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Paharpur gabbroic intrusive is an arcuate body running east—west paralleling the foliation of Chhota-
nagpur Granite Gneiss which acts as country rock. The main gabbroic body is intruded by a number of
dolerite dykes running north—south. It is composed of clinopyroxene (WoygEnyoFs;o—Wos EnggFsgg, mg
no. 72-82), plagioclase (Ansa—Angg ), hornblende (magnesian hornblende to ferro-tschermackite), orthopy-
roxene (Enzg—Enrg) and ilmenite. Hornblende occurs as large poikilitic grain and constitutes around 60%
of the rock. Both gabbro and associated dolerite dykes, show relatively primitive character (mg no. 65—
73). Primitive mantle-normalized and MORB-normalized spider diagrams indicate enrichment in Rb,
Ba, Th, La, Sr and depletion in Nb, Zr, Y, Ti and Nd. The LILE enrichment and Nb, Ti, Zr, Y depletion
suggest arc like geochemical signature for the gabbroic and doleritic rocks of Paharpur. Flat to slightly
LREE fractionated pattern and variable degree of REE enrichment is observed. An early stage fraction-
ation of clinopyroxene, plagioclase, orthopyroxene, ilmenite and late stage reaction of cumulate pile and
evolved melt/hydrous fluid is suggested for magmatic evolution of gabbro. Associated dolerite dykes,
which are geochemically similar to the gabbro, have tholeiitic with boninitic character. The mineralogi-
cal and chemical compositions of intrusive rocks also have some similarity with mafic rocks of ophiolite
complex of subduction zone.

1. Introduction

Hornblende-bearing gabbroic rocks (xenoliths and
plutons) are fairly common in subduction-related
magmatic suite and have been considered to repre-
sent magmatic differentiation process in arc mag-
mas (Arculus and Wills 1980; Beard 1986; Yagi
and Takeshita 1987; De Bari 1994; Heliker 1995;
Hickey-Vargas et al 1995). The presence of horn-
blende as a dominant phase in gabbroic rocks
of subduction zone has been considered either as
an early crystallizing mineral from water bear-
ing mafic magmas (Conrad and Kay 1984; Beard

and Borgia 1989) or as a product of reaction of
early crystallized cumulate (olivine, pyroxene and
plagioclase) and water-rich evolved melt/aqueous
fluid (Prouteau et al 2001; Costa et al 2002). Horn-
blende and phlogopite (occasional) bearing gab-
broic xenoliths of Volcan San Pedro (Tartara San
Pedro Volcanic Complex, Chilean Andes) are the
result of multistage differentiation process involv-
ing migration of evolved melt £+ aqueous fluid
through mafic cumulate pile (Costa et al 2002).
This reaction produced high proportion of horn-
blende (up to 62%) in gabbroic rock with high
mg-no. and Cr,O3 content. This type of melt and
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aqueous fluid migration, reaction and replacement
is also reported from well-known Large Igneous
Province like Muscox (Irvine 1980), Skaergaard
(McBirney 1995), and Stillwater (Boudreau 1999).

Besides, hornblende is found as a common min-
eral in gabbroic rocks of ophiolite complexes all
over the world (Beard 1986; Beccaluva et al
2004 on Tethyan and Codilleran ophiolite; Bonev
and Stampfli 2005 on Evros ophiolite of Greece;
Biggazzi et al 1989 on Petrota, W Thrace; Bonev
and Stampfli 2008 on Rhodope Magmatic Com-
plex, Bulgaria; Hebert and Laurent 1990 on
petrology and geochemistry of arc-related Troodos
ophiolite, Cyprus). Gabbroic rocks of subduction
zone having ophiolite affinity might be the result
of their formation in arc/back arc setting where
extensional tectonism caused fracturing and dyke
activity. Tholeiitic and boninitic dykes are com-
mon in many of ophiolite complexes of arc set-
ting where they are considered as supra-subduction
assemblage in marginal basin volcanic arc setting
(Frass et al 1990; Magganas et al 1991; Magganas
2002, 2007; Bonev and Stampfli 2005, 2008).

The gabbroic rocks of Paharpur are intrusive
into granite gneiss of Chhotanagpur Gneissic Com-
plex (CGC, ~ 800-1600 Ma) of the eastern Indian
Shield. The gabbroic rocks of Paharpur are younger
than the granite gneiss of CGC, but no radio-
metric age is available for them. The high modal
abundance of hornblende in gabbroic rocks of
Paharpur imparts a peculiar petrographic status.
Such hornblende-bearing gabbroic rocks have not
been reported from CGC. The petrogenetic pro-
cess and tectonic setting which favour formation
of abundant hornblende in gabbroic rocks appear
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to be an interesting problem. The present work
attempts to characterize the gabbroic rocks and
associated dykes of Paharpur and identify the
petrotectonic process. This will add knowledge on
the evolutionary history of CGC.

Northern part of Puruliya district is character-
ized by a number of mafic bodies intrusive within
CGC. Some of these are associated with their ultra-
mafic counterpart (Mandal et al 2007; Mandal
and Ray 2009). The mafic rocks of Paharpur,
are considered younger than CGC as evidenced
by their intrusive nature and post-tectonic with
respect to the shearing movement as evidenced
from their undeformed nature. The elliptical gab-
bro body only shows the effect of shearing at the
marginal part along the contacts with the gran-
ite country rock which is the result of magmatic
flow during emplacement within CGC. The main
east—west trending gabbroic body is intruded and
cross-cut by a number of dolerite dykes running
north-south (five in number). One dolerite dyke
trends northeast—southwest and another trends
northwest—southeast (figure 1).

The present research work attempts to study
the mode of occurrence, petrology and geochem-
istry of mafic intrusive rocks of Paharpur, Puruliya
and West Bengal and understand the magmatic
evolution process in an arc-setting.

2. Geological setting

The study area forms a part of the Chhotanag-
pur Gneissic Complex (CGC) and is character-
ized by the occurrence of medium- to high-grade
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Figure 1. Geological map of the study area around Paharpur. Sample locations are indicated in the map which are analysed
for determination of modal and chemical composition of gabbro, dolerite and basalt.
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metamorphic rocks. Intrusive rocks such as por-
phyritic granite, gabbro and dolerite are found
as concordant and discordant intrusions within
CGC. Available geochronological data based on
K/Ar method of biotites from porphyritic granitoid
gneiss and muscovite from leucogranitoid assign
ages of 870 + 40 Ma, and 810 + 40 Ma, respec-
tively (Baidya et al 1987a, 1987b). Rb/Sr method
assigns ages of 1071 +64 Ma for porphyritic hyper-
sthene granite near Raghunathpur, NE Puruliya
and 1178 £ 61 Ma for migmatites from Murguma,
SE Puruliya, Ray Barman et al 1994). U-Pb dating
of zircon from the Bengal anorthosite from further
east which is the part of a deformed and metamor-
phosed gabbro-anothosite-layered complex assigns
a Mesoproterozoic age (~1550 Ma) — an early mag-
matic event in the CGC (Ghosh and Chatterjee
2008). Gabbroic rocks of Paharpur are undeformed
with no effect of metamorphism and have no spa-
tial and temporal relationship with those of Ben-
gal anorthosites of Bankura which occur in the
eastern part of CGC. The Bengal anorthosite of
Mesoproterzoic age is intimately associated (often
interlayered) with gabbroic rocks both of which
are deformed, metamorphosed and strongly foli-
ated. The undeformed, unmetamorphosed massive
gabbroic rocks of Paharpur are definitely younger
than Bengal anorthosite, but their actual age
cannot be ascertained as no age data is available
in existing literature. A general E-W strike with
northerly dip of the foliation is the dominant fabric
of the granitoid gneisses of the CGC (Sengupta and
Sarkar 1964; Ghosh 1983; Mazumder 1988; Sarkar
1988; Baidya et al 1987a, 1987b). The monotonous
northerly dips may be ascribed to isoclinal folds
with overturned southern limb in the present area.
Precambrian rocks of the area have undergone
three phases of folding (Baidya et al 1987a, 1987b).
The last phase of deformation in the area is repre-
sented by the development of a set of shear zones.
The most prominent of these is the southernmost
one and is known as the North Puruliya Shear
Zone (NPSZ). Other E-W trending shear zones are
also observed in the southern part of the NPSZ.
One shear zone (E-W) is observed just to the
south of the study area affecting granite gneiss.
The main gabbroic masses as well as the intrusive
dykes are not affected by this E-W shearing as
these rocks do not have shear-related E-W folia-
tion. They are dominantly massive. The northern
margin of the gabbroic body shows crude E-W foli-
ation. These foliations, primary in nature, possibly
have developed at the time of its emplacement.
The main intrusive body of Paharpur is a gab-
broic mass (running E-W, paralleling the foliation
of granitic country rock) of more or less ellipti-
cal outline (1500 x 500 m) with two ends tapered
and is intruded by a number of dykes of doleritic
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composition trending mostly N-S (average width
15 m). Thus, it is found that the general orienta-
tion of these younger dolerite dykes is at a high
angle (almost 90 degree) with the elongation of the
gabbroic body.

3. Petrography and mineral composition

The optical properties of minerals and their tex-
tural relationships have been studied using a high
resolution NIKON polarizing microscope (model
no. 064333) at the Department of Geology, Pres-
idency University. Mineral composition has been
determined at the EPMA Lab, CPL, CHQ, Geolog-
ical Survey of India, Kolkata. Analyses were per-
formed with a 15 KV accelerating voltage, 15 x
10719 A beam current, 5 um spot size and 50 s live
time for each element. Mineral compositions were
determined with CAMECA S x100. Natural min-
eral standards were used for all elements except Mn
and Ti, for which synthetic standards were used.
The analyses were standardized using natural stan-
dards supplied by SPI Suppliers, Structure Probe
Inc., Canada. The replicate analyses showed identi-
cal results. Precision of analyses is within the error
limit of +3%.

The main gabbroic rocks are greyish green,
coarse-grained and porphyritic. A number of
dolerite dykes, later formed, trending roughly N-S,
intrude this main gabbroic body, outcrop in north-
ern and southern flanks. Another E-W trending
dyke is outcropping at the northernmost part of
the intrusive and two others running N-S at its
eastern and western sides (figure 1). The dykes are
medium-grained, porphyritic and at places with
mineral lineation and slickensides.

The huge gabbroic intrusive consists mainly of
plagioclase, hornblende, pyroxenes, apatite and
some opaque minerals such as magnetite, hematite
and rutile.

Plagioclase (Ans;—Ang, table 1) is coarse, tab-
ular and lath-shaped together with medium-sized
aggregates. They occupy up to 45% (by volume)
of the rocks and range in composition from ande-
sine to bytonite. Relic laths and equant grains of
plagioclase (Ans; ) are poikilitically enclosed within
large plates of hornblende in gabbro. At places,
plagioclase is resorbed by hornblende.

Hornblende occupies around 60% of the rock
and shows different schemes of pleochroism from
colourless to light green and green to greenish
brown. Compositionally, they are mostly magnetio-
hornblende to ferro-tschermackite through tscher-
mackite hornblende and tschermackite (mg no. 65—
73, table 2, figure 2). Primary hornblende grains
are discrete, small, subhedral and fewer in num-
ber. Hornblende in Paharpur gabbro occurs mostly
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Figure 2. Representative amphibole composition of intrusives of Paharpur. Black-filled squares represent the amphibole

compositions.

as secondary grains as evident from their irregu-
lar, rim-like occurrences and large; anhedral char-
acter. Secondary hornblendes are thought to have
formed due to alteration of pyroxenes and pla-
gioclases. In two samples of dolerite (77, 77A),
pyroxene grains are almost completely replaced by
hornblende. At places, hornblende is very large
in size, forming large phenocryst embedded in a
relatively fine ground mass of plagioclase and
pyroxene. This type of texture attributes to a por-
phyritic nature of the rock. Opaque minerals are
also present as inclusion within hornblende. At
some places, hornblende occurs as large enclosing
grain within which small pyroxene, ilmenite and
euhedral plagioclase grains are floating as discrete
grains. This type of hornblende grain is defined as
‘poikilitic hornblende’ (figure 3).

Pyroxenes are of two types. Clinopyroxene is
more abundant (10% to 30%, mg no. 72-82). They
occur as medium-to-coarse subhedral grains fre-
quently replaced by hornblende. Some grains con-
tain schiller plates. These are mostly diopsidic in
composition (WoyusEnggFs;o—WosoEnysFsqr, table
3). Orthopyroxenes (pleochroic from pale pink to
pale green) are very small in abundance (0.5-2%)
and frequently crowded with fine pinkish brown
dusts. These are mostly hypersthene and bronzite
in composition (Eng—Enyg, table 4). At places,

pyroxenes are only partly altered along grain
boundary to hornblende which occurs as reaction
rim. At places, alteration occurs along both bound-
ary and cleavage planes, so that the remaining

Figure 3. Poikilitic hornblende (brown) enclosing early
formed plagioclase and pyroxene grains. Hbl — Hornblende,
P1 — Plagioclase, Px — Pyroxene, Op — Opaque.
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Petrology and geochemistry of hornblende gabbro

pyroxene looks greenish, resembling hornblende.
At other places, pyroxenes are totally replaced by
hornblende, so that there are no pyroxene grains;
only occurrence of hornblende and their nature
suggest that they are alteration products.

Apatites are rare and occur as small to medium-
sized, elliptical grains generally associated with
pyroxene and opaque minerals.

Phlogopite is less-abundant in these rocks, only
a few grains are observed.

Rutile occurs as patchy grains with brilliant red-
dish brown colour associated with plagioclase and
hornblende.

Opaque minerals occur in the form of ilmenite
(subhedral) and a few magnetite (euhedral) asso-
ciated with pyroxene and hornblende.

Texturally, the main gabbroic mass is character-
ized by porphyritic and poikilitic texture.

Dolerite dykes are composed mainly of plagio-
clase-pyroxene-hornblende with subordinate amount
of olivine, rutile and opaque.

Plagioclase (Any,, table 1) occurs as criss-cross
medium-sized laths forming triangular and poly-
gonal spaces filled up by anhedral pyroxenes and
opaques giving rise to intergranular texture.

Pyrozenes occur both in the form of orthopy-
roxene (hypersthene) and clinopyroxene (diopside-
salite). Orthopyroxene is EnsoFss (table 4)
and clinopyroxene varies from WoszEnssFsqs to
WoyoEng,Fs;7 in composition (table 3). They occur
as elongate (generally orthopyroxene) and subhe-
dral equant (generally clinopyroxene) grains. The
elongate grains follow the longer contact of pla-
gioclase laths. Pyroxene occurs as thin reaction
rims around olivine. Individual grains of hypers-
thene (pleochroic from pale green to pale pink) are
crowded with numerous tiny pinkish-brown dusts.
Some pyroxene grains contain schiller plates and
also extremely fine needles of opaque along the
prismatic cleavage giving turbidity to the grains.

Olivines occur as medium-sized rounded grains
successively surrounded by coronas of orthopyrox-
ene, brownish hornblende and spongy actinolite;
the latter being in contact with the lath-shaped
plagioclase. The rimmed olivine grain, in the core
of the above corona is at many places repre-
sented by black dusts and highly irregular grains of
magnetite, some of which have filled up the cracks.

Hornblende (X = yellowish green, Y = dirty green,
Z = brownish green; Zi, = 20°) is medium-grained,
anhedral to subhedral. They are mostly magnesio-
hornblende (figure 2, table 2) in composition.
Brownish hornblende frequently has replaced
coarser pyroxenes either forming corona along the
contact with plagioclase laths or forming irregular
patches within pyroxenes. In many cases of such
replacement, minute opaque grains are intimately
associated with hornblende—pyroxene aggregate.

Table 5. Modal (volume %) composition of Paharpur intrusives.

Biotite Opaque

Hornblende Actinolite

Quartz

Plagioclase K-feldspar

Clinopyroxene

Rock type Olivine Orthopyroxene

Sample no.

Sl. no.

©
—

50.0

6.0
2.8
3.0
2.2
3.0
2.0
2.5
2.0

0.2

2.5
2.3
5.0
2.4
3.9

1.4 11.9 26.6
2.3
5.0

15.3

Gabbro

L5

©
S

33.4

25.9

19.9

Gabbro

72B
75

2
=)

30.0

14.9 38.0

8.6
9.0

3.9

Gabbro

N
—

26.8

36.5

22.0

Dolerite
Gabbro

TTA
78

=
~

42.3

34.0

10.2

i
[a\}

61.7

32.0

Gabbro

10C

o0
I~

0.2

42.5

11.9 28.0

2.0
2.3

22.3

Gabbro

15C
7
84
87
73

4.4
4.5

23.2

30.2

26.7

11.2

Dolerite

23.9

28.9

20.2

Dolerite

10.2

2.1

7.4 37.1

8.2

Dolerite
Basalt

10
11

15.3

35.4

8.8

40.5
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Figure 4. Modal classification of intrusives of Paharpur after Streckeisen (1973).

Biotites are rare (table 4).

Rutile is patchy and its rare occurrence is seen
to be associated with hornblende and plagioclase.

Opaques are mainly ilmenite with occasional
magnetite (table 4). In most of the cases, it occurs
as fine flakes and fills the fractures in rimmed
olivine.

In most of the cases, dolerites show intergranular
texture. Some finer-grained dolerites show mineral
lineation.

Modal analysis of gabbroic intrusives and younger
dolerite dykes of Paharpur has been carried out
using automatic point counter and the modal
composition is given in table 5. Using the modal
proportion of plagioclase, orthopyroxene, clinopy-
roxene and hornblende, gabbroic and doleritic
rocks have been classified (figure 4) using the
IUGS scheme (Streckeisen 1973). Intrusive rocks
have been identified as gabbronorite/hornblende
gabbronorite.

4. Geochemistry

Major trace (including rare earth) element com-
position of eight samples of gabbroic rocks were
determined at the Chemical Division, Geological
Survey of India, Kolkata using XRF and another
eight from National Geophysical Research Insti-
tute, Hyderabad using XRF and ICP-MS. Inter-
national rock standards such as BHVO, JB 2 for
major element and trace elements respectively,
were also run along with the samples to check pre-
cision and accuracy of measurement. The certified
and analysed values of BHVO and JB 2 are given
in the tables (tables 6 and 7) along with major and
trace element abundances of samples to check the
error limits of measurement.

In the following section, the major, minor
and trace element content of mafic intrusives of
Paharpur are discussed with the help of suitable dia-
grams and some of the chemical parameters of these
mafic rocks are compared with those of Mid-oceanic
Ridge Basalt (MORB), island-arc tholeiite (IAT)
and calc-alkaline basalt (CAB) (Wilson 1989).

Porphyritic gabbro shows SiO;content ranging
between 44.57% and 52.28%. MgO content is fairly
high and ranges from 8.55% to 15.65%. On the
other hand, Al,Oscontent varies from 6.79% to
18.92%. CaO content is high (10.15% to 17.26%).
K,O content of gabbroic rock ranges from 0.07%
t0 0.63%. TiO, content is fairly low and varies from
0.38% to 1.88%. P05 ranges from 0.04% to 1.0%.
High MgO (>8%), SiOy (>50%) and low TiO,
(0.4%) content imparts a boninitic character with
high Ca content.

Trace element abundances (including compatible
and incompatible elements) are variable. Among
the incompatible elements, Zr abundances are
highly variable. Gabbroic intrusive shows much
lower abundances of Zr value (14.5-56.8 ppm).
Y shows restricted range of distribution from 10
to 23.6 ppm. Gabbroic intrusive has Rb content
of 6.1-37.6 ppm. Sr shows a very wide range of
variation from 111.2 to 582.1 ppm. Incompatible
elements (Zr, Y, Rb) show low abundance. The
abundance of compatible elements (Ni, Co, Cr) is
variable in different parts of the gabbroic intrusive.
Ni content varies from 19.1 to 165.5 ppm and Cr
content ranges from 32.3 to 570.5 ppm. Overall, the
gabbroic body shows enrichment in Rb, Th, Ba, Sr
and depletion in Nb and Zr compared to average
MORB (Wilson 1989), this chemical characteristic
is very much similar to the Dhanjori mafic volcanic
rocks from adjacent Singbhum region (Roy et al
2002).
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Figure 6.

On the other hand, the later formed dolerite
dykes show silica range from 46.24% to 52.18%.
MgO content is highly variable and ranges from
5.9% to 13%. CaO content is high (9.71-16.35%).
Within these dykes, one sample with high SiO,,
MgO, CaO and low TiO, (SiO; 52.18%, MgO 13%,

Figure 5.
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Mg no. variation diagram of intrusives of Paharpur (major element oxides in percent and trace element in ppm).

TiOz 0.37% and CaO 16.35%) appears to show
a boninitic character while other samples are of
tholeiitic affinity.

Trace element abundances of the dolerite dykes
are also variable similar to the main gabbroic mass.
Zr ranges from 10.1 to 14 ppm. Rb ranges between
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2.7 and 8.5 ppm. Sr shows a high range of 126.3
to 618.1 ppm. Within the compatible elements, Ni
ranges between 10.6 and 233.6 ppm, whereas Cr
content ranges from 17.9 to 185.5 ppm.

Basaltic component of the mafic clan shows low
SiO, content (48.16%). All the other oxides are
comparable with associated gabbro and dolerite.
This basaltic rocks show unusually high FeO
(15.74%) and low MgO (5.9%).

Similar pattern of abundance (such as that of
gabbro) of trace elements is shown both by dolerite
and basalt.

The Paharpur intrusives when classified accord-
ing to TAS (total alkali vs. silica) diagram (figure
5, after LeBas and Streckeisen 1991), are found to
lie mostly (14 out of 16) within the field of basalt
with one in picro-basalt field and one in basaltic
andesite field.

In mg no. variation diagram (figure 6), the intru-
sives show a clear positive correlation with CaO,
Ni and Sr, whereas total iron, total REE and
TiOy show a good negative correlation. In AFM
(A=Nay,04+K;0; F=FeO+Fe,03; M=MgO;) dia-
gram (figure 7, after Brown 1982), Paharpur intru-
sives follow precisely (15 out of 16) the tholeiitic
trend confirming a well-differentiated magmatic
character which forms under low oxygen fugacity
condition. It prevents iron in the magma to pre-
cipitate as oxide phase and its entry into silicate
structure is prolonged to define an iron-enrichment
trend or tholeiite trend (Bose 1997).

In chondrite-normalized REE diagram (figure 8,
chondrite data after Sun and McDonough 1989),

¢ Gabbro
= Dolerite
A Basalt

A 20 40 60 80

MgO

Figure 7. AFM diagram of intrusives of Paharpur, after
Brown (1982).
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all the intrusives including gabbro and dolerite
show flat to slightly LREE-fractionated pattern
and variable degree of overall REE enrichment
with respect to the abundance in chondrite. Gab-
bro has higher overall abundance of REE and
more pronounced LREE-fractionated REE pattern
than dolerite. In basaltic dyke, no fractionation is
observed. Most of the samples of dolerite and basalt
show distinct Eu anomaly, whereas gabbro do not
show appreciable Eu anomaly.

Primitive mantle-normalized spider diagram
(figure 9, primitive mantle data after Sun and
McDonough 1989) indicates enrichment in Rb, Th,
La, Sr and Ba and depletion in Ti, Nb, Zr, Y,
Hf, Sm and P. The LILE enrichment and Nb, Ti,
Zr depletion suggest arc-like geochemical signature
of the parent magma for the main gabbroic intru-
sive and the younger dolerite dykes. In the N-type
MORB-normalized spider diagram (figure 10, N-
type MORB data after Sun and McDonough 1989),
elements such as Rb, Ba, Th, K, La, Ce, Sr and

40 L LI LI LI T

10
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QO Basalt
@ Dolerite
@® Gabbro
1 1 1 1 1 1 1 1 1 1 1 1 1 1

La Pr Eu Tbh Ho Tm Lu
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Figure 8. Chondrite normalized REE diagram (chondrite
data after Sun and McDonough 1989) of intrusives of
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Nd show variable amount of enrichment while ele-
ments such as Nb, Zr, Ti, Hf, Y, Tb and P show
conspicuous depletion with respect to abundances
of these elements in MORB.

5. Petrogenesis

Wide ranges of SiO, (44.6-52.3%) and mg no.
(27.3-69.7) in gabbroic intrusives of Paharpur is
considered to be the result of magmatic differen-
tiation. K,O shows positive correlation with SiO,
due to its incompatible nature. MgO, TiO, and
FeO+Fe,03 show good linear negative correlation
with SiO, suggesting fractionation of early min-
erals such as olivine, pyroxenes, plagioclase, mag-
netite and ilmenite during differentiation. This is
supported by clear positive correlation of CaO,
Ni, Sr and negative correlation of total REE,
FeO+Fe; 03 and TiO, with mg no. The negative
Eu anomaly, observed in majority of the samples,
suggest plagioclase fractionation as a dominant
mode of differentiation. The anorthite content of
some of the grains of plagioclase is high (Angs g0).
It may indicate possibility of contamination or
magma mixing. Paharpur intrusives show tholei-
itic and iron enrichment trend in AFM diagram
suggesting progressive iron enrichment during dif-
ferentiation which suggests crystallization under
low fO; condition. Plots in TAS diagram sug-
gest parent magma was of primitive in nature low
abundances of Ni content suggest that the par-
ent magma is not a primary one, but an evolved
magma (olivine-fractionated).

Enrichment in LILE (Rb, Th, La and Sr) and
depletion in elements of high ionic potential or
High Field Strength Element (HFSE) like Nb, Zr,
Hf, Sm, Th, Ti and Y is characteristic of the
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gabbroic and doleritic intrusives of Paharpur.
These chemical characteristics are correlatable
with the chemical compostion of hornblende-
bearing gabbroic rocks of ophiolitic suite and cross-
cutting dykes of tholeiitic to boninitic affinity in
subduction zone setting. The enrichment in incom-
patible elements of low ionic potential or LILE
(compared to MORB and primitive mantle) in the
gabbroic and doleritic rocks of Paharpur is con-
sidered to have been derived from mantle source
region which has been metasomatized by sub-
ducted sediment and subduction zone fluid. On the
other hand, low abundance of elements of high ionic
potential or HFSE might be the result of stabil-
ity of minor residual phases (e.g., rutile, zircon and
sphene) in the mantle source which preferentially
concentrate a range of HFSE.

The SiO, content of the magmatic rocks of
Paharpur is comparable with IAT and average
MORB, MgO with arc basalts and average Atlantic
MORB, Al;O3 is lower than the average TAT
and MORB, CaO corresponds with average
Atlantic MORB and IAB. Within the minor oxides,
K50 is comparable with average Atlantic MORB
and IAT, TiO, with island-arc basalts, P,Os5
matches well with MORB and island-arc basalts.
Among the trace elements, Zr, Y and Rb match
well with those of the TAT (elemental abundances
of average MORB, IAT, island-arc basalt, average
Atlantic MORB are taken from Wilson 1989).
Enrichment and wide range of Sr, Rb, La and Th
found in the magmatic rocks of Paharpur might be
the result of metasomatism of mantle source by sub-
ducted sediment and subduction zone fluid. Low/
abundances of incompatible elements (Zr, Y, Nb, Ti,
Ta, etc.) may be attributed to either high degree
partial melting of mantle source or stability of mi-
nor residual phases (zircon, rutile and sphene) in the
mantle source which preferentially concentrate these
trace elements. Although a few incompatible ele-
ments have restricted range, most of them show
highly variable abundances, ranging from much
higher to lower than those of island-arc basalts
which possibly indicates the process other than min-
eral accumulation (migration of interstitial melt
and aqueous fluid) have contributed bulk composi-
tional variations among the intrusives as observed
from hornblende-bearing gabbro from Volcan San
Pedro of Chilean Andes (Costa et al 2002).

Rare earth element composition of the rocks
when plotted in the Lu/Hf vs. La/Sm diagram
(figure 11, after Regelous et al 2003) lie in the
fields of spinel peridotite and garnet peridotite and
indicate 5% to 20% partial melting of the man-
tle source. Similar observations have been made
on the mafic intrusives of Sichuan Province, China
where the source was considered as garnet—spinel
lherzolite (Zhao and Fu 2007). The temperature
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Figure 11. Lu/Hf vs. La/Sm plot for mafic intrusives of Paharpur, after Regelous et al (2003).

for the crystallization of the mother magma for the
gabbroic intrusive of Paharpur is estimated from
coexisting orthopyroxene—clinopyroxene pair to be
805°-1077°C wusing two pyroxene thermometer
(after Kretz 1992). The pressure range over which
the parent magma had crystallized is estimated
from coexisting plagioclase—clinopyroxene pair to
be around 5.9 to 7.9 kbar using clinopyroxene—
plagioclase barometer (after McCarthy and Douce
1998). The estimated range of pressure and tem-
perature for the crystallization of parent magma of
Paharpur gabbroic rock is indicative of polybaric
crystallization over the entire crustal column and
corresponds well with mafic intrusions from the
Cascadian Arc System (Ulmer 2007) and Mexican
province of South America (Guttirez et al 2008)
and the P-T condition corroborates well with
spinel peridotite as the mantle source rock for the
mother magma. The pressure range (5.9-7.9 kbar)
is consistent with deep level (crust-mantle bound-
ary) and intermediate crustal level (15-25 km)
magma storage areas where fractionation-induced
differentiation takes place. Lesser abundance of
HREE and flat HREE pattern in chondrite normal-
ized diagram possibly suggest stability of garnet in
the residual phase during mantle melting.

In summary, it is considered that the mantle
source region beneath Paharpur is considered to
have metasomatized by subducted sediment and
subduction zone fluid leading to enrichment in
LILE (Rb, Th, K, La and Sr) and relative deple-
tion in HFSE (Nb, Ti, Zr, Y and Tb) prior to melt-
ing. Partial melting (5-20%) of such an enriched
mantle source gave rise to the parent magma
for the magmatic rocks of Paharpur. Magmatic
crystallization and differentiation continued in the
deep to intermediate level crustal magma over a

temperature range of 805°-1077°C and pressure
range of 5.9-7.9 kbar. Fractional crystallization of
early formed olivine, orthopyroxene, clinopyrox-
ene, plagioclase and ilmenite has been considered
as main process of differentiation accompanied by
the reaction of early cumulate pile with extrane-
ous aqueous fluid/evolved melt. Large poikilitic
hornblende, which is a dominant mineral phase
and encloses all the early minerals, is consid-
ered as product of such fluid/evolved melt-induced
reaction during late magmatic stage.

6. Tectonic setting

Each specific tectonic setting is more or less typ-
ified by geochemical characteristics of associated
volcanic products. It is possible therefore that such
geochemical characterization of basaltic rocks can
be used to recognize unknown tectonic setting.
However, the major element chemistry is not so
useful in tectonic discrimination. On the other
hand, immobile, incompatible minor and trace ele-
ments are very useful in tectonic discrimination as
they have restricted range for individual tectonic
setting (Rollinson 1993). Abundances of trace ele-
ments (Nb, Zr, Ti, P, Cr, Y, Mn, Sr and Ce) are
used to understand the unknown tectonic setting
of magmatic rocks of Paharpur using some tectonic
discrimination diagrams.

In the 2Nb—Zr/4-Y diagram (figure 12, after
Meschede 1986), most (7 out of 9) of the samples
are plotted within field D, which is the field for
N-type MORB or volcanic-arc basalts (VAB).

Similar observation can be obtained from MnO-
TiO,-P,05 diagram (after Mullen 1983).
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Figure 13. Cr—Y diagram for mafic intrusives of Paharpur,
after Pearce (1982).

In the Cr-Y diagram (figure 13, after Pearce
1982), most (7 out of 9) of the intrusives plot within
the field of VAB.

Similar nature of the intrusives is observed in the
Cr—Ce/Sr diagram (after Pearce 1982).

Ti—Al plot of the clinopyroxenes (figure 14, after
Leterrier et al 1982) suggest tholeiitic nature of the
mafic intrusives of Paharpur.
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Figure 14. Ti-Al plot of clinopyroxene of the mafic intru-
sives of Paharpur, after Leterrier et al (1982). Black-filled
circles represent clinopyroxene compositions.

Petrological and geochemical data give evidence
that the gabbroic rocks and associated dolerite
dykes of Paharpur was formed in a subduction zone
setting.

7. Discussion

Subduction zone is considered as the most com-
plex area of magma generation. This is because of
involvement of multiple source materials namely
subducted oceanic crust, overriding mantle wedge,
subducted sediments and subduction zone fluid
in melting episode and magma generation pro-
cess (Wilson 1989). The magmatic rocks of ophi-
olitic assemblage in a subduction zone clearly dis-
play a strong TAT and boninitic character (Winter
2001). Fluid phases usually play an important role
in the magmatic process of subduction zone; as a
result hydrous minerals (hornblende+phlogopite)
are very common in the intrusives. Hornblende
in the gabbroic rocks of subduction zone occurs
either as early formed smaller crystals as seen in
Adamello batholith, Italy (Ulmer et al 1983); horn-
blende gabbro sill, California (Sisson et al 1996)
or as poikilitic crystals enclosing earlier-formed
minerals showing reaction relation as observed in
peninsular ranges batholith, California (Smith et
al 1983); coastal batholith of Peru (Regan 1985);
hornblende gabbro from Chilean Andes (Costa et al
2002) and Evros ophiolites from NE Greece (Bonev
and Stampfli 2009).

The high modal proportion of poikilitic horn-
blende (up to 60%) in the gabbroic intrusives
of Paharpur is very significant. The mg no. of
these hornblendes is also very high. Such high val-
ues may indicate primitive characters, and pos-
sibly suggest that large proportion of hornblende
are produced by reactions between early crystal-
lized minerals (clinopyroxene orthopyroxene and
plagioclase) and evolved melt+aqueous fluids that
percolate through the mafic cumulate triggered
by protracted closed system crystallization during
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late magmatic stage. Interactions between mafic
cumulate piles and invading water-rich silicic mag-
mas may provide a means for stabilizing substan-
tially larger quantities (nearly 62 volume%) of
hornblende.

The dolerite dykes, which intrude the main gab-
broic rock of Paharpur, show largely tholeiitic char-
acter with one sample showing high Mg—-Si and low
Ti abundance and appear to show a boninitic affin-
ity. Arc tholeiites and boninites are known from
the fore arcs of the modern arc/back arc environ-
ment and points to the early stages of arc sys-
tem evolution (Taylor 1995). The magmatic assem-
blage showing tholeiitic and boninitic affinities
is observed in ancient arc systems and ophiolite
suites.

Geochemical studies on the mafic intrusive rocks
of Paharpur indicate an HFSE-depleted and LILE-
enriched signature with conspicuous negative Nb,
Ti and Zr anomaly which is considered charac-
teristic of basaltic rocks of subduction zone (Wil-
son 1989; Bektas et al 2007). High values of Cr
(18670 ppm), Ni (14-234 ppm), La/Nb (2.5-
12.6) and Zr/Nb (2.6-37.4) ratio, rule out the
possibility of crustal contamination (average crust
has La/Nb = 2.2, Zr/Nb = 16.2, after Weaver
1991). Ba/Nb ratio is also very high in this rock
compared to the crust. In subduction zone, fluid
phase and subducted sediment are two chief source
materials which contribute significantly in mag-
mas and impart characteristic geochemical signa-
ture (Guram et al 2007; Shigenori and Kazuaki
2007). In the present case, the subduction zone
fluid which is enriched in LILE (Rb, Sr) is consid-
ered to have played a dominant role in metasoma-
tism of the mantle source along with the sediment
which is rich in Th and LREE. Tectonic discrimi-
nation diagrams using chemical attributes suggest
a calc-alkaline affinity for the mafic intrusives (gab-
bro and associated dolerite dykes) of the study area
and a possible arc-setting. On the basis of the field
occurrence, mineralogy, major and trace element
behaviour of the mafic intrusives of the study area,
it appears that the intrusive bodies have some char-
acters similar to gabbroic and doleritic rocks of
subduction zones. Similar observations were made
from mafic rocks of Chilean Andes (Costa et al
2002); Duke Island, southeastern Alaska (Himmel-
berg and Loney 1994), northeastern Turkey (Bek-
tas et al 2007); Sichuan province, southwestern
China (Zhao and Fu 2007); Evros ophiolite, NE
Greece (Bonev and Stampfli 2009) and many other
places. Profuse occurrence of poikilitic hornblende
in gabbro bodies suggest activity of hydrous fluid
during late magmatic stage which is characteris-
tic of basic rocks of ophiolites in subduction zone.
The mafic-ultramafic rocks along NPSZ, located
along E-W zone about 25 km north of the present
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study area have also been reported to show subduc-
tion zone geochemical signature (Mandal and Ray
2009). The orientation of fossil intra-plate subduc-
tion zone is likely to be E-W and a possible north-
ward subduction of the southern block might have
resulted in formation of mafic rocks of Paharpur
area with subduction zone component.

8. Conclusion

Field and laboratory observations on gabbroic
rocks and associated dolerite dykes of the study
area suggest that these rocks were formed and
emplaced in subduction zone setting. The field
occurrence, rock-types, mineralogy, texture and
geochemistry of these rocks have striking similar-
ities with gabbroic rocks of subduction zone and
with basic rocks of ophiolite complex developed
in supra subduction zone of arc-marginal basin
setting. Paharpur intrusive is characterized by its
more basic, hydrous and evolved nature. Processes
other than mineral accumulation such as, migra-
tion of interstitial melt and aqueous fluid may
contribute bulk compositional variation among
the intrusives indicated by abundances of trace
elements. The variation in major elements and
ratios of trace elements suggest variable crustal
contamination in mantle source prior to melting.
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