
CHAPTER 5

ANISOTROPY OF MAGNETIC SUSCEPTIBILITY STUDIES

5.1. INTRODUCTION

This chapter presents results from Anisotropy of Magnetic Susceptibility 

(AMS) study on rocks of the Lunavada region and the tectonic interpretations 

using the AMS data. The author finds it essential to briefly describe the theory on 

which AMS study is based prior to presenting his own data.

When magnetic field is applied to any substance the electron spins 

precess and a magnetization is produced in a direction parallel or opposite to 

that of the applied field. This is referred to as induced magnetization and the 

strength of induced magnetization (M) can be directly related to the strength of 

applied field (H). The constant of proportionality is the susceptibility (K). The 

magnetization, M, is given by the formula

M=KH=KB/|io

where M is the magnetic dipole moment per unit volume (in A/m), H is the 

magnetic field strength (A/m), B is the magnetic field measured in Tesla and p0 is 

the permeability of free space {4% x 10'7 henry/m) (Tarling and Hrouda, 1993). 

The above equation can be rewritten for magnetic susceptibility as

K=M/H

It is clear that susceptibility is a dimensionless quantity and is represented as SI 

units. However, it is dependent on the temperature and strength of the applied
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field and is therefore not a constant for any given material. As far as tectonic 

applications of magnetic susceptibility on rocks are concerned, the 

measurements are usually made in the weak/low field (< 1mT).

Certain materials have the same strength of induced magnetization (and 

hence the susceptibility) in every direction to which a external weak field is 

applied. Such materials are considered as magnetically isotropic. On the other 

hand, there are certain materials which have a different strength of induced 

magnetization in different directions to which the weak external magnetic field of 

constant strength is applied. Such substances are termed as magnetically 

anisotropic and these have a anisotropic magnetic susceptibility which is 

referred to as the Anisotropy of Magnetic Susceptibility or (AMS). The 

variation of the susceptibility in different directions can be visualized as an 

ellipsoid generally referred to as the susceptibility ellipsoid (Tarling and Hrouda, 

1993). It has three principal axes - long, intermediate and short. The greatest 

intensity of magnetization is induced along the long axis and the weakest 

intensity is induced along the short axis. The principal susceptibilities (in SI 

units) are represented as K-,, K2 and K3 where Kt>K2^K3 and these have been 

interpreted to correspond to sedimentary, magmatic or tectonic fabrics (Graham, 

1954; Singh et. al. 1975, Hrouda, 1982; Kligfieid et al, 1977, 1982; Owens and 

Bamford, 1976; Owens and Rutter, 1978; Goldstein, 1980). It has been shown 

that a good correspondence exists between the orientations of principal axes of 

the susceptibility ellipsoid and orientations of the principal axes of the strain 

ellipsoid in tectonically deformed rocks ( Hrouda and Janak, 1976; Rathore, 

1979, Borradaile and Tarling, 1981, 1984; Hrouda, 1982; Borradaile and
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Mothersill, 1984; Borradaile, 1987; 1991; Borradaile and Alford, 1987; Borradaile 

and Henry, 1997).

5.2. AIMS OF AMS STUDY ON THE LUNAVADA PRE-CAMBRIAN ROCKS

The aims of carrying out AMS study on the rocks of the Lunavada region 

were two fold.

(a) Strain analysis: Exposures of good mesoscopic folds are scarce in the study 

area. Therefore, in such an area the AMS was thought to be a good 

technique to understand the type of strain.

(b) Analysis of the deformation- episodes: Magnetic studies on tectonized rocks 

have in many areas of the globe yielded magnetic fabric which sometimes 

does not show any parallelism with the mesoscopic fabric and these have 

been interpreted to indicate later superimposed fabrics on the mesoscopically 

recognizable structures (Stacey et. al., 1960; Goldstein, 1980). It has been 

shown in Chapter 4 that D3 deformation was weak and gave rise to open folds 

on limbs of regional scale F-i-F2 folds, a fact which was worked out with a 

rigorous structural analysis. This third folding has not left significant 

mesoscopic imprint on the rocks. In such a situation, the AMS data was used 

as a tool to investigate the effect of this late deformation on rocks. This has 

enabled a better evaluation of the tectonics of the Lunavada region.
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5.3. AMS DATA

Oriented samples from 12 different locations around Lunavada and 

Santrampur were collected to have a spatial distribution/representation from the 

whole region. A total of 40 cylindrical cores (26 mm x 22 mm) from these 

samples were analyzed for the AMS study. The samples comprised schists, 

quartzites and calc-silicates. The AMS measurements were made with the KLY-2 

Kappabridge (Geofyzika Brno, Czech Republic) in the low field and the data 

were analyzed using the special software available with the Kappabridge. The 

measurements gave magnitude and orientations of the three principal axes of the 

susceptibility ellipsoid viz. K, K2 and K3 where K^K^Kj, the mean susceptibility 

(Km), degree of anisotropy (P,), shape parameter (T), magnitude of foliation (F) 

and lineation (L). Table 5.1 gives AMS data. The mean susceptibility of schists 

and calc-silicates was found to be more than 240 x iC6 SI units. Most of the 

quartzites were recorded to have a positive mean susceptibility of around 50 x 

10‘6 SI and above although a few have lower mean susceptibility. The higher 

mean susceptibilities in schists and calc-silicates are on account of higher 

proportion of paramagnetic minerals like micas and chlorite (phyllosilicates) and 

their relative scarcity in quartzites. Quartz is a diamagnetic mineral and has a 

mean susceptibility of -13.5 x 10‘6 (Hrouda, 1986). Microscopic examination of 

the analysed quartzites showed that most of them contain some mica. This 

results in positive values of the mean susceptibility of the quartzites.
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5.4. INTERPRETATION OF AMS DATA

Orientations of Ki, K2 and K3 axes have been plotted on Equal Area Net 

(Schmidt Net) (Fig. 5.1). The plane passing through K1, and K2 is referred to as 

the magnetic foliation (F) and this is plotted as a continuous great circle in Fig. 

5.1. The planar structure (generally S0) recorded mesoscopically at each sample 

locality has been plotted as dashed great circle in each lower hemisphere 

stereographic projection in Fig. 5.1. A close similarity is seen between magnetic 

data and field structural data for the localities from which the samples for AMS 

were studied. However, there is a significant deviation of magnetic foliation from 

the planar structural elements in some of quartzites (e.g. LQ, RQ and SQ, see 

Fig. 5.1). The LQ lies exactly on the nose of a D3 fold. The magnetic foliation has 

a NW-SE orientation and this is parallel to the orientation of axial trace (S3) of D3 

folds in the locality where the LQ sample lies (Fig. 5.1). Based on this similarity
I " ' ~~ ~~

of AMS fabric with the regional macroscopic structure, _the magnetic foliation is 

interpreted to be on account of P3 deformation although locally there is no 

mesoscopic scale imprint of the late deformation. The author would like to
c—__________ —---------------------------------------------- -

highlight here that the structural analysis of field data from this part of study area 

(domain IX in section 4.3) also led to determination of F3 fold axis.

J

The samples RQ and LQ show NE-SW trending magnetic foliations which 

are similar to the trend of the axial plane (S2) of D2 folds recorded in other parts 

of the study area. The localities of the RQ and SQ samples do not show any 

mesoscopic D2 folds and show development of N-S trending S0/S1 foliations 

related to the Di deformation. However, the presence of NE-SW trending
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magnetic foliations in the SQ and RQ samples clearly points to local 

development of D2 folds although they are not exposed mesoscopically. 

Moreover, SQ and RQ lie on the limb of a megascopic regional D3 fold. The 

absence of NW-SE trending magnetic foliations in this area indicates that the D3 

deformation was nqt strong enough to modify the magnetic fabric on the limbs of 

the fold. On the other hand the sample LQ lies on the nose of D3 fold and this is 

where the effect of D3 was strong enough to affect the magnetic fabric in the 

rock, thus resulting in the development of NW-SE trending magnetic foliations.

Jelinek plots (Pj vs. T), Fig. 5.2 a, b, c show that most of the samples 

studied fall in the oblate field (flattening field) and a few cores from the quartzites 

fall in the prolate field (constrictional field). For tectonic interpretations, the 

susceptibility ellipsoid is considered to correspond to the strain ellipsoid (Hrouda 

and Janak, 1976; Rathore, 1979; Borradaile and Tarling, 1981, 1984; Hrouda, 

1982; Borradaile and Mothersill, 1984; Borradaile, 1987; 1991; Borradaile and 

Alford, 1987; Borradaile and Henry, 1997). Therefore, AMS data can also be 

represented by the Flinn diagram which is usually used to analyze the type of 

strain in structural geology. For AMS data, the Flinn type diagram is prepared by 

plotting the foliation, F (K2/K3) as X axis against the lineation, L (K1/K2) as Y axis. 

The Flinn type (Fig. 5.3) plot was prepared for the different samples and a good 

correlation was found between the Flinn and the Jelinek plots (Fig.5.2). The 

Flinn type plot for the Bhadaria quartzite (Fig. 5.4) is most interesting and 

requires discussion. It is seen from this figure that the cores from the Bhadaria 

quartzite fall very close to the k=1 line which separates the prolate and the
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Fig.5.2. Jeiinek Plots for Schists (a), Quartzites (b) and Calc Silicates (c) occurring in the study area 
around Lunavada and Santrampur.
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Fig.5.3. Flinn type plots prepared from AMS data for (a) schists, (b) quartzites and (c) calc-silicates 
occurring around Lunavada and Santrampur.
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Fig.5.4. Flinn diagram for the quartzites from Bhadaria (BQ),
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N

Fig.5.5. Sketch showing the orientation of S2 foliations at an oblique angle 
to the D3 shortening which could enable sinistral shearing parallel 
to S2.
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oblate fields. This could be either an indication of plane strain or of simple shear 

or a component of simple shear in the regional strain of this area.

5.5. DISCUSSION

The above study has shown that the AMS study has been an important 

complement to the routine tectonic study techniques. It has been shown that a 

good correlation exists between the AMS data and the field structural data in the 

Lunavada region. The AMS data generally corresponds to the bedding plane or 

the foliation planes. Magnetic studies on tectonized rocks in some other parts 

have yielded magnetic fabric which sometimes does not show any parallelism 

with the mesoscopic fabric, but then these could be interpreted to indicate later 

superimposed fabrics on the mesoscopically recognizable structures (Stacey et 

al., 1960; Goldstein, 1980). In the present study area also there are a few 

localities where there is lack of correspondence between the field and magnetic 

data which is interpreted to be due to the effect of F2 folding in RQ and SQ 

samples; in the LQ sample it is interpreted to be on account of F3 folding. It is 

important to mention that in the above samples, the AMS fabric reveals 

orientations of structures which are not recordable in the field on the mesoscopic 

scale. This not only authenticates the conclusions but also establishes the 

relevance of the use of AMS studies in structural geology.

Besides the above, a correlation between the microscopic fabric and the 

AMS data of the schists warrants discussion. A microstructural study of the 

Anjavana schist (AS), Charada schist (CS) and Lunavada Schist (LS) samples
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has shovwi that there is a increase in the intensity of deformation in that order. 

The AS sample shows presence of a axial plane cleavage but is devoid of any 

crenuiation cleavage. The foliation is defined by parallel alignment of micas. Thin 

sections of the CS sample show the presence of a stronger foliation compared to 

the AS sample while the LS schists have a strongly developed crenuiation 

cleavage which has got homogenized to stage 6 of crenuiation cleavage 

development of Bell and Rubenach (1983) and Mamtani and Karanth (1996 a ; 

pi. see chapter 5 for details on origin of crenuiation cleavage). Thus, the fabric 

preserved within the three schists from AS through CS to LS indicates an 

increasing fabric gradient in that order. The Jelinek plot of these three schist 

samples (Fig. 5.2a) show a gradual progression towards the plane strain (i.e. 

progression towards T = 0) from sample AS to LS which is in good 

correspondence with the intensity of deformation observed microstructurally. 

This ideally establishes the authenticity of the applicability of AMS studies in 

strain analysis.

The plots for cores from Bhadaria quartzites which fall close to the k=1 

line in Fig. 5.4 are an indication of a simple shear component in the 

deformational history of the Lunavada Group of rocks. This simple shear 

component, in likelihood is a reflection of the highly tectonized NE-SW trending 

shear zone to the N of Lunavada shown on the tectonic map of the AMB (Fig. 

3.1c). Moreover, field studies have shown that the axial planes of the F^ folds 

also trend NE-SW. The NW-SE to WNW-ESE trend of the F3 axial traces' 

indicates that the D3 deformation occurred due to NE-SW or NNE-SSW 

shortening. The NE-SW trending axial plane structures (cleavages, foliations
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and fractures) that developed during the F1-F2 foldings in the area are therefore 

at a favourable angle to the shortening direction of D3 deformation. Consequently 

sinistral shearing (Fig. 5.5) is possible parallel with these structures. This 

process is interpreted here as the main cause of the sinistral shear zone to the 

north of Lunavada and Kadana and the proximity of the cores from the Bhadaria 

sample to the k=1 line in Fig. 5.4 is a manifestation of this shearing.
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