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ABSTRACT 

Characterization of earthquake induced deformational features (seismites) play a significant role in the interpretation of earthquake dynamics and related 

hazards. In the present study, anisotropy of magnetic susceptibility (AMS) measurements for seismites were carried out at four sites in and around Dauki 

Fault, Shillong Plateau to define characteristic AMS fabrics of seismites.  Rock magnetic measurements show that the magnetite and hematite minerals 

contribute to AMS fabric. We observed that seismites are characterised by triaxial to prolate fabric shape with low shape parameter and high magnetic 

lineation values whereas, undeformed sediment layers show oblate shape. The N-S orientation of Kmax is well developed at all the sites and it is aligned 

perpendicular to the E-W trending Dauki Fault, suggesting extensional setting. Further, the inferred extensional magnetic lineation from the present 

study is compatible with the normal faults under extensional stress conditions, predicted by earlier studies in Shillong Plateau. The AMS technique 

contributes significantly to paleoseismic records for characterising seismites.  

Keywords: Seismites, Paleoseismic record, Anisotropy of magnetic susceptibility, Triaxial, Magnetic lineation, Shillong Plateau 

INTRODUCTION  

Anisotropy of magnetic susceptibility (AMS) is most 

extensively used in  the detection of paleocurrent or wind 

directions, flow directions in magma, and compressional or 

extensional strains (MacDonald and Palmer, 1990; 

Basavaiah et al., 2010; Lakshmi et al., 2020; Li et al., 2020). 

Many of the works have been presented to decipher the 

deformational history of sediments in different tectonic 

regimes (Borradaile and Tarling, 1981; Rochette et al., 1992; 

Tarling and Hrouda, 1993; Hirt et al., 1995; Pares et al., 

2007). Previous studies from extensional basins on the AMS 

fabric showed that the magnetic lineation (Kmax)  is generally 

parallel to the stretching direction and perpendicular to the 

normal faults (Sagnotti et al., 1994; Cifelli et al., 2004; 

Maffione et al., 2012; Caricchi et al., 2016). In fold-and-

thrust belts, studies have clearly demonstrated that the Kmax 

trends parallel to fold axes and orthogonal to the maximum 

horizontal shortening direction (Rochette et al., 1992; 

Porreca and Mattei, 2012; Caricchi et al., 2016; Li et al., 

2020). 

The studied region Shillong Plateau, is surrounded by 

seismogenic faults like Oldham, Dauki, Kopili  and Dhubri  

in the North, South, East and West respectively (Figure 1) 

(Kayal et al., 2006). Shillong Plateau is characterised as a 

geologically complex and seismically active region. Bilham 

and England, (2001), opined that the ‘pop-up’ tectonics 

between the Dauki Fault and the Oldham Fault was 

responsible for the Assam earthquake. However many 

previous studies disagree with the presence of the Oldham 

Fault (Srinivasan, 2003; Rajendran et al., 2004; Islam et al., 

2011a). Furthermore, the proposed Oldham Fault may be 

bounded to the north by the Shillong Plateau. The uplift of 

the Shillong Plateau has been attributed by some workers to 

the India-Eurasia collision, and the resulting N-S to NNE-

SSW directed stresses, generated within the Indian shield 

(Khattri et al., 1992; Mukhopadhyay et al., 1993). In the 

Shillong Plateau, the drainage pattern has been modified by 

the tectonics and the direction of flow is controlled by the 

lineaments and faults. The accelerated uplift detected in the 

middle segment of the Shillong Plateau is also associated 

with tectonic instability (e.g., Imsong et al., 2016). Further, 

this study indicates that the detected deformation is caused 

due to Dauki Fault. The N-S trending Umngot lineament, 

travels parallel to the Umngot (Dauki) River, as deciphered 

from the satellite imagery (Srinivasan, 2003; Duarah and 

Phukan, 2011). However, many questions still remain 

unanswered regarding the orientation and dynamics of the 

Dauki Fault.  

The ‘pop-up’ model proposed by Bilham and England, 

(2001) created controversy in tectonic studies. Recently, 

Lakshmi and Gawali (2022) investigated earthquake induced 

deformation features in the Dauki Fault region characterised 

with micro faults, sand dykes, isolated blocks suspended in 

sand, structures for water escape, and pinch-swell features. 

These formations result from the liquefaction of alluvial 

sediment caused by intense ground shaking. They reported 

that the earthquake induced deformation features (seismites) 

in the southern part of Shillong Plateau and the 14C age 

constraints on seismites, suggested three seismic events. So 

far, no AMS study in the Shillong Plateau has been yet 

conducted to infer tectonic regime and to study the 

deformation. 

mailto:lakshmi.bv@iigm.res.in
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Figure 1. Regional tectonic settings of Northeast India and surrounding regions. CF: Chedrang Fault, OF: Oldham Fault, SF: Samin 

Fault, DdF: Dhudnoi Fault, DT: Dapsi Thrust, BS: Barapani Shear Zone, BL: Bomdila Lineament (Map sources: Nandy, 2001; Angelier 

and Baruah, 2009). Black star depicts the two great earthquakes; 1897 Shillong Eq. (Mw-8.1) and 1950 Assam Eq. (Mw-8.3) that 
occurred in the north east region. 

Further, the E-W trending 300 km long Dauki Fault, in 

Shillong Plateau played an important role as regards to 

regional deformation in the adjoining regions (Das et al., 

1995). There is ongoing discussion regarding issues related 

to the northern and southern boundary faults. Some authors 

proposed that Dauki Fault is a normal fault (Hiller and Elahi, 

1984; Nandy, 2001) while, some others considered it as a 

thrust fault (Alam et al., 2003; Srinivasan, 2003; Mitra et al., 

2005). 

There is no consistent direction of regional NE-SW stress 

orientation except in the northeastern part of Assam 

(Rajendran et al., 1992). The focal mechanism solutions 

suggested N-S, NE-SW and NW-SE compression stresses in 

the Shillong Plateau (Angelier and Baruah, 2009) and N-S 

directed compression in the Shillong-Mikir Hills-Assam 

valley (Chen and Molnar, 1990; Bhattacharya et al., 2008). 

Gokarn et al. (2008) proposed that the crust in the NE Indian 

region responds to the compressive forces differently at 

different depths which is controlled by the rheological 

considerations.  They inferred that at deeper levels, the 

crustal readjustments take place through the subduction along 

the Dauki and Brahmaputra thrusts whereas, at the shallow 

levels the relative deformability of the supracrustal blocks 

have a strong influence on the tectonics, leading to the strike 

slip mechanism along the surface expression of the Dauki 

fault. 

In this paper, we report investigations of magnetic analyses 

performed on fine-grained sediments near the Dauki Fault in 

the southern sector of the Shillong Plateau, Northeast India 

(Figures 1 and 2b). Our results permit us to study the 

magnetic fabric origin in earthquake induced deformed 

features versus host sedimentary units and to outline the 

relation between the magnetic lineation and the tectonic 

structures. In spite of the significance of identifying 
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seismites, no study has evidently been made to characterise 

different seismites by magnetic parameters.  Except a few, 

the magnetite fabric in unconsolidated, horizontally stratified 

clays and other sedimentary deposits, exhibits sensitivity to 

the minor deformations in tectonic environments (Sagnotti 

and Speranza, 1993; Sagnotti et al., 1994). AMS 

investigations have unveiled ~50 successive clockwise 

rotations in the orientations of compressional strain which 

occurred in the middle-western Qaidam Basin during the 

post-mid-Miocene period, shifting from nearly north-south to 

northeast-southwest (Li et al., 2020). 

REGIONAL GEOLOGICAL FRAMEWORK OF 

SHILLONG PLATEAU 

The Dauki River originates from the middle segment of 

Shillong Plateau and drains into the northern alluvial plains 

of Bangladesh (Figure 2a, b). The Shillong Plateau contains 

variety of rock formations. Among them, the Precambrian 

basement gneissic complex and Proterozoic meta-

sedimentary Shillong group constitute the most of it (Figure 

2a). In the southern part, Shillong Plateau is surrounded by 

Tertiary shelf sediments and Cretaceous Sylhet basalt. The 

mid-Proterozoic Khasi greenstone exposures unconformably 

overlies the Shillong Group of rocks and granite plutons 

overlies by Khasi greenstone which is unconformably 

overlain by Lower Gondwanas. Similarly, Jaintia Group 

unconformably overlies Khasi Group (Dutta, 1982). Among 

the five formations of Jaintia Group, Kopili Formation is the 

youngest formed during Paleocene to Eocene epoch. The 

Dauki River mainly flow through the Proterozoic granites, 

Cretaceous-Tertiary sediments, Precambrian banded gneissic 

complex and Meso-Proterozoic metasediments (GSI, 2009). 

 

Figure 2. (a) Regional geology map of the study area.  (Modified from Imsong et al., 2016 and Lakshmi and Gawali, 2022). DT: Dapsi 

Thrust, BS: Barapani Shear Zone, Un-L: Umngot Lineament. (b) Location map of study area (Lakshmi and Gawali, 2022). Sediment 

sample collection sites, 1: Dauki, 2, 3 and 4: Pyrdiwah. 
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SAMPLING AND EXPERIMENTAL METHODS 

The area from where the samples have been collected is a 

watershed area of the Dauki River that has been draining 

the hinterland and undergoing avulsion from time to time. 

Sites were selected along the banks of this river such that 

the sediment section was clearly visible which are away 

from the anthropogenic influences. For AMS studies, 160 

oriented sediment samples from four sites were collected in 

8 cm3 plastic bottles using a portable soft sediment corer 

and magnetic compass was used for orientation (Figure 2b). 

The plastic container was sealed tightly so that field in situ 

arrangement of the sediment particles was not disturbed. 

All the mineral magnetic measurements were performed at 

the Indian Institute of Geomagnetism, Navi Mumbai, India. 

Magnetic mineralogy was deciphered  on representative 

specimens using Isothermal Remanent Magnetization 

(IRM) acquisition curves, estimation of the remanent 

coercive force (Bcr) and magnetic susceptibility 

dependence of Temperature curves (χ-T curves). χ-T curves 

(40°C to 700°C) measured in an argon atmosphere by 

KLY‐4S Kappabridge (AGICO). For IRM measurements, 

the samples treated to increasing field strengths up to 1 T 

(SIRM) using a pulse magnetiser (Molspin) and the 

remanent magnetisation is measured using the spinner 

magnetometer (Molspin). All the samples were exposed to 

the back field to estimate Bcr. The S ratio was obtained by 

exposing samples to a back field up to 100 and 300 milli 

Tesla (mT). S-ratio and Hard isothermal remanent 

magnetisation (HIRM) were calculated using S-ratio = 

IRM−300mT/SIRM1T and HIRM = SIRM1T − IRM-300mT 

(Evans and Heller, 2003). The age of the sediments and the 

earthquakes affecting them was estimated based on 

radiocarbon chronology (Lakshmi and Gawali, 2022). 

 Low‐field (300 Am−1 at 976 Hz) AMS measured using a 

multi-function Kappabridge (MFK1-FA-AGICO) for each 

specimen in 15 directions on three mutually orthogonal 

planes. The AMS technique represents, second-rank 

symmetric tensor indicating the principal maximum, 

intermediate and minimum susceptibility axes Kmax>Kint 

>Kmin respectively of the tensor ellipsoid (Hrouda, 1982). 

SUFAR software supplied by AGICO was used for 

calculation of different AMS parameters viz. degree of 

anisotropy (P), magnetic foliation (F), magnetic lineation 

(L), and shape parameter (T). The T parameter indicates 

prolate through neutral to oblate when −1 < T < 0, T = 0 

and 0 < T< 1 conditions respectively (Jelinek, 1981). The 

mean magnetic susceptibility (Km) for each specimen is 

determined from Km = (Kmax + Kint + Kmin)/3. 

RESULTS 

Magnetic properties 

In order to identify magnetic mineralogy, grain size and 

magnetic concentration, various rock-magnetic 

experiments were performed. IRM acquisition curves and 

backfield for representative samples are shown in Figure 

3a-b. All samples continue to acquire remanence at greater 

fields except for sample from site 4 for which the saturation 

is arrived at < 300 mT, suggesting mostly contribution of 

magnetite (Figure 3a-b). For samples from sites 1, 2 and 3, 

saturation is increasing to >300 mT, indicating hard 

magnetic mineral contribution. The S-ratio and HIRM were 

used to approximate the relative content of hard magnetic 

minerals. S-ratio values between 0.80 and 0.99 (mean 0.94) 

suggested some contribution of hematite in most samples. 

For most of the samples, the S ratio values ranged from 0.8 

to 0.9 for three sites 1, 2 and 3, except site 4 where it is ≥ 

0.98 indicating presence of magnetite. However, in site 3, 

the values from 0.5 to 0.7 suggest contribution from 

hematite (Robinson, 1986). The HIRM values also support 

this conclusion. Samples from sites 1, 2, and 3 showing 

relatively high values of HIRM, coupled with low S-ratio, 

indicates contribution of hematite. The results of χ–T 

curves for representative samples are shown in Figure 3c-f. 

All samples show irreversible thermomagnetic curve due to 

transformations of magnetic minerals during the laboratory 

heating processes. During the heating, there is an increase 

in the magnetic susceptibility up to 300˚C and decrease up 

to 450˚C. Further it reached minimum value at 580˚C 

(Figure 3 c-f) suggesting titanomagnetite with a 

contribution from hematite. 

AMS 

The Km values range between 100 and 3610×10-6 SI, 

indicate a prevailing ferromagnetic minerals contribution to 

the rock matrix (Hrouda and Kahan, 1991; Tarling and 

Hrouda, 1993). The distribution of Km values for all the 

analysed sites are shown in Figure 4. Km values for 

sediments from site 1 range between 900 and 3610×10-6 SI 

(Figure 4a) and sediments from site 2 are denoted by Km 

values of 100 and 296×10-6 SI (Figure 4b). 
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Figure 3. (a-b) Representative Isothermal Remanent Magnetisation (IRM) acquisition curves. (c-f) Temperature-dependent magnetic 

susceptibility curves (-T curves) for representative samples. (c) Sample DK4 from Site 1, (d) Sample BD3 from Site 2, (e) Sample 
MT4 from Site 3 and (f) Sample PN3 from Site 4. The red (blue) lines represent heating (cooling) curves. 
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Figure 4. Frequency distribution of  mean susceptibility (Km) values for all  the specimens from all  the four sites, (a) Site 1, (b) Site 

2, (c) Site 3 and (d) Site 4. 

  

Figure 5. Magnetic lineation (L) vs. shape parameter (T) results of (a) deformed (seismites), and (b) undeformed, from all the 

four sites.  

The Km values from site 3 range from 100×10-6 to 377×10-6 

SI (Figure 4c) and Site 4 has a Km distribution, with a main 

grouping between 200 and 2110×10-6 SI (Figure 4d). Among 

the all  the four sites, sites 2 and 3 are very low as compare 

to  the sites 1 and 4. These low Km values suggest that the 

main magnetic carriers of the both rocks are paramagnetic 

minerals (Rochette et al., 1992) with a little ferromagnetic 

minerals. The higher Km values from sites 1 and 4, indicate 

that the dominant magnetic carriers are paramagnetic mineral 

but richer in ferromagnetic mineral. 

The analysis of T and L are plotted for all four sites with 

respect to undeformed (depositional) and deformed 

(earthquake induced) states of the sites (Jelinek, 1981; 

Hrouda, 1982). At all the sites, the undeformed specimens 

mostly fall in oblate field and deformed specimens fall under 

prolate field (Figure 5). The deformed layers show high T and 

high L values than the depositional sedimentary layers. 

Site 1 

The site was located on the west bank of the Dauki River near 

the Dauki town (Figure 2) where the trench was excavated. 

At site 1, a section of 1.5 m deep and 1 m wide was exposed. 

In this section, six visually distinguishable fine silt to fine 

sand beds of varying thickness can be identified and have 



J. Ind. Geophys. Union, 28(5) (2024), 300-313  Md. Mujahed Baba et al., 
 

306 

 

been designated as units 1, 2, 3, 4, 5 and 6 from top to bottom 

(Figure 6). At this site 1, 1.5 m deep sediment section show 

deformed features covering undeformed layers, interpreted to 

be caused by earthquake activity (Lakshmi and Gawali, 

2022). In this site, the section consists of fine sand and some 

units are disturbed and displaced with a displacement of 7 

cm. The origin of deformation was the large paleoseismic 

event occurring in modern age. The section was sampled 

from undeformed covering layer (site1-U) and deformed 

layers (site1-D) for AMS (Figure 6). At this site, the Kmax and 

Kint of site1-U specimens form a girdle and Kmin has formed 

clustered with vertical to sub-vertical and all the axes of 

site1-D specimens show triaxial to prolate shape with Kmax in 

SE dipping parallel to the strike of the microfault. 

 

 

Figure 6. Anisotropy of magnetic susceptibility (AMS) results for undeformed and deformed sediments from Site 1. Top panel: 

Photograph showing earthquake induced deformation features at Site 1 (Lakshmi and Gawali, 2022). Middle panel: The distribution of 

the Kmax, Kint and Kmin parameters plotted on Equal-area lower hemisphere projections and their 95% confidence angles. Bottom panel: 
Equal-area lower hemisphere projections of bootstrapped AMS principal axes. 
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Site 2 

A 1 m deep and ~1 m wide trench, at site 2 was excavated. 

The 1 m trench section consists of fine to coarse white and 

brown sand, with clay overlying it, and clay silt underlying 

(Figure 7). The top 30 cm consists of clay, underlain by fine 

sand of 50 cm. The observed deformed feature is fine sand 

intruded into the host sediment broader towards the top of 

the section (Figure 7). This site witnessed a liquefaction 

feature that occurred between 5415±35 BP to 9140±50 BP 

(Lakshmi and Gawali, 2022). At this site, Kmax and Kint of 

undeformed layers (site2-U) developed NW-SE girdle in 

subhorizontal direction and Kmin is well clustered with SW 

dipping (Figure 7). The earthquake induced liquefaction 

feature (site2-D) show clustering however with streaked 

pattern (Figure 7) and Kmax is in N-S orientation. 

 

 

Figure 7. Anisotropy of magnetic susceptibility results for undeformed and deformed sediments from site 2. Top panel: Photograph 

showing earthquake induced deformation features at site 2 (Lakshmi and Gawali, 2022). Middle panel: The distribution of the Kmax, 

Kint and Kmin parameters plotted on equal-area lower hemisphere projections and their 95% confidence angles. Bottom panel: equal-

area lower hemisphere projections of bootstrapped AMS principal axes. 
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Site 3 

At this site, a 2.1 m deep and 1 m wide section was exposed 

consisting of clay and silty sand (Figure 8). Liquefaction 

dykes have been observed with conical and tubular shape. 

This area was known to have suffered a major earthquake 

around 4285±35 BP (Lakshmi and Gawali, 2022). The origin 

of these liquefaction dykes is assigned to the cause of 

earthquake induced phenomenon. At this site, undeformed 

specimens show subvertical Kmin axes mostly oriented 

towards NW and horizontal Kmax axes. In contrast, well 

clustered all 3 axes with vertical to subvertical Kmin with 

westward dipping and Kint and Kmax are well clustered with 

eastward and southward dipping respectively (Figure 8).

 

 

Figure 8. Anisotropy of magnetic susceptibility results for undeformed and deformed sediments from site 3. Top panel: Photograph 

showing earthquake induced deformation features at site 3 (Lakshmi and Gawali, 2022). Middle panel: The distribution of the Kmax, 

Kint and Kmin parameters plotted on equal-area lower hemisphere projections and their 95% confidence angles. Bottom panel: equal-
area lower hemisphere projections of bootstrapped AMS principal axes. 
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Site 4 

At this site, the top 1.0 m section of the excavated trench (1.8 

m-deep and 1.5m-wide) consists of undisturbed clay and 

some deformation features present at the bottom 0.7 m 

(Figure 9). The observed deformation features are displaced 

silty-clay layer, presence of clasts and fluid escape dish 

structures. The origin of these deformation features is 

interpreted to have derived from earthquake induced 

liquefaction. Age constraints were evolved based on two 

radiocarbon ages yielding around 130 ± 30 BP and 920 ± 30 

BP (Lakshmi and Gawali, 2022). At this site, all the 

undeformed specimens show well clustered Kmin axes, 

horizontal dipping westward and Kint and Kmax formed girdle 

N-S with sub-horizontal eastward dipping (Figure 9). The 

three axes of deformed specimens are randomly distributed 

with Kmax in N-S orientation.

 

 

Figure 9. Anisotropy of magnetic susceptibility results for undeformed and deformed sediments from site 4. Top panel: Photograph 

showing earthquake induced deformation features at site 4 (Lakshmi and Gawali, 2022). Middle panel: The distribution of the Kmax, 

Kint and Kmin parameters plotted on equal-area lower hemisphere projections and their 95% confidence angles. Bottom panel: equal-

area lower hemisphere projections of bootstrapped AMS principal axes. 
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DISCUSSION 

In sedimentary rocks, the AMS fabric indicated dispersed 

Kmax and Kint directions within a horizontal plane and well 

grouped vertical Kmin with an oblate shape (Tarling and 

Hrouda, 1993; Liu et al. 2001). The results show that the 

undeformed layers are  characterised by oblate AMS 

ellipsoids pertinent with the criteria defining sedimentary 

process and hence depositional fabric, whereas the AMS 

fabric obtained from seismites are characterised by distinct 

triaxial to prolate ellipsoids. The clustering of the Kmax axes, 

observed at all sites, defines a distinct magnetic lineation that 

cannot be related to sedimentary processes.  

Furthermore, no studies about paleo-current directions were 

carried out so far from the lithologies of the sampled 

formations, thus we cannot test the existence of correlation 

between them and the observed magnetic lineation 

directions. Conversely, analogously to other weakly 

deformed sediments in various compressive and extensional 

settings, the magnetic lineation that we found may rather be 

interpreted as the first effect of a superimposed stress field. 

This hypothesis is supported by three lines of evidences: (1) 

the triaxial to prolate AMS ellipsoid shapes of sites; (2) the 

correlation between T and L parameters observed at all sites 

(Figure 5); and (3) the scattering of the Kint and Kmin axes 

around a plane perpendicular to the cluster of Kmax axes 

observed at site 2 (Figure 7). These features are not 

compatible with an original ‘‘sedimentary’’ fabric and cannot 

be related to the action of paleo-currents. In particular, the 

dispersion of the Kint and Kmin axes is a clear tectonic effect 

that occurs when mineral rotations are developed enough to 

bring grains to a high angle to the shortening direction and to 

impart a magnetic fabric (Pares, 2004; Cifelli et al., 2005). 

On the contrary, the oblate shape of the AMS ellipsoid is 

strongly indicative of a pure sedimentary fabric, with no 

effect of water current, as expected for these fine-grained 

lithologies. 

In order to relate sedimentary fabric with earthquake induced 

deformation we have analysed L versus T plot. The process 

of deformation of soft sediments can lead to variation of 

strain ellipsoid associated with formation of a lineation. An 

increase in the values of L and a change in the value of T can 

be revealed in this process (Cho et al., 2017). The deformed 

layers (seismites) show low T values with high Kmax (Figure 

5a) while undeformed layers show high T and low L values. 

Further, the L-T plot allows seismites of different origins to 

be correlated with specific types of deformation. Sites 1 and 

4 including the faulting, are characterised by a high L (~1.06) 

and low T (-0.7) values. During the faulting, the damage 

zones are associated with an inelastic deformation (Levi et 

al., 2014). This deformation is expressed by the formation of 

a high magnetic lineation and prolate shape, as identified by 

the high L (1.06) and low T (-0.7) values. Unlike other 

seismite types, during the liquefaction process the particles 

completely lose their cohesion and mobilize away from the 

source layer, and because the shear rate may change from 

place to place. Under these conditions, the oblate shape of the 

magnetic fabric decreases (Levi et al., 2006), and the 

lineation is relatively low. Figure 5 shows that the range of L 

(1.03) and T (-0.5) values of the liquefaction features (sites 2 

and 3) is almost distinguishable from the range of values of 

the faulting.  

Tectonic implications 

The magnetic fabric in deformed sediments, has been 

established which provide an esteemed strain proxy when 

visible strain markers are not recognizable in the field and the 

magnetic lineation will be parallel to the maximum 

elongation axis of the strain ellipsoid (Hrouda and Kahan, 

1991). During the incipient stages of deformation, the 

magnetic lineation (Kmax) axes tend to cluster parallel to the 

direction of the fold axes whereas magnetic foliation 

maintains parallel to the bedding of the strata in compressive 

settings, and Kmax perpendicular to the normal faults in 

extensional basins (Maffione et al. 2012; Caricchi et al. 

2016).  Moreover, AMS studies provide pertinent details 

about the local tectonic regime acting during sedimentation 

(Mattei et al., 1997; Sagnotti et al., 1994).  

The Kmax generally covers a wider range of azimuths, both 

within a single layer and throughout a stratigraphic sequence 

in the current induced magnetic fabrics (Tarling and Hrouda, 

1993). Several studies show that, when the Kmax is controlled 

by the paleo-flow, Kmax generally extend over a wide range 

of azimuths, corresponding to temporal changes of the flow 

direction within the basin (Hamilton and Rees, 1970; Kissel 

et al., 1997). On the contrary, in all the deformed sites, the 

trend of the magnetic lineation is maintained through 

sequences that differ in sedimentological characters and age. 

Furthermore, a correlation between the orientation of the 

tectonic stress and the Kmax has been noted. These 

observations support a tectonic origin of the magnetic 

lineation.   

Relying on the correlation between the orientation of the 

magnetic lineation and regional stress field, the origin of the 

Kmax from the four sites, characterized by a well-defined Kmax, 

was evaluated. The eastern and western parts of Shillong 

Plateau is dominated by NNE-SSW and NNW-SSE 

compressions respectively (Baruah et al., 2016).  The uplift 

of the Shillong Plateau has been attributed by some studies to 

the India-Eurasia collision, and the resulting N-S to NNE-
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SSW directed stresses generated within the Indian shield 

(Chen and Molnar 1990; Khattri et al. 1992; Mukhopadhyay 

et al. 1993). Several studies revealed almost NE–SW σHmax 

stress orientation in the Shillong Plateau, the Assam valley, 

the eastern part of the Bengal basin and the Indo-Burma 

Ranges (Khan and Chouhan, 1996; Bhattacharya et al., 

2008). The observed N–S trending Kmax in the present study, 

at all the four sites, is similar to the stretching direction and 

perpendicular to the E-W trending Dauki Fault as always 

expected in extensional tectonic settings (Lowrie, 1989). 

Taking note of that, an extensional magnetic lineation is 

deduced from the present study sites. This suggests that the 

present study sites located to the eastern segment of Dauki 

Fault recorded an N-S extension.  

Consequently, this inferred N-S extension by AMS analysis 

is compatible with the regional stress field controlling fault 

activity. Lakshmi and Gawali (2022) discussed the 

occurrence of a seismic event in the form of micro fault at 

trench site 1. The observed N-S extension in the present study 

could be thus compatible with the normal fault observed in 

the trench site 1. Further, the presence of some extensional 

stresses at shallower depths is envisaged in the Bengal basin, 

the Shillong plateau, and Assam valley using finite element 

modelling (Islam and Shinjo, 2012). Furthermore, Islam et 

al., (2011b) predicted that Dauki as a thrust fault with a few 

conjugate normal faults at shallower depths <30 km. These 

results are compatible with extensional magnetic lineation 

deduced from the present study. The correlation between the 

orientation of the tectonic stress and the magnetic lineation 

observed from the four sites along the Dauki Fault, reveals a 

tectonic origin.   

CONCLUSIONS 

In the present study, we used AMS data from four sites in the 

Dauki Fault Zone, Shillong Plateau. The AMS results 

recorded the existence of different types of magnetic fabrics 

within the study sites. The undeformed sediment layers are 

characterized by subvertically clustered Kmin and streaked 

Kmax - Kint axes on a nearly horizontal plane with oblate shape, 

whereas the seismites are characterised by triaxial to prolate 

shape. The L-T plot shows that the seismites are organised by 

low T and high L values. The N-S magnetic lineation 

deduced from the present study is oriented perpendicular to 

the E-W trend of the Dauki Fault, recommending that it has 

a tectonic origin. The existence of extensional AMS features 

near Dauki Fault from the present study is compatible with 

the normal faults under extensional stress conditions 

predicted by earlier studies in Shillong Plateau using finite 

element modelling. The results of the present study 

substantiate the typical relation between the orientation of 

magnetic lineation and the main tectonic features and also 

accentuates the great prospects for inspecting tectonic 

deformation. The novelty of this AMS approach aids in 

characterising seismites and thus may provide crucial 

insights into paleoseismic records. 
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ABSTRACT 

The Panna Diamond Belt of Madhya Pradesh, India, lies in the Baghain formations of Kaimur and Rewa group of rocks. To delineate the kimberlite 

zones, airborne magnetic and radiometric surveys were carried out by the Geological Survey of India (GSI) in this belt that cover an area of about 378 

km². From the total magnetic anomaly map of the processed aeromagnetic data, as obtained from Geological Survey of India, maps related to reduce-

to-pole (RTP), upward continuation, first vertical derivative and analytical signal were generated and subjected to a detailed study in a reduced scale to 

understand the anomalies. The near circular anomalies and the Euler solutions in the aeromagnetic maps at Hatinitor Pahar, Kadwara and Kishangar 

areas, showed a probable indication of the occurrence of kimberlites. Modeling of the aeromagnetic anomalies along selected lines was carried out to 

infer the depth of the kimberlite pipes. At Hantinitor Pahar, a high magnetic intrusive in the central part of the study area was deciphered with a probable 

magnetic reversal from 2-D modelling of aeromagnetic data. The airborne radiometric surveys showed high thorium anomaly at Kishangar, Kadwara 

and Moharkuwa in the ternary plot for potassium, uranium and thorium elements, which is thought to be deposited in the fractures associated with 

kimberlite pipes.  The present paper has attempted to study and correlate the airborne magnetic and radiometric data to identify newly discovered 

kimberlite pipes in Kadwara, Hatinitor Pahar and Kishagar areas of the Panna Diamond Belt. Also, a magnetic intrusive body with a polarity reversal is 

suggested by 2-D modelling of magnetic data. 

Key words: Kimberlite, Aeromagnetic, Airborne radiometric, 2-D modelling, Panna Diamond Belt, Baghain formations, 

INTRODUCTION  

Kimberlites are ultramafic intrusive rocks that host precious 

diamonds, which are normally present as xenoliths. Among 

the cratons of Indian subcontinent, Bundelkhand craton is 

overlined by Vidhyan group of rocks in Panna Diamond Belt 

region which is one of the major sources of diamonds in 

Madhya Pradesh, India. The identification of kimberlite in 

this Belt is a challenging effort due to their nature and the 

presence of other intrusive structures, massive heterogeneous 

crystalline basements and recent alluvium formations in the 

Vindhyan group of rocks. The kimberlite system shows 

crater, diatreme and hypabyssal geometries with respect to 

depth. A possibility exists for identifying kimberlite/ 

lamproite by their geometry and structural features associated 

with the formations.  

The well-known Majhgawan kimberlite pipes are located in 

Panna district of Madhya Pradesh at latitude of 24°38ꞌ30ꞌꞌ N 

and longitude of 80º02ꞌ E as reported in 1827 by Captain J 

Franklin (Halder and Ghosh, 1978; Sarma, et al., 1999). 

Earlier, kimberlites were recognized as a separate rock in 

peridotite (Lewis, 1887). These kimberlites are intruded into 

Kaimur sandstone. The Hinota pipe was identified 3 km away 

from the Majhgawan by Geological Survey of India during 

1956-1959 with the help of magnetic and electrical surveys 

(Kailasam, 1971). Several such pipes were identified lying 

under the younger rocks and the alluvium in the Panna 

Diamond Belt (Mathur, 1962). Similarly, Rio Tinto identified 

the exposed Saptarshi field of kimberlite pipes lying 

approximately 80 km WSW of Majhgawan with the help of 

ground geophysical, geological and geochemical surveys 

(Masun et al., 2009). 

Aeromagnetic studies have been utilized to understand the 

nature of the basement structure and estimate the sedimentary 

thickness and to study the structural features of the intrusive 

bodies associated with kimberlite/lamproite (Keating, 1995; 

Sharma et al., 2007). The Madhya Pradesh State Department 

of Geology and Mining proposed a systematic exploration 

programme for locating the mineralized zones. Airborne 

magnetic and radiometric surveys in parts of Tikkamgarh, 

Panna and Chhatarpur districts in 1968 were initiated under 

this programme. The survey was carried out by National 

Geophysical Research Institute (NGRI), Hyderabad along an 

east-west profile with an interval of 1 km and flying height 

150 m. Rao and Narayan (1981) utilized the aeromagnetic 

data to understand the anomalies associated with the 

Majhgawan kimberlite.  

Geological Survey of India (GSI) conducted aerial surveys 

with a profile interval of 300 m and flying height 80 m over 

the Panna Diamond Belt under National Aero Geophysical 

Mapping Program (NAGMP) over the Obvious Geological 

Potential (OGP) areas in India in 2018. On a regional scale, 

GSI located probable kimberlite from aeromagnetic data in 
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this belt under the National Aero Geophysical Mapping 

Program programme (Raynes et al., 2018). These kimberlites 

were reported as B108 and B125 in this Diamond Belt 

(Kumar et. al., 2020). Apart from these, a few probable 

kimberlite pipes were also identified by ground gravity and 

magnetic surveys in Baghain and Rampura-Motwa areas of 

the belt (Mukherjee et al., 2021).  

Earlier, remote sensing and geochemical studies have also 

been used for the identification of kimberlite /lamproite over 

this region (Tessema et al., 2012; Mukherjee et al., 2014; 

Guha et al., 2018; Kusuma and Ram Prasath, 2021). Besides, 

the aeromagnetic data in the Dharwar craton was analyzed 

over the known Wajrakarur Kimberlite Field (Rao and 

Srinivasulu, 1999; Sarma, and Verma, 2001; Rao et al., 2011) 

on a regional scale to delineate the sub-surface geology with 

associated intrusive bodies. Airborne radiometric surveys 

were carried out over lamproite bodies to ascertain the 

structural trends in parts of eastern Dharwar craton 

(Ramadass et al., 2015).   

An attempt has been made in the present study to delineate 

kimberlite / lamproite pipes in the Panna Diamond Belt from 

the airborne magnetic and radiometric surveys carried out by 

GSI as they reported locations for their probable occurrence. 

GSI reported anomalies (marked with an arrow) with a 

diameter of more than 500 m in the present study area 

(Raynes et al., 2018). From the total magnetic field map and 

the radiometric data of GSI, reduced-to-pole (RTP) and 

derivate maps were prepared on a reduced scale to enhance 

the low amplitude and short wavelength anomalies and 

understand their nature for identification of kimberlite 

probable zones. In the present paper, unreported anomalies 

associated kimberlite pipes have been marked and modelled 

in the Kadwara, Hatinitor Pahar and Kishangar areas. 

Modelling carried out across these areas have revealed 

magnetic intrusive with a reversal of polarity.  

GEOLOGY OF THE STUDY AREA 

The Vindhyan basin comprises Mesoproterozoic (Ray et al., 

2003) to mid NeoProterozoic (Crawford and Compston, 

1970) age rocks of Semri, Kaimur, Rewa, and Bhander group 

that overlies the Bundelkhand basement gneissic complex 

dated about 3.5 Ga (Sarkar et al., 1984) and the Bundelkhand 

granite dated 2.4–2.5 Ga (Singh and Slabunov, 2016) which 

are the oldest geological formations in the area of study. 

Bundelkhand coarse grained, porphyritic granites are 

exposed in northern part of the study area. The granitic 

composition changes from plagioclase to orthoclase feldspar 

with or without ferro-magnesian minerals. Ultramafic 

volcanic pipes (kimberlites) and diamond bearing 

conglomerates beds (Krishnan and Swaminath, 1959) occur 

in these formations.  In the presently studied area, the 

reported age of the Majhgawan pipe is 974–1170 Ma (Paul et 

al., 1975) based on K-Ar method. Similarly, Hinota pipe is 

dated at 1170 ± 46 Ma (Paul et al, 1975). Kimberlites   have 

intruded through Semri and Kaimur group of rocks belonging 

to Vindhyan supergroup (1599±8 Ma; Rasmussen et al., 

2002). The Kaimur group of rocks is mainly comprised of 

sandstones   dated around 910 ±39Ma (Vinogradav et al, 

1964). The Rewa group of rocks (710 Ma±120Ma; Srivatava 

and Rajgopalan, 1988) overlie the kimberlites. Rao (2006) 

explained that the Majhgawan and Hinota pipes belong to a 

‘transitional kimberlite–orangeite–lamproite’ rock type since 

these pipes have the petrological, geochemical and isotope 

characteristics of kimberlite, orangeite (Group II kimberlite) 

and lamproite. Table 1 shows the stratigraphic succession of 

the Vindhyan super group in the study area. 

The study area lies between 24º 27' 24.04ꞌꞌ to 24º 37ꞌ 49.64ꞌꞌ 

N 79º 40ꞌ 14.59ꞌꞌ to 79º 51ꞌ 43.78ꞌꞌ E, which is in SW direction 

to the Majhgawan pipe. Shales, limestone, sandstone and 

orthoquartzites are spatially distributed across the study area. 

The trend of exposed sedimentary rock formations is in NE-

SW direction (Figure 1) and they dip towards the SE 

direction. The thickness of the sediments increases from 

north to south. The thickness of the Vindhyan group of rocks 

in Panna Diamond Belt is about 600 m (Bhattacharya et al., 

1995). An inferred fault is located by GSI having NW-SE 

trend (Figure 1). Elevation in the study area varies between 

495 to 158 m from mean sea level (Figure 2). The steep 

sloping area with low elevation is covered by shale rock 

formation. 

 

Table 1. Stratigraphic succession of the Vindhyan Super Group in the study area (Bhattacharya et al., 1995) 

S.No. Group Formation Rock unit 

1 

 

Vindhyan Super Group Rewa 

 

Gahadara sandstone 

Jihri shale 

Itwa sandstone 

Panna shale 

 

2 

 Kaimur Baghain sandstone 

Pipertola conglomerate 

 

3 

 Semri Palkawan shale 

Pandav Fall sandstone 
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Figure 1. Geological map of the study area (https://bhukosh.gsi.gov.in) 

 

Figure 2. Geological map combined with Digital Elevation Model (DEM)  (https://bhuvan-app3.nrsc.gov.in) 

 

https://bhukosh.gsi.gov.in/
https://bhuvan-app3.nrsc.gov.in/
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AEROMAGNETIC AND RADIOMETRIC SURVEYS 

The aeromagnetic and radiometric data was acquired using 

multi-sensor airborne identification system by GSI under the 

Obvious Geological Potential (OGP) programme and the 

authors were given access to the processed data by the 

Remote Sensing and Aerial Surveys (RSAS), GSI, 

Bangalore.  The study area is a part of the Block-2 of GSI, 

falling in the Chhatarpur and Sagar regions of Madhya 

Pradesh and Uttar Pradesh states. The total area of the survey 

block is 43,814km2 and total line km is 160,680 km and 3,000 

m for the tie-lines. Direction of the survey lines was 

135°/315° for the traverse lines and 45°/225° for the tie lines. 

The aircraft was flown with a speed of 65-85 m/s. The survey 

was conducted with fixed-wing airborne combined gamma-

ray spectrometric and magnetic survey. The aeromagnetic 

data were sampled with frequency of 10 Hz and radiometric 

data with a frequency of 1Hz.  

A 3X Scintrex make Cs-3 / 4 X GEM System cesium vapor 

magnetometers (gradient method) were used for the 

aeromagnetic surveys. A digital 1024-channel spectrometer 

RSX-500 (Radiation Solution Inc., Canada) including three 

blocks of polyscine detectors NaI (Tl) for radiometry 

surveys. I-NEWT mounted 2 RSX-5 and 1 RSX-4 of 50.4 

litres total capacity for the downward looking detectors and 

upward looking detectors of 8.4 litres capacity were used for 

the airborne radiometric surveys.  

The authors re-analyzed the aeromagnetic data of GSI 

(Raynes et al., 2018). The International Geomagnetic 

Reference Field (IGRF) flight heading, elevation, and lag 

corrected airborne magnetic and cosmic, radon, height 

attenuation corrected airborne radiometric data with 

coordinates of the flight lines obtained from GSI was 

formatted to suit Oasis Montage Geosoft software and 

processed for upward continuation, analytical signal, Euler 

deconvolution and 2-D modelling.  

AEROMAGNETIC DATA INTERPRETATION 

The total field magnetic intensity (TMI) map was computed 

from the aeromagnetic data as shown in Figure 3. A fault was 

identified GSI (https://bhukosh.gsi.gov.in) in the study area 

which is shown as a thick dark line from north western part 

to the central portion of the map. Figure 3 depicts a magnetic 

high that could be attributed to exposed formations in the 

area. These formations have been correlated with buried 

intrusive bodies and ferruginous sandstone in the north and 

north western region of the study area. Sharp linear gradients 

in the contours can be observed which could be inferred as 

lineaments at the contact of the formations. In addition, 

asymmetric anomalies are also present that could be 

interpreted as intrusive bodies. It can be observed from the 

total field magnetic intensity map (Figure 3) that the 

magnetic field intensity decreases gradually from north to 

south, which is the varying topography of the exposed 

formations and the underling sedimentary formation 

indicating a slope towards the southern region with increase 

in sedimentary thickness. The GSI reported probable near 

circular anomalies associated with kimberlite pipes in this 

area (marked with an arrow; Raynes et al., 2018). 

The reduced-to-pole (RTP) (Figure 4) was computed from 

the TMI map (Figure 3) so that the asymmetrical nature of 

the anomaly would be converted to vertical magnetization for 

interpretation (Baranov, 1957; Baranov and Naudy, 1964; 

Silva, 1986; Hansen and Pawlowski, 1989; Telford et al., 

1990; Mendonca and Silva 1993). Figure 4 shows an 

anomalous behavior in the magnetic field in the central part 

of the study area, which is probably depicting a reversal in 

the magnetic anomaly. This could probably be thought as a 

high magnetic mineral composite body (Raynes et al., 2018). 

It is also observed that at Hatnitor Pahar, the RTP map shows 

near circular anomalies in the RTP map (Figure 4).  These 

near circular anomalies observed in the RTP map have been 

brought out when the map resolution was increased to 

highlight the anomalous zones. 

The RTP map (Figure 4) has brought out the intrusive 

anomalies associated with kimberlites at Hatinitor Pahar, 

Kadwara, Kishangar, Moharkuwa and in the north-eastern 

part of the study area. The RTP map has enhanced the 

anomalies in the southern region of the map and also the 

central circular anomalies have been enhanced. A circular 

anomaly on the eastern side has been clearly brought out in 

the RTP map. These anomalies are presented superimposing 

the geological map on RTP map (Figure 5). The aeromagnetic 

anomalies in the north-eastern part (marked with a star; 

Figure 5) are associated with sedimentary formations, while 

the other anomalies are in hard rock terrain.   
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Figure 3. Total magnetic field anomaly (TMI) map as obtained from the aeromagnetic data of the study area 

 

Figure 4. Reduce-to-pole map as obtained from aeromagnetic data of the study area 
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Figure 5. Geological map superimposed on RTP map of the study area 

In order to further justify the interpretation of the anomalies 

inferred from the RTP map (Figure 4) upward continuation 

map was prepared at 100 m to ascertain the nature of the 

anomalies. The upward continuation map would help 

understand the anomalies as it would reduce the effects of 

cultural noise and long wavelength anomalies would be 

enhanced (Henderson and Zietz, 1949; Dean, 1958; Telford 

et al., 1990; Blakely, 1995). The depth of the kimberlite 

computed from Euler depth and inferred from drill logs is in 

the range of 60 m and 150 m in the Panna Diamond Belt 

(Mukherjee et. al., 2021). The depth to the probable 

kimberlite anomalies from magnetic modeling was found to 

be more than 150 m (Raynes et. al., 2018). In the present 

work, a depth of 100 m was chosen to compute the upward 

continuation map (Figure 6). Though the near circular 

anomalies represent the probable kimberlite pipes to  have a 

deeper source than 100 m, however in order to identify the 

probable locations the upward continuation map was 

computed at 100 m.  

To delineate the boundaries of magnetic sources (Nabighian, 

1972; Keating and Sailhac, 2004) and for a higher resolution 

of magnetic sources (Roest et al., 1992; Rajagopalan, 2003) 

the analytical signal map was computed (Figure 7), which 

indicate a central high due to the presence of a probable 

magnetic intrusion and near circular anomalies surrounding 

this anomaly indicating probable kimberlite / lamproite pipe 

(Figure 7).  In the north and western parts of the study area, 

the higher magnetic values are an indication of the presence 

of a shallow basement covered by sediments and intrusive 

bodies.  

The Euler deconvolution solution (Figure 8) with a structural 

index (SI) of 2 shows a higher anomalous concentration at 

Hatinitor Pahar in the north-central region. The anomalous 

zone in the central part (Figure 7) is not associated with a SI 

for a pipe structure (Figure 8) and could be associated with a 

high magnetic intrusive source which was revealed in 2-D 

modeling presented in the next section.   

The trend of the intrusive bodies was observed in the first 

vertical derivative map of aeromagnetic data (Figure 9). The 

strike direction is parallel to the strike direction of the contact 

zones (Figure 1). Along the fault the magnetic amplitudes are 

high at the Hatinitor Pahar and delineated as near circular 

anomalies in the RTP map (Figure 4). The near circular 

anomalies depicting the probable kimberlite pipes are also 

clearly brought out in the first vertical derivative map of the 

study area (Figure 9). 
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Figure 6. Upward continuation map at 100 m from aeromagnetic data of the study area 

 

Figure 7. Analytical signal map of the study area 



Jale  Lingaswamy and Ram Raj Mathur   J. Ind. Geophys. Union, 28(5) (2024), 314-328  
 

321 

 

Figure 8.  Euler deconvolution solutions with structural index of 2 for the study area 

 

Figure 9. First vertical derivative map of the study area 
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MODELING OF AEROMAGNETIC ANOMALIES 

A 2-D model (Figure 10) was generated across the central 

high magnetic anomalous zone as observed in the RTP map 

(Figure 4; Traverse L1) in north-south direction. A magnetic 

inclination of 50⁰, magnetization 0.0015 emu/cc and 

declination 5⁰ was considered for the 2-D model (Pradhan 

et al., 2012).  A susceptibility of 0.025 SI for the sedimentary 

formations, 0.075 SI for the granitic basement and 0.052 SI 

units for the intrusive bodies was considered. The estimated 

depth of the central high magnetic and other intrusive bodies 

is observed to be approximately 350 m and 400 m 

respectively from the 2-D model (Figure 10). 

For the near circular anomalies observed in the RTP map 

(Figure 4; Traverses L2 and L3) 2-D models (Figures 11 and 

12) were prepared. The magnetic susceptibility range of 

0.043 SI to 0.047 SI was considered for the probable 

kimberlites and the depth obtained was in the range of 200 to 

250 m. 

AIRBORNE RADIOMETRIC DATA ANALYSIS 

Airborne radiometric surveys involve measuring the 

variation in percentage of elements such as uranium, thorium, 

and potassium in rock formations by spectral gamma ray 

detectors. Gamma ray penetration depth is less, hence the 

depth of investigation of this survey is not more than 30 cm 

so that the airborne radiometric data is useful for geological 

mapping (Kamara, 1981; Graham and Bonham-carter, 1993; 

Andrson and Nash, 1997; Charbonneau et al., 1997; Jaques 

et al.1997), soil mapping (Cook et al., 1996) and 

environmental radiation monitoring.  

The potassium dissolved from the formation by weathering 

and erosional process is transported and accumulated in the 

surrounding formations. thorium and uranium elements are 

associated with oxide minerals in the rock formations. The 

percentage of these three elements may be high when the 

formation is rich in clay. Kimberlites can weather easily since 

kimberlites are ultrabasic intrusive rocks. The buried 

kimberlites fracture the overlying formation at the time of 

emplacement and these elements may accumulate in these 

fractures if pH is favorable for their deposition (Serra, 1984).  

A NE-SW anomalous trend was observed in the potassium 

anomaly map (Figure 13) in the study area, which is due of 

the exposed shale and alluvium deposits. The concentration 

of potassium is low at Hatinator Pahar and Moharkuwa 

(Figure 13) where thick sandstone formation was observed 

with a gentle slope, which is suitable for transporting the 

dissolved elements from the formations. 

The trend of thorium anomalies (Figure 14) is similar to 

potassium anomalies but the anomalies of thorium are high 

in SW regions around Kadwara and Kishangar areas. 

Uranium anomalies (Figure 15) are behaving differently and 

which are sparse over the study area. The fault trend is well 

defined for all the element (potassium, uranium and thorium) 

concentrations. Kishangar, Kadwar, and Moharkuwa shown 

low concentration of these elements as the area may be 

disturbed by intensive fractures and these elements can easily 

be transported out from the formations.  

 

 

Figure 10. 2-D model across central magnetic high anomalous zone (Figure 4; L1)  
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Figure 11. 2-D model across near circular magnetic anomaly (Figure 4; L2) 

  

 

Figure 12. 2-D model across near circular magnetic anomaly (Figure 4; L3)  



J. Ind. Geophys. Union, 28(5) (2024), 314-328  Jale  Lingaswamy and Ram Raj Mathur  

  

324 

 

Figure 13. Potassium anomalies in the study area 

 

Figure 14. Thorium anomalies in the study area 



Jale  Lingaswamy and Ram Raj Mathur   J. Ind. Geophys. Union, 28(5) (2024), 314-328  
 

325 

The Ternay plot (Figure 16) shows the type of exposed 

formations and their trend as delineated by the element 

(potassium, uranium and thorium) concentrations. The 

anomalous behavior of these elements resembles the trend of 

the geological formations as observed in the geological map 

(Figure 1), though the thorium anomalies are strong at 

Kadwara, Moharkuwa and Kishangar areas. 

 

Figure 15. Uranium anomalies in the study area 

 

Figure 16. Ternary plot of the uranium, thorium and potassium anomalies superimposed on the geological map of the study area 
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DISCUSSION  

The scale reduced aeromagnetic and airborne radiometric 

surveys have helped in identification of probable kimberlite 

zones with resemblance to kimberlite anomalies in the Panna 

Diamond Belt, at Kishangar, Kadwara and Hatinitor Pahar, 

which were not reported earlier by GSI. The Kishangar 

anomaly (Figure 3) shows an individual asymmetry which is 

deformed as a circular anomaly in the RTP map (Figure 4) 

with a diameter of around 350 m. Some near circular 

anomalies are enhanced in RTP map around the Hatinitor 

Pahar area. Analytical signal map (Figure 7) enhanced and 

separated the circular anomalies from the long wavelength 

anomalies. The aeromagnetic anomaly at Moharkuwa was 

marked (with an arrow) as a probable kimberlite zone with 

near circular anomalies (Raynes et al., 2018) by GSI. The 2-

D modeling along profiles L2, L3 (Figure 4) across the two 

anomalies (Figures 11 and 12) have shown a depth of about 

200 to 250 m with a diameter of about 250 m. The 2-D model 

along line L1 (Figure 4) was prepared across the central high 

magnetic anomaly, which was modelled as a high magnetic 

intrusive associated with a reversal.   

In the ternary plot of the radiometric data (Figure 16), 

thorium anomalies show higher amplitudes at Kishangar, 

Kadwara, Moharkuwa where aeromagnetic data has shown 

probable locations for kimberlites (Figure 4). The presence 

of iron oxide on the surface or in deep fractures at Kishangar, 

Moharkuwa, Kadwara, could be the cause for the thorium 

anomalies. 

CONCLUSIONS 

 From the observation of both reduced scale of aeromagnetic 

and airborne radiometric data, Hatinitor Pahar, and 

Kishangar in the Panna diamond belt have shown near 

circular anomalies with less than 500 m diameter in the RTP 

aeromagnetic map depicting locations of probable 

kimberlites which are not reported earlier by GSI.  At 

Kadwara, a highly disturbed zone with intrusive bodies in 

magnetic data and with high thorium concentrations in the 

sandstone formation depicts the existence of a deep fracture 

that indicates the probable occurrence of kimberlite pipe. 

Also, the 2-D modelled data from the aeromagnetic map have 

revealed a high magnetic anomaly in the central region 

depicting a probable magnetic reversal. 
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ABSTRACT 

Weathering and erosion are geological phenomenon carried out by different geological agents. In the context of peninsular India, where aeolian and 

fluvial erosion processes exert significant influence within river basins, the assessment of erosion risk factors necessitates a methodical approach. 

Prioritizing watersheds based on morphometric parameters emerges as a crucial method, serving as a proficient pre-requisite for implementing effective 

conservation measures. In Western Ghat, Savitri River basin originates from the Sahyadri mountain range which merges into the Arabian Sea. It is west 

flowing river having small catchment area and rapid water movement due to high relief. In the present study, prioritization of sub-watersheds in the 

Savitri River basin has been done using morphometric parameters and a multi-criteria decision support model. The MCDSM used fuzzy analytical 

hierarchy process to categorize and prioritize land erosion. The morphometric parameters of Savitri River’s six sub-watersheds with respect to their 

linear, areal, and relief characteristics have been quantified. Further, FAHP weights were applied to such parameters for ranking of the sub-watersheds 

in order to work out their hydrological and topographical attributes. Subsequently, FAHP scores were employed to categorize the sub-watersheds into 

three priority levels (high, medium, and low) for soil conservation and management within the Savitri River basin, encompassing an area of 

approximately 2268.92 Km2. Utilizing the FAHP model in conjunction with drainage morphometry and Geographic Information System techniques, 

enabled the effective identification and prioritization of critical sub-watersheds, thereby enhancing overall watershed management strategies. 

Keywords: Morphometric parameters, Prioritization, Fuzzy Analytical Hierarchy Process, Savitri River basin, Soil erosion. 

Abbreviations: AHP: Analytic Hierarchy Process, DEM: Digital Elevation Model, FAHP: Fuzzy Analytical Hierarchy Process, 

GIS: Geographical Information System, IDW: Inverse Distance Weighting, IMD: Indian Meteorological Department, MCDSM: 

Multicriteria decision support model, MSL: Mean Sea Level, NRSC: National Remote Sensing Centre, TFN: Triangular Fuzzy 

Numbers 

INTRODUCTION 

It has become increasingly apparent that ensuring food 

security in the future is imperative, given the continuous 

growth of the global population. Effectively developing, 

utilizing, and managing water and land resources must be 

undertaken in a comprehensive and integrated manner to 

ensure effective development, utilization, and management. 

Watershed conservation measures can play a crucial role in 

holistic management of land and water resources, which have 

been widely, accepted (Biswas et al., 1999). In developed 

countries like India, where a significant portion of the 

population relies on agriculture, the management and 

development of watersheds to prevent soil erosion are 

crucial. River basin studies play a vital role in this regard, 

employing quantitative morphometric parameters, as 

outlined by Strahler (1964).  

In contemporary times, GIS offer a more efficient and time-

saving method for analyzing the characteristics of surface 

drainage networks, utilizing a numerical physiographic 

methodology (Horton, 1945; Abrahams, 1984; Thakkar and 

Dhiman, 2007; Aher et al., 2013; Rahaman et al., 2015; 

Mishra and Siddi Raju, 2024). The river basin, delineated by 

natural boundaries and regarded as a geomorphological unit, 

presents a rational selection for conducting morphometric 

analysis. These analyses are pivotal for quantifying and 

elucidating the hydrological and geological attributes 

inherent to watersheds. Hence, morphometric investigation 

contributes significantly to tasks such as watershed 

demarcation, modeling, prioritization, river basin 

assessment, and the management of natural resources (Khan 

et al., 2001; Suresh et al., 2004; Magesh et al., 2010; Thomas 

et al., 2012; Tiwari and Srinivas, 2023). 

In any given region, drainage basin configurations are shaped 

by a variety of factors, including the topography, bedrock 

lithology, geological formations, and prevailing climate, all 

of which collectively determine their distinctive 

characteristics. In order to inform decision-making within 

various domains, it is necessary to conduct quantitative 

analyses and explore their interrelationships. In addition, 

these domains include the management and assessment of 

water resources, as well as their use for soil conservation on 

a watershed scale (Ogunkoya and Jeje, 1987). It is relatively 

straightforward to describe basin features using hydro-

morphometric descriptors, and understand their impact on 

erosion processes. As a result of these descriptors, basin 

characteristics can be compared, shedding light on the 

geomorphic history of the drainage basin (Strahler, 1964; 

Biswas et al., 1999;). Horton (1945) formulated the first 

quantitative analysis of drainage basins, and Strahler (1964) 

refined it. Further, spatial information analysis and 
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representation are made easier with GIS (Das and Mukherjee, 

2005, Manjare et al., 2014, Shrivatra et al., 2021). In recent 

years, researchers have also attempted to prioritize 

watersheds through multi-criteria assessment using the fuzzy 

analytical hierarchy process (Aher et al., 2013). When 

evaluating susceptibility contributing factors within a result 

obtaining process, multiple criteria and alternatives must be 

taken into account.  

The present research has been undertaken keeping in view 

the dire need for efficient management of water and land 

resources to achieve soil conservation. In a country like India, 

wherein a good percentage of its economy is agrarian, the 

potential for erosion can only be understood and reduced by 

conserving watersheds. The techniques developed so far for 

estimating erosion have lots of scope for improvement; thus, 

this study presents a novel approach for the same through the 

study by Fuzzy Analytical Hierarchy Process (FAHP) with 

the help of GIS. This methodology is undertaken basically 

for the prioritization of the Savitri River basin and its sub-

watersheds with a view to erosion potential assessment and 

resource conservation. 

STUDY AREA  

Savitri River basin is located at the base of the Sahyadri 

mountain escarpment. It extends between 17°51'N to 18°26N 

and 73°1'E to 73°41'E encompassing an area of 2268.92 km2 

with perimeter 305.36 km as shown in Figure 1. It includes 

two districts Raigad and Ratnagiri covering 7 talukas. The 

watershed exhibits elevations from 3 meter to a maximum of 

1317 meters from MSL. Study area relates to toposheets 

47F/03, 47F/04, 47F/07, 47F/08, 47F/11, 47F/12, 47G/05, 

47G/09, and 47G/11 of the Survey of India at a scale of 

1:50000. Hydrological boundaries, which include watershed 

and sub-watershed boundaries, have been defined based on 

the drainage network and the data given in Table-1. Savitri 

River originate from Savitri Point, Mahabaleshwar, which is 

one of the top of Sahyadri mountain range and fed at Bankot 

creek, Near Harihareshwar, Konkan, Arabian Sea, having an 

average length of 110 km. The basin's geographical region 

experiences a tropical climate typified by a dominant 

monsoon phase spanning approximately four months, from 

June to October. The monsoon season is the wettest time of 

the year, with little precipitation observed in other months.

 

 

Figure 1. Map showing location of the Savitri River basin in Maharashtra (India) 
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Table 1. Sub-watershed of Savitri River  basin 

Savitri subbasin Area (km2) Perimeter (km) Tributaries 

SSB1 457.22 124.8 Kalbhaoviranadi 

SSB 2 363.17 99.3 Upper Savitri river 

SSB 3 150.42 62.5 Nageshrinadi 

SSB 4 208.94 76.0 Gandhari river 

SSB 5 691.07 139.2 Kal nadi 

SSB 6 398.10 121.1 Savitri river higher order 

Total Area 2268.92 Sq. km. 
 

 

Table 2. Monthly rainfall (in mm) recorded at  the Savitri River basin rain gauge stations between 2016 and 2021 

Months/Year 2016 2017 2018 2019 2020 2021 

January 0 0 0 0 0 9.58 

February 0.01 0 0 0 0 20.2 

March 4.25 0 0.09 0.03 6.13 3.03 

April 1.09 0.03 8.66 4.68 2.6 5.06 

May 11.77 36.74 5.62 0 9.08 104.4 

June 569.1 901.24 811.3 628.52 510.58 770.52 

July 1470.06 1445.55 1564.71 2015.44 583.74 1463.83 

August 1173.17 922.27 795.11 1400.36 1783.43 384.14 

September 753.16 540.56 162.8 1218.71 376.97 683.12 

October 112.44 172.17 60.48 213.32 233.52 104.85 

November 0 2.27 29.5 35.2 1.11 38.38 

December 0 21.91 0 0.35 10.59 11.92 
 

 
Figure 2. Map showing rainfall intensity of the study area. 
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METHODOLOGY 

Morphometric Analysis 

In this study, we performed drainage morphometry using 

geospatial techniques. The drainage network was delineated 

using Survey of India topographic maps (47F/03, 47F/04, 

47F/07, 47F/08, 47F/11, 47F/12, 47G/05, 47G/09, and 

47G/11). The Savitri River basin was divided into six sub-

watershed (Kalbhaovira nadi, Upper Savitri River, Nageshri 

nadi, Gandhari river, Kal nadi and Savitri River higher order) 

namely, SSB1, SSB 2, SSB 3, SSB 4, SSB 5 and SSB 6, the 

details of which being given in Table 1.  

A Digital Elevation Model (DEM) of Cartosat-1, with a 

spatial resolution of 10 m, was obtained from NRSC 

Hyderabad. Data from this source was used to create raster 

layers pertaining to the study area. The rainfall data was taken 

from Indian Meteorological department (IMD) for the period 

2016 to 2021 as given in Table 2, which was converted into 

Inverse Distance Weighting (IDW) grid data, as shown in 

Figure 2. The DEM data was used for the determination of 

flow direction at the surface and accumulation of water using 

hydrological tools. Figure 3 shows the drainage order and 

drainage density of the study area. In this research work, the 

drainage morphometry parameters like linear, aerial, and 

relief have been calculated using the standard formulae as 

mentioned in Table 3. Using the contour lines and the flow 

direction of drainage, the sub-watershed boundaries were 

demarcated. Utilizing ArcGIS 10.0 software, non-spatial 

attributes of the sub-watersheds were computed, 

encompassing parameters such as stream order, stream 

length, area, perimeter, basin length, etc. Microsoft Excel 

was used to calculate morphometric parameters. A Fuzzy-

AHP was used to manually calculate weights for the 

morphometric parameters. Detailed morphometric 

characteristics of each sub-watershed, including areal, linear, 

and relief, are presented in Table 4. In order to assess erosion 

risk, the FAHP method was used to weight the morphometric 

parameters of the sub-watersheds. 

 

Table 3.  Equation used to calculate morphometric parameters. 

Count Morphometric parameters  Definition/Formula/ Methods Source 

Linear 

1. Stream order Hierarchical rank Strahler (1964) 

2. Stream no. (Nu) Total number of streams in each order within a basin Horton (1945) 

3. Stream length (Lu) Length of the stream Strahler (1964) 

4. Mean stream length  Lsm = Lu/Nu (Lsm = mean stream length; Lu = total stream length of a given 

order; and Nu = total no. of stream segments of a given order) 

Horton (1945) 

5. Stream length ratio RL = Lu/Lu-1 (RL = stream length ratio; Lu = total stream length of a given 

order; and Lu-1=total stream length of its next lower order) 

Schumm (1956) 

6. Bifurcation ratio Rb = Nu/Nu + 1 (Rb = bifurcation ratio; Nu = total no. of stream segments of a 

given order; and Nu + 1=no. of segments of the next higher order) 

Strahler (1957) 

7. Mean bifurcation ratio  Rbm = average of bifurcation ratios of all orders Strahler (1964) 

Areal 

8. Drainage density Dd = Lu/A (D = drainage density; Lu = total stream length of all orders; and A = 

area of the Basin) 

Horton (1932) 

9. Stream frequency Fs = Nu/A (Fs = drainage frequency; Nu = total no. of streams of all orders; and 

A = area of the basin) 

Horton (1932) 

10. Drainage texture Rt = Nu/P (Rt = drainage texture; Nu = total no. of streams of all orders; and P = 

perimeter of the basin) 

Horton (1945) 

11. Infiltration no. If = Rt X Fs (If = infiltration no.; Rt = drainage texture; and Fs = drainage 

frequency) 

Faniran (1969) 

12. Length of overland flow Lg = 1/Dd (Lg = length of overland flow and Dd = drainage density) Horton (1945) 

13. Circulatory ratio Rc = 4pA/P2 (Rc = circularity ratio. p = 3.14; A = area of the basin; and P2 = 

square of the perimeter) 

Miller (1953) 

14. Form factor Rf = A/Lb2 (Rf = form factor; A = area of the basin; and Lb2 = square of basin 

length) 

Horton (1932) 

15. Elongation ratio Re = 2* (A/p)0.5/Lb (Re = elongation ratio; A = area of the basin; p = 3.14; and 

Lb = basin length) 

Schumm (1956) 

Relief 

16. Relief (Elevation of basin mouth) - (Elevation of highest point on the basin) Strahler (1952) 

17. Relief ratio Rh = H/Lb (Rh = relief ratio; H = total relief (relative relief) of the basin in km; 

and Lb = basin length) 

Schumm (1956) 

18. Ruggedness no. Rn = Dd*H/1000 (Rn = ruggedness no.; Dd = drainage density; and H = 

watershed relief) 

Strahler (1964) 
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Table 4.Findings from the morphometric analysis of the sub-watershed 

Morphometric Factors SSB 1 SSB 2 SSB 3 SSB 4 SSB 5 SSB 6 Savitri River  basin 

Stream order 6th 6th 5th 7th 7th 8th 8th 

Stream no. (Nu) 

1st order  1841 1457 519 2179 2232 1219 8547 

2nd order  426 339 120 326 537 267 2015 

3rd order 85 79 29 73 117 66 449 

4th order  21 17 8 12 27 16 101 

5th order  4 3 1 3 8 2 21 

6th order  1 1 - 1 2 - 5 

7th order - - - 1 1 - 2 

8th order - - - - - 1 1 

Stream length (Lu) km 

1st order  1073.63 787.95 276.67 641.40 1333.88 653.85 4767.38 

2nd order  254.45 201.61 68.14 161.05 402.81 196.67 1284.73 

3rd order 118.98 98.77 51.96 78.34 195.66 98.46 642.17 

4th order  73.06 71.14 19.43 40.85 100.79 49.19 354.46 

5th order  34.02 20.13 21.37 18.94 62.32 11.96 168.75 

6th order  29.24 27.17 - 2.32 15.90 - 74.63 

7th order - - - 15.90 20.99 - 36.89 

8th order - - - - - 43.95 43.95 

Overall mean stream 

length (Lsm) 
7.30 6.74 5.34 4.26 6.21 9.29 11.44 

Stream Length Ratio (Rl) 

2/1 1.02 1.10 1.07 1.68 1.26 1.37 1.14 

3/2 2.34 2.10 3.16 2.17 2.23 2.03 2.24 

4/3 2.49 3.35 1.36 3.17 2.23 2.06 2.45 

5/4 2.44 1.60 8.80 1.85 2.09 1.95 2.29 

6/5 3.44 4.05 - 0.37 1.02 - 1.86 

7/6 - - - 6.85 2.64 - 1.24 

8/7  - - - - - - 2.38 

Bifurcation Ratio (Rb) 

1/2 4.32 4.30 4.33 6.68 4.16 4.57 4.24 

2/3 5.01 4.29 4.14 4.47 4.59 4.05 4.49 

3/4 4.05 4.65 3.63 6.08 4.33 4.13 4.45 

4/5 5.25 5.67 8.00 4.00 3.38 8.00 4.81 

5/6 4.00 3.00 - 3.00 4.00 - 4.20 

6/7 - - - 1.00 2.00 - 2.50 

7/8  - - - - - - 2.00 

Mean bifurcation ratio 

(Rbm) 

4.53 4.38 5.02 4.21 3.74 4.55 3.81 

Perimeter (P) (km) 124.8 99.26 62.48 76 139.16 121.05 305.36 

Area (A) (Sq.km) 
457.22 363.17 150.42 208.94 691.07 398.1 

 

2268.92 

Drainage density (Dd) 3.46 3.32 2.91 4.59 3.09 2.54 3.23 

Stream frequency (Fs) 5.20 5.22 4.50 12.42 4.23 3.95 4.91 

Drainage texture (Rt) 19.05 19.10 10.84 34.14 21.01 12.98 36.48 

Infiltration no. (If) 99.10 99.72 48.77 424.07 88.90 51.21 179.15 

Length of overland flow 

(Lg) 

0.29 0.30 0.34 0.22 0.32 0.39 0.31 

Circulatory ratio (Rc) 0.37 0.46 0.48 0.45 0.45 0.34 0.31 

Form factor (Rf) 0.37 0.63 0.29 0.25 0.55 0.30 0.44 

Elongation ratio (Re) 0.69 0.90 0.61 0.57 0.84 0.62 0.75 

Relative relief 1065 1280 1295 754 952 402 1297 

Relief ratio (Rh) 30.25 53.33 57.05 26.26 0.45 11.10 17.98 

Ruggedness no. (Rn) 3.68 4.25 3.77 3.46 2.94 1.02 4.19 
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Figure 3. Map showing (A) drainage order and (B) drainage density in the study area. 
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Prioritization of sub-watershed using FAHP 

Different methods were used by several researchers to 

prepare the prioritized watershed, including quantitative, 

fuzzy logic, statistic methods, and Analytical Hierarchy 

Process (AHP). To prioritize watersheds, Fuzzy Analytical 

Hierarchical Process (FAHP) was used with extent analysis. 

Specifically in spatial and GIS-based problems, the 

Analytical Hierarchy Process (AHP) can be used as a 

decision-making tool based on multiple criteria developed by 

Saaty(1980) by using a subjective approach where weights 

are allocated based on pair-wise comparisons of diverse 

criteria. In MCDSM (Multicriteria Decision Support Model), 

multiple criteria are evaluated in order to achieve an optimal 

solution while addressing the uncertainties inherent to the 

criterion evaluation process. The application methodology, 

strengths, and weaknesses of AHP are deliberated upon, 

alongside the introduction of the Fuzzy Modified Analytical 

Hierarchy Process. This modification is proposed subsequent 

to the incorporation of concepts related to fuzziness, 

uncertainty, and vagueness into the analytical framework 

(Chang, 1996). Using a triangular fuzzy comparison matrix, 

we describe FAHP to produce a crisp priority vector. Despite 

the popularity of AHP, it is often criticized for its inability to 

adequately handle the inherent uncertainty and imprecision 

that comes from mapping the decision maker's perception to 

exact numbers (Deng, 1999; Manjare 2015; Manjare et al., 

2019).  

A method of extent analysis is used to apply the process in 

accordance with the specified hierarchy. To do this, each 

criterion within the hierarchy is subjected to extent analysis, 

called gi. Accordingly, ‘M’ extent analysis values can be 

determined for each criterion that can be obtained using 

following notation. 

𝑀𝑔𝑖 
1 , 𝑀𝑔𝑖

2 , 𝑀𝑔𝑖 
3 , 𝑀𝑔𝑖 

4 ………………… . .𝑀𝑔𝑖 
𝑛  

where gi is the goal set (i = 1, 2, 3, 4 … n) and all the Mgi
j

(j = 

1, 2, 3, 4…m) are Triangular Fuzzy Numbers (TFNs).The 

procedural stages for this study can be outlined as follows. 

In step 1, in the initial phase, calculate the fuzzy synthetic 

extent value (Si) concerning the criterion using the following 

formula: 

𝑆𝑖 =∑𝑀𝑔𝑖
𝑗

𝑚

𝑗=1

⊙ [∑∑𝑀𝑔𝑖
𝑗

𝑚

𝑗=1

𝑛

𝑖=1

]

−1

      (1) 

It is an initial step which involves the finding of 

∑𝑀𝑔𝑖
𝑗

𝑚

𝑗=1

                                                                (2)   

Analyze "fuzzy addition operation" values up to m degree for 

a specific matrix as provided in equation (3) below. In the 

final step of the computing, derive a new set of values (u, v, 

w), which is then utilized in the subsequent iteration. 

∑𝑀𝑔𝑖
𝑗

𝑚

𝑗=1

= (∑𝑢𝑗 ,∑𝑣𝑗

𝑚

𝑗=1

𝑚

𝑗=1

,∑𝑤𝑗

𝑚

𝑗=1

)          (3) 

To obtain the preferred result, calculation process involves 

determining (u, v, w) variables where “u” is lower limit 

value, “v” is most hopeful value and “w” upper limit value.  

[∑∑𝑀𝑔𝑖
𝑗

𝑚

𝑗=1

𝑛

𝑖=1

]

−1

                                            (4) 

“Fuzzy addition operation” calculated to 𝑀𝑔𝑖
𝑗 (𝑗 =

1, 2, 3, 4………𝑚) for given value 

∑∑𝑀𝑔𝑖
𝑗

𝑚

𝑗=1

𝑛

𝑖=1

= (∑𝑢𝑖  ,∑𝑣𝑖

𝑚

𝑗=1

𝑚

𝑗=1

,∑𝑤𝑖

𝑚

𝑗=1

)                 (5) 

After deriving result inverse of the vector from equation (5) 

then following equation is obtained 

[∑∑𝑀𝑔𝑖
𝑗

𝑚

𝑗=1

𝑛

𝑖=1

]

−1

= [
1

∑ 𝑤𝑖
𝑚
𝑗=1

,         
1

∑ 𝑣𝑖
𝑚
𝑗=1

,           
1

∑ 𝑢𝑖
𝑚
𝑗=1

] (6) 

In further step, the degree of possibility of M2 = (u2, v2, w2) 

≥ M1 (u1, v1, w1) is demarcated as equation (7) 

𝑉 (𝑀2 ≥ 𝑀1)  =
𝑠𝑢𝑝

𝑥 ≥ 𝑦
[𝑚𝑖𝑛(𝜇𝑀1(𝑥), 𝜇𝑀2(𝑦))]             (7) 

There are two values on the axis of each criteria's 

membership function x and y. equation (8) gives an 

equivalent expression for this expression. 

𝑉(𝑀2 ≥ 𝑀1) = ℎ𝑔𝑡(𝑀1 ∩𝑀2) = 𝜇𝑀2(𝑑) =

{
 
 

 
 
1, 𝑖𝑓 𝑣2 ≥ 𝑣1,                       

       
0, 𝑖𝑓 𝑢1 ≥ 𝑤2                      

            
𝑢1−𝑤2

(𝑣2−𝑤2)−(𝑣1−𝑢1)
,   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

                                              (8) 

In the above equation, d represents the ordinate of the highest 

point of intersection between 𝜇𝑚1 and 𝜇𝑚2. In addition, the 

extent to which a convex fuzzy number Mi can be larger than 
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k convex fuzzy numbers Mi for i = 1, 2…..k can be estimated 

as: 

     𝑉(𝑀 ≥ 𝑀1, 𝑀2, 𝑀3……… .𝑀𝑘) 

= 𝑉(𝑀 ≥ 𝑀1) 𝑎𝑛𝑑(𝑀 ≥ 𝑀2)………𝑎𝑛𝑑(𝑀 ≥ 𝑀𝑘) 

    = min 𝑉(𝑀 ≥ 𝑀𝑖)  𝑓𝑜𝑟 (𝑖 = 1,2,3, … . . 𝑘)                   (9) 

Assume that above equation is 

𝑑′(𝐴𝑖) = min𝑉 (𝑆𝑖 ≥ 𝑆𝑘) 

For k = 1, 2, 3 ……..…n; k≠i. Then the weight vector is 

given by equation  

𝑊′ = (𝑑′(𝐴1), 𝑑
′(𝐴2), …… . 𝑑

′(𝐴𝑛))
𝑇           (10) 

where Ai (i = 1, 2, 3…….n) are n elements 

After normalization of above equation, a non-fuzzy number 

(W) is represented as given below: 

𝑊 = (𝑑(𝐴1), 𝑑(𝐴2), 𝑑(𝐴3), 𝑑(𝐴4), 𝑑(𝐴5)…  𝑑(𝐴𝑛))
𝑇
   (11) 

The Savitri River basin sub-watersheds were assigned 

priority ratings based on the FAHP analysis method. 

RESULTS AND DISCUSSION 

An analysis of the morphometric parameters of the watershed 

under study reveals relevant information about erodibility, 

which can be used to manage the watershed natural resources 

effectively. The watershed was characterized morpho-

metrically by examining linear, aerial, and relief aspects. 

Using the terminology scheme presented by Horton (1932), 

a stream network drainage system was constructed that was 

described as dendritic in nature and of the 8th order in Savitri 

River basin. 

 

Table 5. Pair-wise matrix of morphometric parameters on the basis of erosion risk 

 Lsm Rbm Dd Fs Rt If Lg Rc Rf Re Rh Rn Wc 

Lsm 1, 1, 1 1, 1.5, 2 
0.4, 0.5, 

0.67 
1, 1.5, 2 

0.5, 

0.67, 1 
1, 1.5, 2 2, 2.5, 3 

0.33, 

0.4, 0.5 
1, 1.5, 2 

0.33, 

0.4, 0.5 
1, 1.5, 2 1, 1.5, 2 0.09 

Rbm 
0.5, 

0.67, 1 
1, 1, 1 

0.5, 
0.67, 1 

2, 2.5, 3 
0.33, 

0.4, 0.5 
2, 2.5, 3 

0.4, 0.5, 
0.67 

1, 1.5, 2 1, 1, 1 
0.33, 

0.4, 0.5 
0.33, 

0.4, 0.5 
0.33, 

0.4, 0.5 
0.08 

Dd 
1.5, 2, 

2.5 
1, 1.5, 2 1, 1, 1 1, 1, 1 

0.4, 0.5, 

0.67 
2, 2.5, 3 

0.33, 

0.4, 0.5 

0.5, 

0.67, 1 
1, 1.5, 2 

0.33, 

0.4, 0.5 
1, 1, 1 

0.33, 

0.4, 0.5 
0.08 

Fs 
0.5, 

0.67, 1 

0.33, 0.4, 

0.5 
1, 1, 1 1, 1, 1 

0.33, 

0.4, 0.5 

0.4, 0.5, 

0.67 

1.5, 2, 

2.5 

0.4, 0.5, 

0.67 

0.4, 0.5, 

0.67 
1, 1.5, 2 

0.4, 0.5, 

0.67 

1.5, 2, 

2.5 
0.07 

Rt 1, 1.5, 2 2, 2.5, 3 
1.5, 2, 

2.5 
2, 2.5, 3 1, 1, 1 1, 1.5, 2 

1.5, 2, 

2.5 

0.4, 0.5, 

0.67 

1.5, 2, 

2.5 
1, 1.5, 2 2, 2.5, 3 

0.4, 0.5, 

0.67 
0.12 

If 
0.5, 

0.67, 1 

0.33, 0.4, 

0.5 

0.33, 

0.4, 0.5 

1.5, 2, 

2.5 

0.5, 

0.67, 1 
1, 1, 1 

0.4, 0.5, 

0.67 
1, 1.5, 2 

0.5, 

0.67, 1 
1, 1.5, 2 

0.5, 

0.67, 1 
1, 1.5, 2 0.07 

Lg 
0.33, 

0.4, 0.5 

1.5, 2, 

2.5 
2, 2.5, 3 

0.4, 0.5, 

0.67 

0.4, 0.5, 

0.67 

1.5, 2, 

2.5 
1, 1, 1 

0.5, 

0.67, 1 
1, 1.5, 2 

0.5, 

0.67, 1 

1.5, 2, 

2.5 

0.5, 

0.67, 1 
0.09 

Rc 2, 2.5, 3 
0.5, 0.67, 

1 
1, 1.5, 2 

1.5, 2, 

2.5 

1.5, 2, 

2.5 

0.5, 

0.67, 1 
1, 1.5, 2 1, 1, 1 

0.5, 

0.67, 1 

1.5, 2, 

2.5 

1.5, 2, 

2.5 

0.4, 0.5, 

0.67 
0.11 

Rf 
0.5, 

0.67, 1 
1, 1, 1 

0.5, 

0.67, 1 

1.5, 2, 

2.5 

0.4, 0.5, 

0.67 
1, 1.5, 2 

0.5, 

0.67, 1 
1, 1.5, 2 1, 1, 1 1, 1.5, 2 

0.5, 

0.67, 1 
1, 1.5, 2 0.08 

Re 2, 2.5, 3 2, 2.5, 3 2, 2.5, 3 
0.5, 

0.67, 1 

0.5, 

0.67, 1 

0.5, 

0.67, 1 
1, 1.5, 2 

0.4, 0.5, 

0.67 

0.5, 

0.67, 1 
1, 1, 1 

0.5, 

0.67, 1 
1, 1.5, 2 0.10 

Rh 
0.5, 

0.67, 1 
2, 2.5, 3 1, 1, 1 

1.5, 2, 

2.5 

0.33, 

0.4, 0.5 
1, 1.5, 2 

0.4, 0.5, 

0.67 

0.4, 0.5, 

0.67 
1, 1.5, 2 1, 1.5, 2 1, 1, 1 1, 1.5, 2 0.09 

Rn 
0.5, 

0.67, 1 
2, 2.5, 3 2, 2.5, 3 

0.4, 0.5, 

0.67 

1.5, 2, 

2.5 

0.5, 

0.67, 1 
1, 1.5, 2 

1.5, 2, 

2.5 

0.5, 

0.67, 1 

0.5, 

0.67, 1 

0.5, 

0.67, 1 
1, 1, 1 0.10 

 

Table 6. Normalized morphometric parameters matrix of Savitri watersheds 

Sub-basin Lsm Rbm Dd Fs Rt If Lg Rc Rf Re Rh Rn 

SSB 1 0.786 0.902 0.754 0.419 0.558 0.234 0.744 0.771 0.587 0.767 0.530 0.866 

SSB 2 0.726 0.873 0.723 0.420 0.559 0.235 0.769 0.958 1 1 0.935 1 

SSB 3 0.575 1 0.634 0.362 0.318 0.115 0.872 1 0.460 0.678 1 0.887 

SSB 4 0.459 0.839 1 1 1 1 0.564 0.938 0.397 0.633 0.460 0.814 

SSB 5 0.668 0.745 0.673 0.341 0.615 0.210 0.821 0.938 0.873 0.933 0.008 0.692 

SSB 6 1 0.906 0.553 0.318 0.380 0.121 1 0.708 0.476 0.689 0.195 0.240 
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According to linear parameter study, Stream no. (Nu), Mean 

stream length (Lsm) and Bifurcation ratio (Rb) shows 

importance for study in risk of erosion. It is observed that 

SSB 5 has max number of drainages which drain max surface 

water and erode surface rapidly compare to other followed 

through SSB 4 and SSB 1, while SSB 3 has less drainages 

that  resulted into less erosion. Many smaller streams had a 

larger coverage area, leading to a higher likelihood of 

erosion. SSB 5, SSB 4, SSB 1, and SSB 2 has maximum 

number of lower order drainages and cover large area. SSB 6 

has max overall mean stream length (Lsm) followed through 

SSB 1 and SSB 2 though SSB 4 has less Lsm. As mean 

stream length is large, it will influence erosion. Sub-

watershad SSB 3, SSB 5 and SSB 1 has higher values of 

mean bifurcation ratio (Rbm) which indicate greater risk of 

erosion. 

During the morphometric analysis of erosion risk assessment, 

it was observed that parameters such as drainage density 

(Dd), stream frequency (Fs), drainage texture (Dt), circularity 

ratio (Rc), relief ratio (Rr), ruggedness number (Rn), basin 

relief (Rh), and basin shape (Bs) are positively correlated 

with erosion risk assessment. An increase in values of these 

parameters is associated with a greater likelihood of 

erodibility. It has been found that circularity ratio and basin 

shape interacts inversely with erodibility, with lower values 

having a greater influence on it. The values of these 

properties were therefore inversed in morphometric 

properties matrix table. According to the erosion risk of each 

sub-basin, morphometric parameters of each sub-basin were 

compared with criterion weights (Table 5). 

The utilization of triangular fuzzy numbers (TFN) for 

quantifying the erosion impact of morphometric parameters, 

helped address uncertainties associated with these 

parameters. To assign weights to the identified parameters, 

four triangular fuzzy numbers were employed: very strongly 

important (VSI-2, 5/2, 3), strongly important (SI-3/2, 2, 5/2), 

weakly more important (WMI-1, 3/2, 2), and just equal (JE-

1, 1, 1). Sub-basins were prioritized by combining 

normalized weights derived from morphometric parameter 

values (Table 6) with criterion weights obtained through 

FAHP (Table 5). These normalized morphometric parameter 

weights were then multiplied by the FAHP weights to 

generate non-spatial data for the spatial layer of sub-

watersheds. The resulting values, ranging from 0.046 to 

0.065, were utilized to assign ranks to sub-watersheds based 

on their analytical values from highest to lowest (Table 7, 

Fig. 4a). 

In this analysis, sub-watersheds SSB 2 and SSB 4 were 

designated as the highest priority due to their FAHP values 

of 0.065 and 0.063, respectively, followed by SSB 1, SSB 3, 

SSB 5, and SSB 6, which were categorized as the least 

priority in the watershed (Table 7). The prioritized FAHP 

scores were divided into three priority classes, ranging from 

low to high, based on their overall weights (Table 8). Within 

the Savitri watershed, the low priority classes encompass 

SSB 6 and SSB 5, covering an area of 1089.17 km2, while the 

high priority class includes SSB 2 and SSB 4, covering an 

area of 572.11 km2 (Table 8, Fig. 4b). SSB 2, situated in the 

high priority category near the reservoir, experiences 

significant erosion and necessitates immediate attention for 

erosion control and protection. SSB 1 and SSB 3, covering 

an area of 607.64 km2, are classified under the medium 

priority category. Notably, SSB 1, SSB 2, SSB 3, and SSB 4 

are situated in high-altitude regions with substantial 

population density, falling within highly hazardous landslide 

zones, requiring urgent environmental sustainability 

measures. Such measures should include,(i) Afforestation 

and reforestation which will include planting trees to stabilize 

soil and reduce surface runoff, (ii) Soil surface protection by 

grasses and other low-lying vegetation, (iii) Establishment of  

vegetative buffers of plants along the edges of flowing water 

bodies to filter runoff and stabilize banks, (iv) Construction 

of terraces on slopes to reduce runoff velocity and increase 

water infiltration, (v) Plowing along contours of land to 

create natural barriers against the flow of water, which in turn 

helps reduce soil erosion, (vi)  Construction of small dams 

and basins which slow down the flow of water that will  

capture sediments, (vii) Filling and stabilizing gullies using 

materials like rocks or vegetation so that it doesn't undergo 

further erosion, and  (viii) Construction of bunds, trenches, 

contour bunding, etc. to regulate the flow of water and 

thereby reduce erosion. 

 

Table 7. Fuzzy-AHP ranks of the sub-watersheds 

Sub-basin SSB 1 SSB 2 SSB 3 SSB 4 SSB 5 SSB 6 

FAHP Score 0.056 0.065 0.055 0.063 0.053 0.046 

Rank 3 1 4 2 5 6 

Area (Km2) 457.22 363.17 150.42 208.94 691.07 398.1 
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Table 8. Prioritization of sub-basin based on erodibility through FAHP score 

Sr. No Fuzzy AHP Score Priority 

Class 

Sub Watersheds Area (Km2) 

1 < 0.053 Low SSB 6, SSB 5 1089.17 

2 0.0531-0.056 Medium SSB 3, SSB 1 607.64 

3 > 0.0561 High SSB 2, SSB 4 572.11 

 

 

Figure 4. Savitri River basin.(a) FAHP rank map, (b) Prioritization map. 

CONCLUSIONS 

This study has ably portrayed the possibility of erosion within 

the Savitri River basin by undertaking in-depth 

morphometric analysis, which can aid in prioritizing sub-

watersheds for remedial measures. Through this research, 

FAHP with GIS provided a strong framework for assessing 

and managing erosion risks, distinctly outlining areas that 

require immediate attention. Inclusion of triangular fuzzy 

numbers obviated the uncertainties of parameter weightings 

and increased the accuracy of erosion risk assessment. The 

remedial measures, such as afforestation, terracing, contour 

plowing, check dams, and structures for soil conservation, 

would therefore be targeted on high-priority areas like SSB 2 

and SSB 4. These can stabilize the soil, reduce runoff, and 

capture sediment, mitigating in large measure the erosion 

processes. Vegetative cover and gully plugging will further 

enhance the stability of soils and reduce the risk of landslides 

in the high-altitude regions. Community participation in 

erosion control works and education on sustainable land 

management practices will make the communities self-

supporting and therefore create a long-lasting effect of such 

measures. Improved watershed management will result in 

increased agricultural productivity, better water quality, 

reduced risk of natural disasters; hence, better health, well-

being, and economic stability of the population concerned. 

These methodologies and findings therefore have huge 

potential applications in basin management and hydrological 

research in the future. In this respect, the integrated approach 

of FAHP and GIS used can be replicated in other watersheds 

to give a relative ranking of those areas requiring erosion 
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control and resource management. Future research may, 

therefore, be aimed at assessing the impacts of climate 

change on watershed dynamics and further refining this 

morphometric analysis with more advanced technologies. On 

the other hand, this would require continuous monitoring and 

updating of data so that adjustment in management strategies 

with changing environment could be included, enabling 

watershed management to be continued without erosion and 

other hydrological problems. 
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ABSTRACT 

Monitoring CO2 in the subsurface is a crucial aspect of long-term storage in any carbon capture and storage (CCS) project. This process involves the 

continuous measurement and tracking of carbon dioxide (CO2) concentrations and the evaluation of its behavior within geological formations and 

storage sites situated beneath the Earth’s surface. The key objectives of CO2 monitoring in the subsurface include ensuring that injected CO2 is securely 

contained, detecting any potential leaks or breaches early on to prevent environmental and safety hazards, and understanding how CO2 interacts with 

subsurface conditions such as pressure and temperature. In the present study, CO2 monitoring is performed using seismic attribute analysis of time-lapse 

seismic data from the Sleipner gas field in the North Sea. 3D seismic data were obtained in 1994 before the injection began, and subsequently in 1999, 

seismic data were acquired after the CO2 injection  was performed in 1996. The seismic data show a series of bright, sub-horizontal reflections of the 

CO2 plume that increase over time, with a noticeable pushdown in velocity underneath. However, it fails to provide detailed CO2 movement in the 

subsurface. On the other hand, seismic attribute analysis involves extracting and examining different attributes or characteristics from seismic data 

generated by sending acoustic waves into the Earth's subsurface and recording their reflections. These attributes include amplitude, frequency, phase, 

envelope second derivative, etc. Most  important attribute is frequency, which can reveal variations in the seismic data's frequency content and facilitate 

the recognition of lithological changes and reservoir properties. Phase attributes examine phase shifts in seismic data, which are crucial for identifying 

structural features such as anticlines and synclines. The analysis of seismic attributes provides many advantages in this study, such as monitoring 

subsurface CO2 levels, its leakage, and movements. The analysis reveals evidence that seismic attributes can distinguish and monitor the CO2 plume 

zone with enhanced resolution better than seismic amplitude alone and can provide very detailed information on CO2 movement in the subsurface. 

Keywords: Carbon capture and storage (CCS), Sleipner gas field, Time-Lapse seismic data, Seismic attributes 

INTRODUCTION 

Carbon dioxide sequestration is the process of capturing 

carbon dioxide from the atmosphere and storing it in natural 

reservoirs to prevent its contribution to global warming 

(Benson and Cole, 2008). It is crucial to monitor CO2 levels 

to ensure the success of this method, preventing leaks and 

contributing to the long-term effectiveness of climate change 

mitigation (Riju and Singh, 2021). Statoil and the Sleipner 

partners launched the initial large-scale project targeting 

greenhouse gas emissions reduction through carbon dioxide 

injection at the Sleipner field in the North Sea (Baklid et al., 

1996). 

The Sleipner field is a significant offshore natural gas field 

located approximately 250 km off the coast of Norway in the 

North Sea (Santi, 2019). Equinor, formerly known as Statoil, 

operates the field in collaboration with its partners. The 

project focuses on separating carbon dioxide from the natural 

gas extracted at the Sleipner West reservoir. This isolated 

carbon dioxide is subsequently injected into the Utsira 

formation, a deep saline aquifer located beneath the North 

Sea seabed as part of the overall sequestration (Chadwick et 

al., 2004; Zweigel et al., 2004). The Sleipner project serves 

as an important reference point for similar initiatives 

worldwide and has contributed significantly to the 

development of carbon capture and storage technology. 

Seismic data in three dimensions were acquired in 1994 

before the commencement of the injection process. 

Following this, data were gathered in subsequent years, 

including 1999, 2001, 2002, and so on. In the present study, 

we aim to observe the CO2 plume by conducting seismic 

attribute analysis on time-lapse seismic data from the 

Sleipner gas field in the North Sea using 1994 and 1999 

seismic data only for simplicity. Seismic attributes refer to 

specific properties or characteristics derived from seismic 

data that provide valuable information about the subsurface 

geology. These attributes are calculated from seismic waves 

that are sent into the Earth and reflected to the surface (El-

Nikhely et al., 2022). Some common seismic attributes 

include amplitude, which helps identify variations in rock 

properties such as lithology and fluid content, and frequency, 

which aids in the identification of geological elements like 

faults and stratigraphic boundaries. These attributes help in 

tracking the distribution of the CO2 plume, identifying any 

potential migration pathways, and assessing the structural 

changes induced by the injected CO2. Attribute analysis plays 

an important role in the context of CO2 monitoring. Seismic 

attribute analysis is crucial for tracking the behaviour and 

movement of the CO2 plume within the subsurface reservoir. 

Originally used for the interpretation of hydrocarbon 

reservoirs, seismic attribute analysis has developed into a 

valuable analytical method (Taner et al., 1979; Taner et al., 

1994). Seismic attributes play a vital role as a qualitative 

interpretive tool, assisting in the interpretation of geological 

structures and stratigraphy, such as channels, pinch-outs, and 

meanders (Aarre et al., 2012). Hagset (2016) mapped the 

upper Cenozoic sequences using co-kriging interpolation for 
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petrophysical data using 3D seismic and well log data on 

Sleipner area focusing on depositional environments rather 

than attribute analysis for injected CO2. While Bitrus et al. 

(2016) employed seismic attributes for gas chimneys and thin 

shales, their work centered on reservoir architecture and fluid 

flow paths, also not directly addressing the injected CO2 zone 

and its monitoring. Cho and Jun (2021) examined CO2 

migration in Sleipner using time-lapse seismic and 

geostatistical methods, similarly Ghosh et al. (2015)  

modeled CO2 distribution using PDEM theory with acoustic 

impedances. However, these studies focused on CO2 

migration and distribution, not utilizing other seismic 

attributes beyond impedance calculations. This highlights the 

gap addressed in our work, where the study specifically 

focusses on monitoring the CO2-injected zone using various 

seismic attributes. In the present  work, the main purpose of 

attribute analysis was to validate and evaluate its 

effectiveness in identifying the CO2 injection site when 

compared to the seismic amplitude sections derived from the 

survey data. 

STUDY AREA 

The Sleipner Field is situated in the northern region of the 

North Sea bounded by the countries like Denmark and  UK 

as illustrated in Figure 1. It comprises two distinct producing 

fields: Sleipner West and Sleipner East. These fields were 

initially discovered in 1974 and 1981, with Sleipner West 

commencing gas and gas condensate production in 1996 and 

Sleipner East in 1993. According to the Norwegian 

Petroleum Directorate's division map for the Norwegian 

Continental Shelf, the field is located within blocks 15/9 and 

15/6. At the Sleipner gas field in the North Sea, carbon 

dioxide is extracted from natural gas and subsequently 

injected into the Utsira storage formation, a porous saline 

reservoir spanning 26,000 square kilometres (Chadwick et 

al., 2005). The Utsira formation serves as the reservoir for the 

carbon sequestration project at Sleipner. Utsira is identified 

as a highly permeable, porous, and thick saline aquifer, 

comprising uncontaminated, fine-grained, and easily 

crumbled sand (Chadwick et al., 2005; Arts et al., 2008). The 

reservoir is located within the late Cenozoic post-rift 

sequence of the northern North Sea Basin, forming an 

extensive basin-constrained deposit during a low stand 

period. The Utsira formation is bounded by stratigraphic on 

lap in the eastern and western directions, finer-grained 

sediment to the southwest, and a narrow, deepening channel 

to the north (Chadwick et al., 2004; Chadwick, 2013). 

 

Figure 1. The study area map of the north-sea together with  the location of Sleipner Field. 
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METHODOLOGY 

Seismic attributes are essential properties that are directly 

measured, computed, or deduced from seismic data. These 

attributes serve as descriptive characteristics that help 

interpret subsurface geological features and properties (Taner 

et al., 1979, 1994). They are instrumental in revealing vital 

information about rock and fluid properties, subsurface 

structures, and stratigraphic variations, which may not be 

directly visible from the raw seismic data. By analyzing 

seismic attributes, one can discern subtle changes in seismic 

wave behaviour and derive valuable insights into the 

geological composition, such as lithology, porosity, and fluid 

content. Consequently, seismic attributes play a pivotal role 

in enhancing the understanding of subsurface geology and 

are crucial for making informed decisions during exploration 

and production activities in the oil and gas industry (Chen 

and Sidney, 1997; Behrens et al., 1998).  

Seismic attributes can be classified into two categories: 

internal attributes, which are directly derived from the 

seismic data alone, and external attributes, which are 

obtained from seismic data by applying mathematical 

transformations or employing external information. External 

attributes can be derived from seismic inversion, well logs, 

geological models, etc. Some common external attributes 

include acoustic impedance, porosity and permeability. 

Seismic attributes serve as a crucial tool for interpreting 

seismic data. In this study, certain seismic attributes have 

been utilized on sleipner time-lapse datasets. Time-lapse 

seismic analysis, also known as 4D seismic monitoring, 

involves repeatedly acquiring seismic data over the same area 

at different points in time. This technique is widely used in 

various fields, including oil and gas exploration, reservoir 

management, and environmental monitoring. Time lapse 

survey helps to monitor the behavior of CO2 injected into 

underground reservoirs over time. By comparing seismic 

images taken at different intervals, one can track the 

movement and distribution of CO2 within the reservoir. This 

information is crucial for assessing the effectiveness of CO2 

storage and ensuring that the injected CO2 remains contained 

within the target geological formations. To determine their 

efficacy in predicting and monitoring CO2 behavior 

considered  internal and external attributes are as follows: 

(i) Instantaneous frequency 

Instantaneous frequency is the time derivative of the phase, 

i.e., the rate of change of the phase (Cohen and Lee, 1990). 

𝐹(𝑡) =  
𝑑(𝜙(𝑡))

𝑑𝑡
                           (1) 

where 𝐹(𝑡) is instantaneous frequency, and  𝜙(𝑡) represents  

the phase of the seismic signal at time 𝑡. Instantaneous 

frequency is a seismic attribute that reflects the average 

frequency of a seismic wavelet at a given time. It is useful for 

identifying bed thickness and lithology, with high values 

indicating sharp boundaries or thin shale formations, and low 

values indicating sand-rich bedding. This distinction can be 

further enhanced by the presence of unconsolidated oil-

bearing sands. 

(ii) Instantaneous phase 

The instantaneous phase attribute is derived from the formula  

 𝜙(𝑡) = arctan |
𝐻(𝑡)

𝑇(𝑡)
|                                                       (2) 

where H(t) is the Hilbert transform and T(t) is the seismic 

trace. This attribute helps to measure the phase angle of 

seismic data at a specific time point. The seismic trace T(t) 

and its corresponding Hilbert transform H(t) are related to the 

seismic envelope E(t) and the phase φ(t) through the 

equations  

𝑇(𝑡) = 𝐸(𝑡)𝑐𝑜𝑠(𝜑(𝑡))                                                          (3) 

𝐻(𝑡) = 𝐸(𝑡)𝑠𝑖𝑛(𝜑(𝑡))                                                          (4) 

The instantaneous phase, derived from the Hilbert transform 

of the seismic trace, represents the instantaneous phase angle 

of a seismic wavelet at a given time. It is expressed in degrees  

(-π to π) (Chambers and Yarus, 2002) and is unaffected by 

amplitude changes. This attribute effectively displays event 

smoothness or abruptness, making it suitable for visualizing 

bedding structures. Ideal phase values along a seismic 

horizon are constant, but variations can occur due to picking 

errors or lateral alterations caused by geological phenomena 

like sinkholes. 

(iii) Envelope second derivative 

The second derivative of the seismic envelope is a seismic 

attribute that enhances the visibility of geological interfaces 

and reflection events in seismic data. It is derived from the 

second derivative of the seismic envelope, which measures 

the amplitude variations in the seismic signal over time 

(Chopra and Marfurt, 2005). The second derivative 

emphasizes the sharpness of seismic features by quantifying 

the rate of change of the seismic envelope. Higher values of 

the second derivative indicate more abrupt amplitude 

changes, suggesting the presence of distinct geological 

boundaries or interfaces. This attribute effectively highlights 

these interfaces within the seismic bandwidth, making them 

more readily identifiable in the seismic data. 
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(iv) Seismic inversion 

Seismic inversion is a geophysical technique that utilizes 

seismic data to construct models representing the actual 

geological structure beneath the Earth's surface. It employs a 

mathematical approach to transform seismic reflectivity and 

well data into acoustic, shear impedance, or density 

parameters (Krebs et al., 2009). Unlike forward modeling, 

which involves constructing a synthetic seismogram from 

known geological parameters, inversion seeks to reverse this 

process, starting with the seismic trace and iteratively 

improving the model to match the observed seismic data. 

This process is non-deterministic, meaning there are multiple 

possible solutions for the acoustic impedance log. The 

forward modeling starts with a convolution process between 

the seismic wavelet and reflectivity series with added noise. 

𝑆(𝑡) = 𝑋(𝑡) ∗ 𝑅(𝑡) + 𝑁(𝑡)                                               (5) 

where 𝑋(𝑡) is the synthetic seismogram, 𝑋(𝑡) is the source 

wavelet, 𝑅(𝑡) is the reflection coefficient of the subsurface 

and 𝑁(𝑡) is additive noise (Adedeji, 2016). After that 

Earth’s reflectivity series is calculated which is as follows:                                                      

𝑅(𝑡) =
𝑀𝑖+1 − 𝑀𝑖

𝑀𝑖+1 + 𝑀𝑖

                                                                   (6) 

where layer 𝑖 overlies layer 𝑖 + 1 and 𝑀𝑗  is the acoustic 

impedance in the 𝑖𝑡ℎ layer. Using that impedance can be 

calculated which is a product of density and velocity. 

𝑀 = 𝑉 ∗ 𝜌                                                                               (7)                                                               

 

Figure 2. The procedural workflow employed for inverting time-lapse seismic data using the simulated annealing technique. 
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Seismic inversion is a technique used to estimate reservoir 

properties from seismic data. However, its limited bandwidth 

can lead to inaccurate results. Additional constraints, such as 

geological knowledge, are used to reduce ambiguity and 

improve accuracy. In this study global optimization based 

simulated annealing has been used to derive the acoustic 

impedance of the time-lapse data sets. Simulated annealing, 

is a method inspired by metallurgical annealing, is an 

effective method for seismic inversion, which aims to find 

optimal property combinations that minimize the differences 

between observed seismic data and model predictions. This 

technique is particularly useful for complex, nonlinear 

seismic inversion problems with multiple potential solutions 

(Goffe et al., 1994). As an iterative optimization algorithm, 

simulated annealing begins with an initial solution and 

iteratively refines it, sometimes accepting less favourable 

solutions to avoid local minima and explore a wider solution 

space (Metropolis et al., 1953). The algorithm's exploration 

decreases gradually, similar to the cooling process in 

metallurgy. Various versions of simulated annealing exist, 

with the original Metropolis algorithm as the foundation 

(Corona et al., 1987). By avoiding local minima and finding 

optimal solutions, simulated annealing effectively reduces 

discrepancies between models and observations. It uses 

random walking techniques enhanced with artificial 

intelligence and introduces a controlling parameter called 

temperature, which, although unrelated to the inverse 

problem, guides the optimization process (Hema and 

Maurya, 2023). Figure 2 displays the flowchart of simulated 

annealing adopted in this study. 

RESULTS  AND  DISCUSSION 

Several CO2 monitoring techniques, each characterized by 

specific advantages and limitations, are currently available. 

However, the primary objective of this research is to examine 

the effectiveness of CO2 monitoring through seismic attribute 

analysis. This methodology is particularly significant as it 

allows for direct derivation from seismic data. The study 

utilizes Sleipner datasets from 1994 as the baseline survey 

and 1999 as the monitor survey (Figure 3). The initial 

attribute applied to both datasets is the instantaneous 

frequency (Figure 4). Distinguishable thin lines, highlighted 

by black arrows, are visible within the frequency range of 20 

– 50 Hz in the figures. These observations indicate the 

presence of sand formations, known as the Utsira Sand which 

is the chosen layer for CO2 injection. 

 

 

Figure 3. The seismic cross-sections from the post-stack 3D seismic volumes, recorded before and after injection,  illustrated for the 
years (a) 1994, and (b) 1999, These images highlight a significant high-amplitude anomaly. 
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The second attribute employed in the study was the 

instantaneous phase (Figure 5). It enables the visualization of 

the lateral continuity across both datasets. The purpose of 

choosing this attribute is to see whether induced CO2 effect 

the phase shift of the seismic section, or not. Through the 

analysis of the instantaneous phase, notable changes in the 

phase shift were observed, specifically attributable to the 

introduction of CO2 in the monitor section. These changes 

were highlighted and represented in the figures, with the 

distinct indication of the altered phase shift denoted by the 

black circle. 

 

 

Figure 4. The instantaneous frequency cross-sections of seismic data for the years (a) 1994, and (b) 1999, displaying notable 

characteristics. Within the specified frequency range, thin lines highlighted by black arrows are identified, indicating the presence of 

sand formations. 

 

Figure 5. The instantaneous phase cross-sections of seismic data for the years (a) 1994, and (b) 1999. A notable phase shift denoted 
by black circle is evident in the post injection year. 
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 The next attribute used in the study is the envelope second 

derivative, which serves as an indicator of the sharpness of 

the envelope peak and is notably useful as a primary attribute 

representation. Figure 6 demonstrates the application of this 

attribute in both sections. This application highlights abrupt 

changes or irregularities in rock properties, greatly enhancing 

the accuracy of reservoir characterization. This feature 

distinctly emphasizes the CO2 plume area, making its 

boundaries clearer, as demonstrated in the figure. As a result, 

this method enables a more thorough analysis of CO2 

migration patterns and storage behaviors in the examined 

region. This characteristic effectively emphasizes the CO2 

plume region and enhances the clarity of the zone, 

highlighted by the black circle. Figure 7 shows the inverted 

impedance for the years 1994 and 1999, respectively.

 

 

Figure 6. The cross-sections show envelope’s second derivative for seismic data from the years (a) 1994 and (b) 1999. A sharpened 

delineation, highlighted by the black circle with arrow in Figures 5b, is particularly notable. This technique effectively enhances the 
clarity and sharpness of the CO2 plume zone. 

 

Figure 7. Inverted impedance for the years (a) 1994 and (b) 1999, focusing on the 0.85 to 1.10-second interval that corresponds to 

the Utsira formation. The identification of thin, low-impedance layers within these sections, prominently highlighted by the black 

circle in the figures, strongly suggests the presence of CO2. 
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The figure 7 focus on the 800 ms to 1400 ms interval, which 

corresponds to the Utsira formation. In both years, thin layers 

of low impedance are identified within this period, indicative 

of the presence of CO2.The impedance within this zone is 

determined to be in the range of 2000 to 2400 m/s*g/cc. 

Notably, these low-impedance layers are found to be stacked 

with the high-impedance layers, highlighted by a black circle. 

These findings underscore the attribute's effectiveness in 

accentuating subtle variations in the underground area, 

contributing to a more comprehensive examination of CO2 

migration and storage dynamics in the studied region. 

CONCLUSIONS 

This study utilizes seismic attribute analysis of time-lapse 

seismic data from the Sleipner field in the North Sea to 

monitor CO2 injection. Three-dimensional seismic data were 

acquired in 1994, before injection began, and again in 1999, 

after injection commenced in 1996. Attributes that are used 

in this study are mainly, the instantaneous frequency, phase, 

and envelope second derivative. The instantaneous frequency 

effectively highlights variations in the frequency content of 

seismic waves, aiding in the detection of lithological changes 

and the delineation of stratigraphic boundaries such as thin 

beds. The instantaneous phase offers detailed insights into the 

signal's phase changes over time, helping identify subtle 

geological features like bed boundaries and faults. The 

envelope second derivative highlights the sharpness of 

seismic features by measuring how quickly the seismic 

envelope changes. Higher second derivative values indicate 

sharper amplitude changes, suggesting the presence of 

distinct geological boundaries or interfaces. This attribute 

enhances the detection of higher amplitude values, which 

typically indicate the presence of gas. Similarly, analysing 

acoustic impedance provides detailed insights into the 

composition and properties of rock formations. Acoustic 

impedance plays a crucial role in CO2 sequestration project, 

as it reveals information about subsurface rock properties that 

influence seismic wave behaviour. Regarding CO2 storage 

dynamics and monitoring, acoustic impedance analysis helps 

identify low impedance zones, distinguishing them from the 

surrounding high impedance zones and aiding in the 

monitoring of CO2 migration. These attributes have 

effectively revealed the presence of sand formations, thinly 

bedded shale interlayers, and the CO2 plume zone, enabling 

a detailed characterization of subsurface features and 

associated lithological variations. The comprehensive 

seismic attribute analysis has not only facilitated the 

monitoring of the CO2 plume but has also enhanced the 

resolution and clarity of subsurface images, thereby 

contributing to a more precise and detailed understanding of 

CO2 storage processes. The study concluded that seismic 

attributes have been effective in CO2 monitoring, showing no 

observed CO2 leakage and providing clearer, high-resolution 

images.  This  constitutes a valuable contribution to ensure  

safe and effective CO2 storage offering a robust framework 

for monitoring CO2 migration and the associated changes in 

reservoir properties. 
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ABSTRACT 

Gravity and magnetic surveys have been carried out to delineate the structural fabric and crustal architecture of the southern part of eastern Dharwar 

craton. Bouguer gravity anomaly map shows high gravity responses over Peninsular Gneissic Complex (PGC II) (relative to the adjacently located 

Cuddapah Supergroup) due to the occurrence of dominant rock types, like hornblende-biotite-granite-gneiss, hornblende-biotite-granite, hybrid granite-

gneiss, migmatite-gneiss, which have higher densities than   the Proterozoic sediments of the Cuddapah Supergroup. High gravity enclaves formed by 

the closed contours with values increasing towards centre within these zones, represents fault-bound antiformal structure signifying shallowing of the 

mantle. The low residual gravity anomalies are mostly represented by elongated structure interpreted as minor shears where mineralization has occurred. 

The prominent magnetic low zone, including some pockets of moderate to high magnetic anomalies, indicates deposition of rocks of high magnetite 

content rather than the disposition of mafic/ultramafic rocks. The density interface at the depth ~7 km as obtained from the spectral study, may indicate 

an average depth to the interface between amphibole-granulite facies rocks and the underlying high density granulitic crust. Similarly, the second density 

interface at ~3.6 km may be indicating an average depth to the bottom of the granitic-gneissic layer   that rest over the amphibolite- granulite facies 

crust. Amplitudes of gravity and magnetic anomalies over the area are lower than those normally associated with ore bodies, and hence, not encouraging 

for major mineral prospecting. However, possibility of occurrences of a few isolated mineralised pockets, as apparent from discrete gravity and magnetic 

highs in some limited areas, especially in Elupuru-Nellatur (Toposheet 57O/14) and Ponnai-Melpadi (Toposheet 57O/8) sections, cannot be ruled out.  

Keywords: Gravity, Magnetic, Mineral deposits, Exploration, Geological structures, Density, Susceptibility, Eastern Dharwar craton. 

INTRODUCTION 

Nowadays, classical prospecting geophysical methods refer 

to techniques that are used to explore and investigate 

subsurface features and resources. They pose problems for 

their effectiveness in mineral exploration in regions of poor 

outcrops or those subjected to intense and long mining 

activities (Gandhi and Sarkar, 2016). In this perspective, the 

geophysical methods are efficiently and increasingly used to 

prospect undercover deposits or inaccessible regions like 

forest and mountains (Moon et al., 2006). Geophysical 

methods are generally coupled with the geochemical and 

remote sensing approaches during mineral exploration 

program, in order to image the subsurface thus making them 

critical tools for the prospection of concealed deposits. For 

their higher sensibility to slight physical contrast, 

geophysical methods are capable to provide important 

geological information that might have been overlooked by 

the exploration geologist (Dentith and Mudge, 2014).   

 Generally, the direct and indirect surveys are the two 

different methods applied in mineral exploration depending 

on whether the surveys are conducted in smaller or larger 

scales. They are conducted in smaller scales if the targeted 

source is restricted to rocks that have direct correlation to 

mineralization called “anomaly”. The defined anomalous 

regions are further and thoroughly examined in terms of their 

nature, size, shape and position to restrict the target to the 

more likely potential mineralized area for the incoming 

drilling stage. However, geophysical surveys carried out in 

larger scales correlate crustal deformation or deep-seated 

structures (faults, folds, lineaments) with mineralization 

(Marjoribanks, 2010). Relative to the effectiveness of the 

application of geophysical methods to a large spectrum of the 

deposit types, the magnetic and the gravity methods are more 

often used. The gravity method in particular, serve as a prime 

exploration tool to the search of numerous deposit types, 

especially precious and base metal deposits and it has played 

a key role on the discovery of the well-known deposits, 

namely Neves Corvo massive sulphide deposit in Portugal, 

the high-grade Hishikari epithermal gold deposit in Japan, the 

Olympic Dam and the Prominent Hill Iron Oxide-Copper-

Gold (IOCG) deposits in Australia (Marjoribanks, 2010).  

The recent geophysical studies involving seismic, gravity, 

magnetic, and magnetotelluric (MT), suggest that the Late 

Archean collision and Late Proterozoic extensional tectonics, 

played a significant role in the evolution of the tectonic zones 

over the Southern Granulite Terrain (SGT) (Rao et al., 2006) 

inferred by gravity high zones. The occurrence of mid-crustal 

high-density rock and thinning of crust are attributed for the 

gravity high; however, gravity models across the shear zone 

were revised and updated (Singh et al., 2003; Mishra et al., 

2006; Singh et al., 2006). The seismic velocity model put 

forwarded by Rao and Prasad (2006) shows a four-layer 
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velocity sequence and almost flat Moho beneath SGT. The 

MT studies (Harinarayana et al., 2003, 2006; Naganjaneyulu 

and Santosh, 2010) revealed a conductive feature and it was 

interpreted as fragments of subducted oceanic crust. The 

previous geophysical studies mainly brought out the deeper 

crustal structure and its possible tectonic implications. 

However, studies revealing the shallow (~6-8 km) crustal 

architecture and their tectonic implications regarding 

evolution of the tectonic zones are scarce. The geophysical 

signature of a paleo-oceanic crust not yet reported.  

The present study with denser and most updated data 

coverage of gravity and magnetic observations, brings out 

both shallow and deeper crustal fabrics, which may have a 

significant impact on the understanding of evolution of the 

tectonic zones. The goal of this manuscript is to delineate the 

subsurface structures which control mineralization both in 

shallow and deeper level. A total number of 1337 gravity and 

magnetic (TF) observations were recorded with an average 

station density of 2.5 sq km/station in parts of the Andhra 

Pradesh and Tamil Nadu (Toposheets: 57O/8, 57O/11, 

57O/14, 57J/15 and 57J/16; Long: 78°45'-80°E, Lat: 13°-

14°30'N) (Figure 1). In the present study, results are being 

presented for the areas covering three toposheets between 

Lat. 13°-13°45' N and Long.  79°15'-80°E, which lies south 

of the Cuddapah basin.    

GEOLOGICAL SETTING 

The Dharwar craton exposing one of the largest and deeply 

eroded Precambrian continental crust, is an assemblage of 

several crustal blocks ranging in age from Archean to 

Proterozoic (Ramakrishna and Vaidyanadhan, 2008) The 

area is mainly represented by rock types belonging to 

Archean and Proterozoic groups (Figure 2) (GSI, 1993, 

1998).

 

 

Figure 1. Generalized geological framework of the Dharwar craton, Southern Indian shield, Present study area is covered by three   

adjacent Toposheets (57O/8, 57O/11 and 57O/14) pertaining to areas located south of the Cuddapah basin and in the close vicinity of 
SGT (GSI, 2019). 
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The oldest lithounit represented by the amphibolites of the 

Satyamangalam Group of rocks of Archean age, quartz-

chlorite-sericite-schist and chlorite-sericite-schist (Tsundu -

palli schist belt) of Dharwar Supergroup of rocks of Archean 

age, the PGC (PGC-II Group) Supergroup consisting mainly 

of grey hornblende-biotite-granite-gneiss, grey hornblende-

biotite-granite, hybrid granite-gneiss, migmatite-gneiss of 

Archean-Paleoproterozoic age 

METHODOLOGY  

Processing of gravity and magnetic data  

The gravity data were acquired by Scintrex made CG-5 

gravimeter (resolution 0.001 mGal) and magnetic data by 

total field proton precession magnetometer (accuracy ±0.5 

nT) (GSM-19T, GEM make, Canada). Differential Global 

Positioning System (DGPS) (Leica Geosystems AG, 

Switzerland; model: Viva) levelling instruments were used 

for measuring station elevation with respect to mean sea 

level, which is aided with GPS antenna (AS10), GPS receiver 

(GS10) and control unit (CS10). Data were processed with 

Leica Geo Office 10.3 software for determination of station 

coordinates and elevation. The drift correction was applied to 

the acquired data on a routine basis and then the entire data 

were tied to the IGSN-1971 gravity base established by 

Geological Survey of India. The standard gravity corrections, 

that is the free air (0.3048 mGal/m) and Bouguer plate 

corrections were applied to reduce the data to a single 

standard datum at mean sea level. Bouguer anomaly over the 

study area was computed for the standard crustal density of 

2.67 gm/cc. For latitude correction international gravity 

formula 1980 was used. 

Repeated magnetic observations were taken at each station to 

ensure noise-free data. The magnetic data were corrected for 

diurnal effect on a daily basis followed by diurnal and IGRF 

(2010, epoch) corrections. The gravity and magnetic data 

were gridded using minimum curvature technique with 1000 

m grid spacing 

Measurement of petrophysical properties of the rock 

samples 

The gravity and magnetic anomaly map with present station 

density usually reflect averaged response from the geological 

bodies as compared to lithological variation from the outcrop 

scale (Garcia-Lobon et al., 2014). An extensive campaign 

was made to collect rock samples of the representative 

lithounits during gravity-magnetic data acquisition as the 

petrophysical properties provide fundamental constraints for 

interpretation of potential field data. Two properties, density 

and magnetic susceptibility were measured, along with their 

petrological identifications for each collected rock samples. 

Density is the petrophysical property which influences 

gravity data, and magnetic susceptibility is one of the key 

parameters that characterizes magnetic anomaly. A total of 

100 unweathered samples were collected. The reliable 

estimate of petrophysical signature of density and 

susceptibility of the collected rock samples were made using 

Electronic Balance, FX-400, AFCOSET, India, and MS-2 

Magnetic susceptibility meter, Bartington, UK respectively. 

 

Figure 2. Geology map of the study area covered by Toposheets 57O/8, 57O/11 and 57O/14 (GSI, 1993). 
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The lithounits of the Archean age represented by biotite-

gneiss, amphibolites, and banded magnetite quartzites 

(BMQ), exhibit higher density values in the order of 2.95 

gm/cc. The rocks also reveal higher magnetic susceptibility 

values which indicate the mafic character of the rocks. 

However, the measured susceptibility values for each rock 

samples show wide scatter; hence average susceptibility 

values were not determined. The silicic units such as granites 

show moderate density (2.65-2.67 gm/cc) and diamagnetic to 

paramagnetic character. Similarly, anorthosite and vein 

quartz samples show lower density and lower susceptibility 

values. The granite gneiss is the most abundant rock type of 

the area that shows average density values of 2.70 gm/cc, but 

magnetic property varied widely (Table 1). 

The petrographical analysis of several samples of mafic 

granulite was carried out by Saitoh et al. (2011) which 

indicate broadly identical mineral assemblage. The 

representative samples of mafic granulite show an 

assemblage of garnet (40-50%), pyroxene (20-30%), calcic 

amphibole (5-15%), and plagioclase (5%). Similarly, 

representative samples of amphibolite reveal broad 

assemblage of amphibole (40-50%) and plagioclase (20-

30%). The high density and susceptibility of pyroxene 

granulites and amphibolites may indicate presence of 

pyroxene or amphibole-rich lithounits respectively. Yellappa 

and Rao (2018) have provided an average model composition 

of granitic plutons (Table 2). The paramagnetic and 

diamagnetic nature of the granites of the study may be due 

the abundance of quartz and K-feldspar. 

RESULTS AND DISCUSSION 

Bouguer gravity anomaly 

For many years, gravity methods have been used to study 

geological structures, which vary in depth and size from very 

deep crustal blocks to near-surface ore bodies. In general, 

large regional variations in the Bouguer gravity field is 

related to changes in the thickness of the earth’s crust or are 

due to large scale mass inhomogeneities, while local 

anomalous gravity values are attributed to near-surface 

inhomogeneities. Negative anomalies are identified with the 

sedimentary basins, salt, granitic bodies, and graben faults. 

Similarly, positive gravity anomalies are identified with 

uplifts, horsts, and underlying mafic rock masses. The gravity 

method could be applied on various problems related to 

regional and local subsurface structures. At the same time, 

despite the problem of ambiguity in interpretation, gravity 

anomalies can give highly meaningful information about the 

subsurface structures and density distributions (Sharma, 

1986). 

 

Table 1. Measured physical properties of the rock samples (GSI, 2019). 

Lithounit Average density (gm/cc) Average susceptibility × 10−6 (cgs unit) 

Dolerite 2.90 524 

Granite 2.67 131 

Granite-gneiss 2.73 135 

Quartzite 2.60 0.82 

Quartz vein 2.63 0.24 

Pegmatite 2.63 2.55 

Ferruginous sandstone 2.97 10.4 

Ferruginous quartzite 2.56 2.9 

Banded magnetite quartzite 2.95 1000 

Biotite-gneiss 2.70 120 

Shale 2.42 3.7 

 

Table 2. Average model composition of granitic plutons (Modified after Yellappa and Rao, 2018).  Total number of samples: 29. 

Mineral Volume (%) 

Quartz 15.4-27.7 

Plagioclase 7.7-22.7 

K-feldspar 55.5-66.4 

Biotite 1.1-5.8 

Amphibolite 0-0.8 
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The Bouguer gravity anomalies obtained after various 

corrections to the observed field, represent the combined 

responses of various masses lying at depths below the ground 

surface. At this stage, the interpreter separates the effects 

which are likely to be associated with the geological features 

of interest or the target body from the rest of the response. In 

case of problems dealing with mineral and hydrocarbon 

exploration or the delineation of structures for engineering 

and foundation purposes, the interpreter is concerned with 

depths ranging from a few tens of metres to a few kilometres. 

There are also problems dealing with deep-seated structures 

at crustal or even Moho depths. Therefore, the zones of 

interest are different depending on the problems at hand 

(Mallick et al., 2012). Bouguer gravity anomaly map 

registered the density contrast amongst geological features 

and formations that enables to distinguish individual 

geological units from an assemblage based on their 

characteristic gravity signatures. The Bouguer gravity map 

(Figure 3) shows an overall variation of 33 mGal with the 

lowest value occurring in the northwest-southeast (NW-SE) 

(–89 mGal) alignment, while the highest value occurring at 

the northeast (NE) corner (–56 mGal) in the toposheet of 57 

O/14 of the study area.  

Such variation in Bouguer gravity anomaly is due to 

simultaneous effects of lithological diversity and 

contributions from subsurface crustal components. The 

anomaly map shows an occurrence of northsouth (N-S) 

gravity signature (H1) with values ranging from −67 to −56 

mGal at the northeast part (Toposheet 57O/14) over 

migmatite-gneiss and laterite. High gravity antiformal or 

ridge like structure defined by a pattern of curvilinear or 

semi-elliptical contours is observed. The long wavelength 

anomaly H1 almost has an N-S trend and seems to be 

indicating an occurrence of high density at the deeper crustal 

level. High gravity enclaves formed by closed contours with 

values increasing towards centre within these zones, 

represents fault-bound antiformal structure, that perhaps 

resulted from shallowing of the mantle. The moderate 

amplitude anomaly H2 almost has an NE-SW trend and 

seems to be indicating an occurrence of high-density rock at 

very shallow depth in the upper crust in the southern portion 

of Toposheet 57O/11 over migmatite-gneiss. The H3 

anomaly trending NW-SE and elliptical in nature seems to be 

indicating an occurrence of high-density rock at the upper 

crustal level over migmatite-gneiss in the western portion of 

the Toposheet 57O/8. 

 

Figure 3. The gridded data of Bouguer gravity anomaly map. Gravity high anomaly: H1, H2 and H3; gravity low anomaly: L1 and L2; 

gravity gradient: G1, G2 and G3 (GSI, 2019). 
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The NW-SE aligned gravity low L1 (Toposheet 57O/14) with 

values ranging from −89 to −76 mGal and almost north south 

(N-S) aligned gravity low L2 (Toposheet 57O/11) with 

values ranging from −80 to −73 mGal, suggest the presence 

of three-dimensional low-density bodies discretized into 

multiple horizontal layers at the deeper crustal level that has 

no direct relationship with the exposed lithology. High 

gravity gradient (about 1.7 mGal/km) zone (G1) stretching 

over a large area manifested by crowding of contours in the 

northeast section (Toposheet 57O/14), reflects the existence 

of a shear/contact zone.  Another two high gravity gradients 

G2 (NE-SW) and G3 (E-W) trends in the Toposheet 57O/11, 

cut across as it is indicated to form cross structural trends 

(Joints) representing faulting/shearing/contacts of 

hornblende-biotite-gneiss and quartzites. Apart from the 

primary anomaly pattern as discussed above, there are some 

shallow and deeper level features which will be studied 

through spectral analysis and potential field transformation 

in the subsequent sections. 

Magnetic anomaly 

Magnetic anomaly reflects spatial variation of the magnetic 

properties of rocks from an observation plane to several 

kilometres (~22-25 km). The magnetic field is bipolar in 

nature and induced magnetic field, shape, and magnetic 

properties of the causative source characterize the observed 

anomaly. The induced magnetic field is a function of latitude 

or magnetic inclination. Reduction to Pole (RTP) and 

Reduction to Equator (RTE) transformations, are used to 

overcome the complexities of magnetic interpretation 

(Blakely, 1996). For the present study, mean magnetic 

inclination (I) was 8.3° and RTE filter applied as in the case 

of lower magnetic latitudes, RTP is not suitable. We have 

observed that the RTP introduce some artefacts. The 

reduction to equator (RTE) operator relocates magnetic 

anomaly on the top of the causative source, and if induced 

magnetization is predominant, the bipolar anomalies are 

removed. It is to be noted that in the case of RTE, the 

geomagnetic field is predominantly horizontal. For the 

induced type of magnetization, the magnetic body near the 

magnetic equator will oppose the geomagnetic field of the 

earth and negative (low) anomaly will be recorded (Dobrin 

and Savit, 1988; Mishra, 2011; Ganguli et al., 2019, 2020; 

Naskar et al., 2020, 2021). Hence, in general, an increase in 

negative anomaly (magnetic low) indicates an increase in 

susceptibility and positive (magnetic high) anomaly will be 

observed over diamagnetic and paramagnetic bodies. 

The present study area represents magnetically 

heterogeneous crust, and magnetic signal contains high 

frequency anomalies and noise, which can perturb the 

anomaly trend and mask the meaningful geological 

attributes. The gridded magnetic data was upward continued 

to an elevation of 100 m to suppress the high frequency 

features, or noise contents (Jacobsen, 1987; Hearst and 

Morris, 2001; Kumar et al., 2009; Ganguli et al., 2019, 2020; 

Naskar et al., 2022a, b) and then RTE filter was applied. This 

provides the removal of high frequency noise of the data 

without significantly smoothening, in context to the present 

aim and scale of the study. The resultant anomaly map is 

produced in Figure 4a. 

Some distinct anomaly zones can be identified from the RTE 

map and from visual inspection, which are marked. The very 

prominent magnetic low zones (L1 to L7, Figure 4a), 

including some pockets of moderate to high magnetic 

anomalies, trending in an NW-SE, NE-SW, ENE-WSW and 

E-W direction respectively, indicates deposition of rocks of 

high magnetite content around low RTE zones rather than the 

disposition of mafic/ultramafic rocks. The trend of this zone 

almost follows the structural trend of the geologically marked 

features. In the map, these zones are bordered by moderate to 

high magnetic anomaly zones H1 to H5. The observation of 

moderate to high magnetic anomaly zones on both sides of 

magnetic lows indicates lithounits of felsic/acidic character. 

Pockets of magnetic highs of various sizes and shapes 

(elliptical/circular/elongated) occur in and around Balaji 

Kandriga, Ponnai, Melbadi, Banavaram, and Sholinghur that 

might have resulted from localised enrichment of magnetic 

minerals in the gneissic complexes around RTE lows 

(Toposheet 57O/8). 

The Bouguer anomaly contour was superimposed further 

over total magnetic field intensity map using Poisson’s 

relation between gravity and magnetic fields (Blakely, 1996; 

Mishra, 2011) as the gravity anomalies are more instructive 

and easier to interpret (Blakely, 1996) than the magnetic 

anomaly. Figure 4b reveals NW-SE and N-S trend in 

toposheet 57O/14; ENE-WSW and NE-SW in toposheet 

57O/11; E-W and NNW-SSE in toposheet 57O/8.  The study 

area is characterized by lithounits of magnetic nature 

(mafic/ultramafic) separating two crustal units of 

felsic/silicic nature.  
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Figure 4. (a) Magnetic anomaly (RTE) map. L1 to L7, magnetic low anomaly. H1 to H5, magnetic high anomaly. G1 to G3, magnetic 

gradient zone (GSI, 2019).  

Spectral analysis of gravity and magnetic data 

Spectral analysis of gravity and magnetic data is a 

conventional technique which has wide applications in 

determination of depths of geological features, such as the 

basement (Maus and Dimri, 1996). Since, depth of 

anomalous body controls the shape of power spectrum, it can 

be determined directly from power spectrum of 

gravity/magnetic fields by Fast Fourier Transform (FFT) 

operation. The radially averaged power spectrum was 

calculated using MAGMAP from Oasis Montaj software. 

Spectral analysis of potential field data provides a 

correlation, between finite depth of source bodies and finite 

range of wavelengths using the relationship A(r) = 

CA0(r)e
−2dr, where A(r) = Power spectral density of the 

magnetic field, A0(r) = Power spectral density of 

magnetization, r is the wave-number, and d is depth to the 

magnetic interface (Spector and Grant, 1970; Bansal and 

Dimri, 2010; Mishra et al., 2012). If we consider, random 

distributions of stationary, uncorrelated sources (Bansal and 

Dimri, 2001), A0(r) becomes constant, and depth to the 

sources can be found from the slope of the straight line 

between the logarithmic of the power spectrum ln(A) and 

wave-number (r). The steepest slope, in the linear segment of 

the radially averaged power spectrum, identifies the regional 

signal. The extraction of the residual signal is achieved by 
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eliminating the wavelengths corresponding to the regional 

signal. The grid cell size influences the radially averaged 

power spectrum (Hearst and Morris, 2001). We have gridded 

the data in 500, 1000, and 2000 m spacing and derived the 

spectrums. 

The depth of the causative source of the gridded gravity and 

total field magnetic data by radially averaged power 

spectrum is given by h = −
s

4π
, where s is the slope of the log 

spectrum and h is the depth of the layer interface. 

For deepest interface (d1) in gravity data,  

Slope of the linear line for layer, s = −
7−1.5

0.06
= −91.67 

d1 = −
91.67

4×3.14
= −7 km 

For middle interface (d2) in gravity data, 

Slope of the linear line for layer, s = −
0.5−(−4)

0.1
= −45 

d2 = −
45

4×3.14
= −3.6 km 

For shallow interface (d3) in gravity data, 

Slope of the linear line for layer, s = −
(−3)−(−8)

0.3
= −16.7 

d3 = −
16.7

4×3.14
= −1.3 

 

 

Figure 4b. Bouguer gravity anomaly contour over total field magnetic intensity (TMI) anomaly image map. H1 to H5, magnetic high 

anomaly zone. L1 to L7, magnetic low anomaly zone. G1 to G3, magnetic gradient zone (GSI, 2019). 
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Similarly, the depth of the layers in radially averaged power 

spectrum of magnetic field anomaly was calculated. 

The spectrum (Figure 5a) for gravity data show three linear 

slope segments and corresponding depth values of the 

sources are provided in Table 3.  

It shows that for gravity data, depth values derived for 

deepest and middle interface are corroborating well for two 

different grid cell size (500 and 1000 m); however, for the 

shallowest interface, there is considerable variation (30%) in 

the derived depth. The results for the grid cell size of 2000 m 

vary considerably for the middle and shallow interface; 

however, for the deepest interface result corroborates well 

(variation 4%). It appears that that grid cell size of 2000 m 

has excluded high-frequency anomalies caused by shallow 

sources; as a result, there is a considerable variation in the 

estimated depth for middle and shallow, it may be the effect 

of aliasing (Hearst and Morris, 2001). Further, the spectrum, 

rad-grav-2000, is more scattered than that of rad-grav-500 or 

rad-grav-1000. For simplicity, we have presented the data for 

grid cell size of 1000 m to ensure that the data points are 

adequately sampled, for accurate frequency domain analysis 

which facilitates depth estimation (Figure 5a)

 

Figure 5a. Radially averaged power spectrum of gravity data for grid cell size 1000 m (GSI, 2019). 

Table 3. Comparison of source depth derived from radially averaged power spectrum for different grid cell size (GSI, 2019). 

 Depth to interfaces in km for different grid cell size 

Interfaces using gravity data 500 m grid 1000 m grid 2000 m grid 

Deepest interface 7 6.88 5.91 

Middle interface 3.6 3.58 5.8 

Shallow interface 1.3 1.65 2.95 

Interfaces using magnetic data 500 m grid 1000 m grid 2000 m grid 

Deepest interface 4 3.87 9.1 

Shallow interface 1 1.7 1.85 
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Figure 5b. Radially averaged power spectrum of magnetic data for grid cell size 1000 m (GSI, 2019). 

The radially averaged power spectrum of magnetic data 

shows (Figure 5b and Table 3), two linear slope segments for 

three different grid cell sizes (500, 1000, and 2000 m). The 

depth value for deeper interface (d1) derived from grid cell 

size 500 and 1000 m are well corroborative (variation 2.5%) 

for the deepest interface, but the shallower interface (d2) 

exhibit appreciable amount of variation (30%) in the derived 

depth. Whereas, the depth values derived with grid cell size 

2000 m vary more than 100% for the deepest interface (d1). 

It appears that grid cell size 2000 m is an improper choice for 

gridding the gravity and magnetic data for the present study. 

The grid cell size has a more pronounced effect on the depth 

estimated for shallow interface than the deeper interface from 

the radially averaged power spectrum. 

The density interface at the depth of ~7 km may be indicating 

an average depth to the interface between amphibole-

granulite facies rocks and the underlying high density 

granulitic crust. Similarly, the second density interface at 

~3.6 km may be indicating an average depth to the bottom 

of the granitic-gneissic terrain that is underlain by the 

amphibolite- granulite facies crust. The estimated depth for 

shallowest interface varies with the grid cell size; however, 

we may take a clue that here exists a density interface at ~1-

1.3 km depth. The magnetic interface at ~4 km coincides 

well with the density interface at ~3.6 km. Similar inferences 

have earlier been drawn by Agrawal and Pandey (2004) and 

Pandey (2020). It is to be noted that estimated depths are 

average and generally an overestimation of the true depth 

(Negi et al., 1992; Mishra et al., 2012), which can be 

considered as the upper bound of the depth estimates. 

Analysis of regional and residual of gravity anomalies 

In the exploration of minerals, hydrocarbons and other 

resources, the targets lie at shallower depths. Therefore, the 

deeper effects that mask the shallower effects need to be 

separated from the combined response. The amplitude and 

wavelengths of the observed gravity anomalies at the plane 

of observation represents contributions from anomalous 

sources at different depths with some noise component. 

Regional and residual separation is an attempt to isolate the 

field produced by near surface sources (residual) from those 

which are produced by deep-seated sources (regional). Now, 

it is evident that the shallower and deeper components need 

to be resolved before any further analysis of the Bouguer 

gravity data is carried out. On a Bouguer gravity residual 

map, the response of shallower feature appears sharp and 

narrow as closures or nosings in the contour patterns 

whereas, the regional component due to their deep-seated 

origin are broad and have a uniformly varying gradient. Rao 

(1996) observed over the continents that the Bouguer gravity 

anomalies, in general, have negative values. Over this 

regional field anomalies of special interest (residuals), caused 

by changes in subsurface geology, are superposed as highs 

and lows. Cause of these negative values of regional nature 

though is known to be related to compensation of topographic 

masses, no direct method is available to compute the regional 

field. 

For the present study, wavelength analysis is applied for the 

spectral analysis of the potential field data (Spector and 

Grant, 1970; Telford et al., 2001; Mishra, 2011). The spectral 

analysis of gravity data indicates that the cut-off wavelength 
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separating deeper and shallower source is 0.03-unit wave 

number (Figure 5a). Residual anomaly is extracted by 

applying a Butterworth band pass filter to the gravity data 

with the wave number ranging from 0.03- to 0.8-unit in order 

to obtain specific frequency components of interest while 

attenuating frequencies outside that range. A low pass filter 

with wave-number 0.03-unit is applied to the Bouguer 

gravity data for deriving of the regional field. 

The residual gravity anomaly map (Figure 6) brings out the 

disposition of shallow crustal structure which is otherwise 

subdued in the gravity anomaly map as deeper density 

sources producing long wavelength anomalies mask some 

short wavelength features. We have demarcated prominent 

residual high anomalies in the map (L1 to L5). The anomalies 

are generally showing a NW-SE trend. The NW-SE trending 

linear residual gravity highs (L1 to L5) are flanked by linear 

gravity lows. The low residual gravity anomalies are mostly 

represented by elongated fashion and are interpreted as minor 

shears where mineralization has occurred.  

In the residual map two high closures IN1 (Toposheet 57O/8) 

and IN3 (Toposheet 57O/11)) respectively are recorded south 

of Balajikandriga and southwest of Vijaya Puram which are 

inferred as intrusion of high-density material. The circular 

positive residual gravity anomalies of the region may due to 

a major fault separating major positive and negative 

anomalies. Two low closures IN2 (Toposheet 57O/8) and 

IN4 (Toposheet 57O/11) respectively are observed around 

Balaji Kandriga and northeast of Vijaya Puram which are 

inferred as intrusion of low-density material.  

The regional gravity map is derived by applying low pass 

filter with wave number 0.03-unit (Figure 7), and the 

generated map shows smooth isogals with high gravity 

imprints respectively in Elupuru (Toposheet 57O/14) and in 

Ponnai-Melpad section (Toposheet 57O/8). These signatures 

are the cumulative imprints of a deeper level source of the 

gravity high zone H1 (Figure 3).  

 

 

Figure 6. Residual Bouguer gravity map. Linear white line (L1 to L5) indicates tentative boundaries of residual gravity high and white 
closed circle indicates intrusive bodies (IN1 to IN4) (GSI, 2019). 
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Figure 7. Regional Bouguer gravity anomaly map (GSI, 2019). 

The residual gravity low at the southwest of L1 and L2 

(Figure 6) corroborates well with the exposed granite/biotite 

gneiss and also coincides with the regional gravity low, 

indicating deeper depth extension of the exposed one. It may 

also indicate an increase in the crustal thickness. 

It is interesting to note that the residual gravity high 

anomalies (e.g. L5) in Toposheet 57O/11 (Figure 6), are in 

good corroboration with the exposed high-density ultramafic 

bodies, which are eliminated in the regional map (Figure 7) 

indicating their limited depth extent. The upward continued 

map has also brought out long wavelength anomalies 

associated with the deeper part of PGC-II and Cuddapah 

Supergroup rocks. It is evident that there are two major 

lithological domains i.e. PGC-II and Cuddapah Supergroup 

depending on density contrasts. The elliptical/oval 

(Toposheets 57O/8 and 57O/14) shape of the gravity highs 

indicates that the causative high-density source was subjected 

to tectonic forces after emplacement due to the stretching of 

the crust leading to the formation of the elliptical anomaly  

Horizontal gradient map of gravity and magnetic data 

Horizontal gradient map is useful in delineating the 

boundaries of abrupt lateral changes in density or 

magnetization (Nabighian, 1972, 1984; Blakely, 1996; 

Kumar et al., 2011; Mishra, 2011). In this process, short 

wavelength anomalies are enhanced, and the gradient is 

located directly over the edges of the density/magnetic 

discontinuity (Pal et al., 2016; Narayan et al., 2017; Pal and 

Kumar, 2019; Kumar et al., 2020). The location of maxima 

of horizontal gradient magnitude can be simply identified by 

visual inspection (Pal and Majumdar, 2015; Pal et al., 2016; 

Sahoo and Pal, 2019; Chouhan et al., 2020). Derivative map, 

also known as gradient map, displays the highlighted features 

resulted from the horizontal or vertical derivatives of 

potential field (Alvandi and Asil, 2014).  

In gravity interpretation, the edges come in many forms and 

shapes. They might be in the form of faults, contacts, and 

various structural boundaries (Blakely and Simpson, 1986). 

In order to highlight lineaments of gravity data, use of a 

truncated horizontal plate model is familiar. The truncated 

horizontal plate model is a popular structure for geophysical 

studies. This model, shown in xz cross-section in Figure 8, 

semi-infinite in the positive x axis direction, is bounded by 

upper and lower horizontal planes z1 and z2. Assuming 

uniform density distributions in the model and the 

surrounding medium, the gravity effect, and the first and 
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second horizontal derivatives, are given by, respectively 

(Telford et al., 1976), 

g = 2k∆ρ {xlog
r2

r1
+ z2 (

π

2
+ θ2) − z1 (

π

2
+ θ1)}  

gx = 2k∆ρ {log
r2

r1
}  

gxx = 2k∆ρ {
x

r2
2 −

x

r1
2}  

where k is the gravitational constant, and ρ is the density 

contrast between the model and the surrounding medium. 

Here, g is the gravity data; gx and gxx are the first and second 

horizontal derivatives respectively in the x direction. Many 

filters are available to enhance subtle detail in potential field 

data, such as downward continuation, horizontal and vertical 

derivatives, and other forms of high pass filters. A commonly 

used edge detection filter is the total horizontal derivative 

(Cooper and Cowan, 2008). It can be used to enhance certain 

features, smooth out noise or highlight previously known 

shape in potential field data. 

After gravity data are transformed into the gradient domain, 

a threshold can be given, and the gradient magnitude whose 

corresponding gradient values are greater than the threshold 

can then be obtained (Prewitt and Mendelsohn, 1966; Otsu, 

1979; Pun, 1980; Tsai, 1985). These maxima indicate the 

strike of lineaments. This is the lineaments identification 

procedure. Enhancement, or attenuation of certain lineaments 

can be realized through non-maximum suppression. The edge 

map is obtained by taking the gradient of the input data and 

limiting it to an available threshold value. All values below 

the threshold are set to zero. However, it is difficult to choose 

a proper threshold. Because of this difficulty, in the edge map 

there may still be false edges if the threshold is too low or 

some edges may be missing if the threshold is too high (Peli 

and Malah, 1982; Hertz and Schafer, 1988; Chen and 

Shrestha, 2000; Sun et al., 2007; Chen and Ho, 2008). A 

double threshold can be applied to overcome this problem. 

Local maxima of the gradient magnitude determine edges in 

the input data. This approach can be used to extract 

geological features such as faults and contacts from a gravity 

anomaly map. 

 

Figure 8. (a) Gravity profile of the truncated horizontal plate model shown in Figure 8(d), (b) 1D gradient operator, (c) Convolution 

output and (d) Plain view of the truncated horizontal plate model, z1 is the depth to the top of the model, z2 is the depth to the bottom 

of the model, ρ is the density contrast (Aydogan, 2011). 
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Figure 9a. Horizontal gradient of Bouguer gravity data (GSI, 2019). 

The horizontal gradient gravity anomaly map is presented in 

Figure 9a. The general trend approximately varies from NE-

SW to NNW-SSE. The N-S components in this map can be 

attributed to specific geological features and density 

variations. 

The structural fabric derived from horizontal gradient of 

gravity data is in strong corroboration with the geological 

inferences. An NNW-SSE linear contact (L2) and NE-SW 

linear contact (L1) which resembles with the PGC-II and 

Cuddapah basin contact zone and contact between PGC-II 

and laterite of Cenozoic age and sandstone of Rajahmundry 

formation respectively. The NE-SW linear contact (L3) is 

interpreted as the contact of PGC-II and sandstone of 

Gondwana formation. Few minor contacts (L4, L5) with 

nearly N-S orientation also appear in the gradient map in the 

southern part. 

Magnetic peaks appear around Ponnai, Banavaram, 

Sholingur in the southern part (Toposheet 57O/8), Puttur, 

Vijaya Puram in the middle part (Toposheet 57O/11) and 

Nellatur and west of B N Kandriga in the northern part 

(Toposheet 57O/14) of the area (Figure 9b) contrary to the 

magnetic anomaly map (Figure 4a), which shows low 

magnetic intensity in these areas because of effect of low 

magnetic latitudes. Maxima with nearly N-S (L4), NW-SE 

(L2, L3 and L4) trends represents high intensity which could 

be related to shallow contacts/structures of magnetic nature 

causative sources (Figure 9b). The contacts of PGC-II and 

Cuddapah basin (L1) and PGC-II and Gondwana formation 

(L4) are well reflected in the magnetic gradient map. 

The abrupt changes in lithological properties in terms of 

density and magnetization are observed. The dominance of 

NE-SW and NW-SE structural fabrics is also observed. The 

analysis of gradient map enabled in establishing the NE-SW, 

NW-SE, N-S aligned linear as well as in identifying contacts 

of various lithounits and depicted their strike continuity of 

shallow geological features. Magnetic gradient map is useful 

in locating the edges of magnetic source bodies; particularly 

where magnetic latitudes and/or remnant magnetization low 

complicates the interpretation. The area under investigation 

lies in the low magnetic latitudes which may cause 

complexities in magnetic signatures due to low inclination of 

induced magnetic field. 
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Figure 9b. Horizontal gradient of magnetic data (GSI, 2019). 

Derivative map of Bouguer gravity anomaly 

The second vertical derivative map of gravity anomaly has 

also been produced by FFT method. The result is an enhanced 

anomaly map or residual map which has amplified 

anomalous signals associated with shallow features while de-

emphasizing regional features. Anomaly pattern in the 

northernmost part (Toposheet 57O/14) exhibits nearly N-S 

trending (L1, L2) high gravity gradients resembling the 

disposition of formational contacts, faults, shear zones or 

lineaments (Figure 10). The trend of signals forming the 

linear tracts with almost N-S alignment (L4) near Pichatur 

(Toposheet 57O/11) in the central part is indicative of contact 

between PGC-II and Cuddapah basin. Few NE-SW and NW-

SE trending linear (L5, L7, L8, L9, L10) positive anomalies 

related to high density materials have also been enhanced 

north of Pichatur, around Vijaya Puram, near Sholinghur, 

near Melpadi and north of Banavaram respectively. 

 

 



D.C. Naskar et al.,   J. Ind. Geophys. Union, 28(5) (2024), 350-370  

365 

 

Figure 10. Second vertical derivative of Bouguer gravity anomaly map (GSI, 2019). 

Table 4. Structural Index (SI) (Reid et al., 1990). 

SI Magnetic field Gravity field 

0  contact sill/dyke/step 

0.5 thick step ribbon 

1.0 sill/dyke pipe 

2.0 pipe pipe/cylinder 

3.0 sphere sphere/circular bodies 

 

3D Euler deconvolution for depth estimation 

Euler deconvolution has come into wide use as an aid to 

interpreting profile or gridded magnetic survey data. It 

provides automatic estimates of source location and depth. In 

doing this, it uses a structural index (SI) (Table 4) to 

characterise families of source types. Euler deconvolution 

can be usefully applied to gravity data (Reid et al., 1990; Reid 

and Thurston, 2014).  

The structural index (SI) is based on the concept of Euler 

homogeneity, a description of scaling behavior. It has found 

wide use in potential field depth estimation and is a constant 

integer for simple sources with single singularities (points, 

lines, thin-bed faults, sheet edges, infinite contacts). 

In the present study, the technique has been applied to gravity 

and magnetic data for depth persistence of causative bodies. 

Data have been processed with Geosoft software to find 

depth solutions by Euler deconvolution technique. Each 

calculation has been run for grid cell sizes 1000 m, SI (0, 1, 

and 2) and window lengths (8 km and 4 km) to derive depth 

solutions for causative bodies. Logical solutions have been 

considered for interpretation of results. Best solutions for 

gridded data of Bouguer gravity anomaly have been obtained 

for grid cell size of 1000 m for SI = 0, window size = 4 km × 

4 km, and depth tolerance = 8% (Figure 11a).
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Figure 11a. Overlay of Euler depth solution (SI = 0) of gravity data on geological map (GSI, 2019). 

 

The solutions have been superimposed on the combined 

geological and gravity contour map of the area which 

highlights some lithological/tectonic contacts with variable 

depths. Major number of solutions has been obtained for the 

signal source depth ranging from 1000-2000 m, 2000-3000 

m and 4000-5000 m respectively. The linear distribution of 

plots of solution in NW-SE direction is observed over the 

exposed contact between PGC rocks and Cuddapah 

Supergroup of rocks around B N Kandriga and Nellatur 

section (Toposheet 57O/14). 

Depth solutions derived from magnetic data for grid cell size 

1000 m, SI (0), window size 6 km × 6 km, and depth 

tolerance 8%, have been plotted on the combined geological 

and magnetic anomaly contour map (Figure 11b). Both 

gravity and magnetic data plays complementary roles in 

geophysical exploration and using similar window sizes 

ensures consistency in data processing and interpretation. 
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Figure 11b. Overlay of Euler depth solution (SI = 0) of magnetic data on geological map (GSI, 2019). 

Major responses are from source bodies occurring at depth 

from 1000 m to 4000 m. In the middle (Toposheet 57O/11) 

and southern (Toposheet 57O/8) part, scattered depth 

solutions are observed due to lack of susceptibility contrast. 

Prominent linear contact between PGC II and Cuddapah 

Supergroup south of B N Kandriga is observed (Toposheet 

57O/14). Major depth solution (3000-4000 m) is observed 

over exposed PGC II and Cuddapah Supergroup of rocks due 

to sharp contrast in susceptibility (Toposheets 57O/14 and 

57O/11). Contact of Gondwana sediments and PGC II is also 

clearly demarcated with depth solution at (2000-3000 m) 

(Toposheets 57O/14 and 57O/11). 

CONCLUSIONS 

The present study deciphered the density and susceptibility 

contrasts between the anomalous mineral concentration and 

the host rock or the deep-seated crustal structures and 

adjacent rocks. The terrain corrected Bouguer gravity and 

IGRF corrected magnetic (Total field) maps prepared at 1 

mGal and 50 nT intervals respectively, have shown distinct 

gravity and magnetic signatures over two major geotectonic 

domains namely PGC II and Cuddapah Supergroup, which 

represent two tectonic blocks separated by a nearly NW-SE 

trending crustal break extending in crustal level. 

Development of geophysical responses in these domains is 



J. Ind. Geophys. Union, 28(5) (2024), 350-370   D.C. Naskar et al., 

368 

controlled by both formation lithology and crustal structures. 

Low to moderate gravity and low magnetic signals are 

associated with granite and metasediments (schists, phyllites, 

quartzite) while high signals are yielded mainly by biotite 

gneiss, granite-gneiss. Low gravity anomaly zones 

correspond to high crustal thickness while high gravity over 

low to moderate density materials, possibly implies the 

existence of an antiformal structure resulting from the 

shallowing of the mantle. Strong dipolar magnetic anomaly 

is associated with PGC II and Cuddapah Supergroup of rocks 

as well as Gondwana sediments depending on the 

susceptibility contrast. Formation contacts of PGC II-

Cuddapah Supergroup and PGC II-Gondwana sediments are 

represented by gravity gradient zones and dipolar magnetic 

anomalies. Some intra-formational fracture and fault zones 

are also manifested by preferred orientation of crowded 

contours. Gravity and magnetic signatures in the area are 

mainly controlled by shallow crustal features. The area is 

composed of three major domains of contrasting densities 

and magnetic susceptibilities – amphibolites of the Archean 

basement, Cuddapah Supergroup of rocks and sequences of 

rock formation of Cenozoic period. 
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ABSTRACT  

Morphometric analysis is a valuable approach for studying groundwater reservoirs by systematically evaluating the diverse topographical features and 

intricate drainage networks within a specific basin. In this study, we categorized the extracted drainage framework using Strahler's scheme, revealing a 
dendritic to sub-dendritic drainage pattern within the 312 km2 Jalleru vagu sub-basin, which is an integral part of the Yerrakaluva River system. High-

resolution satellite imagery IRS Sat-2 - LISS IV, P – 102 / R - 60, 61 acquired from 20th March, 2023  was used to analyze linear, areal, and relief 

aspects. The Jalleru vagu sub-basin, which is a fifth-order basin, is primarily characterized by lower-order streams, with a mean drainage density of 
1.17 km/km2. The highest slope in the basin is 590 m, primarily due to regional geology and cycles of erosion. The basin is elongated, with steep 

inclines, and modest elevation variations (elongation ratio: 0.30). A high drainage texture value increases the risk of soil erosion,  which according to 

the drainage texture analysis,  comes to  4.15. The study demarcates low to medium flood and erosion prone zones, Overall, the study area is 
elongated with less structural control and low to medium flood and erosional potentials. However, owing to low to medium flood and erosional 

susceptibility, and high groundwater withdrawals, water harvesting structures like check dams, levees, percolation tanks, rock dam are recommended 

for replenishment of groundwater resources. 

Keywords: Morphometric analysis, Jalleru vagu sub-basin, Geospatial technique, Groundwater reservoirs, Drainage network. 

INTRODUCTION 

Morphometry refers to measuring and analysing the shape, 

dimensions, and configuration of the earth's surface and 

landforms. Its main objective is to facilitate the description 

of particular relief features, like valleys, slopes, and erosion 

surfaces, as well as the relief's general characteristics. Since 

the concentrated flow of water only takes up a small 

percentage of the broader trough, it is primarily responsible 

for the development of valleys. The shape and 

characteristics of valleys are directly or indirectly 

influenced by the streams' activities at the trough's base. The 

stream determines the base level for valley formation 

through its erosion work. Topography development requires 

understanding river reactions to climatic, lithologic, and 

tectonic environments. A number of river-specific 

geomorphometric indices have been created to explain the 

stages at which landforms emerge. River longitudinal 

profiles, for example, are a promising way to understand the 

stages of drainage basin evolution (Gardner, 1983; Howard 

et al., 1994; Hurtrez et al., 1999; Whipple and Tucker, 1999; 

Kirby and Whipple, 2001; Ouimet et al., 2009; Vijith et al., 

2015), because they provide details on the primary 

mechanism of the bedrock incision (Wobus et al., 2006; 

Kirby and Whipple, 2012). The basis for almost all studies 

on watersheds and fluvial systems is the drainage basin. A 

catchment or watershed, or singular drainage basin, is a 

constrained area where runoff is routed through a single 

exit. A drainage basin is essentially an area that funnels all 

runoff toward a stream's mouth. On a topographic map, 

drainage basins can be located by tracing their boundaries or 

drainage divides Drainage basins are distinct landforms that 

may be statistically, comparatively, and analytically 

analyzed. Therefore, several numerical and qualitative 

descriptions have been given. 

Morphometric characteristics are an analytical and 

quantitative assessment of the earth's surface structure, 

encompassing the sizes and shapes of its landforms. A 

stretch of land where rainfall collects and flows to a 

common location, is called a watershed. Research on 

watersheds is essential for preventing soil erosion, 

conserving water, and ensuring sustainable development. 

Remote sensing and geographic information systems (GIS) 

are useful tools for evaluating the hydraulic process of the 

river basin. A quantitative catchment report is provided by 

morphometric characteristics, which is useful for research 

on watershed priority, management of water resources, to 

control floods and soil erosion. In areas with steep slopes of 

the valley sides, the number of first-order streams are 

higher, resulting in an increased bifurcation ratio. 

Conversely, the bifurcation ratio decreases in the river 

basin's middle or downstream sections. This characteristic 

has an impact on the formation of valleys, leading to the 

presence of gullies and broad 'V' shaped valleys in the lower 

part of the basin.  

Many studies have used morphometric analysis of drainage 

basins to assess the basins' groundwater potential and to 

identify suitable sites for the construction of check dams 

and artificial recharge structures (Sreedevi et al., 2005; 

Kumar et al., 2011; Mishra and Tiwari, 2011; Jasmin and 

Mallikarjuna, 2012; Tiwari and Srinivas, 2023). Watershed 
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prioritization based on morphometric features has also been 

carried out, assisting in mapping high flood potential and 

erosion-prone zones (Patton and Baker, 1976; Diakakis, 

2010; Javed et al., 2011). 

Several studies in India have utilized morphometric 

techniques to describe the geomorphology of drainage 

basins quantitatively (Kumari et al., 2021; Raju et al., 2023; 

Shekar et al., 2023; Mishra and Siddi Raju, 2024). In the 

realm of geomorphology, morphometry is defined by the 

scientific examination and estimation of the arrangement, 

shape, and measurements of the earth surface and its 

landforms. Morphometric analysis, can be used to 

comprehend various imbalances in rock hardness, ongoing 

catastrophic events, structural geomorphological changes, 

and the history of land infiltration within the basin 

(Rajasekhar et al., 2018, 2020). 

Quantitative techniques have also been used in India to 

study the morphometric analysis of various drainage basins 

(Vittala et al., 2004; Chopra et al., 2005; Rudraiah et al., 

2008; Altin and Altin, 2011; Buccolini et al., 2012; Pareta 

and Pareta, 2012). The fast-emerging spatial information 

technology, remote sensing, GIS, and GPS are more 

effective instruments for land and water resource planning 

and management than the traditional data processing 

methods (Rao et al., 2010; Etikala et al., 2019; Golla et al., 

2020; Naresh Kumar et al., 2023). Hence, we adopt 

geospatial approach for morphometric analysis of Jalleru 

vagu sub-basin of the Yerrakalva River flowing through 

Eluru district, Andhra Pradesh, India for sustainable 

management. 

STUDY AREA 

The Jalleru vagu sub-basin lies in the northeastern part of 

Aliveru village, Buttayagudam Mandal, Eluru district in the 

Nagavaram mutta protected forest that drains into the 

Yerrakalva River before joining the Bay of Bengal. The 

geographical coordinates are 17°10' to 17°20' N and 81°10' 

to 81°25' E (Figure 1). The proposed study area 

encompasses an area of about 312 square kilometers with a 

perimeter of 82 km, falling within the Survey of India 

toposheets 65 G/3, 65 G/4, 65 G/7, and 65 G/8 (scale 

1:50,000). This sub-basin is part of the Yerrakaluva River 

basin. The Jalleru vagu joins with the Yerrakaluva River at 

the downstream, which ultimately debouches into the Bay 

of Bengal. The average annual rainfall and temperature of 

the study area are 1054 mm and 31°C, respectively. The 

relief values range between 77 m to 590 m with a median of 

84 m above the mean sea level (MSL). 

 

Figure 1. Location map of the Jalleru vagu sub-basin.  
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REGIONAL GEOLOGY 

The geological formations of the Jalleru vagu sub-basin 

encompass a sequence ranging from the oldest Archeans to 

the upper Gondwana formations. The oldest rock variety is 

of the Archean age, associated with the Eastern Ghats 

Supergroup, exemplified by khondalite with patches of 

migmatite-gneiss, charnockite, and quartzite. The Barakar 

Formation (Raja Rao, 1982) belongs to lower Gondwana 

and comprises feldspathic sandstone occurring near the 

Beddadanur on the western margin of the Gondwana basin. 

The Kamthi Formation (King, 1881; Raiverman et al., 1985; 

Lakshminarayana and Murthi, 1990; Lakshminarayana et 

al., 1992; Rao, 1993; Ramamohan Rao et al., 1996, 1999; 

Burhanuddin, 2007; Mishra and Joshi, 2015) belongs to 

lower Gondwana and comprises ferruginous sandstone 

occurring in Jillelagudem village. Kota Formation (Sailaja 

et al., 2013) belongs to upper Gondwana and is represented 

by calcareous sandstone. The geological map of the study 

area is based on the Geological Survey of India (GSI, 1996) 

(Figure 2). 

METHODOLOGY 

Table 1 specifies the typical approaches for calculating the 

river basin's influential morphological qualities, whereas 

Figure 3 depicts the comprehensive process. The drainage 

network's morphometric study was conducted using two 

sources: SRTM-30 and SOI topographic maps (1:50,000 

scale). A suite of GIS tools is used to extract the study area's 

drainage network from SRTM data (Figure 4). Two micro-

basins are extracted. These micro-basins are referred to as 

Sangam vagu and Jalleru vagu. Morphometric parameters 

are computed for SRTM drainage and toposheet drainage in 

all micro-basins. SRTM data is intended for the creation of 

slope, hill shadow, and aspect maps. A quantitative analysis 

of the Jalleru vagu sub-basin has been executed to explore 

drainage characteristics employing the ArcGIS 10.7.1 

software. Notable importance are the areal and linear 

characteristics, whose relationships with the following were 

studied: basin length, basin area, circularity ratio (Rc), 

elongation ratio (Re), drainage density (Dd), stream 

frequency (Fs), etc.  

 

 

Figure 2. Geological map of the Jalleru vagu sub-basin (GSI, 1996) 
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Table 1. Details of morphometric parameters 

S. No Morphometric parameters Symbol Formula References 

Linear Aspects 

1 Watershed area (Km2) A A   

2 Perimeter (Km) P P Sreedevi et al. (2005) 

3 Basin length (Km) Lb Lb Sreedevi et al. (2005) 

4 Strean order U u (Hierarchical Order) Strahler (1964) 

5 Stream number Nu Total no of stream segments of 

the order "u" 

Strahler (1957) 

6 Stream length L Length of the stream   

7 Mean stream length Lsm Lsm = Lu / Nu Strahler (1964) 

8 Stream length ratio Rl Rl = Lu / Lu - 1 Horton (1945) 

9 Bifurcation ratio Rb Rb = Nu / Nu + 1 Schumm (1956) 

10 Mean bifurcation ratio Rbm Average of the bifurcation 

ratios of all orders 

Strahler (1964) 

Areal Aspects 

11 Drainage density Dd Dd = Lu / A Horton (1932) 

12 Drainage texture Rt Rt = Nu / P Smith (1950) 

13 Stream frequency Rs Fs = Nu / A Horton (1945) 

14 Elongation ratio Re Re = 2/Lb x (A/P)0.5 Schumm (1956) 

15 Circularity ratio Rc Rc = 4 π A/P2 Strahler (1956) 

16 Form factor Ff Ff = A/(Lb)2 Strahler (1956) 

Relief Aspect 

17 Basin relief Bh Bh = Hmax - Hmin Schumm (1956) 

18 Relief ratio Rh Rh = Bh / Lb Schumm (1956) 

19 Ruggedness number Rn Rn = H/A x Dd Melton (1965) 

20 Slope    
 

 

Figure 3.  Aspects of morphometric Parameters. 

RESULTS AND DISCUSSION 

Area (A), perimeter (P) and basin length (Lb)  

The total basin area estimated at Sangam vagu is 170.231 

km2 and Jalleru vagu is 140.308 km2. The perimeter of 

Sangam vagu is 47.223 km and Jalleru vagu is 35.854 km 

(Table 2). Similarly, the greatest length of the basin is 

Sangam vagu i.e. 17.19 km and the lowest is Jalleru vagu 

i.e. 14.057 km (Table 2). 



J. Ind. Geophys. Union, 28(5) (2024), 371-384  Ch Ashok Kumar et al.,  

   

375 

 

Figure 4. Automated extraction process of drainage network map of Jalleru vagu sub-basin. 

Table 2. Length, area and perimeter of the Jalleru Vagu sub-basin. 

Micro-Basins Area (Km2) Perimeter(P) (km) Length (km) 

Sangam vagu 170.231 47.223 17.19 

Jalleru vagu 140.308 35.854 14.057 

 

Table 3. Drainage basin morphometry together with stream order and stream number. 

Micro-basin 1st order 2nd order 3rd order 4th order 5th order Total 

Sangam vagu 83 34 18 30 10 175 

Jalleru vagu 80 42 17 27 -- 166 

 

Linear aspects 

Stream Order (U) 

 The efficiency of drainage advancement is intertwined with 

the dimension of watercourses, thereby rendering stream 

order a pivotal metric in the linear facet of a drainage basin. 

Streams of the first order remain devoid of tributaries 

(Strahler, 1958). A section takes on the designation of third 

order when second-order channels converge. The 

confluence of two third-order sections culminates in the 

formation of a fourth-order channel, with this progression 

extending up to the fifth order (Strahler, 1964) (Figure 5). 

As a result, the Jaller vagu sub-basin has been assigned a 

fifth-order basin classification (Table 3). A higher number of 

streams in the I and II orders indicates continued 

topographical erosion, but fewer streams in the III and IV 

orders indicate a well-developed terrain surrounding the 

streams. 
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Figure 5. Stream order map of the Jalleru vagu sub-basin. 

 

Figure 6. Micro-basins of the Jalleru vagu sub-basin. 
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Stream number (Nu) 

Stream number (Nu) alludes to a hierarchical connection 

amongst individual segments coursing through a drainage 

arrangement. As the stream order escalates, the total number 

of streams, as well as their downward course, experiences a 

decrease (Rai et al., 2017). Within the study locality, an 

interconnected drainage framework prevails, characterized 

by uniform subsurface strata. This investigation introduced 

a proposed methodology for stream organization (Strahler, 

1957; Das and Mukherjee, 2005). The delineation of 

streams encompassed the digitization process, drawing from 

topographic maps and satellite imagery sources. The 

Sangam vagu comprises 175 streams, with the highest fifth-

order stream, and the Jalleru vagu has 166, with the highest 

fourth-order stream (Table 3). Figure 6 illustrates two 

micro-basins, namely Sangam Vagu and Jalleru Vagu. 

Figures 7 and 8 depict a correlation plot of the number of 

stream orders in the Sangam vagu sub-basins on X-axis 

correlating to the stream number in the Y-axis. In a drainage 

basin, the number of streams decreases significantly as 

stream order increases. Here, the 5th order is the highest-

ordered stream for the Sangam vagu, and the 4th is the 

highest order for the Jalleru vagu. The stream order 

(Strahler, 1964) observed that the number of stream 

segments of any given order is lower than that of the next 

higher order. It is also observed that normally, higher 

frequency is associated with a first-order stream. 

Fluctuation in stream order is observed due to the 

physiographic conditions. It is observed that areas that have 

undergone erosion generally have a larger number of 

streams than mature topography. 

 

 

Figure 7. Stream order and stream number correlation in  the Sangam vagu. 

 

Figure 8. Stream order and stream number correlation of the Jalleru vagu.  
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Table 4. Drainage basin morphometry (stream length, mean stream length, and bifurcation ratio). 

Micro-basins 1st 

order 

2nd 

order 

3rd 

order 

4th 

order 

5th 

order 

Stream 

length 

km 

Stream 

length 

ratio 

Mean 

stream 

length 

Bifurcation 

ratio 

Sangam vagu 65.02 53.6 38.26 23.19 12.57 195.64 1.05 1.11 2.44 

Jalleru vagu 62.51 45.6 34.93 28.04 -- 171.12 1.06 1.21 1.91 

 

Stream length (Lu)  

The dimensions of the Stream length have been computed 

using the GIS-grounded arrangement recommended by 

Horton (1945). The total stream length value for Sangam 

vagu is 195.64 km and for Jalleru vagu, it is 171.12 km  

(Table 4). Consequently, it is noticeable that the extent of 

the primary category watercourse and the quantity of 

watercourses are distributed more effectively compared to 

other classifications. The initial order stream, constituting 

nearly half the watercourse length, experiences transitory 

flow during arid seasons and sustains a continuous flow 

during the rest of the year. Due to declining groundwater 

replenishment, the continuous span might diminish farther 

upstream and be briefer in dry seasons. 

Mean stream length (Lsm) 

Mean stream length is a fundamental attribute that pertains 

to the various elements of a drainage network and the 

corresponding basin surfaces (Strahler, 1964). It is 

calculated by dividing the number of streams in an order by 

the total length of streams in that order. Throughout the 

Jalleru vagu sub-basin basin, the mean stream length 

variation is 1.04. However, when the basin is divided into 

two micro-basins, Sangam vagu exhibits a mean stream 

length variation of 1.11, while Jalleru vagu shows a slightly 

higher variation of 1.21 (Table 4). 

Stream length ratio (Rl) 

The ratio of a higher order's overall stream length to the 

stream length of the stream fragment that is immediately 

below it is known as the stream length ratio. The overall 

stream length of a given order is exactly proportional to the 

stream number; that is, as the order of the stream fragment 

grows, the total stream length falls. There are erratic swings 

in the stream length ratio at the basin and sub-basin levels. 

Over the whole basin, the Jalleru vagu sub-basin's stream 

length ratios range from 1.05 to 1.06 (Table 4). Regarding 

the erosional stage and surface flow discharge of the basin, 

the stream length ratio is highly significant. 

Bifurcation ratio (Rb) and mean bifurcation ratio (Rbm) 

Horton (1945) and Strahler (1952) introduced the concept of 

bifurcation ratio, which refers to the ratio of the number of 

streams of one order to the number of streams of the next 

higher order. One dimensionless feature of a drainage basin 

is the bifurcation ratio (Rb). Numerous parameters, 

including drainage density, stream confluence angle, 

lithology, basin form, and basin area, are thought to have an 

impact. Different parts of the world’s bifurcation ratio have 

been investigated by geomorphologist. In watersheds where 

geological structure does not significantly affect the 

drainage pattern, it is typically between 3.0 and 5.0 

(Strahler, 1964). Theoretically, there is no upper bound on 

Rb and a minimum is 2.0. A fifth-order basin with a uniform 

bifurcation ratio for several orders is the Jalleru vagu. The 

bifurcation ratio (Rb) ranges between the whole Jalleru 

vagu sub-basin is 13.01, Sangam vagu 2.44 and Jalleru vagu 

1.91 The mean bifurcation ratio (Rbm) is 3.25 (Table 4). 

Jalleru vagu sub-basin suggests that the area’s 

geomorphology has a dominant control over structural 

control. 

Areal aspects 

Drainage density (Dd) 

The term “drainage density” refers to measuring the amount 

of drainage progress in a basin. It reflects the closeness of 

channel intervals, which are explained by different erosion 

patterns between different layers, changes in elevation, and 

precipitation throughout the basin (Horton,1932). Smith 

(1950) and Strahler (1957) have categorized drainage 

compactness values below 5 as coarse, from 5 to 13.7 as 

intermediate, between 13.7 and 155.3 as refined, and 

surpassing 155.3 as exceedingly refined. Chow (1964), 

asserts that regions with highly penetrable subterranean 

constituents are inclined toward diminished drainage 

compactness. In line with Horton’s methodology, the 

computed drainage compactness within the Jalleru vagu 

sub-basin is 1.17, Sangam vagu 0.269, and for Jalleru vagu 

0.301 (Table 5). This implies low drainage compactness, 

indicative of permeable subsurface layers, abundant 

vegetation cover, and modest relief.  Figure 9 shows 

drainage density and drainage texture of correlation bar 

graph. 
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Table 5. Drainage basin morphometry of the Jalleru vagu sub-basin. 

Micro-basins Drainage 

density 

(km) 

Drainage 

texture 

(km) 

Stream 

frequency 

(km) 

Elongation 

ratio 

(Re) 

Circularity 

ratio 

(Rc) 

Form 

factor 

(Rf) 

Sangam vagu 0.269 0.350 0.072 0.353 0.130 0.098 

Jalleru vagu 0.301 0.403 0.080 0.431 0.185 0.146 

 

 

Figure 9. Drainage density and drainage texture correlation bar graph of the Jalleru vagu sub-basin 

 

The Jalleru vagu sub-basin's correlation plot between 

drainage density and drainage texture is displayed in Figure 

9. Fine drainage texture is indicated by a high drainage 

density value, and coarse grain drainage texture is suggested 

by a low drainage density value. A high drainage texture 

value in that particular basin raises the possibility of soil 

erosion (Strahler, 1964). 

Stream frequency (Fs) 

The quantity of stream frequency per given expanse is 

called watercourse prevalence. Horton introduced the term 

"stream frequency" in 1932. According to Melton (1965), a 

higher stream frequency value suggests reduced 

permeability and increased surface runoff, while fractures 

influence a lower stream frequency value. The stream 

frequency of the total study area is 1.09, Sangam vagu 

0.072, and Jalleru vagu 0.080 (Table 5), showcasing a 

constructive relationship with the density of the drainage 

region. 

Elongation ratio (Re) 

The elongation ratio is the proportion amid the width of a 

circle possessing the equivalent expanse as the drainage 

basin and the utmost span of the basin (Schumm, 1956). 

Strahler (1964) asserts that the elongation ratio spans from 

0.6 to 1 across various climatic and geological structures. 

Elongation ratio values proximate to 1 are observable in 

typical areas with exceedingly minimal elevation changes. 

In contrast, values ranging from 0.6 to 0.8 are generally 

linked with pronounced elevation disparities and steep 

inclines (Pakhmode et al., 2003). The elongation ratio value 

for total study area is 0.304, Sangam vagu, 0.353 and for 

Jalleru vagu, 0.431 (Table 5), which gives an idea about the 

more elongation in nature with a low relief environment. 

Circularity ratio (Rc) 

The circulatory ratio depends upon the length and frequency 

of streams, land use, land cover, the slope of the basin, and 

geologic units (Patel et al., 2013). An understanding of the 

many phases of a basin's evolution can be gained from the 

circulatory ratio's value, which ranges from low to high, 

indicating the young stages of the basin's evolution. As 

shown in Table 5, the calculated numerical values of the 

circularity ratio for the entire research region are 0.30 and  

0.130 for the Sangam vagu, and 0.185 for the Jalleru vagu, 

indicating a significantly more elongated nature. The ratio 

Sangam Vagu

Jalleru Vagu

0
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0.2

0.25

0.3

0.35

Drainage Density
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Drainage Texture

Sangam Vagu 0.269 0.35

Jalleru Vagu 0.301 0.08
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of roundness points toward the initial stages of advancement 

in the terrain. 

Form factor (Ff) 

The ratio of basin area to basin length squared is known as 

the form factor. The quantity representing the basin's 

influencing factor on its discharge is dimensionless. Ff can 

be defined as the ratio of the area of a basin and the square 

of the basin length (Sreedevi et al., 2005). The length of 

time it takes to pass through the outflow is greater for an 

extended basin than for a circular basin. The form factor of 

Sangam vagu 0.098 and Jalleru vagu 0.146 which means it 

is circular (Table 5). 

Relief aspect 

Basin relief (Bh) 

The difference in elevation between the highest and lowest 

points in a basin is known as basin relief (Bh). According to 

Burrough et al. (2015), the parameter 'Bh' controls the 

stream order gradient, which affects flood patterns, the 

amount of transported material, and the characteristics of 

landforms and geomorphic activity. It includes information 

on the amounts of kinetic and potential energy that are 

expressed in runoff from surface water, precipitation, and 

flooding in the basin. The basin relief value for Sangam 

vagu is 340 m and Jalleru vagu 590 m, indicating medium 

to high flooding (Table 6). 

Relief ratio (Rh)  

The utmost elevation variation over the horizontal span 

along the lengthiest measurement of the basin, delineated 

along the primary watercourse route, is identified as a relief 

ratio (Rh) (Schumm, 1956). The Rh embodies a 

comprehensive gradient encompassing the catchment area 

and acts as an indicator of the erosion mechanism's potency 

on the basin's operational incline (Schumm, 1956). Elevated 

Rh  values correlate with rugged topography, while reduced 

Rh values correspond with a relatively level plateau or a 

valley setting (Maathuis and Wang, 2006). Grasping the 

arrangement of slopes holds fundamental significance, as it 

provides insights into urban planning, agricultural potential, 

afforestation prospects, and blueprints for engineering 

projects. The relief ratio of the study area is 5.34 for 

Sangam vagu and 6.99 for Jalleru vagu sub-basins (Table 6). 

Ruggedness number (Rn)  

The ruggedness number is defined as the product of 

drainage density and basin relief/total relief (Strahler, 1956). 

It also shows the structural complexity of the terrain. The 

low relief ratio value and ruggedness number of particular 

basins give an idea about the existence of groundwater 

zones. Higher Rn values indicate steeper and more dissected 

terrain, suggesting a higher potential for soil erosion and 

rapid runoff. Lower Rn values indicate gentler slopes and 

less dissection, suggesting lower erosion potential and 

slower runoff. Hence, the value of ruggedness number is 

very low of  0.220 for Sangam vagu and 0.229 for Jalleru 

vagu is (Table 6), indicating gentler slopes and less 

dissection, suggesting lower erosion potential and 

entrapment of flooded water. 

Slope 

It is crucial for terrain analysis to comprehend the natural 

processes in topography, geology, soils, hydrogeology, 

infrastructure development, and hazard management both at 

the surface and below, reliable estimation of the stability of 

slopes and foundations is however extremely difficult.  

Knowledge of slope is essential to grassroots decentralized 

planning. 

The slope, which can be expressed in either degrees or 

percentages, is used to quantify changes in surface values 

over a given distance. A raster formatted digital elevation 

model (DEM) is a grid with values assigned to each cell 

based on a shared reference point. By computing the slope, 

we may determine the values of the greatest difference and 

slope. The results from mapping are utilized to generate a 

biased neighbourhood usage map using ArcGIS 10.7.1 

spatial analyst tools. The western region has a higher 

elevation (590 m) and north-western region has the lowest 

elevation (77 m) from the mean sea level which causes 

more outflow and less opportunity for precipitation 

infiltration. The research area map is categorized as follows 

using tilt as a dividing factor: 1-3° (gentle), 3-5° (moderate), 

5-10° (steep), 10-35° (very steep), and >35° (especially 

steep). A large section of the Jalleru vagu sub-basin area is 

seen to have mildly sloping terrain, suggesting that the 

area's topography is primarily flat (Figure 10). Gentle slopes 

are considered favourable for groundwater control due to 

their flat terrain. 

 

Table 6. Drainage basin morphometry. 

Micro-basins Maximum relief Minimum relief Relief ratio Ruggedness number (Rn) 

Sangam vagu 340 77 5.34 0.220 

Jalleru vagu 590 92 6.99 0.229 
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Figure 10. Slope map of the study area.  

Moderate slopes fall within an accurate range as they 

contribute to partial runoff. Steep slopes, characterized by 

excessive surface runoff and minimal infiltration, are 

categorized under precise areas for dam construction and 

similar purposes. 

CONCLUSIONS  

The morphometric analysis of the study area, namely 

Sangam vagu and Jalleru vagu, were carried out by 

combining geographic information systems (GIS) and 

remote sensing (RS) methods, which has enabled to 

precisely measure and analyze the morphometric 

characteristics by providing insight into the linear, areal and 

relief aspects. The overall number of streams decreases with 

increasing stream order, suggesting a more hierarchical and 

ordered drainage network. Moreover, the study area implies 

low drainage compactness, which is indicative of permeable 

subsurface layers. Sangam vagu exhibited an elongation 

ratio of 0.353, while Jalleru vagu had 0.431, indicating a 

more elongated nature with low relief, which suggests that 

the drainage has to travel a wide range of distance to reach 

the basin outlet and is less prone to sediment erosion and 

floods. Moreover, the basin relief value for Sangam vagu is 

340 m and Jalleru vagu is 590 m, indicating low to medium 

flooding. The circular ratio values of Sangam vagu (0.130) 

and Jaleeru vagu (0.185) indicate short lag times and a more 

elongated stream. Stream length and mean stream length 

parameters are crucial for understanding drainage network 

and basin characteristics. Overall, the streams (Jalleru and 

Sangam vagu) have relief,  that are more elongated, and are 

in the initial stage of evolution. Moreover, it has less 

structural control less sediment erosional capacity, and low 

to medium flooding frequency. However, due to its low to 

medium flood and low erosional susceptibility, and critical 

groundwater extracts in recent times, water replenishing 

structures like check dams, levees, percolation tanks, and 

rock dams are recommended for sustainable development of 

Jalleru Vagu sub-basin, Andhra Pradesh, India. 
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