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Figure 6. Cross-Sectional Profile of Meander Bends.

5.5. Urban Geomorphology

Local landforms have played an important part in the selection
of settlement locations throughout history, and urban
geomorphology has affected the evolution of many towns [69].
Urban planning is incomplete without considering the
geomorphology and geology of the area [35]. Towns are
adjusted to the topography and topography is also adjusted to
the needs of construction and planning [70].

Multi-temporal series satellite remote sensing data viz
Landsat-1 MSS, Landsat-2 MSS, Landsat-3 MSS, Landsat-5
TM, Landsat-7 ETM+, and Landsat-8 OLI from 1972 to 2021;
and vectorization methods were used for extraction of urban
expansion of Agra town, it offers a visual and historical
overview of the place The data was assembled and integrated
using ArcGIS 10.7.1 software to build the spatio-temporal
urban map of Agra. Table 6 shows the urban expansion of
Agra town as a function of population growth.

Table 6. Urban Expansion corresponding to the Population Growth in Agra City.

S. No. Years Population Population Growth (%) Urban Area (Km?) Urban Expansion Growth (%)
1 1971 591,917 28.12 11.21*

2 1977* 648,000 09.47 15.72 40.16
3 1981 694,191 07.13 18.97 20.67
4 1986* 855,000 23.16 30.70 61.85
5 1991 891,790 04.30 50.30 63.85
6 1995* 1,123,000 25.93 66.57 32.35
7 2001 1,275,134 13.55 79.55 19.50
8 2006* 1,568,000 22.97 84.23 5.88
9 2011 1,585,704 01.13 106.78 26.77
10 2016* 2,009,000 26.69 125.74 17.76
11 2021* 2,262,000 12.59 155.21 23.44

* Projected Population. United Nations - World Population Prospects. https://www.macrotrends.net/cities/21151/agra/population

# Urban Area of Year - 1972

It has observed from multi-temporal, multi-resolution and
multi-spectral satellite data interpretation from 1972 to 2021,
that Agra city has experienced a significant urban growth in
the last 50 years. Agra urban area has increased 1284% and
13.84 times in the last 5 decades, while the Agra city

population has also increased 282% and 3.82 times in the last
5 decade. The urban area of Agra city was respectively 11.21
Km? in 1972, 15.72 Km? in 1977, 18.97 Km? in 1981, 30.70
Km? in 1986, 50.30 Km? in 1991, 66.57 Km? in 1995, 79.55
Km? in 2001, 84.23 Km? in 2006, 106.78 Km? in 2011, 125.74
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Km?®in 2016, and 155.21 Km® in 2021 (Table 6). The Agra city
has extended by 144 Km” in the period of 1972-2021 with an
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average growth rate of 2.88 Km® per year.

Population Growth vs. Urban Expansion Growth (1971-2021) of Agra City
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Figure 7. Population Growth vs. Urban Expansion Growth (1971-2021) of Agra City.

In the last 5 decades, it has observed that the maximum
population growth found in the period of 1961-1971 with
28.12%, then 2011-2016 with 26.69%, while the minimum
population growth found in the period of 2006-2011 with
01.13%, then 1986-1991 with 04.30%. It has also observed
that the maximum urban expansion growth found in the
period of 1986-1991 with 63.85%, then 1981-1986 with
61.85%, while the minimum urban expansion growth found
in the period of 2001-2006 with 5.88%, then 2011-2016 with

17.76% (Figure 7). It is also seen that there has been a lot of
urban expansion in 1991 and 2011, but population growth
has decreased in comparison, but we have seen the opposite
combination in 2006 and 2016.

Authors have analyzed the urban expansion data by keeping
the Taj Mahal in the center. The urban expansion is divided in
32 directions, which is given in Table 7.

Table 7. Urban Expansion Data with the Taj Mahal as the Centerpiece (1972-2021).

Direction 1972 1977 1981 1986 1991 1995 2001 2006 2011 2016 2021
N 0.13 0.53 0.62 1.43 2.62 3.17 4.25 4.52 5.70 6.49 8.29
NbyE 0.52 0.53 0.53 0.77 1.22 1.81 2.38 2.53 3.33 4.39 5.47
NNE 0.02 0.02 0.02 0.58 1.26 1.74 1.84 2.25 232 237 2.81
NEbyN - - - - 0.02 0.49 0.62 0.67 0.73 0.99 1.09
NE - - - - - - 0.15 0.38 0.58 0.97 1.20
NEbE - - - - - - - - - - -
ENE - - - - - 0.00 0.00 0.00 0.00 0.00 0.00
EbyN - - - 0.00 0.00 0.03 0.03 0.03 0.09 0.15 0.29
15 - 0.01 0.01 0.04 0.04 0.09 0.16 0.16 0.46 0.47 0.57
EbyS - 0.04 0.04 0.08 0.11 0.20 0.34 0.34 0.41 0.41 0.93
ESE 0.03 0.08 0.08 0.16 0.20 0.36 0.60 0.60 0.92 1.13 1.56
SEbE 0.08 0.16 0.20 0.22 0.27 0.30 0.48 0.48 0.72 2.10 2.67
SE 0.08 0.14 0.24 0.30 0.30 0.30 0.35 0.38 0.59 1.66 1.66
SEbyS 0.06 0.09 0.12 0.29 031 0.31 0.37 0.42 0.82 1.25 1.31
SSE 0.05 0.07 0.07 0.24 0.42 0.55 0.62 0.71 2.22 2.78 3.07
SbyE 0.05 0.07 0.07 0.17 0.47 0.96 1.02 1.16 1.54 2.69 3.30
S 0.04 0.07 0.07 0.10 0.66 091 1.05 1.19 1.78 233 3.13
SbyW 0.00 0.05 0.04 0.07 0.51 0.82 0.84 0.89 1.99 3.14 3.67
SSW - 0.02 0.01 0.04 0.23 0.79 1.47 1.76 4.11 4.50 5.58
SWbS - 0.00 0.01 0.01 0.89 1.02 2.14 2.36 2.72 351 4.82
SW - - - 0.02 1.41 1.82 2.14 2.34 3.73 4.42 4.80
SWbW - - - 0.43 1.97 3.06 3.68 3.68 4.10 4.71 6.07
WSwW 0.32 0.39 0.39 1.44 3.78 4.11 4.45 4.45 4.56 4.67 527
WbyS 1.11 1.61 1.61 2.46 323 3.23 323 3.23 3.24 331 6.36
w 1.32 2.06 2.33 2.98 3.80 4.08 5.26 5.48 7.50 8.90 13.90
WbyN 0.99 1.17 1.75 322 4.89 6.28 7.00 7.28 11.31 14.02 15.02
WNW 2.50 2.75 2.98 3.46 4.74 8.55 12.05 13.08 15.52 16.10 16.61
NWbW 1.15 1.66 1.66 3.20 4.50 5.63 6.44 6.73 7.70 8.78 9.38
NW 0.96 1.45 1.86 3.07 4.03 4.78 4.78 4.88 5.19 5.19 5.40
NWbHN 1.16 1.54 2.30 2.90 4.21 5.38 5.68 5.87 5.99 6.29 6.93
NNW 0.46 0.67 1.34 1.91 2.85 4.06 4.20 430 4.50 5.09 9.29
NbyW 0.15 0.53 0.61 1.08 1.36 1.74 1.94 2.05 242 2.92 4.74
Total 11.21 15.72 18.97 30.70 50.30 66.57 79.55 84.23 106.78 125.74 155.21
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Referring to Table 7, about 52.36% of urban area has extended
in north to west direction, 25.58% of urban area has extended
in west to south direction, 12.34% of urban area has extended
in north to east direction, and only 9.71% of urban area has
extended in east to south direction. Out-of-total urban
expansion, around 78% of arca has extended in
north-west-south direction, while only 22% of area has
extended in north-east-south direction (Figure 8). We have
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seen very good transportation network in  the
North-West-South direction, which is directly connected to
national capital Delhi. While unstable river, gullied tract, and
river rugged has noticed in north-east to south-east direction,
where only 3.88% of urban area has extended. It has also
noticed that the maximum urban area has extended in WNW
direction with 10.75%, while the minimum urban area has
extended in NEbyE direction with 0.00%.
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Figure 8. Urban Expansion Map of Agra City.

When urban expansion boundary has overlayed on the
geomorphology map, it has notices that till 2001, urban area is
limited to only older alluvial plain, but due to alarming
increment of population, urban area is extended (2006-2021)
to other geomorphic units i.e. older flood plain, gullied tract,
active flood plain, channel bar, lateral bar, point bar which are
not good for the residence purpose. However, with the
development of civilization along the riverbank in modern
times, the river changed its course and its point of maximum
scour also shifted [36].

The changes in the land use pattern in Agra city due to
urbanization has resulted in the frequent of waterlogging and
floods. The loss in interconnectivity and marshland has
resulted mainly due to the unsystematic growth in the
northwestern direction. As the development increased, all the
green cover has been reduced to non-vegetative surfaces
which resulted in the low infiltration capacity and high surface
run-off [36]. In the agricultural areas of the area, the
waterlogging condition occurs due to the steady rise in the
groundwater table due to inadequate drainage capacity of the

area [35].

6. Conclusion

Advances in remote sensing approaches have consistently
improved geomorphology by improving mapping technology,
form analysis, and feature discrimination. Space-borne and
airborne technology now not another innovation, it has been
generally utilized since longer than a century. It has been
extensively used in geomorphology since 1972, when Landsat
series data (from 1972 to present) are freely available, and
because the amount to which it can suit geomorphologists'
exploratory needs determines its worth. Subsequently,
space-borne remotely sensed imageries of L-band Advanced
Land Observing Satellite (ALOS) / Phased Array Type L-band
Synthetic Aperture Radar (PALSAR), Sentinel-1, Landsat-8
Operational Land Imager (OLI), C-band Shuttle Radar
Topography Mission (SRTM) were used in a complementary
manner to assess the geological structures, geomorphological
investigation and mapping of the study area, while Landsat-1,
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2 & 3 MSS, Landsat-5 TM, Landsat-7 ETM+, and Landsat-8
OLI have been used for river morphology (mean river width,
sinuosity index, and meander bends trend analysis) and urban
expansion / urban geomorphology analysis.

An area of 25 Km buffer from the center of Taj Mahal has
been selected for geology, geomorphology, urban
geomorphology, and subsoil investigation, while 114 Km long
river reach of the Yamuna River (which is fall within the
buffer area) is also selected for river morphology study.
Geomorphologically, the area has been classified into two
broad geomorphic units. (i) upland or older alluvial plain
termed as Varanasi older alluvial plain (VOAP), (ii) low land
or flood plain comprising older flood plain, which has future
classified as erosional terrace (Te) and depositional terrace
(T1, Tla), and active flood plain of present-day rivers.
Geo-strata and sub-soil data have been accumulated from past
studies, which has provided valuable information about the
geo-strata and subsoil properties of the area around Taj Mahal.
According to them, (i) clay of low-to-intermediate
compressibility, (ii) non-plastic to silty-sand, (iil) thicker clay
layer of intermediate compressibility was found from RL
149-133 m, 133-123.8 m, 123.8-60.3 m respectively, while
fine-to-medium-grained quarzitic sandstone was found below
60.3 m.

Overall mean river width of the study reach is 144 m, while
the mean river width just behind the Taj Mahal is 149.6 m. The
average sinuosity index of the study reach is 2.31 which
corresponding to the highly meandering form of the river. It is
because tectonic control is less powerful than other variables,
the meandering is more influenced by the gradient, lithology
and river surrounding. Total twelve meander bends have been
analyzed, and the minimum bend migration rate has been
observed at bend no. 09 d/s of Taj Mahal, while the bend
migration rate of bend no. 08 (where the Taj Mahal is situated)
is only 2.27 meter/year, because two spurs u/s of the Taj Mahal
have been installed to train the river and to avoid any threat to
the structure of the Taj Mahal. Through the cross-sectional
profile analysis, some human intervention has observed
behind the Taj Mahal, and notices that a low-level weir up to a
RL of 146 m has been constructed across the Yamuna River to
create a permanent lake of water behind the Taj Mahal. Agra
city has experienced a significant urban growth in the last 50

years (1972-2021). In the last 5 decades, it has increased 1284%

of urban area with an average growth rate of 2.88 Km® per year,
while population has increased only 282%. Till 2001 urban
area is limited to only one geomorphic unit of older alluvial
plain, but onwards due to indiscriminate of population
increment it has been extended to other geomorphic units,
which is not good for the residence purpose.
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