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A *3000 m long exposure of paleo-lava channel body within the Deccan volcanic province (India) has been
investigated formineralmagnetism and anisotropy ofmagnetic susceptibility (AMS) to examine the lava Cow-
related fabrics. Distinct gradient from ferrimagnetic to antiferromagnetic mineralogy along the channel indi-
cated progressive oxidative mixing. The AMS studies along and across the channel proBles decipher a com-
bination of factors responsible for the resultant fabrics. Various dominating mechanisms including gravity
settling, grain imbrications, viscous shear and competitive mineral readjustments penultimate to cooling
appears tohave imparted theBnal/resultant fabric.Theorientation of principle susceptibility axes (K1-K2-K3)
and petrographic observations deBne three major types of fabrics as: (I) mineral lineation, (II) crystal settling
and (III) crystal-matrix-re-adjustment. The resultant of type I along with imbrications is generally observed
along the axial part, while type II are developed during lava residency; and the opaque�non-opaque inter-
locking with groundmass resulted in type III fabrics. A three-stage model is produced to resolve the plausible
sequence of fabric development during various stages of the lava Cow formation.More detailedAMS studies on
the Deccan lavas are envisaged to lead semi-quantitative information on Cuid dynamical forces governed by
slope gradients and gravity, dynamic thermal changes in viscosity, shear and the eAects of paleotopography.

Keywords. Deccan traps; rock magnetism; anisotropy of magnetic susceptibility; lava channel;
petrofabrics.

1. Introduction

Deccan volcanic province (DVP) in India repre-
sents [2000 m thick lava pile, covering an area
[500,000 km2 and is one of the largest igneous

provinces of the world (Mahoney 1988; Subbarao
1988; Hooper 1990). Studies on the Deccan traps
present detailed work on petrogenesis and geo-
chemical and/or isotopic signatures, architectural
and emplacement dynamics, stratigraphy,
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paleomagnetism and magnetostratigraphy, pale-
ointensity, age and climatic�biotic impacts (e.g.,
Cox and Hawkesworth 1985; Vandamme et al.
1991; Bondre et al. 2004; Chenet et al. 2008, 2009;
Duraiswami et al. 2014; Font et al. 2018; Rad-
hakrishna et al. 2020; Dongre et al. 2021). However,
little quantitative information is available on the
microscopic fabrics that can have great implica-
tions in understanding more advanced aspects such
as Cow dynamics and viscosity shear within indi-
vidual lava Cows (e.g., Sangode et al. 2017). The
Deccan trap basalts essentially represent ferri-
magnetic fabrics within a silicate matrix of para-
magnetic minerals (e.g., olivine, pyroxene and
feldspars). The resultant fabrics although are
dominated by ferromagnesian minerals, their ori-
entation might have been greatly inCuenced by
multiple mechanisms of Cow dynamics and cooling
history. Detailed studies on petrofabrics may
address several issues such as rheology of the lava
Cow, gravity settling of minerals, dynamic viscos-
ity at variable cooling temperatures, viscosity
shear, interaction with matrix and the ductile
deformation amongst the Deccan lava Cows. The
ultimate fabrics can be resolved using petrofabric
methods like anisotropy of magnetic susceptibility
(AMS), which represent an advanced instrumental
technique supported by several case studies (e.g.,
Rochette et al. 1991, 1992; Cañ�on-Tapia 1994;
Zhang and Piper 1994; Tauxe et al. 1998; Cañ�on-
Tapia and Pinkerton 2000; Callot et al. 2001;
Herrero-Bervera et al. 2001; Geoffroy et al. 2002;
Mamtani and Greiling 2005; Zak et al. 2008;
Majumder and Mamtani 2009).
In basalts, the AMS can result from the shape

and distribution (internal arrangement) of ferri-
magnetic grains and/or the magnetocrystalline
anisotropy. These parameters are further aAected
by: (i) domain size and geometry of the grains
(Rochette et al. 1991, 1992), (ii) magnetic inter-
actions due to distribution of ferrimagnetic parti-
cles (Hargraves et al. 1991; Stephenson 1994), (iii)
strain variations experienced by the grains after
viscous Cow (Dragoni et al. 1997) and (iv) post-
emplacement stresses and alterations (Ellwood
1981; Park et al. 1988; DeWall et al. 2010). Fluid
dynamical and gravitational forces tend to control
the resultant anisotropy providing ultimate petro-
fabric in the rocks after cooling. Additionally, the
complex processes such as viscosity shear, pene-
contemporaneous or post-emplacement stresses
and deformations do have a large scope to alter the
early fabrics (e.g., Cañ�on-Tapia 1996). Hence, a

combination of processes needs to be evaluated
before the interpretation of AMS data, especially
when the fabrics are random and un-clustered at
sample level or site level as discovered in many
Cows in Deccan traps elsewhere (e.g., Sangode
et al. 2017). Therefore, studies are needed from
well-deBned morphological features such as chan-
nel or tunnel.
The application of AMS is implemented as a

rapid yet sensitive tool to determine resultant
fabrics in basaltic magma Cows (e.g., Cañ�on-Tapia
and Pinkerton 2000; Cañ�on-Tapia and Coe 2002;
Bascou et al. 2005). Once established, these studies
can provide quantitative database to understand
the Cuid-dynamical mechanism of the lava Cows.
Moreover, the parameters established from outcrop
studies can be evolved for better interpretation of
AMS data from borehole cores. AMS is based on
the Brst-order rock magnetic parameter of mag-
netic susceptibility, it is, therefore, essential to
know the state of magnetic minerals (type, con-
centration, domain size and their mixtures) to
understand the mineralogic controls of AMS. In
Deccan traps, these studies are essential to char-
acterise the lava Cow units and its lateral correla-
tions to establish high-resolution stratigraphy. In
this initial stage, it, therefore, needs several
experimental attempts to develop precise infer-
ences from AMS. Well-documented morphological
features such as lava Cow channels and tunnels are
therefore best laboratory to develop the AMS
study. A previously reported lava Cow channel
(Sen et al. 2012) near Nashik in western Maha-
rashtra hence was selected for the present attempt.

2. Study area and methods

We sampled the lava channel exposed at Vadali
Bhoi (20�1605000N, 74�0602000E), near Khedrai dam
(in the vicinity of Khedrai Mata temple) in the
north-eastern part of Nashik (or Nasik) district of
Western Maharashtra (Bgure 1).
This lava channel Brst reported by Mishra et al.

(2001) is exposed as low height mounds, east and
southeast of Vadali Bhoi (Bgures 1 and 2). A
spillway (Nala) east of the dam, exposes good cross
sections of the channel measuring the widths from
about \100 to *125 m. The channel-Blls are
exposed in contact with the substrate representing
Giant Plagioclase Basalt (GPB). The channel
shows pairs of levees (Bgure 2) and there is absence
of any roof-like crust throughout the erosional
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outcrop to suggest a tunnel morphology. The
remnants of the channel are aligned in curvilinear
manner (Bgure 2) with a dominant NE–SW trend
towards the north continuing up to the villages,
Bhatgaonwadi and Narayangao (Bgure 1).
The dominant lithology in the Khedrai channel

is GPB and is similar to the GPB occurrences in
Igatpuri, Neral, Bhimashankar and Khandala for-
mations in the Western Deccan provinces. The
plagioclase megacrysts are present both within the
substrate pahoehoe Cow and the channel, suggest-
ing it as the topmost Cow of the Lower Ratangarh
Formation equivalent to M2-GSI-1989 (Godbole
et al. 1996; Sen et al. 2012). This formation is also
equivalent to Igatpuri Formation, which is char-
acterised by high phenocryst ratio of more than 0.7
(Beane and Hooper 1986; Nair and Bhusari 2001;

Sen et al. 2012). The GPB in Beld shows randomly
oriented laths of plagioclase ranging from *30 mm
in length to *5 mm in width.
Samples were collected after mapping the proBles

across and along the channel. Oriented samples were
collected following the standard procedure for AMS
sampling (Tarling and Hrouda 1993). This gave a
better scope of sampling including the central inner
part, the proBles and levees exposure from the top
part of the channel. We obtained a total of 280 ori-
ented specimens from 53 sites covering different parts
of the lava channel outcrop.

2.1 Laboratory methods

The oriented block samples were cored in labora-
tory to obtain cylindrical specimens of 2.5 cm in

Figure 1. (a) Schematicmap of theDeccan traps province re-drawn afterHooper (1990); (b) geologicallymapped outline of theKhedrai
lava channel (mapped from Google Earth image, Beldwork and from Sen et al. 2012) depicting its curvilinear nature and extent.
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diameter and 2.2 cm in height. All the specimens
were primarily demagnetised at 100 mT alternat-
ing Beld produced using AGICO (Czech Rep.)
LDA 3A alternating Beld demagnetiser. These
specimens were further analyzed for AMS using
AGICO KLY-4S Spinner Kappabridge (sensitivity
of 2910�8 SI over applied Beld of 300A/m at
920Hz) at the Indian Institute of Geomagnetism,
New Panvel (India).
The routine mineral magnetic analysis was con-

ducted at the Paleomagnetic Laboratory of the
Department of Geology, Savitribai Phule Pune
University (SPPU) to investigate the composition,
concentration and domain size variations of the
magnetic minerals. The mass-speciBc susceptibility
(Xlf) was measured using Bartington MS2B mag-
netic susceptibility meter at low (0.465 kHz) and
high (4.65 kHz) frequencies and its mass nor-
malised values are expressed in 10�8 m3/kg. The
anhysteretic remanent magnetisation (ARM) was
imparted using AGICO alternating Beld demag-
netiser with 100 mT peak alternating Beld and
0.1 mT steady bias Beld; and the remanence was
measured using Minispin Cuxgate spinner magne-
tometer (Molspin, UK). The isothermal remanent
magnetisation (IRM) was imparted using ASC IM
10–30 impulse magnetiser and the remanence
measured using the Minispin spinner magnetome-
ter. The forward Belds of IRM were induced

stepwise at 25, 50, 100, 200, 300, 500, 700, 800,
1000, 1500 and 2000 mT. The samples were then
demagnetised by a series of back Belds of �10, �20,
�30, �35, �40, �45, �50 and �100 mT.
AMS and various parameters were derived using

standard methods given in Tarling and Hrouda
(1993), Cañ�on-Tapia and Herrero-Bervera (2009),
Sch€obel and DeWall (2014), Jelinek (1981) and
laboratory manuals of AGICO. Principal suscep-
tibility tensors are computed using the least-
squares method and accuracy of the anisotropy is
evaluated according to the methods described by
Hext (1963) and Jel�ınek (1978, 1981). The data
were plotted on the lower hemisphere stereonet
projections. For interpretations, the samples were
grouped into: (i) levee breccia, (ii) terminal and
distal parts of channel Cow, (iii) mid-channel and
(iv) channel Coor/country rocks apart from the
entire set of samples as a whole.

3. Results of magnetic mineralogy

Parameters obtained from the rock magnetic
analysis were mass normalised and described using
routine statistical methods after classiBcation of
data into various sampling domains (see tables 1
and 2 in supplementary data Ble, and Bgure 1)
besides the overall data.

Figure 2. Field exposures of the lava channel depicting the head part in (A), the central eroded axial part (B), the levee side
(C) and the end/toe part of the channel (D).
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The combined mean mass-speciBc susceptibility
(Xlf) for the overall data is 45910�8 m3/kg with
a variation between 171 and 1 (910�8 m3/kg)
around median of 17.82 (910�8 m3/kg). The
overall Xlf thus shows high variability in ferri-
magnetic mineral dominance. The distal samples
(D series) and samples from channel sides/levees
(LB series) show mean Xlf of 50 (910�8 m3/kg)
within a range from 155 to 2.6 (910�8 m3/kg) with
a median of 8.37 depicting large variability similar
to the overall data. The country rock basalt (OF
series) show significantly high mean Xlf of 147,
indicating higher ferrimagnetic concentration in
the Coor relative to the channel.
The IRM spectra of forward and backBelds

demonstrate the systematic changes in mineralogy
from totally ferrimagnetic near the head, to mixed
ferri and antiferromagnetic followed by antiferro-
magnetic dominant mineralogy at the mouth
(Bgure 3). This is also very well supported by the
thermomagnetic (k�T) curves (Bgure 3). The
samples from the sites near the head of the lava
channel (NG series) show anomalously low mean
coercivities (B(0)CR) of 9.5 mT varying in the range
from 3 to 14 mT and median of 12 mT. The sam-
ples from the proBle named ‘S’ (S-series) across the
head of the lava channel shows mean Xlf of 77
(910�8 m3/kg) within a range of 15�150 with a
median value of 82 (910�8 m3/kg) and is relatively
higher than any other proBle. Further, the indi-
vidual sites from the middle part of the lava
channel (namely C1, C4, C9, L1, L5, L3 and Q1)
show significant drop in Xlf with a mean value of 36
and median of 24, ranging from the values as low as
3 to a maximum of 112. These sites therefore show
higher coercivities than their preceding sites
depicting a change in mineralogy from ferrimag-
netic dominant to antiferromagnetic. This implies
that the low Xlf is controlled by ferrimagnetic to
paramagnetic concentration and higher antiferro-
magnetic content. The magnetic properties of
Deccan basalts are characteristic of the titano-
magnetite occurrences. The antiferromagnetic
(haematite-like mineralogy) signatures from the
fresh, unweathered basalts, therefore, pertain to
oxidative conditions. As there is no lateritisation
observed, the chances of secondary haematite are
ruled out. The succeeding sample sites (BG series)
show still lower Xlf and higher coercivity, further
indicating progressive increase in antiferromag-
netic concentration within the lava channel. This
trend continues with the farthest end (KD series
sites).

The samples from SN series indicate some
improvement in Xlf depicting the mean value of 19
but also record the lowest minimum Xlf (*1)
within the entire sampling for the present study.
Thus, we propose high-temperature oxidation as
the lava progressed resulting in the formation of
haematite. Therefore, the lowering of Xlf in the
present case can be linked to significant increase in
oxidative mixing of the lava. The country rock
exposed in similar manner routinely shows higher
ferrimagnetic concentration. Figure 3 plots the
gradients against distance in the studied rock
magnetic parameters discussed further.
The frequency-dependent susceptibility (Xfd%)

depicts concentration of grains at domain size
boundary of SD-SP, and the XARM indicates con-
centration of SD grains under laboratory-induced
saturation conditions (Liu et al. 2012). The overall
sample mean Xfd% is 5% with large variation, and
a low median value of 2.7%. This indicates low-to-
negligible SP content with considerable amount of
SD grains except for the sites D2 and LB which
show high Xfd of 7.2%. The 100mT demagnetisa-
tion before AMS measurement allowed us to reduce
the inCuence of inverse fabrics from SD grains. The
OF series show low value of 3.2% and the S series
show the lowest values. The samples of C, Q, L,
NG and BG series show similar values with no
gradient. The XARM shows mean value of 13.5
(910�5 m3/kg) with a median of 7.44 varying in
the range from 102 to 0.3 (910�5 m3/kg) for
the entire data. The D2 and LB samples show
moderate–to-low XARM with mean value of 11.15
(910�5 m3/kg) varying between 43 and 2. The OF
series show higher mean XARM of 46 within a range
from 56 to 40 (910�5 m3/kg). The S series show
little higher values of 22 with a maximum of 102
(910�5 m3/kg). The C, Q and L show lower values
which continue with the NG series, BG and KD
showing still lower values.
The overall mean coercivity of remanence B(0)CR

shows a value of 111 mT varying in the range from
22 to 440 mT. This clearly indicates a large vari-
ation in the magnetic mineralogy from soft ferri-
magnetic to hard antiferromagnetic composition.
The D2 and LB series (combined) show a mean
B(0)CR of 130 mT (median of 137) varying from 40
to 196mT and depict the presence of haematites.
The OF series show low B(0)CR mean of 23.75 mT
within a range of 22�27 mT as these samples are
from the channel Coor (country rock) indicating
typical ferrimagnetic dominant mineralogy of the
Deccan traps. This series is further dominated by
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larger domain size (MD) as against the channel
showing a mix of hard (SD) and MD ferrimagnets
depict relatively rapid cooling in the channel.
The S-series show a mean B(0)CR of 42 mT

(varying between 32 and 77 mT) and suggest a
mixture of hard ferrimagnetic and antiferromag-
netic minerals. The C, Q and L (combined mean)
show gradual higher values of B(0)CR (mean:
81 mT, median: 52 mT, maximum: 202 mT)
depicting an increased antiferromagnetic content.
The NG series further shows a gradual increase in
B(0)CR (mean: 86, median: 39 and maximum: 182).
This is followed by the BG series showing further
enhancement of coercivity to 253 mT (mean) with
a range from 164 to 340 mT indicating dominant
antiferromagnetic mineralogy. This trend contin-
ues with the KD series showing a mean B(0)CR of
252 mT in the range from 178 to 301 mT. The SN

series show a decrease in coercivity to 148 mT
(mean) but record the highest maximum coercivity
of 440 mT. The BB series shows a mean of 139 mT
varying in the range from 70 to 197 mT. This
establishes a progressive increase in coercivity from
the head towards the channel mouth (Bgure 4) as a
result of increasing antiferromagnetic mineralogy
(s.s. haematite) substantiating the inferences
above.
The S-ratio is another parameter to decipher the

compositional as well as domain size variation
within the ferri- or antiferromagnetic mineralogy.
The mean S-ratio of �0.25 with a minimum and
maximum of �1 to 0.85 for all the samples com-
bined indicates a mixed ferri to antiferromagnetic
mineralogy with a variety of domain sizes. The D2
and LB series combined shows still lower negative
mean of �0.15 with a range from �0.82 to 0.47;

Figure 3. Representative graphs of IRM spectra and the thermomagnetic measurements for the samples from studied lava
channel arranged by head towards mouth mainly depicting the major change in mineralogy from ferrimagnetic to
antiferromagnetic composition. The units for X-axis in IRM spectra are in mT and the Y-axis represents the induction in
AM2/kg. The thermomagnetic temperature scale represents degree centigrade and the Y axis is volume susceptibility in 10�6

CGS units.
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indicating a range of domain sizes from MD to SD
ferrimagnet and the antiferromagnetic concentration.
The OF series show a mean S-ratio of �0.92

within the range of �0.93 to �0.9 depicting uni-
modal MD ferrimagnetic mineralogy for the Coor
basalt. The samples from S series have a mean
S-ratio of �0.7 varying between �1 and �0.22 and
indicate a range of ferrimagnetic domain size from
PSD, SD to MD. The combined values of the

samples C, Q and L show a mean S-ratio of 0.33
varying between �0.8 and 0.39 indicate mixed
composition with dominant antiferromagnetic
contribution from haematite. The BG series dis-
plays a positive mean S-ratio of 0.53 varying
between 0.22 and 0.75 to indicate entirely antifer-
romagnetic mineralogy. The KD series indicate
positive S-ratio with a mean of 0.27 within a range
of 0�0.5 indicating antiferromagnetic mineralogy.

Figure 4. Distance vs. amplitude plots of fundamental rock magnetic and AMS parameters for the studied lava channel depicting
large-scale gradient.
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The samples of SN series have a low negative
S-ratio from �0.7 to 0.81 depicting a mixed ferri-
and antiferromagnetic mineralogy. Whereas, BB
series show a positive mean S-ratio of 0.11 with a
variation from �0.42 to 0.47 indicating predomi-
nant antiferromagnetic mineralogy. As a result, the
S-ratio variation along the channel demonstrates
gradient from head towards mouth (Bgure 4) in
agreement with other parameters.
The mean SIRM for the combined data is 9116

(910�5 AM2/kg) with a large variation from
28,856 to 785 (910�5 AM2/kg). The D2 and LB
series samples (grouped) show high mean SIRM of
10,872 (910�5 AM2/kg) with variation between
27,058 and 1658 (910�5 AM2/kg). The OF series
further show very high ferrimagnetic concentra-
tion indicated by the mean value of 17,424
(910�5 AM2/kg) with low variability between
15,472 and 19,338 (910�5 AM2/kg). The S-series
showed a moderate value with a mean of 13,308
(910�5 AM2/kg) within a range from 5986 to
27,016. The samples C, Q and L combined depict a
mean value of 8305 within a range from 28,856 to
785 indicating progressive decrease in ferrimag-
netic concentration.
The soft-IRM depicting ferrimagnetic concen-

tration shows a mean value of 1987 for all the
samples combined. It shows a mean value of 2002
for the D2 and LB combined, while the OF series
shows a higher mean value of 7203. The S-series
show a lower mean value of 3007 which again
decreases to 1430 for C, Q and L combined ser-
ies. The NG series record a notable decrease in
soft-IRM to a mean value of 273, which is further
reduced to 104 in the succeeding samples of BG
series. The KD series show an improvement in
soft IRM by depicting the mean value of 2346.
The SN series however show further decrease in
mean value to 8572 that continued with similar
decrease in BB series showing a mean value of
806. Thus there is clear decreasing gradient for
the soft ferrimagnetic mineralogy from head
towards mouth.
The hard IRM shows a mean value of 623 for all

the samples combined. The D2 and LB series
(combined) show a value of 521 for hard IRM,
whereas the OF series showed a still lower value of
239. The S-series further depict the low value of
hard IRM of 315. The NG series also depict higher
value of 404 with further increase to 689 in BG
series. The KD series showed significant increase in
hard-IRM by showing a value of 3028 and record-
ing the highest value of 7624. The SN series record

a low value of 525, while the BB series show
improvement to 846.
The SIRM/Xlf showed a mean value of 505

(103A/m) for all the samples combined and lower
value of 381 for the D2 and LB combined. The OF
series showed low SIRM/Xlf of 119 due to its fer-
rimagnetic mineralogy. The S-series shows a little
improvement to 295 and BG series records signifi-
cant increase in the SIRM/Xlf ratios to 565. Fur-
thermore, the KD series have shown a mean value
of 3295. The SN series show lower values of 658
(mean), whereas BB series show further lower
values of 332 clearly depicting the gradient.
The rate of IRM acquisition (RPM factors)

depicts maximum acquisition at 100–500 mT
followed by 200–100mT; and thereafter gradual
decreasing order for D2 and LB combined, OF
series, S-series, C, Q, L combined. However,
the NG series show two clear trends marked by
an increase at RPM 800–500. Similar trend is
shown by the BG series, whereas the KD series
showed one more additional increase at RPM
1000–800. The SN series showed two trends as
above.
Overall the rock magnetic parameters have

shown notable gradient of ferrimagnetic/antifer-
romagnetic mineralogy and its concentration.

4. AMS variation

The AMS is an advanced approach for the study of
petrofabrics and estimation of strain parameters,
deformation patterns and Cow-related fabrics. The
Cow-related fabrics are often heterogeneous; and
need to be studied at various scales (orders)
depending upon the case study. For the present
channel body therefore we adopted Brst-order,
second-order and third-order interpretation of the
fabrics. The detailed data in tabular form is given
in table 3 of the supplementary data Ble.

4.1 The Brst-order fabric development

The Brst-order approach was made by observing
and averaging the data along the channel and
focusing on D/I values of principle susceptibility
axes. Figure 5 represents the contours for D/I
vectors of K1 and K3 in the lower hemisphere. The
K1 shows distribution around northern and
southern poles and is parallel�subparallel to the
channel axis. The K3 is clustered around the centre
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of the stereonet plot indicating steep inclinations,
and the contours further show tilt bias in the
southern hemisphere. The K1 is generally down
tilted in the southern hemisphere. Further, the
localised averages are plotted all along the channel
length to depict the regional distribution of the
principal axis (see Bgure 5). The higher part of
the channel clearly shows headward dipping K1
indicating imbrication in the Cow direction. This
follows another distribution of K1 which is per-
pendicular to channel Cow suggesting viscosity
shear which might result into the orientation of K1
in easy direction, i.e., perpendicular to channel
Cow. Further downwards the predominance of K1-
imbricated fabric is continued as the channel pro-
gressed. At the end of the channel, there is clear
north dipping K1 suggesting a gravity slope-type
fabrics. Thus, the Brst-order observation indicates
dominantly imbricate nature of the fabric in the
Cow direction. This suggests Cow-related viscous

push driving the shear and gravity in the Cow
direction.

4.2 Second-order fabric development

The second-order distribution is observed at the
proBle level and by grouping the samples according
to depositional environment such as levees, central
part of the channel, channel head, etc. In this
order, the fabrics are dominated by oblate nature
with steep inclinations of K3 and shallow K1 and
K2 axes. The scatter in the direction of K1 axis,
progressively amongst individual sites is antici-
pated due to curvilinear geometry of the Khedrai
channel body. The grouped and site-wise distribu-
tion of the fabrics is given below.
The topmost site D2 falls near the head and

shows predominant imbrication of K1 axis (dipping
SW) and K3 dipping SE, largely agreeing with the
Cow direction and suggest a resultant fabric. The

Figure 5. Lower hemispheric presentation of the contour plots for the principle susceptibility axes K1 and K3. The lower diagram
shows localised ellipsoids for the channel depicting various possible eAects of the Cow dynamics discussed in the text.
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OF series is from the basalt Coor and displays
random fabric. The S series cross proBle shows high
inclination for K3 axis (depicting oblate nature),
while K1 and K2 are dispersed. The mean of K1
axes shows NW dip, depicting its linearity with the
Cow direction. The C series also show K1 linearly
oriented in the Cow direction. The Q series show an
imbrication fabric with shallow dip of K1 axis
towards the head. Furthermore, the L series show
K1 linearly oriented to the Cow direction. The NG
series show K1 axis dipping towards the head as an
imbrication fabric. The BG series show head dipping
imbrication of K1 axis, whereas KD shows a large
scatter except K3 showing high inclination and K1
and K2 axes are distributed with shallow inclina-
tions. The SN series also shows the distribution of K1
and K2 axes with high inclination for K3 axis. The
above distribution of the fabrics broadly indicated
persistently steep and well-clustered K3 axis and
shallow inclinations with scatter for K1 and K2
depict the oblate fabrics. The K1 axis appears to
change its behaviour from ‘imbrication type’ to ‘lin-
eation type’ showing the south-dipping and north
dipping attitudes in the Cow direction, although
consistently shows the shallow inclinations.
To critically examine the scatter of fabrics, we

further plotted the sites on the studied proBles
(Bgure 6a–e). The left part of proBle S was sam-
pled, as the central part and the right side did not
permit sampling due to vegetation and thick col-
luvium cover (Bgure 6a). The specimens from
samples S1 and S2 were grouped, which is the inner
part of the left side of the channel (Bgure 6a). This
part shows imbrication by south-dipping K1 axis.
The samples S3�S5 are also marked by south-
dipping K1, but with orientation perpendicular to
the channel (Bgure 6a). This heterogeneity can be
explained as the site is very near to the head
resulting in turbulence. The central part of the
channel represented by BG3 in the BG’ proBle
shows inclination of K1 dipping south depicting
imbricate fabric (Bgure 6c). The right-side sites
(BG5 and BG7) in the BG proBle show K3 falling
at the centre with mixed and shallow K1 and K2,
depicting oblate fabrics (Bgure 6d). The samples
from KD proBle falling in the central part of the
channel show highly scattered K1 and fairly well-
clustered K2 and K3 axes falling at the centre.
The above results depict moderate-to-fair clus-

tering of the principle susceptibility axes within the
sample as well as amongst the sites, although the
K3 axis remains well clustered due to high incli-
nations (upright) in agreement with the oblate

fabrics. Such variability can be attributed to
crystal settling as the chief mechanism of the fabric
development. This proposes that majority of the
fabrics were developed during penultimate stage of
cooling of the lava and during its partial residency.

4.3 Third-order fabrics development

We further examined petrographic (mineralogical
and textural interrelations) of the opaque�non-opa-
que constituents within the samples to infer its rela-
tion with AMS (Bgure 7). We Bnd that plagioclase
represents the most anisotropic (lath-shaped) min-
eral but with a variety of orientations. Plagioclase
also represents paramagnetic minerals and does not
contribute to AMS when it is strongly controlled by
ferrimagnetism. In few samples, the opaque minerals
(spinel group) representing titanomagnetites are
aligned with some of the plagioclase laths or occur
tightly occupied in the interstices of the paramag-
netic minerals producing a resultant anisotropy.
The S/N Q1a (Bgure 7) showed hard ferrimag-

netic composition with oblate fabrics having K1
aligned in the direction of the channel Cow. The
sample Q1d shows similar rock magnetic properties
to that of Q1a, but with K1 sub-parallel to the Cow
direction. The plagioclase laths compete with the
opaque minerals which Bll the spaces in majority
of the samples. However, some euhedral opaque
grains are also seen without any sympathetic ori-
entation with plagioclase laths in some samples.
The sample S/N 3a shows very low susceptibility
but higher coercivity indicating the existence of
haematites. The sample D2a is from the head and
shows the highest susceptibility with ferrimagnetic
coercivities and representing prolate fabrics.
The varied association of opaque grains with

non-opaque matrix suggests a variety of mecha-
nisms for fabric development, yielding the hetero-
geneity and scatter amongst fabrics in the channel
body. The fabrics sympathetic to the plagioclase
laths are inCuenced by the style of settling. The
samples with euhedral crystals behave indifferent
to the fabrics created by laths and this is common
near the head part. Haematite has inCuenced the
susceptibility to be weakened but the fabric
remains unaffected from haematite and appears to
be largely controlled by the ferromagnetic con-
stituents. The occurrence of oblate fabrics with K1
and K2 axes falling near the great circle (shallow
inclinations) suggests crystal settling as the chief
mechanism of control of AMS. This fabric
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development occurred during the lava residence stage
before cooling. Some fabrics show orientation of K1
axis in the direction of Cow indicates the resultant of
crystal settling and Cow vector. Although the min-
eralogy has unequivocally changed from dominant
ferrimagnetic to antiferromagnetic during lava pro-
gression, the latter did not aAect the fabrics that are
generally governed by ferromagnetic constituents.

5. An insight into the fabric development
in lava channel

Lava Cow in the form of a channel is a dynamic
system where the viscosity and temperature gra-
dients are changing continuously. The lava Cow

contains rapidly quenching silicate melts and fol-
low the crystallisation temperatures of various
melt components possibly causing rapid fractiona-
tion towards surface temperatures. The minerals of
spinel group in basaltic groundmass are quenched
Brst and thus are ready for the formation of initial
fabrics. These minerals being magnetically repre-
sentative, record the mechanism of cooling and
fabric development till the Bnal stages of cooling
and solidiBcation. Further, in the lava Cows, it is
anticipated to have viscosity shear as the chief
mechanism to alter the initial fabric (if any) and re-
orient the mineral grains. We however Bnd gravity
settling as dominating phenomenon to impart the
fabric which can occur during the brief residency
of the lava but competing with any formerly

(a)

(b)

(c)

(e)

(d)

Figure 6. Site-wise location of the fabrics in representative proBles (marked in Bgure 1). Details are discussed in the text.
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developed fabrics (Bgure 8). This stage is inCu-
enced by the Cow in relatively higher viscosity
conditions as the silica enrichment vis-�a-vis cooling
trend of the lava Cow are equilibrated. In this stage
and up to the complete solidiBcation, the earlier
stage of gravity settling appears to have been fur-
ther modiBed to represent the AMS fabrics as a
combination of mineral lineation, imbrication by
the cluster of minerals and viscosity shear. In our
results, we Bnd the imbrication as the most domi-
nating fabric which can develop penultimate to
crystal readjustments. The imbrication fabric
produces most significant information related to
the Cow directions. On the contrary, the dominant
oblate fabrics with high K3 inclinations depict
crystal settling. The crystal settling can occur
during brief residence of the lava Cow penultimate

to cooling. Many sites especially in the central part
of the channel have shown a fabric marked by K1
imbrications and lineation. The fabric heterogene-
ity in the lava Cows is because of the spatial dis-
tribution of different higher-order processes as well
as overprinting of two or more fabrics to produce a
resultant. Based on all these observations, the
magnetic fabric data from the studied lava Cow
have been classiBed into the following three types
displayed by the principle susceptibility axis K1.

5.1 Type I: Lineation type

This fabric shows a moderate-to-weak lineation of
the K1 axis, parallel to the lava Cow direction and
the K3 remaining upright under low degree of
foliation. K1 shows weak-to-moderate imbrication

D2a

TM

Q1a

C7b Bg2b

Kd2b

Sn3d

100 micron 100 micron

100 micron

100 micron100 micron

500 micron

Figure 7. Photomicrographs showing possible mechanism of the AMS fabric built-up. Details are discussed in the text.
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in the Cow direction. This type of fabric is generally
observed in the central axial part of the channel.
This suggests that some of the grains during set-
tling are oriented by the Cow.

5.2 Type II: Random/crystal settling type

This fabric is dominantly observed in the levee part
and the marginal part of the lava channel. This
fabric typically shows oblate nature with random-
ness arising from a combination of turbulence and
slope eAects at the channel margin.

5.3 Type III: Crystal-matrix adjustment type

This fabric observed from the petrographic thin
sections shows the adjustment of the opaque and
non-opaque grains and matrix indicating crystal
adjustment during the Bnal stages of cooling
resulting mostly into random fabrics.

5.4 Type IV: Imbrication fabrics

These fabrics are developed at the penultimate
stage of cooling from any of the above types during
non-buoyant ductile thrust. This fabric is devel-
oped by the force vector directed from the head
towards the mouth, which is the resultant of
gravity and material push.
Thus, the overall persistent shallow inclinations

for K1 and K2, and upright K3 indicate the
absence of any major imprints of the viscosity
shear that may otherwise develop strong imbrica-
tions or a strong Cow perpendicular-type I fabrics
(K1 perpendicular to the Cow direction). This
depicted that the fabrics are developed at various
stages during the lava Cow, lava residency and
before cooling. There is significant change in vis-
cosity during all these stages and the fabrics due to
viscous shear tend to alter by later processes.
The petrographic observations attest interlocking

of plagioclase laths with opaque minerals to inCuence
the ferrimagnetic fabrics largely leading to resultant
or randomisation of fabrics (types II and III). The
study infers that the magnetic fabrics in the given
lava channel is proxy to petrofabrics formed during
penultimate stages of cooling. Although the given
lava channel cannot be generalised for the average
lava Cows in the Deccan stratigraphy, the present
work explains the spatio-temporal development of a
large variety of fabrics in the Deccan traps that can
be characteristic of the given lava Cow.
We suggest that detailed AMS studies on various

lava Cows can address the data-based relative
estimates on Cuid dynamical forces, the eAects of
gravity and slope gradients, the eAects of dynamic
viscosity changes and shear in the background of
dynamic changes in thermal gradients. The role of
quenching of silicate melt on mineral-space read-
justments to inCuence the fabric needs to be
examined. More studies can help in the identiBca-
tion of strained and unstrained basalts further to
estimate the strain-related parameters in these
rocks. Nevertheless, reporting the AMS data with
these various considerations can help to charac-
terise the extensive lava Cow formations in the
DVP as a rapid method.

6. Conclusion

The combined rock magnetic and AMS studies
conducted over a lava channel in the DVP produce
an insight into systematic changes in magnetic

Figure 8. A hypothetical cartoon model based on the infer-
ences of AMS under various conditions of the lava Cow
dynamics.
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mineralogy and the variability amongst the AMS
fabrics. The rock magnetism indicated distinct
mineralogical gradient from ferrimagnetic at the
head to antiferromagnetic towards the mouth of
the channel indicating oxidative mixing as the lava
progressed. The AMS showed oblate, imbricate
and resultant fabrics due to a combination of sev-
eral spatio-temporally dominating processes lead-
ing to lineation type, random/crystal settling type
and crystal adjustment-type fabrics. This study
attempted to visualise the various overprinting
phenomena of fabric development; during the ini-
tial channel Cow, lava residency and lava cooling
and proximal, distal, channel central and levee
locations at dynamic temperature and viscosity
conditions. The petrographic observations depict
crystal adjustments to create resultant or ran-
domisation of initial fabrics giving rise to large
variability at the sample level.
Overall, we infer that the competitive conditions

amongst Cuid dynamical forces, gravitational force,
temperature gradients, dynamic viscosity and
decreasing accommodation spaces penultimate to
cooling are the deciding factors to impart the Bnal
petrofabrics in lava Cows.
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