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Abstract

Oriented cylindrical cores of rock samples were collected from the Talchir and Barakar formations of the Lower Gondwana
Supergroup of the Raniganj Basin exposed in and around Kalyaneshwari and Maithon areas. The cores (2.54 ¢cm diameter and
2.2 cm height) were studied in the low field anisotropy of magnetic susceptibility (AMS) measurement to determine the nature of
magnetic fabrics, to correlate it with the sedimentological characteristics and to determine the palacocurrent patterns. The results
derived from the statistical parameters (especially the q-factor), the shapes of the susceptibility ellipsoids and directional data of
the AMS indicate that the magnetic fabrics within the studied units are primary (depositional) and are correlatable form the
palacoenvironmental features. The orientation of the maximum (X)), intermediate (K,) and minimum (K3) susceptibility axes is
dispersed on the lower hemisphere equal area diagram rather than strong clusters which is not because of secondary (tectonic)
influence but due to the moderate to high-energy environment of deposition of the sediments in the studied units. Based on the ¢-
factor (which is 0.581 for Barakar Formation and 0.565 for Talchir Formation which are both <0.7), it is suggested the AMS
indicates that the imbrication of the K axis is the indicator of palacocurrent. Also, the magnetic foliation (average value = 1.255)
exceeds the magnetic lineation (average value = 1.107) and the shape parameter exceeds 0 in most cases pointing towards an
oblate fabric. The palaecocurrent in the present study as indicated by the K axis imbrication is very similar in both the units under
study and is due SW. However, apart from this precise palacocurrent direction, there exists a certain degree of randomness of the
susceptibility axes which are very clear indication of corresponding depositional environments.
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Introduction

Investigations of palacocurrent are the ubiquitous require-
ments for sedimentary basin analysis which are keys towards
the understanding of facies, primary sedimentary structural
features and provenances (Potter and Pettijohn 1977). The
low field anisotropy of magnetic susceptibility (AMS) is in-
creasingly gaining importance in the field of fabric determi-
nation of the igneous, metamorphic and sedimentary rocks
(Chatterjee et al. 2016, 2017, 2018a, b; Mondal et al. 2017,
Nagata, 1961; Ellwood 1980; Knight and Walker, 1988; Ernst
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and Baragar 1992; Canon-Tapia 2000). Ising (1942) and
Graham (1954) were the pioneering scientists who proposed
the idea of using AMS as a tool to determine the petrofabric
and palacocurrent (Jackson 1991; Schieber and Ellwood
1993; Park et al. 2000; Baas et al. 2007; Parés et al. 2007;
Veloso et al. 2007). The fact which is basically the backbone
of palacocurrent determination from the AMS parameters is
the tendency of magnetic particles (ferro-, para- or diamagnet-
ic) within the sedimentary rock to align along the geomagnetic
field which varies with grain shape and circulation (Tarling
and Hrouda 1993; Papanna et al. 2014). Such studies within
the sediments are suggested to be a reliable tool to identify the
palaeocurrent direction (Bakhtari et al. 1998; Baas et al.
2007).

Earlier, Schieber and Ellwood (1988) provided interesting
palaeocurrent results with shales of the Belt Basin and later
within Newland Formation, Montana, and explained the
advantages of palacocurrent analysis using AMS data over
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other common techniques. Later Liu et al. (2001) carried out
palaeocurrent analysis using AMS data at Yangtze delta,
China, in perspective of sedimentary environmental studies.
More recently, Papanna et al. (2014) documented the AMS
characteristics of Campanian-Maastrichtian sediments of
Ariyalur group, Cauvery Basin, Tamil Nadu, to determine
palaecocurrents. Das et al. (1999) studied the magneto-
petrologic characteristics of the Gondwana Supergroup but
the magnetic fabrics are still to be reported. In the present
study, the authors made an attempt to summarise the viability
of using AMS as a petrofabric indicator in sedimentary rocks
and to determine the palaeo-flow patterns of the lower
Gondwana rocks from the Raniganj Basin exposed in and
around Kalyaneshwari and Maithon areas, West Bengal,
India (Fig. 1).

Geological setting

The Gondwana Basin of the Damodar Valley belt lies within
the Chhotanagpur Granite Gneissic Complex. Here, the rocks
of Raniganj Basin are displaying a concordant relationship
with the Gneissic basement (Mazumdar 1988). The Raniganj
Basin is elliptical to semi-elliptical shaped, which covers an
area of 3000 km? within the Damodar and Ajoy rivers which
is bounded within latitude of 23° 03" and 23° 51" N and

longitude 86° 42" E and 87° 28" E (Ghosh 2002). The unique-
ness of the Raniganj Basin is that it is one of those successions
of peninsular India which preserves both the Lower
Gondwana (Permian) and Lower Gondwana (Tertiary)
(Ghosh et al. 1996; Ghosh 2002). The generalised succession
of the Gondwana rocks of the Raniganj Basin is provided
herein in Table 1. As the Gondwana successions are exposed
throughout India in several basins, Dutta (2002) classified the
Gondwana rocks into four facies: facies A, facies B, facies C
and facies D to avoid the different nomenclature of the same
lithounits in different basins. Based on this, the Talchir
Formation comes under the heading of facies A and the
Barakar Formation comes under facies B.

The present study was carried out in the rocks of the
Raniganj Basin exposed in and around Maithon and Jitpur
areas. The Talchir Formation mainly consist of matrix sup-
ported conglomerate (Fig. 2a) with angular faceted and striat-
ed clasts restricted to the basal part (Fig. 2b). Besides, it con-
tains tillite, boulder bed, conglomerate, sandstone, shale and
varve deposits (Ghosh and Mitra 1975; Dutta 2002). The
sandstones of Talchir Formation are characterised by abun-
dant slump structures and hummocky cross-stratification
(Fig. 2c). The sandstone beds of Talchir Formation have an
attitude of 110°/14°—200° (SW1ly). The coarse clastic pebble,
cobble and granules belonging to the Talchir Formation are
immature and arkosic in composition and consists of abundant

Fig. 1 a Locations of all 26
Gondwana basins in India
(Bhattacharya et al. 2016) and b
generalised geological map of the
studied area
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Table 1 Generalised lithostratigraphy of the Gondwana rocks in Raniganj area (Ghosh 2002)
Geological Age Formation Maximum thickness
(m)
Tertiary Bengal basin clay, sand and 300+
limestone
Unconformity
Jurassic — Cretaceous Rajmahal traps/intratrappeans 85+
Unconformity
Late Supra-Panchet 200-300
Triassic 00 e Angular unconformity----------------
Early Panchet =600
Mostly gradational contact, unconformity (local)/overlap at places--------
Late (~Ranigan] 1000
Damuda
Iron Stone Shale 900
Permian
Group
Middle Barakar 600
-
Early Talchir 300
-------------------- Unconformity (erosional)
Precambrian Metamorphic rocks/granite gneiss,

schists with pegmatites and intrusives
of metadolerite, dolerite and lamprophyre.

of feldspars, rock fragments with an assemblage of accessory
minerals (Dutta 1997; Suttner and Dutta 1986; Ghosh and
Mitra 1975). The source rock for the Talchir Formation is
granitic (Dutta 2002). The cold glacial climate during the de-
position of the Talchir sediments (as depicted by the presence
of drop stones within laminated shales, Fig. 2d) is depicted by
the abundance of the unstable detrital minerals within sand-
stones and shales. The formations exhibit a thickness of 100—
200 m, the maximum thickness being observed at the
Damodar basin which is about 300 m. The Talchir
Formation is underlain by the Precambrian Granite Geissic
basement rocks with an unconformable contact. The Barakar
Formation basically marks the lowest unit of the Damuda

Group and rests unconformably over the Talchir Formation
which has a varying thickness of about 700-1100 m. The
contact with the underlying Talchir Formation is sharp
(Dutta 2002; Ghosh 2002). The Barakar Formation consists
of pebbly sandstone, sandstone, black and grey shales which
are sometimes carbonaceous (Dutta 2002). The sandstones
and shales are present as alternations (Fig. 2¢). The Barakar
Formation consists of large-scale flame structures (Fig. 2f).
The sandstones have an average attitude of 180°/15°—265°
(Wly) or 84° (Ely). The shales have an attitude of 190°/
10°-260° (Wly). Compositionally, the sandstones are sub-
arkosic which occasionally grades to quartz-arenite.
Mineralogically matured sandstones and the abundance of
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Fig. 2 a Matrix supported
conglomerate of the basal Talchir
Formation. b Bullet-shaped clast
(pebble) in matrix supported con-
glomerate. ¢ Hummocky cross-
stratification present in the sand-
stone of Talchir Formation. d
Drop stone present within green-
ish shale of Talchir Formation. e
Sandstone-shale alternations in
Barakar Formation. f Flame
structures present within the al-
ternating sandstone and shale
units of Barakar Formation. The
arrow in each figure indicates
younging direction

clay minerals reveal the change of glacial environment to a
temperate humid climate.

Besides, the Raniganj Basin of the Gondwana successions
are extremely faulted according to Ghosh (2002); the faults
can be classified as boundary fault zone, faults at the basin
margins and intra-basinal faults. The southern boundary of the
Raniganj Basin is defined by an east-west striking fault zone
whose geometric and kinematic signatures imply that the
boundary represents extensional tectonics (Gibbs 1984;
Ghosh 2002). The unconformable contact existing between
the Precambrian basement and sediment cover is affected by
some transfer faults (Ghosh 2002; Gibbs 1984). Besides, there
are several intra-basinal faults which affect all the six
Gondwana formations.

The palacocurrent pattern as described by Suttner and
Dutta (1986) and Dutta (2002) is almost similar and varies
from southwards to westwards with the maximum flow to-
wards SW which is analogous in both the Talchir and
Barakar formations. Bhattacharya et al. (2004), Bhattacharya
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and Bhattacharya (2015) carried out palacocurrent analysis in
the Talchir Formation using a variety of primary structures
among which the channel axes and the trough axis yielded
exclusive SW palaeocurrents. Other features like ripple crest
lines, gutter axes, prod marks, groove marks and bounce
marks yielded a dominant NE-SW trend with subordinate
NW-SE trends. The present study marks the first attempt to
bring out the environmental implications and palacocurrent
patterns in an Indian Gondwana basin from AMS study.

AMS as a petrofabric indicator in sedimentary
rocks: a theoretical overview

Primary magnetic fabrics of a rock are those that are devel-
oped within the igneous and sedimentary rocks during the
time of their formation (Tarling and Hrouda 1993). In case
of sedimentary rocks, during the time of their formation, the
primary fabrics are developed during the deposition of the



Arab J Geosci (2018) 11: 288

Page 50f 13 288

sediments after weathering and erosion (Tarling and Hrouda
1993; Rees 1961; Papanna et al. 2014). With increasing de-
grees of diagenesis of the sediments, they may gradually loose
the primary (depositional) fabric and develop a secondary one.
Generally, the geological processes that contribute towards the
development of the secondary magnetic fabrics are bioturba-
tion, shallow physical and chemical processes, compaction
and most importantly tectonic disturbances (Chatterjee et al.
2018a, b; Tarling and Hrouda 1993; Papanna et al. 2014). The
medial spine of the development of the primary magnetic
fabric within sedimentary rocks is the gravity dependent set-
tling of the detrital grains. This causes the long and interme-
diate axes of the grains parallel to the depositional surface or
the bedding planes (Papanna et al. 2014; Tarling and Hrouda
1993). This can only lead to the development of a flattened (or
oblate) shaped fabric which is confirmed to the bedding plane
(Tarling and Hrouda 1993). However, this is the case when
there is complete absence of current within the depositional
environment because presence of a weak to moderate (< 1 cm/
s) current will tend to align the long axis of the grains along
the flow direction (Tarling and Hrouda 1993; Piper et al. 1996;
Liu et al. 2001; Parés et al. 2007; Papanna et al. 2014). In this
case, the long axis of the grains will remain imbricated at
angles <20° so that the bedding confined oblate fabric re-
mains retained (King 1955; Tarling and Hrouda 1993).
However, with the increasing current strength (> 1 cm/s) the
angle of imbrication is increased and the oblate fabric tilts 5—
20° from the boundary plane and in such a situation the prolate
grains will remain stable with their long axis perpendicular to
the flow direction (Granar 1958; Tarling and Hrouda 1993;
Hamilton and Rees 1970). Another factor which can contribute
towards the development of primary magnetic fabric in sedi-
mentary rock is the nature of depositional surface: inclined or
horizontal. The nature of the depositional surface is negligible
in current free environments but important in the moderate and
strong current environments (Tarling and Hrouda 1993). Thus,
in a nutshell, it can be summarised that the orientation of the
maximum and the minimum susceptibility axes are aligned
towards the palacocurrent and the stereographic projection of
the same are the palacocurrent directions (Hrouda 1982; Lowrie
and Hirt 1987; Taira 1989; Rochette et al. 1992; Sangode 2001;
Rathi et al. 2007; Papanna et al. 2014).

Sampling and measurements

A total 83 Nos. of oriented cores were obtained from the in-
situ exposures of Talchir and Barakar formations using porta-
ble drill machines in the fields out of a total number of 14 sites
from different exposures of the formations. Six sites were
selected in the Barakar Formation which yielded a total of
35 cores (68 cores per site). Similarly, the rest of 8 sites were
in the Talchir Formation with a total of 48 cores (67 cores per

site). The cores were drilled out by vertical drilling from top
horizontal surfaces of the in situ exposures so that the drilled
core is at perfect right angle with the horizontal exposure
surface. All the cores were thus collected from the field were
cut to prepare standard core samples with 2.2 cm length and
2.54 cm diameter. The selected oriented cores were measured
using the Bartington Susceptibility Meter (MS-2) housed in
the Geophysics Laboratory, Department of Geological
Sciences, Jadavpur University, Kolkata, India. This works
synchronously with the AMS-Bar Software which calculates
the parameters related to AMS from the raw data measured by
the susceptibility meter. The samples were subjected to AMS
measurements in 18 different orientations following
standardised processed described by Jelinek (1978).

Methodology: routine methods versus AMS

Although studies of palacocurrent are quite hurdle less in the
sandstone and carbonates because of the presence of primary
sedimentary structures, routine methods are tedious and time
consuming which involve determination of fossil orientation,
shape orientation of silt-sized particles, detection of sediment
dispersal patterns or measurement of the orientation of the
concretions (Schieber and Ellwood 1988). However, these
needs to be done manually and thus involves manpower
which in turn invites error factors. The shales on the other
hand pose difficulties to the sedimentary geologists because
these are virgin in terms of flow-indicating primary structures.
These are the reasons why the palacocurrent data from the
shales throughout the globe (Potter et al. 1980) are limited.
The instrument used for AMS measurements provided the
bulk magnetic susceptibility (K) of the cores which is obtained
when the samples are subjected to an induced magnetisation
() by an applied magnetic field (H) according to the formula
K=J/H. Apart from the bulk susceptibility, the values of sus-
ceptibilities in correspondence with the three principal suscep-
tibility axes are yielded (generally termed as eigenvalues). The
average of these three eigenvalues is calculated as the mass
susceptibilities (K},,). The magnetic foliation (£) are developed
when the shortest (K3) axis of the platy minerals remain per-
pendicular to the plane and thus the foliation defined by the
plane passing through the maximum (X;) and intermediate
(K>) axes. The magnetic lineation (L) are defined by the im-
brication of the maximum susceptibility axes (K;) on lower
hemisphere equal area diagram, which will depict the orienta-
tion of the magnetic lineation. The plane passing through the
maximum (K;) and intermediate (K5) is termed as magnetic
foliation. The shape parameter (7) is the criteria for the ellip-
soid shape determination. The direction of these three axes is
plotted over the lower hemisphere equal area diagram to de-
termine their patterns. The value of 7T lies within — 1 and + 1;
the shape of the ellipsoid being oblate (disc shaped) when 7'>

@ Springer



288 Page 6 of 13

Arab J Geosci (2018) 11: 288

0 and prolate (cigar shaped) when 7'<0. Granar (1958) and
Graham (1966) described two parameters g and V; a combi-
nation of the results of the two can provide the nature of fabric:
oblate or prolate (Tarling and Hrouda 1993). Although, results
based on 7T value are more reliable. However, the g-factor
serves as a very simple tool in determining the nature of mag-
netic fabric: primary (depositional) or tectonic (Hamilton and
Rees 1970; Sinha et al. 2009). The workers suggested that the
fabric is depositional when the value of g-factor lies within
0.06 and 0.7 and is tectonic when it is 0.7. The ellipsoid shapes
are herein determined by using the P; versus T plot (Jelinek
1981; Hrouda 1982). AMS analysis proves to be a robust tool
in overcoming the hurdles associated with determining
palaeocurrent using classical methods because of the follow-
ing: (a) the directional properties of AMS are independent of
the mineralogical concentration. Very small amount of para-
magnetic or diamagnetic mineral with very low susceptibility
can provide accurate orientations of magnetic fabric elements
(Hrouda 1982); (b) AMS is a very sensitive tool and records
even a slight change in the orientation of the flow and thus
much accurate than field data (Basavaiah et al. 2010); (¢) the
studied sections (Barakar and Talchir Formations) are
enriched in shales (Dutta 2002; Raja Rao 1987) lacking pri-
mary structures; and, lastly, (d) as the method involves less
tedious tasks, more number of samples can be analysed mak-
ing the data statistically strong.

The abovementioned parameters used for AMS analysis in
the present case are as follows (Nagata 1961; Stacey et al. 1960;
Blasley and Buddington 1960; Jelinek 1981; Granar 1958):

Mean susceptibility Ky, = (K| + K2 + K3)/3 (1)
Foliation F = K, /K3 (2)
Lineation L = K /K, (3)
Shape factor 7' = (2m,=n,-n3)/(m=1;3) (4)
g—factor ¢ = (K,—K3>)/(0.5 (K| + K3)-K3) (5)

Corrected anisotropy degree (Pj) = exp{2[(n; — nw)’ + (15
— n)® + (13— n)° 13 (Jelinek 1981)

K, maximum; K, intermediate; K3, minimum susceptibil-
ity

1/3
m = InK 37, = InKo;m3 = InK33my = (17, -1 - 1)/

Now, for the determination of the palacocurrent, first,
we need to characterise the fabric, i.e. depositional or
tectonic from the g-factor value. If, the fabric is found
to be primary (g-factor <0.7), the imbrication of the max-
imum susceptibility axis (K;) is as indicator as during
flow, the magnetic minerals which impinge the anisotropy
gets aligned in the direction of the current, thereby defin-
ing an imbrication of K, parallel to the palaeocurrent
(Tarling and Hrouda, 1993).

@ Springer

Petrography

For petrographic studies, a total of 28 thin sections were pre-
pared, two from each sampling site both from the Talchir and
Barakar formations. Of the two sections prepared from the
samples, one was parallel to the strike and the other to the
dip of the rocks in the corresponding location. The polished
thin sections were studied using Leica DM 2700 microscopes
at the Image Analyser Laboratory, Department of Geological
Sciences, Jadavpur University.

Petrography of the rocks of the Talchir Formation depicts
the presence feldspar rich (arkosic) sandstones consisting of
quartz with accessory biotite, plagioclase and muscovite as the
framework minerals bounded by ferruginous matrix (Fig. 3a).
The quartz grains are found to be polycrystalline in nature.
The grains are medium to fine grained, moderate to orientation
within the framework grains (Fig. 3b). In most cases, the rocks
are framework supported with very minor matrix content;
however, locally some are matrix supported also. The matrix
material is basically the finer variety of the framework com-
ponents (Fig. 3c¢).

The Barakar rocks consist of quartz, feldspars, biotite and
opaque minerals as the terrigenous components (Fig. 3d). The
feldspars are ubiquitously kaolinised and possess altered grain
boundaries (Fig. 3e). The sorting observed within the grains of
Barakar sandstone is poor. The orientation of the biotite grains
is relatively random over here. The Barakar sandstones are
often associated with thinner units of shales which are abun-
dant in carbon matter (Fig. 3f).

Results
Nature of the AMS parameters

The AMS parameters associated in the present study of the
sediments were calculated which are mean magnetic suscep-
tibility (K,), corrected degree of anisotropy (Pj), magnetic
lineation (L), magnetic foliation (F) and the ellipsoid shape
factors: Tand g-factor (Ellwood and Crick, 1988; Tarling and
Hrouda 1993) based on the formulae in Egs. (1) to (5). The
overall mean susceptibilities of the studied area vary within a
large range from 2.9 x 107 CGS to 51.24 x 10"° CGS with an
average value of 16.538 x 107° CGS (Table 2). The low values
of the susceptibility for the studied rocks are the replication of
the facts that the susceptibilities are the contributions by the
paramagnetic minerals (viz. biotite). The maximum, mini-
mum and average values of magnetic lineation are 1.5112,
0.606 and 1.107 respectively. The corrected degree of anisot-
ropy (P;) varies within 1.023 to 3.304 with an average value of
1.419. The highest value of mean susceptibility (K,) is ob-
served in Talchir. And the lowest value is observed in Barakar.
The K., versus P; plots show that the degree of anisotropy
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Fig. 3 a Sandstones of Talchir
Formation cemented by
ferruginous cement (PPL, 50%). b
Imbrication of lath-shaped biotite
grains within sandstones of
Talchir Formation (PPL, 50x). ¢
Matrix dominant sandstones from
Talchir Formation. d Contact of
clast dominated and matrix-
dominated rocks observed in
Barakar rocks. e Kaolinised feld-
spar encountered in the rocks of
Barakar Formation. f Overall ap-
pearance of the shales of the
Barakar Formation
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does not bear a positive correlation with the mean susceptibil-
ity (Fig. 4) and thus it is well understood that the magnetic
fabrics will be controlled by petrofabric orientations and not
by bulk susceptibility of the rocks. Hence, the magnetic fab-
rics, in the present study, will be significant in explaining the
palaeocurrent patterns. The values of the degree of anisotropy
(P;) and magnetic lineation (L) show much lesser variation
than the mean susceptibility (K,,). The highest value of the
corrected degree of anisotropy is observed in Talchir and the
lowest value is observed in Barakar. The shape parameter (7)
>0 in most samples however, values <0 are also not less
common. The variation of the AMS parameters in both the
studied stratigraphic units is mentioned herein.

In the case of the Barakar Formation, the mean susceptibil-
ity (K,) varies within a range of 2.9 x 10°® CGS units and
17.73 x 10" CGS units. The corrected degree of anisotropy
varies from 1.058 to 1.991 with an average value of 1.30. The
shape parameter T has an average value of 0.243; however,

+cement ¥

some of the values are necessarily <0 pointing towards a
prolate ellipsoid shape (Fig. 5). Besides, the magnetic foliation
(F) ranges within 1.033 to 1.684 and the magnetic lineation
(L) within 1 and 1.512. The g-factor for the Barakar Formation
possesses an average value of 0.581 which is less than 0.7.
Only a few samples are having g-factor values >0.7.
Necessarily, it was found that the same samples which have
g-factor values greater than 0.7 have T values <0, both
pointing towards localised disturbances in the sites and hence
these sites were not considered during palacocurrent determi-
nation to obtain more accurate results. However, as the aver-
age values of 7> 0 and g-factor < 0.7, the studied rock forma-
tions are necessarily suitable for palacocurrent studies.

Now, in the Talchir Formation, the values of mean suscep-
tibility (K,,) varies within a larger range of 3.37 x 10°® CGS
and 51 x 10°° CGS with an average of 10.813 x 10°® CGS
units. The corrected degree of anisotropy degree varies within
a limit of 1.022 and 3.304 with an intermediate value of 1.514.
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Table 2  Database containing the orientations of principal susceptibility axes and values of AMS parameters from representative cores from each

sampling locations

Sample No. K, (D% K> (D% K5 (DY) Kum F L P; T g-factor
MS-2(1) 250.9/30.8 17.5/45.1 141.5/29.1 4366 1.28 1.13 1.4682 0.3351 0.461
MS-2(2) 221.3/16.4 79.5/68.5 315.1/12.6 75 1.254 1.0506 1.342 0.6417 0.2222
MS-2(4) 260/22.7 21.9/51.6 156.5/29.1 148 1.0493 1.0268 1.0786 0.2899 0.4444
MS-5A(2) 9.2/42.7 216.3/44.5 112.8/14.3 14.9 1.03521 1.07483 1.11511 -0.35176 1.04762
MS-5A(5) 34.4/5.8 305.7/1.2 201.4/85.2 7.9 1.60377 1.16471 1.9215 0.51197 0.35897
MS-5B(1) 159.2/65.5 284.9/14.6 20.1/19 15.8667 1.05229 1.00621 1.06474 0.78334 0.11765
MS-5B(2) 216.5/12.3 308/6.7 66.1/75.9 15 1.03497 1.07432 1.1143 -0.35192 1.04762
MS_5B(6) 228.9/1.5 319.4/13.3 132/76.5 12.7333 1.13913 1.03817 1.19255 0.55334 0.27027
MS-6(3) 265.2/60.1 132.8/21.2 34.6/20 8.23333 1.26087 1.04598 1.34604 0.67515 0.2
MS-6(6) 78.7/7.3 169.3/4.6 291.5/81.3 7.8333 1.08571 1.17105 1.27654 -0.31509 1.04
MS-7(2) 225/20.2 315/0.1 45.3/69.8 6.3 1.17857 1.01515 1.22021 0.8323 0.09524
MS-7(3) 241.8/2.3 62.1/87.6 331.8/0 6 1.05263 1.05 1.10528 0.02501 0.66667
MS-7(6) 191.4/33 293.6/18 47.5/51.2 53333 1.12766 1.13208 1.27675 -0.016 0.73684
MS-8(1) 200.1/76.9 358.8/12.2 89.9/4.6 17.7333 1.04878 1.13953 1.11352 0.68026 12
MS-8(5) 72/44.9 176.9/15.1 280.7/41.4 12.9667 1.23423 1.0292 1.29858 0.7594 0.14286
MS-10A(3) 258.3/73.9 6.7/5.2 98.1/15.2 6.83333 1.32075 1.17143 1.55645 0.27491 0.52174
MS-10A(4) 279.9/82.6 115.7/722 25.4/2 5.96667 1.28889 131034 1.69068 -0.0315 0.81818
MS-10B(4) 234.4/53.3 73.4/35.1 336.9/9.2 33 1.14286 121875 1.3965 —0.19403 0.93333
MS-10B(5) 281.3/30.5 180/18.4 63.4/533 29 1.68421 1.125 1.9907 0.6314 0.26667
MS-10B(6) 333.5/5.8 70.1/48.4 238.4/41 3.3333 1.26923 1.24242 1.57947 0.04687 0.72727
MS-12B(1) 144.3/70.1 13/13.5 279.5/14.4 9.96667 1.11905 1.28723 1.45357 -0.38364 1.14894
MS-12B(3) 190.5/53.1 317.6124.4 60.3/25.9 15.6333 1.06944 1.11039 1.17394 0.2269 0.91892
MS-12B(5) 117.1/41.2 19.4/8.7 279.8/47.5 8.4 1.20833 1.06897 1.30424 0.47884 0.3333

The average value of the shape parameter (7) is 0.274.
Analogous to the Barakar Formation, a considerable number
of samples show 7 values <0, thereby possessing a prolate-
shaped ellipsoid (Fig. 5). The magnetic foliation (F) ranges
from 1 to 4.56 and the magnetic lineation (L) varies within

Fig. 4 K, versus P; plot for the
studied sections
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1.310 to 1.917 which is considerably larger a range than in the
Barakar Formation. Here, the g-factor possesses an average

value of 0.565.

The values of the calculated AMS parameters from repre-

sentative samples are tabulated here in Table 2.

Mean Susceptibility (K,,)
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Fig. 5 P; versus T plots for the rocks of a Talchir Formation and b Barakar Formation

Directional characteristics of susceptibility axes

The distribution of the maximum, intermediate and mini-
mum susceptibility axes on the lower hemisphere equal
area diagram for the Talchir and Barakar formations are
shown in Fig. 6. The stereographic plots of the axes for
both the Barakar and Talchir formations are somewhat
dispersed rather than clusters. In the Talchir Formations,
the maximum (K;) susceptibility axes are found to display
a girdle in the south-western quadrant. The trend of the K,
axes in the Talchir Formation seems to be dominantly NE-
SW from the circular diagram. The intermediate suscepti-
bility axes (K;) on the other hand tends to girdle with
NW-SE trends. However, the plots of the maximum and
intermediate susceptibility axes are principally towards
the periphery. This basically points towards a near hori-
zontal attitudes of the foliation plane (plane passing
through the maximum and intermediate susceptibility
axes).

Fig. 6 Plots of the principal
susceptibility axes for a Talchir
Formation b Barakar Formation

Similar to Talchir Formation, susceptibility axes in the
Barakar Formation also exhibits girdle rather than clusters.
However, the maximum susceptibility axes (K;) displays a
weak cluster in the south-western quadrant. Otherwise, they
are dispersed in all orientations with varying amounts of in-
clinations. The intermediate axes (K,) has relatively larger
inclinations than those of the Talchir Formation, and still,
the magnetic foliation planes in the Barakar Formation is hav-
ing low dips.

The attitudes (declination and inclination) of the principal
susceptibility axes of the representative samples are men-
tioned in Table 2.

The near horizontal nature of the magnetic fabrics in both
the studied rock successions is obvious from the values of T
and g-factor which suggested oblate (flattened) magnetic fab-
ric. Thus, the values of AMS parameters and the orientations of
the magnetic fabric elements strongly argue towards the nature
of magnetic fabric being primary (depositional) and thus can
be served as a proxy for determination of the magnetic fabric.
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Discussions: environmental implications
and palaeocurrent patterns

Environmental implications from magnetic fabrics

The nature of the magnetic fabrics in the studied units of the
Lower Gondwana in the Raniganj Basin seems to be primary
with some local disturbances. Because of the similarity of the
values of AMS parameters in the Talchir and Barakar forma-
tions, the general nature of the magnetic fabrics in both the
formation are discussed under the same heading.

The distribution patterns of the principal susceptibility axes
in the equal area diagrams are evidences for the same (Fig. 6).
Although it is observed that the principal susceptibility axes
are slightly dispersed rather than clusters, the average trend of
the magnetic foliation planes can be identified from the lower
hemisphere equal area diagrams. The plots of the maximum
and intermediate susceptibility axes are found over here to be
near the periphery which signifies low dips of the magnetic
foliation plane and thus the nature of the magnetic fabric is
pointed towards an oblate one in both the units. The plots on
Pjversus T diagram are dominantly over the oblate field which
corroborates the contention (Fig. 5). However, there are a
considerable number of plots in the prolate field too, which
of course needs explanation. The ideal condition for the de-
velopment of an oblate fabric is a calm and quite (still water)
sedimentary environment where there is an absence of cur-
rents which can disrupt the perfect oblateness of the magnetic
fabric (Tarling and Hrouda 1993). However, the sedimentary
environments that prevailed during the deposition of these two
units were not calm enough to develop a strict oblate fabric.
The Talchir Formation was deposited in a glacio-fluvial envi-
ronment (Dutta 2002; Suttner and Dutta 1986) and, also, with
some stormy events and open marine storm surges evident
from various primary sedimentary features, especially, sole
marks (Bhattacharya et al. 2004; Bhattacharya and
Bhattacharya 2015). Thus, the magnetic grains (ferro-, para-
or diamagnetic) over here in this unit, which contributes to-
wards the susceptibility and its anisotropy, were not deposited
in the basin only due to gravitational settling. There were
effects of other sedimentary environmental factors.
Consequently, although a predominant oblate fabric prevailed
parallel or sub-parallel to the bedding there has developed a
superimposing lineation impinging a degree of prolateness in
the fabric. Such natures of magnetic fabrics are generally sup-
ported by the presence of slump structures (Tarling and
Hrouda 1993) which are abundant in the hummocky cross-
stratifications of the Talchir Formation. In the case of the
Barakar Formation, the explanation of the magnetic fabrics
needs some other environmental explanation. The Barakar
sediments were deposited in a fluvial environment (braided
to meandering) with ample evidences of channel shifting
and accretion of point bar (Dutta 2002; Ghosh 2002; Suttner
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and Dutta 1986; Casshyap and Tewari 1987; Bhattacharya et
al. 2016). The randomness noticed in the orientations of the
principal susceptibility axes in the Barakar Formation can
thus be attributed towards the presence of a number of chan-
nel migrating events. However, similar degrees of
prolateness were observed in the fabrics of Barakar
Formation similar to Talchir, which has similar explanations
too, i.e. the environment of deposition in Barakar Formation
was also not a still water one which prevents the develop-
ment of an ideal oblate fabric and impinges a deviation
towards prolate fabric therein.

Palaeocurrent patterns

The first and foremost criterion which is required for
palacocurrent analysis using AMS data is that the rock unit
must preserve its original primary (depositional) fabric. The
values of g-factor in the studied sections served for the same.
The g-factor here assumes an average value of 0.581 in the
Talchir Formation and 0.565 in the Barakar Formation. Both
these values are less than 0.7 which is the threshold value for
the magnetic fabrics being tectonic rather than primary (depo-
sitional). Thus, in spite of the dispersion (rather than clusters)
depicted by the principal susceptibility axes, their orientations
are controlled by primary depositional factors and the imbri-
cation of K; (maximum) axes can be treated as the
palaeocurrent directions for both Talchir and Barakar forma-
tions. The palaeocurrent pattern in the available literature and
are quoted herein in the text. Figure 7 shows the rose diagram
for the imbrication described by the K; axes as an indication of
the palacocurrent direction. From the figures, it is observed
that the palaeocurrent patterns both in the Barakar and Talchir
formations are due SW dominantly. The figures also very
clearly show that the palacocurrent direction towards SW is
stronger in the case of the Talchir Formation which depicts
that the imbrication of the K; axes is much stronger here than
in the Barakar Formation. The higher values of the degrees of
anisotropy (£;) in Talchir supports for the same. Thus, the
current strength was more in the Talchir Formation (glacial
with marine surges) is more than that in Barakar Formation
(braided to meandering channels). The palacocurrent patterns
thus obtained from the AMS data thus bears a strong analogy
with those earlier obtained from the same rock units using
sedimentological methods (Suttner and Dutta 1986; Dutta
2002; Ghosh 2002; Bhattacharya et al. 2004; Bhattacharya
and Bhattacharya 2015). However, apart from the strong
south-westerly palacocurrent directions, there is a very prom-
inent orientation of the K; axes all throughout 360° of the
diagram, although very few in number. This is basically due
to the strongly oblate-shaped grains which remained unaffect-
ed by the currents and settled in the sedimentary basin exclu-
sively by gravitational settling. The same inference can be
drawn from the orientations of the biotite laths with are
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Fig. 7 Rose diagram representing 0
the palaeocurrents (imbrication of
K, axes) in the a Barakar
Formation and b Talchir
Formation

a

strongly imbricated in the Talchir Formation and are relatively
random in the Barakar samples.

Conclusions

Conclusions that can be highlighted from the present study
can be classified into two categories: (a) robustness of AMS
as a supporting tool in understanding the depositional sedi-
mentary environments and palaeocurrent patterns in basin
analysis studies and (b) patterns of palacocurrent and their
correlation with the depositional environment in the Lower
Gondwana of the Raniganj Basin.

First, it is well established from the present case study that
AMS is a powerful tool in palaecocurrent and sedimentary
environment analysis as it has the capability of recording
any minimum changes in directional attributes viz. current
direction. The nature of variation of the orientations of the
principle susceptibility axes also has strong implication to-
wards changes in the depositional environment. However,
similar AMS data variations and changes can also be shown
by rocks of multiply deformed terrain where the magnetic
fabric elements have no primary (depositional and
palacocurrent related) significances (Chatterjee et al. 2018b).
Thus, it is strongly recommended to define the genesis of the
magnetic fabric (depositional or tectonic) before using them as
proxies for sedimentological characteristics by calculating the
values of g-factor.

Secondly, the usefulness of AMS study in sedimentary en-
vironment and palacocurrent analysis proved its usefulness in
the present study. The magnetic fabrics observed in the Talchir
and Barakar formations of the Lower Gondwana succession is
primary and are developed during the deposition of the sedi-
ments in the concerned environment. Both the nature of the
magnetic fabrics within the studied section and the

b

palaeocurrent patterns have strong accordance with the sedi-
mentary environment discussed in available literature. The
results from the various AMS parameters and the distribution
of the principal susceptibility axes over the lower hemisphere
equal area diagram support for the same. The palacocurrent
directions in both the Talchir and Barakar formations are
found to be strongly towards SW. However, the imbrication
of K is stronger in the Talchir Formation because of the ab-
sence of the braided to meandering channels which are present
in the Barakar Formation.
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