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Anisotropy of magnetic susceptibility (AMS) of defor-
med and undeformed unconsolidated clay samples of 
Deccan Trap terrain from the ~2000-year-old palaeo-
earthquake site of Ther village, Maharashtra, India, 
was studied. Such deposits are rare in this region and 
give an exceptional opportunity to test the efficacy of 
AMS and other magneto petrofabric studies, which 
can have a bearing on magnetic granularity ellipsoids, 
inclination and declination directions impacting palaeo-
magnetic studies. The undeformed clay samples  
exhibit typical sedimentary fabric with an oblate AMS 
ellipsoid, whereas the deformed samples are tightly 
grouped in the inferred compression direction, proba-
bly effected by an earthquake, exhibiting prolate as 
well as oblate AMS ellipsoids. The temperature-
dependent magnetic susceptibility revealed the occur-
rence of titanomagnetite and magnetite in both the  
deformed and undeformed samples signifying similar 
sediment material. The site mean ChRM direction for 
undeformed clay samples is D = 3 and I = 44.7 (k = 92.7, 
95 = 4.5), whereas for deformed samples D = 336 and 
I = 39 (k = 39, 95 = 8). The present study reveals that 
sediments can be severely deformed without deflecting 
minimum susceptibility directions. AMS methodology 
can be effective in the DT region and can throw up 
new results to build the chronology of past earth-
quakes.  
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EARTHQUAKE-related hazards, e.g. major large-scale 
faulting and fracturing, shaking, tsunami, earth slides, 
mud flows, soft-sediment deformation structures, sedi-
ment liquefaction, etc. have posed great threat to humanity 
and its ambient environment. Soft-sediment deformation 
structures related to earthquakes (i.e. seismites) are  
important diagnostic features in palaeoseismology1–7. Re-
cently, various workers have reported seismically induced 
soft-sediment deformation structures in the seismically 
active regions of India8–14. However, very little published 
documentation exists on soft-sedimentary deformations 
generated by seismic shocks that affect soils in the  

Deccan Trap (DT) region. The characterization at such 
shallow levels is important in determining regional seis-
micity and syn-sedimentary tectonic activity in deposi-
tional settings that are commonly characterized by 
tectonic quiescence.  
 The Killari earthquake of 30 September 1993 attracted 
attention to the damaging effects of an earthquake, even 
in stable cratonic setting such as the DT terrain. This area 
was considered aseismic for a long time; following the 
September 1993 earthquake, scientists are trying to find 
the periodicity and repeatability of seismic events in this 
region. Sukhija et al.15 identified a large palaeosiesmic 
event about 2000-yrs-old along Tirna River at Ther. Ba-
bar et al.16 have placed palaeoseismic activity along the 
Tirna valley from AD 971 to 1183 and around AD 1151 to 
353. Rajendran17 reported evidence for at least one an-
cient earthquake around AD 450 at Ther. Such studies 
have been carried out in shield regions of Australia and 
North America18,19, which suggested recurrence interval 
of 10,000–100,000 years or more for the stable interior of 
continents.  
 Similar studies are, however, difficult in the Deccan 
Trap terrain because unconsolidated sedimentary succes-
sions are too few and scattered in this region.  
 In the present communication, we report preliminary 
magnetic observations on the seismically induced defor-
mations of argillaceous sediments from Ther village, 
which was produced by the Latur earthquake about 2000 
years ago.  
 The deformational have features developed in the sedi-
mentary sections at Ther village (Figure 1 a). This  
palaeoearthquake was identified by deformation features 
in a ~9 m thick unconsolidated sequence of clay bed 
(Figure 1 b). The deformation structures exposed in the 
studied sedimentary section include flexures, warps and 
vertical offsets. The main deformational feature is the 
vertical offset of some marker horizons in the section that 
indicates a displacement of sedimentary beds by ~15–
25 cm (Figure 1 b and c) and regional compressive 
stresses acting in the northeast–southwest direction17. On 
top of this sequence lies a thick artificial dump (disaggre-
gated basalt), which is totally undisturbed.  
 The west to east-flowing Tirna River drains through a 
part of the Ther village, and several alluvial mounds cov-
ering a few square kilometres in this area occur along 
both sides of the river (Figure 1 a). The village is spread 
over these irregular and highly dissected mounds. Alter-
nating unconsolidated layers of coarse sand with cobble 
deposited by surges in Tirna River and silty clay in these 
dissected alluvial mounds are observed20.  
 Two sites were sampled within and above the de-
formed clay at each site. Twelve samples from each site 
were collected by horizontally pushing 8 cm3 perspex 
bottles into the sediment. The geologic context of the 
sampling sites is shown in Figure 1 b. Site 1 is located in 
the undeformed thin clay layer and site 2 is located within 
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Figure 1. a, Location map of the study area in the Tirna River valley, Latur, Deccan Plateau, Central India (modified  
after Sukhija et al.15). b, Geological section along Tirna River at Ther village. The 9-m thick alluvial cross-section depicts 
various strata, including two burnt beds and a normal fault with a strata displacement of 15–25 cm. The fault is terminated 
by a thin undisturbed clay layer. The solid circles with numbers are the sampling locations for 14C dating. The calibrated 
dates of the organic samples are mentioned besides the sampling position. The top 4 m thick overburden is indicative of 
post-seismic anthropogenic build-up. Site 1 samples from the top of the section are collected from the undeformed clay 
layer, and site 2 samples from the bottom are collected from the seismically deformed clay layer for anisotropy of mag-
netic susceptibility (AMS) study. c, A clear view of vertical offset with a displacement of about 15–25 cm.  

 
 
the deformed clay bed. The N–S orientation mark was 
drawn on the sample bottle. The bottles were sealed 
tightly so that in situ arrangement of the sediment parti-
cles was not disturbed.  
 All magnetic measurements were carried at the Indian 
Institute of Geomagnetism, Navi Mumbai, India. The  
anisotropy of magnetic susceptibility (AMS) was meas-
ured on a Kappabridge KLY-4S using the 15 measure-
ment scheme of Jelinek21. The azimuths and magnitudes 
of principal susceptibility axes (K1, K2 and K3) were  
calculated using SUFAR software supplied by AGICO, 

together with other magnetic anisotropy parameters such 
as anisotropy ratios, expressed as degree of anisotropy 
(P), shape (T) and mean susceptibility (Km). Natural  
remanent magnetization (NRM) measurements of sam-
ples were made using JR-6 dual spinner magnetometer. 
Both alternate field (AF) and thermal demagnetization 
techniques were applied using ASC scientific tech AF 
demagnetizer and MMTD thermal demagnetizer on 24 
samples from the two sites. These samples were subjected 
to stepwise AF demagnetization (2.5–100 mT) and thermal 
demagnetization (80–700C) to remove low coercivity or 
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low unblocking temperature component. In all these sam-
ples, the principal components which were directed to-
wards the origin were considered as the characteristic 
remanent magnetization (ChRM). ChRM was isolated by 
means of principal component analysis22, from at least 
four consecutive cleaning states at fields higher than 
30 mT or temperatures higher than 350C. Rock magnetic 
measurements of isothermal remanent magnetization 
(IRM) acquisition and backfield curves for site 1 and site 
2 were performed on representative samples in steps from 
10 to 1000 mT and back field application to the saturation 
IRM (SIRM). Remanent coercive force (Hcr) characteris-
tic was obtained using a MMPM9 pulse magnetizer and a 
Molspin spinner magnetometer. Temperature dependence 
(40–700C) of magnetic susceptibility (–T curves) was 
measured using KLY-4 Kappabridge.  
 The low-field AMS, a second-rank symmetric tensor, 
can be expressed in terms of three principal susceptibility 
axes-maximum (K1), intermediate (K2) and minimum 
(K3)23. In undeformed sedimentary rocks, AMS is  
observed with well-grouped vertical K3 direction and dis-
persed K1 and K2 directions within a horizontal plane 
characterized by an oblate AMS ellipsoid24,25. In moder-
ate currents, grain imbrications in slightly off-vertical K3 
directions and K1 directions (in lower-hemisphere projec-
tion) are antiparallel in the flow direction. In high-energy  
 

 
 
Figure 2. AMS data for two sites. a, b, Lower-hemisphere, equal area 
projections of AMS principal axes (squares: K1, triangles: K2 and  
circles: K3). c, d, Degree of anisotropy (P) versus mean susceptibility 
(Km). e, f, P versus shape parameter (T).  

currents with particles entrained, K1 directions are per-
pendicular to the flow direction, and K3 directions are 
commonly streaked, resulting in prolate or triaxial AMS 
ellipsoids.  
 The results of AMS fabric of the two sites are pre-
sented in stereographic projections in Figure 2. For unde-
formed bed (site 1), the K3 axes are grouped near the 
vertical axis (normal to the bedding plane), while the K1 
and K2 axes have rather scattered orientations in the bed-
ding plane. This shows that the fabric is typically sedi-
mentary and exhibits an oblate-shaped AMS ellipsoid 
(Figure 2 a). The variation in degree of anisotropy (P) 
versus mean susceptibility (Km), and P versus T (shape 
parameter) of the studied sediment samples are plotted in 
Figure 2 c–f. Site-1 sediments are characterized by two 
clusters. The first one is for Km between 3.5 and 5.1 
against P (=K1/K3) ranging between 1 and 1.1 (Figure 
2 c), and the second is for higher range of P, between 
~1.1 and 1.3, with Km values of the samples between 1.4 
and 3.8 (Figure 2 c). The site-1 sediments are plotted 
within the oblate field in P versus T plot (Figure 2 e).  
 
 

 
 
Figure 3. a, b, Orthogonal vector plots of alternating field demag-
netization of representative samples for the two sites. Solid and open 
circles are horizontal and vertical projections of remanent magnetiza-
tion vectors at various steps of demagnetization respectively. c, d, 
Lower-hemisphere, equal area projection of mean characteristic direc-
tions of the two sites. Solid (open) circles are projections on the lower 
(upper) hemisphere.  
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Figure 4. a, b, Acquisition of isothermal remanent magnetization and backfield demagnetiza-
tion. c, d, Thermomagnetic curves for representative samples from the two sites.  

 
Table 1. Summary of remanent magnetization directions 

 Remanent magnetic direction 
 

Site no. No. of samples  D  I  k  95  
 

1  12  3.0  44.7 92.7  4.5  
2  12  336  39 39.8  8  

D, I, Mean declination and inclination; k, Precision parameter and 95, 
Radius of circle of 95% confidence. 
 
 
 The K3 axes from deformed bed (site 2, Figure 2 b) are 
well grouped around the vertical axis of projection and K1 
and K2 directions are also tightly grouped into two ortho-
gonal directions. K1 is oriented ~45 to the direction of 
inferred compression (NE–SW), from the horizontal 
shortening revealed in the sedimentary layers. For site 2, 
the fabric appears in a triaxial shape. The deformed sedi-
ments are characterized by high Km (6.8–7.8) and high P 
(1–1.5) values (Figure 2 d). For deformed sediments, the 
P versus T plot shows a subordinate group in the prolate 
field along with oblate field (Figure 2 f ).  
 Comparison of the average inclinations and dispersions 
of K3 axes from deformed and undeformed sediments 
provides a tool to identify the deformation. Several  
authors have devised tests for sediment deformation 
based on AMS fabric26–29. Rosenbaum et al.27 found that 
for undisturbed sections, K3 was 6.5 and IK3 was 84, 
while for deformed section, K3 was 26 and IK3 was 
66.5. Schwehr and Tauxe26 calculated K3 to be 18.3 
and IK3 to be 72 for the undisturbed site; for the dis-
turbed site K3 was 5 and IK3 was 80.9. The present 
study obtained strikingly similar results to those by 
Schwehr and Tauxe26. For the undeformed site, K3 was 
6 and IK3 is 77.6, whereas for the deformed site K3 
was 5 and IK3 was 85.4 in the present study.  

 Typical examples of end-point vector diagrams for AF 
demagnetization are shown in Figure 3 a and b. The vec-
tor projections of representative samples indicate a well-
defined component of ChRM by a linear decay towards the 
origin. These components were removed by AF fields of 
2.5–25 mT (Figure 3 a and b). The direction of ChRM 
was determined from orthogonal plots in at least five suc-
cessive measurement steps between 30 and 80 mT using 
principal component analysis (Figure 3). For all the stud-
ied samples, for the undeformed site, the mean ChRM di-
rections have a mean normal polarity (Figure 3 a) with 
declination (D) = 3 and inclination (I) = 44.7 (k = 92.7, 
95 = 4.5). For the deformed site (Figure 3 b), D = 336, 
I = 39 (k = 39, 95 = 8). The average NRM directions are 
summarized in Table 1. The deformation effect on the  
remanent magnetic direction had been recognized in  
experimental results of synthetic magnetite-bearing sand-
stones30 and also from soft-sediment deformation result-
ing in scattered directions26. However, as suggested by 
Rosenbaum et al.27 and Cronin et al.31, it appears that 
even minor amounts of soft-sediment deformation can 
have a profound effect on the palaeomagnetic record. The 
present case is regarded as an example that remanent 
magnetization is locally affected by the sediment defor-
mation.  
 Measurements of IRM, backfield curves and –T 
curves for site 1 and site 2 samples are shown in Figure 
4 a–d. For site-1 samples, <95% of saturation is achieved 
at 200–300 mT, indicating a predominantly low-coercivity 
mineral contribution. This is supported by Hcr values 
ranging from 30 to 40 mT. The susceptibility drop at 
580C indicates magnetite as the remanence carrier in the 
sediments (Figure 4 c). IRM curves for site-2 samples 
show low-coercivity mineral contribution at 200–300 mT 
and Hcr values ranging from 30 to 50 mT. Thermomagnetic 
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(–T curve) experiments confirm that the two drops in 
susceptibility at 300C and 580C indicate the occurrence 
of titanomagnetite and magnetite respectively (Figure 4 c).  
 From this study it can be concluded that the unde-
formed sediments are characterized by sedimentary  
oblate AMS ellipsoids, whereas the deformed sediments 
are characterized by distinct triaxial AMS ellipsoids. The 
site mean ChRM direction for deformed sediments is 
much more scattered with a precision parameter (k) 39 as 
opposed to 92.7 for undeformed sediments. The study 
also reveals simple analysis of the orientations of the K3 
axes; which shows that disturbed intervals are actually 
more tightly grouped and more vertical than the undis-
turbed intervals. This shows that sediments can be  
severely deformed without deflecting K3, but with a scat-
tered ChRM direction. This may have a bearing on  
palaeomagnetic studies, though our results indicate that 
remanent magnetization is locally affected by sediment 
deformation.  
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