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Palaeomagnetic and rock magnetic studies on the dykes of Goa,
west coast of Indian Precambrian Shield
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Abstract

Detailed alternating field (AF) and thermal demagnetization techniques on 120 samples belonging to 10 dykes of the Goa
region along the west coast of the Indian Precambrian Shield, have yielded characteristic remanent magnetization (ChRM)
directions from 9 dykes of which 6 dykes exhibited a reverse magnetic polarity direction (D = 150◦, I = 44.30◦, k = 58,
α95 = 5.8, N = 6 dykes), while 3 dykes exhibited normal polarityD = 351◦, I = −50◦, k = 21, α95 = 14.9, N = 3
dykes) direction. The remaining 1 dyke has shown stable direction, but with a strong overprint of the present earth field
(PEF) direction, which could not be removed by either AF or thermal cleaning techniques. A Palaeomagnetic pole, computed
by averaging the VGPs of 9 dykes is situated at 41.2◦N 78.1◦W (N = 9 dykes;A95 = 9.81◦), which is close to that of
the Deccan super pole (36.9◦N, 78.8◦W), suggesting that the dykes in the Goa region are related to the Deccan basaltic
eruptions. Recently published40Ar/39Ar dating on the normal polarity dykes of the studied area have assigned the ages as
62.8 ± 0.2 Ma. These results demonstrate that the Deccan magnetism continued to affect western India for at least 1–2 Ma
after the peak Deccan eruption during theK–T boundary. On the basis of published geological and geochemical information
along with our Palaeomagnetic results, these intrusive bodies could be attributed as the feeders for the uppermost formations
of Wai subgroup of the Western Ghat Deccan basalts, or to the major geodynamic events such as the opening of the Arabian
Sea and the rifting of the Seychelles–Mascarene oceanic plateau, which occurred soon after the cessation of the Deccan
volcanism. Rock magnetic experiments such as the Lowrie–Fuller test along with low-temperature magnetic susceptibility
and isothermal remanent magnetization (IRM) measurements have identified single domain (SD) type titano-magnetite as the
major characteristic remanent magnetization carrying magnetic mineral in the dyke samples.
© 2002 Published by Elsevier Science B.V.
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1. Introduction

In recent years Palaeomagnetic investigations on
dyke swarms have received much attention due to
their scope and application in differentiating dykes
of different generations and establishing their em-
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placement ages as well as related crystal evolution
and tectonics. The Indian Precambrian Shield hosts
different generations of dykes ranging from early
Proterozoic to Phanerozoic. Based on the available
geochronological data,Murthy (1995) grouped the
dykes of Peninsular India into five generations of
which four are related to Proterozoic magmatism at (i)
2400–2000; (ii) 1900–1700; (iii) 1600–1400, and (iv)
1400–1200 Ma while the fifth generation is related
to Phanerozoic magmatism at 475–70 Ma, indicating
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Fig. 1. Geological map of Goa region showing the locations of the dykes.

that some of them belong to the Deccan trap mag-
matism. Compared to geological and geochemical
studies on these dykes, geochronological and palaeo-
magnetic studies are very scanty. Moreover, petro-
logical and geochemical studies on the dykes cannot
be used for age correlation, so geochronological
and palaeomagnetic studies on the dykes are getting
higher priority in establishing magnetic episodes and
their correlation with regional and global tectonics. In
an attempt to classify the dykes on the basis of their
magnetic signatures, we have undertaken a project to
carry out Palaeomagnetic and rock magnetic studies
on the mafic dykes intruded into the Dharwar craton

along a subtransect, which runs roughly eastwest from
Raichur to Goa in the Indian Precambrian Shield. In
this communication the first Palaeomagnetic results
on the dolerite dykes, in the Goa region along the
west coast of India (Fig. 1) are presented.

2. Geology of the area

The Goa region is covered by the Precambrian
rocks represented by granite gneiss, quartzite, phyl-
lites, schists, metagraywackes and banded hematite
quartzites. Geneissic granite of the Peninsular
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Geneissic Complex is exposed around Madgaon in
the south Goa. The rocks of Dharwar Super Group
overlie the Peninsular gneiss and occupy a major part
of the studied area. The regional trend of these Pre-
cambrian rocks are NNW–SSE in the north and EW in
the south. The Deccan traps cover these formations in
the northeast part of Goa state, and laterite capping of
variable thickness occurs from the high plateaus to sea
level. Quaternary coastal sand occurs in several places
along the western coast.Iyer et al. (1990)observed
three episodes of folding of the country rocks along
NW–SE, E–W and ESE–WNW directions, and noted
that the majority of the lineaments trended NW–SE,
NE–SW and a few towards ENE–WSW. The ma-
jority of basic dykes exposed along the coast follow
the NNW–SSE trend and occupy the dilations in the
domal upwarps in the Peninsular gneiss basement be-
tween the major greenstone belt downwarps (Murthy,
1995). Petrographically two types of dykes have been
noticed byIyer et al. (1990). They are dolerite and
basalt dykes, with the former dominant at places cut-
ting across the basalts. The dolerite dykes are medium
to coarse grained with porphyritic, sub-ophitic and
glomeroporphyritic textures. Plagioclase is most dom-
inant, followed by pyroxene and few olivine and
opaques. In contrast, the basalts are fine grained with
intergrannular and microporphyritic textures formed
by plagioclase and pyroxene. As all the dykes in-
trude the Precambrian basement, their ages are only
speculative. However, on the basis of40Ar/39Ar data
associated with geochemical studies, Widdowson
et al. (2000), described (some of) the Goan dykes as
feeders to the younger formations of the Wai subgroup
of Deccan basalts, assigning an Early Palaeocene age.

The widths of the dykes in the present study range
from 20 to 30 m and strike trends NW–SE (7 dykes)
to NNE–SSW (3 dykes) extending over a few kilome-
tres. The dyke contacts are sharp against the country
rocks such as granite Gneisses and metagraywacks at
Madgaon and Aguda Fort Beach respectively.

3. Field work and laboratory measurements

The 120 oriented block samples were collected
using a Brunton compass from 7 dykes of Madgaon
region (15◦16′N; 73◦58′E), 3 dykes of Aguda Fort
Beach (15◦30′N; 73◦46′E) and from the country rocks

into which the dykes have intruded. From the total
of 120 samples, 93 samples belong to 10 dykes and
remaining 27 samples to the country rocks such as
Argillites and granitic Gneisses. The Madgaon dyke
samples are fresh as the samples that were collected
from excavated quarries, whereas the Aguda Fort
dykes are found to be somewhat weathered as these
dykes are along the sea coast. The in situ magnetic
susceptibilities were measured with a portable Kap-
pabridge along the dykes and adjoining the country
rocks. It was noticed that the dyke susceptibilities are
an order of magnitude higher than those of the coun-
try rocks. This also helped to identify the margins of
the dykes in the field.

In the laboratory, the oriented samples were cored
and shaped into standard cylindrical specimens of
2.2 cm length and 2.5 cm diameter. A minimum of
five specimens per sample were used in Palaeomag-
netic measurements. Magnetic susceptibility of all the
specimens were measured by using the Bartington
susceptibility meter (MS-2B). Remanence directions
including natural remanent magnetization (NRM)
intensities were measured with JR-5A Spinner mag-
netometer (M/S Agico, Czech Republic) with a sen-
sitivity of 3 pT. The stability of NRM was tested by
thermal (MAVACS, Geofyzica, Brono) and by AF
demagnetization methods (M/S Molspin AF demag-
netizer). Isothermal remanent magnetizations (IRM)
on representative specimens were studied with pulse
magnetizer manufactured by M/S Molspin, England
and low-temperature susceptibilities were determined
by the method developed byRadhakrishnamurthy
(1985).

4. Results and analysis

Initially, 40 specimens (20 samples) representing
all 10 dykes and country rocks have been selected for
AF pilot studies. Eleven steps of peak AF fields (2.5,
5, 7.5, 10, 15, 20, 30.40, 60, 80 and 100 mT) were
applied on the pilot samples to yield the characteristic
remanent directions. For thermal pilot demagnetiza-
tions, 25 specimens (20 samples) were selected and
demagnetizations were carried out in 10 steps (100,
200, 300, 350, 400, 450, 500, 560, 585 and 600◦C).
Prior to demagnetizations of the specimens, their
room temperature magnetic susceptibilities (k) and
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Fig. 2. (A) and (B) represent AF and thermal demagnetization results of the specimens from the reverse polarity dyke respectively, (C)
and (D) represent AF and thermal demagnetization results of the specimens from the normal polarity dyke, respectively: (a) stereographic
projections; (b) normalized intensity decay (J/Jmax) along with PTRM (hatched histograms,	J/	H for AF demagnetizations and	J/	T
for thermal demagnetizations), and (c) Zijderveld diagram.
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NRM directions along with remanence intensities
(Mo) have been measured and Koenigsberger ratios
(Q-ratio = Mo/kH) were calculated.

The NRM intensities, susceptibilities,Q-ratios
along with the number of specimens for each of the
dykes (M1–M7 and A1–A3) and the country rocks
(Gneisses and Argillites) are given inTable 1. From
the results inTable 1, it can be noticed that the sus-
ceptibilities and the NRM intensities of dyke samples
are higher than those of the country rocks. The mean
NRM intensities for the dykes range from 0.58 to
4.71 A/m whereas for the country rocks the similar
intensities ranges from 0.0001 to 0.0009 A/m, while
the magnetic susceptibility is two-order higher for
the dykes than those of country rocks.Q-ratio is
more than or nearly 1 for the dykes and less than 1
(0.011–0.078) for the country rocks. HighQ-values
indicate that dykes samples are suitable for Palaeo-
magnetic studies. Pilot AF and thermal demagneti-
zations on the country rocks did not yield any stable
directions and hence Palaeomagnetic studies on the
country rocks were not carried out further.

Almost all the samples belonging to 9 dykes have
shown good grouping with in-site (dyke) as well as
between-sites (dykes), after the removal of a very
small secondary component of viscous origin. This
viscous component was successfully erased by apply-
ing the ac peak fields of about 10 mT or by thermal
demagnetization step at 100◦C. The AF demagne-
tization spectra on the pilot specimens have shown
that the coercivity of NRM is generally high, with
medium destructive fields (MDF) of about 20–30 mT,
suggesting the carrier of remanence is predomi-
nantly single domain (SD) to pseudo single domain
titano-magnetite (Dunlop and Ozdemir, 1997). Six
dykes from the Madgaon area, M1–M7 (except dyke
M5), have shown reverse polarity directions with pos-
itive inclinations, whereas two Aguda Fort dykes A1
and A3 along with Madgao’s M5 dyke have yielded
normal polarity with medium negative inclinations.
Fig. 2(A) shows a typical AF demagnetization be-
havior for the reverse polarity dyke samples. A lower
coercivity component is removed in the AF fields
of about 7.5 mT and characteristic directions are ob-
tained between 10 and 40 mT ranges. NRM intensity
is decreased to 50% at the fields of 20 mT, and further
reduction to less than 10% at 60 mT; and at above
fields the directions are randomized with gradual

intensity decay. The orthogonal vector (Zijderveld,
1967) diagram shows 10–60 mT range correspond to
a straight line directing towards the origin suggesting
the recovery of a single stable component.Fig. 2(B)
represents the thermal demagnetization response on
these dyke samples. From theFig. 2(B), it can be no-
ticed that lower unblocking temperature component is
removed at or about 200◦C and the stable character-
istic remanent magnetization (ChRM) directions were
unblocked in the temperature ranges of 300–450◦C.
At the 450◦C step, the NRM intensity dropped steeply
to less than 10%, indicating that the ChRM resides
mostly in the titano-magnetite. After the heating step
of 560◦C, the directions moved abnormally towards
northwest directions showing negative inclinations.

In Fig. 2(C) and (D)the response of AF and thermal
demagnetizations respectively on the normal polarity
exhibiting dyke specimens from Aguda Fort dykes
are depicted. In the case of dyke Al specimen, lower
coercivity and low blocking temperature components
of secondary origin are removed at 7.5 mT and l00◦C
respectively and the stable component was found in
7.5–100 mT and 100–400◦C ranges. The ChRM di-
rections are found N–NNW declination along with
intermediate negative inclinations (Fig. 2(C)). Less
than 1% NRM intensity remained after applying the
100 mT peak AF field. In the thermal case, inten-
sity was reduced to zero at 450◦C, suggesting the
titano-magnetite as the major magnetic mineral car-
rying the ChRM directions; then further increase of
temperature-step directions were scattered indicating
mineralogical changes in the samples.

The dyke A2 shows stable directions (D = 349◦,
I = 42◦), but overprinted by the present earth’s field
(PEF) direction. The AF and thermal demagnetiza-
tions could not remove the powerful PEF component
from these samples (not illustrated with figure).

Principal component analysis (Kirshvink, 1980) has
been used to get stable directions from the pilot AF
and thermal demagnetizations. Maximum angular de-
viations for each magnetic component determination
were found, in most cases, to be smaller than 5◦. After
examining these pilot results, AF peak fields of 30, 40
and 50 mT and temperatures of 350, 400 and 500◦C
were applied to the remaining specimen to get the
ChRMs.Fisher’s (1953)statistics were applied at each
hierarchical level for averaging the ChRMs obtained
through thermal and AF demagnetizations. The dyke
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means with their associated Fisherian parameters are
summarized inTable 2. Means calculated separately
from AF and thermal demagnetization results are also
included in the Table. The AF and thermal clean-
ing methods are found equally effective in isolating
ChRMs from the samples and are in good agreement
with each other. Both the results are combined at
sample level to compute dyke means. The reverse po-
larity mean directions are computed asD = 150.3◦,
I = 44.3◦ (k = 58, α95 = 5.8, N = 6 dykes). The
isolated normal polarity mean vector isD = 351.0◦,
I = −50.0◦ (k = 21,α95 = 14.9, N = 3 dykes). The
ChRMs for the dykes are plotted inFig. 3. The mean
of normal and reverse polarity directions depart from
the perfect antipodal situation by approximately 5◦,

Fig. 3. Characteristic mean directions of three normal polarity and six reverse polarity dykes along with their correspondingα95 confidence
circle. Open (full) squares indicate projections in the upper (lower) hemisphere.

which could be due to either apparent polar wander
between the normal and reverse periods of the geo-
magnetic field, or due to the minor secondary compo-
nents which could not be removed properly (especially
from the normal polarity dykes A1 and A3). How-
ever, theα95 confidence cones overlap when one of
them is inverted to its opposite polarity, showing that
the difference in the mean directions do not appear
statistically significant. Inverting the characteristic
dyke directions of normal polarity, the overall mean
is obtained atD = 156.1◦ I = 46.7◦ (A95 = 9.81◦,
N = 9 dykes). The resulting palaeolatitude reduced at
Nagpur (latitude 21.1◦N; longitude 79.0◦E) is 24.2◦S.

As all the sampled dykes were observed in the field
to be vertical and were not tilted after their intrusions,
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no tilt and tectonic corrections were applied on the
Palaeomagnetic data.

5. Rock magnetic studies

Low-temperature magnetic studies, isothermal rem-
anence magnetizations and theLowrie–Fuller (1971)
test were conducted on the representative samples to
understand the magnetic mineralogy and their grain-
sizes which are carrying the stable ChRMs in the
samples.

Radhakrishnamurthy (1985)developed a simple
technique of observing the variation of susceptibility
between liquid nitrogen (−196◦C or 77 K) and room
temperature (27◦C or 300 K) that can provide infor-
mation about the composition and the grain-size dis-
tribution of magnetic minerals in the igneous rocks. In
this experiment the specimen is dipped for about 2 min
in the liquid nitrogen and then is transferred into the
receiving unit of the susceptibility-bridge. A spot read-
ing at−196◦C for the specimen can be noted quickly
by transferring the cooled one into the pickup coil.
After this, the susceptibility values are continuously

Fig. 4. Normalized susceptibility variations with temperature (from liquid nitrogen temperature to the room temperature): (A) master curves
proposed byRadhakrishnamurthy (1985), and (B) results from the Goa dykes samples.

noted while the specimen warms up from liquid nitro-
gen temperature to the room temperature.Fig. 4(A)
show the master curves on using the technique.
The multi-domain (MD) magnetite, if present in the
sample, shows a peak characteristic susceptibility at
−153◦C (120 K), starting with a relative susceptibil-
ity value (RS= k−196◦C/k27◦C) of about 0.4–0.5. On
the other hand, single domain type titano-magnetite,
TM60–TM70 grains show very low values of RS
around 0.1 and TM30–TM40 grains exhibit 0.4–0.7,
then gradually reach the unity value at room temper-
ature without showing any peak. In the present study
10 specimens belonging to 10 dykes were selected and
low-temperature studies were carried out as described
above. From theFig. 4(B) it can be noticed that,
majority of the specimens from 6 dykes (M1, M2,
M5, M6 M7 and A3) show TM30–TM40 type mag-
netic grains, and 2 dykes A1 and M3 exhibit TM60
type magnetic grains. The other 2 dykes M4 and A2
represent the CD or TM10 type magnetic grains.

A pulse magnetizer with a maximum field of 1 T
has been used for the isothermal remanence acquisi-
tion. The specimens were magnetized by increasing
fields in steps from 50 to 1000 mT, and the intensity
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Fig. 5. IRM acquisition and back-field curves normalized to the highest applied field (1 T). Note that in the figure the curves were shown
up to 0.5 and 0.1 T for the forward and back-fields respectively for the clarity of the figure.

of isothermal remanent magnetization was measured
after each step. The magnetization was reduced to
zero by applying reverse fields, which was contin-
ued until saturation IRM in the opposite direction was
achieved.Fig. 5 shows the typical behavior of the
IRM acquisition and back-field curves of the mea-
sured specimens. The IRM curves saturate at low fields
such as 200 mT, and indicate that titano-magnetite as
the main ChRM carrying magnetic mineral. The co-
ercivity of remanence was found around 40 mT re-
vealing the grain-size as SD to PSD type (Cisowski,
1981; Dankers, 1981; Sharma, 1994).

TheFig. 6 represents the characteristic behavior of
the specimens for theL–F test. In the present study,
10 specimens were subjected to AF demagnetizations
with increasing peak fields reaching to 100 mT. Then
the saturated isothermal remanence magnetization at
1 T was imparted to all the specimens and the AF
demagnetization was repeated in the similar steps as

those in the NRM demagnetizations. From the results
in Fig. 6, it can be seen that the NRM demagnetizations
were harder than those of SIRM demagnetizations,
indicating the presence of SD type magnetic minerals
in the samples.

6. Discussion and conclusion

The isolation of normal and reverse polarity direc-
tions through detailed AF and thermal demagnetiza-
tions on statistically significant number of samples,
indicate that the Palaeomagnetic data is free from sec-
ondary components and that the secular variation has
been averaged out correctly. The overall mean VGP
for these dykes is estimated as 41.2◦N and 78.1◦W
(N = 9 dyke;A95 = 9.81◦) and is plotted along with
some well-established dykes poles (seeTable 3) of the
Deccan volcanic province (seeFig. 7). The mean pole
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Fig. 7. Mean VGP for the Goa dykes along with some of the well established Deccan poles listed in theTable 2. The pole from the
present study (filled square) is plotted with its A99 confidence circle.

position calculated from the present study is almost
concordant with the Deccan traps super pole (36.9◦N;
78.7◦W), proposed byVandamme et al. (1991)indicat-
ing a similar age of magnetization for these dykes and
the Deccan flood basalts. A recent study of40Ar/39Ar
dating yielded the ages as 62.8±0.2 Ma for the Aguda
Fort normal polarity dykes, (Widdowson et al., 2000).
This further strengthens our Palaeomagnetic results.

The occurrence of these dykes in the Precambrian
Shield, around 70 km beyond the southern margin of
the Deccan province, is an important aspect for the
discussion about the original extent of the traps, their
emplacement age and the span of volcanism. The most
widely accepted model for the cause of the eruption
of Deccan basalts was a consequence of the passage
of the northerly drifting Indian subcontinent over
the Reunion plume in the Late Cretaceous (Morgan,
1971, 1981). Based on good quality Palaeomagnetic,
palaentological and radiochronological dataCourtillot

et al. (1986)suggested that the Deccan eruptions took
place in a short interval of<1 Ma, straddling the
cretaceous-tertiary boundary, spanning a sequence of
three magnetic chrons, 29N–29R–30N. Even though,
the present day Deccan traps occupy an area of
approximately 500,000 km2 of west central India,
the original extent was in excess of 1,500,000 km2

(Krishnan, 1982) and 2,600,000 km2 (Pascoe, 1964)
extending north as far as Sind (Pakistan) and Lalit-
pur (Uttar Pradesh) and those lying off the western
coast (Cochin, Ratnagiri, Bombay) and on the south-
eastern coast (Krishna–Godavari basin), prior to the
erosion and their continuation beneath the Arabian
Sea. The signatures of these eroded Deccan flows
can be expected in the form of dykes and sills. Also,
dykes of Phanerozoic ages in the Peninsular Shield
are not uncommon.Murthy (1985)has reported the
dykes which are in close geographic association with
flows of the Deccan and Rajmahal provinces to be
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of Mesozoic age.Hasnain and Qureshy (1971)rela-
ted the Mysore and Chitradurga dykes (Karnataka
state) with the Deccan traps on the basis of their
Palaeomagnetic and geochemical signatures. Palaeo-
magnetic, geochemical and geochronological (K-Ar
ages 69–84 Ma) studies of Huliyadurga dykes (in
Karnataka) showed strong coherence with the Deccan
basalts (Kumar et al., 1988). Radhakrishna et al.
(1994) described the central Kerala dolerite dykes
(40Ar/39Ar age 69± 1 Ma), as feeders to the Deccan
volcanic sequences and suggested that the eruptions
were widespread and extended southward into central
Kerala.

Widdowson et al. (2000)have stated that along the
length of the Deccan coastal plains of the Konkan re-
gion including the Goa coast, the eastward recession of
the Western Ghats scarp removed any original basalt
flows that might have existed. Accordingly, we can
see in the present times, the Precambrian rocks as the
host rocks for the dykes and the ages are only specula-
tive in the absence of Palaeomagnetic and geochrono-
logical constraints. On the basis of geochemical
characteristics and field markers,Subbarao and
Hooper (1988)classified the Western Ghats sequences
into three subgroups and 11 formations (Table 4).
Palaeomagnetic studies on these formations indicate
a thick pile of lavas with reversed polarity overlain by
normal polarity flows viz. Mahabaleshwar, Panhala
and Desur formations of the youngest Wai subgroup
(Wensink et al., 1977; Khadri et al., 1988; Subbarao

Table 4
Stratigraphy of the Deccan basalt group, Western Ghats, India
(Subbarao et al., 2000)

Group Subgroup Formation Polarity

Deccan basalts Wai Desur N
Pannala N
Mahabaleshwar N
Ambenali R
Poladpur R

Lonawala Bushe R
Khandala R

Kalsubai Bhirnashankar R
Thakurvadi R
Neral R
Igatpuri R
Jawhar R

N: normal polarity; R: reverse polarity.

et al., 2000). The formations of the Wai subgroup are
geographically widespread throughout the southern
and eastern traps and extend towards the Narmada rift,
while Kalsubai subgroup formations are restricted to
the northwestern region of the Deccan province.

Palaeomagnetic studies undertaken here on the
Goan dykes have yielded primary directions and
thereby proved to be contemporaneous to the Deccan
traps. In consideration of these Palaeomagnetic results
with the geological, geochemical and40Ar/39Ar age
data support (Widdowson et al., 2000), these reverse
and normal polarity—exhibiting intrusive bodies
could be interpreted as the feeders for the uppermost
Wai subgroup, the Ambenali (reverse polarity) and
Mahabaleswar (normal polarity) formations of the
Deccan basalt group of Western Ghats. Alternatively,
these intrusives may be related to post-trappean tec-
tonics related to the peak magnetic activity observed
at 63 Ma in the Seychelles (Courtillot et al., 1986),
which probably corresponded to the end of Deccan
volcanism and/or to the initiation of rifting of the Ara-
bian Sea. Joint Palaeomagnetic and geochronological
investigations along with geochemical studies arc de-
sirable on many dykes intruded in the Precambrian
Shield, to distinguish the phanerozoic dykes from the
Precambrian dykes and to understand the phanerozoic
magnetic activity in the southern Indian peninsula.
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