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ABSTRACT
The Bethampudi anorthosite complex is essentially a leucograbbro (gabboric anorthosite and
anorthositic gabbro), anorthosites, amphibolites, and pegmatite occur as concordant or discordent
bodies. This work involves detailed geological geochemical investigations of amphibolites so as to
reveal their possible protolith. The field relaltions, major, trace and rare earth element compositions of
ampbibolites suggest that they are petrogenetically related to anorthosites by fractional crystallisation.
Protoliths of the amphibolites show a tholeiitic signature that prevails over the sub-alkaline nature and
E-MORB affinities. They were generated from a depleted mantle surface with the influence of a
subduction and within-plate components.
Keywords: Tholeiitic, MORB, N-MORB, E-MORB and Subduction zone, Geochemistry and Tectonic
Environments

1. INTRODUCTION
The term ‘amphibolite’ is used for a basic /mafic rock, which possesses a polygonal
granoblastic texture having amphiboles, plagioclases, quartz and other accessories. Besides
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typical granoblastic texture, the rock may also display a well-marked lineation and foliation (or
gneissosity). General consensus among petrologists is that the amphibolites are medium grade
regional metamorphic rocks derived from basic/mafic igneous rocks and impure calcareous
rocks (or carbonate bearing pelitic rocks).
Amphibolites and their associated gneisses and schists have undergone regional
metamorphism at amphibolite facies conditions. These conditions are greater than those of
greenschist facies and lower than those of granulite facies (T: < 550 ºC and P: 4-8 kb). Genetic
classification of amphibolites was first proposed by Engel and Engel (1962) after a detailed
study of the northwest Adirondack amphibolites from the Adirondack Mountains. The origin
of the amphibolites in the Paragneiss from the Adirondack area as (1) simple reconsititution of
basaltic sills or flows; and (2) metamorphic differentiation of the gneiss with selective
amphibolitization of favorable compositional layers or sheared zones. Furthermore, Bernard E.
Leake (1963, 1964) has distingnished ortho- and para- amphibolites with their differing trends
of chemical variation by the plots of Niggli’s values. He has concluded. The ortho-amphibolites
(products of igneous protoliths) exhibit typical igneous trend which is comparable with that of
Karroo dolerite magmatic trend. Ortho-amphibolites are typically, completely recrystallized
meta-dolerites, metabasalts and meta basic tuffs. However, the para-amphibolites (products of
sedimentary protoliths) are generally resulting from the metamorphism of calcareous or
dolomitic shale. Another criterion for the distinction between ortho-and par-amphibolites is
trace element abundances. In general Cr, Ni, Co, and Sc are more and Ce, Th and Niggli k, p,
and ti are less in ortho-amphibolites when compared to those of para-amphibolites. The basalts,
possibly derived from a single standardized source, show unusual trace element characteristics
including crossing REE patterns but with constant incompatible element ratios for similar high
Mg#s. Langmuir et al. (1977).

2. GEOLOGICAL SETTING
The Bethampudi Anorthosite complex has an aerial extent of >100 sq. km in the survey
of India Toposheet Nos. 65C/7 and 65C/10; and falls between latitudes 17°25’ and 17°35’ N,
and longitudes 80°25’ and 80°35’ E (Fig. 1). The BAC is syntectonically emplaced as a “silllike” intrusive body within the Khammam Schist Belt (KSB), wherein the general foliation is
oriented towards NE-SW direction. Smaller outcrops of the BAC, that are spatially separated
from the main body by prominent shear zones, occur as tectonically dismembered and deformed
sheets and lenses in the southern, northern and western parts of the complex. Further, the
complex is intruded by younger intrusives of mafic dykes, sills and lenses, which have now
preserved as amphibolites.
The rocks of BAC have been affected by three phases of ductile-brittle deformations and
metamorphism under upper amphibolite to lower granulite facies hence, clear-cut stratigraphic
sequence of the magmatic deposition in the BAC could not be established; the complex had
variably witnessed complex-folding and fracturing which was overprinted on the primary
igneous layering during transgressive tectonism (Narsimha Reddy and Leelanandam, 2004).
The rocks of the Bethampudi have undergone polyphase deformation and show a prominent
NNE–SSW to NE–SW fabric in the northern parts (Sarvothaman 1995). The mafic rocks are
mainly of basaltic composition and occur as dykes, sills, lenses and flows. They have undergone
amphibolite grade metamorphism, although local granulite grade rocks are not uncommon.
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Fig. 1. Location & Geology map of Bethampudi Layered Complex.
(Modified after M N Reddy et al 2006)
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The samples for the present study were collected from dykes, sills and lenses in and
around the Bethampudi layered complex. Field relations suggest that all the dykes and sills
were emplaced in a single episode. Understanding the origin of the tholeiites is vital in
evaluating the geodynamic setting for the Bethampudi Amphibolites and to unfold the proposed
collision tectonics between the Eastern Ghats Mobile Belt and Dharwar Craton (Radhakrishna
and Naqvi 1986; Vijaya Kumar K et al., 2006).

3. ANALYTICAL PROCEDURE
Typically, unaltered and fresh samples, showing the widest possible variation in modal
mineralogy, were analyzed for major elements. Cleaned chips were powdered to ~200 mesh
using a steel jaw crusher and a ring mill. The rock powders were analysed by X-ray fluorescence
spectrometry (XRF) using a Philips MAGIX PRO Model 244O for the major elements. ICPAES and ICP-MS for trace and rare earth elements at the PURSE Centre, S.V.University,
Tirupati, and Geological Survey of India (GSI) Hyderabad. Representative whole rock analyses
are presented in Table 1.

4. RESULTS AND DISCUSSION
4. 1. Geochemistry
4. 1. 1. Major element geochemistry
Amphibolites of the Bethampudi area, Khammam Dist. Major element data of these
amphibolites are presented in Table 1. These rocks display a narrow range of SiO2 (48.83-52.12
wt %), Al2O3 (10.76-14.98 wt %), Fe2O3t (12.33-15.16 wt %), MnO (0.04-0.27 wt %) and
moderate range of MgO (7.65-8.79 wt %), CaO (9.83-12.32 wt %) and Na2O (1.7-2.42 wt %).
However, these rocks show large variation in TiO2 (0.46-1.4 wt %), K2O (0.08-0.59 wt %) and
P2O5 (0.01-0.42 wt %).
All these amphibolites are silica saturated to undersaturated rocks with normative olivine,
hypersthene and nepheline as per normative compositions. The attendance of normative Ne and
variable percent of normative or molecule in these rocks reflect the variability in the normative
an content. It is suggested that these rocks have been formed from mild fractionation of evolved
Fe-rich basaltic magma. All the amphibolites lie within the basalt field in total alkalis (TAS)
vs. silica diagrams (Fig. 2a & b) of Cox et al, (1979); and Le Bas et al., (1986), with the
discriminating boundary between alkaline and subalkaline/tholeiitic magma series after
Miyashiro (1974). Amphibolites the study area fall within Tholeiitic series when they are
plotted on FeOt / MgO vs SiO2 diagram (Fig. 3a) of Miyashiro (1974); SiO2 vs. K2O diagram
of Peccerillo and Taylor (1976) (Fig.3 b). AFM triangular diagram of Irvine and Baragar, 1971
(Fig. 5) showed the tholeiitic affinity of the magmatic precursor of the ampphibolites (Fig. 5)
The tholeiitic affinity of the amphibolites is similarly supported by Al – (Fet+Ti) – Mg trilinear
diagram of Jensen (1976).
The TiO2 (<0.9) and P2O5 (<0.05) contents are consistent with the theoleiitic character of
the metabasalts (Floyd and Winchester, 1978). The low CaO/Al2O3 ratio (<0.72) for the
amphibolites of the study area suggested igneous ancestry. The strong positive correlation
between Cr and Ni also conforms their igneous origin (Bolarinwa and Adeleye, 2015).
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Table 1. Major element geochemistry (wt. %) Trace and Rare earth element abundances
(ppm) of the amphibolites from the Bethapudi area in the Khammam schist Belt.

Sample No

59

41

60

71

74

Sample No

59

41

60

71

74

SiO2
TiO2
Al2O3
Fe2O3t
MnO

52.12 49.72 49.4 48.8 50.23
0
0.46 0.43 0.49 1.4
14.98 13.26 11.8 11 10.76
12.33 12.98 14.6 15.2 14.21
0.04 0.21 0.27 0.2 0.24

Ni
Cr
Co
V
Sc

220 164 290 149 351
543 316 444 115 1019
70
67 102 57 83.4
501 446 417 155 327
6.3 53.2 72.8 51 32.3

MgO
CaO
Na2O
K2O
P2O5

7.65 8.79
10.54 11.2
1.9
1.7
0.59 0.08
0.14 0.01
100
98.4
9.67 8.32
0
0
3.49 0.47
16.08 14.39

Rb
Sr
Ba
Y
Zr
Nb
Hf
Ta
Th
U

15
116
141
17
18
2.5
0.6
0.2
0.7
0.2

14.6
97.9
119
21.7
19.3
3.93
0.53
0.52
0.87
0.17

2.7 8.8
35.6 133
38
58
17.7 19
5.16 11
0.11 5.6
0.14 0.6
0.25 0.4
0
0.9
0
0.6

5
148
327
22.9
104
6.5
2.25
0.33
1.79
3.69

La
Ce
Nd
Sm
Eu
Gd
Tb
Yb
Lu
Total REE

6.3
12
5.6
2
0.5
2.2
0.4
1.6
0.3
31

4.98
12.4
6.4
2.04
0.83
2.6
0.46
1.75
0.28
31.8

0.74
1.56
1.24
0.51
0.23
1.1
0.25
1.52
0.31
7.46

19.6
42.3
16.1
3.6
0.91
3.62
0.6
1.86
0.29
88.8

Total
Q
C
Or
Ab
An
Ne
Di
Wo
Hy
Ol
Il
Tn
Pf
Ru
Ap
Sum
%Feldspar
%An

8.26
12.3
1.57
0.19
0.03
99
8.77
0
1.12
13.3

8.36 8.02
11
9.83
1.77 2.42
0.11 0.36
0.04 0.42
97 97.89
9.2 9.12
0
0
0.65 2.13
15 20.48

30.6 28.31 24.6 21.8 17.43
0
0
0
0
0
16.18 20.56 27.9 24.7 19.19
0
0
0
0
0
11.63 12.37 7.64 9.39 11.08
0
0
0
0
0
0
0.45 0.58 0.43 0.51
0
0.55 0.31 0.65 2.77
0
0
0
0
0
0
0
0
0
0
0.33

0.02

0.07

0.1

1

88
85.4
84 81.9 83.71
50.17 43.17 39.1 37.4 40.04
61
65.58 63.1 58.3 43.54
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(a)

(b)
Fig. 2. Total Alkalies (TAS) vs, SiO2 diarams: a) Cox et al., 1979 and b) Le Bas et al., 1986.
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(a)

(b)
Fig. 3. a) FeOt / MgO vs SiO2 diagram of Miyashiro (1974); and b) SiO2 vs. K2O diagram of
Peccerillo and Taylor (1976).
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Fig. 4. Discriminated diagrams of R1-R2 plot (De la Roche et al., (1980).

(a)
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(b)
Fig. 5. Triangular diagrams showing tholeiitic trend to the study area amphibolites:
a) AFM triangular diagram of Irvine and Baragar (1971) and b) Jensen (1976)
Major elements (CaO, FeOt, MgO) of amphibolites of study area exhibit very good
negative correlation between SiO2 and positive correlation with Al2O3 and K2O when they are
plotted on Harker variation diagrams (Fig. 6). This chemical characteristics indicates that the
involvement of fractionation of Pyroxene, hornblende, plagioclase and Fe-Ti Oxides during
fractionation and crystallization process of hydrous basaltic magma.
4. 1. 2. Trace and REE Element geochemistry
Amphibolites have variable abundances (ppm) of transitional elements as Ni (149-351),
Cr (114.9-1018.7), Co (57-102), V (154-500) and Sc (6.3-72.8). Among large ion lithophile
elements (LILE) the Sr (36-148) and Ba (38-327) are relatively higher abundances than the
Rb (2.7-15.3) and Y has higher concentration (17-23) than the other high field strength (HFS)
elements as Zr (5.6-103.7), Nb (0.11-6.5), Hf (0.14-2.25), Ta (0.15-0.52) and Th (0.72-1.79)
from the studied amphibolites (Table 1). The increase of Rb with differentiation is compatiable
with fractional crystallization of K-feldspar and Biotite. Sr behaves as a compatiable element
indicating aw role of plagioclase fractionation. Ba also behaves as a compatiable element
pointing to alkali feldspar fractionation. The HFSE (ie., Nb, Y, Zr, Hf and Th) are immobile
and are important for characterization of the geo-tectonic setting in which these rocks were
emplaced, thus the changes of these elements were used for geochemical characterization of
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the magma types (Pearce and Norry, 1979). The abundance of LILE (Rb, Sr and Ba) vary
systematically with increasing SiO2 variation diagram (Fig. 7).

Fig. 6. Harkers’ Variation diagram of SiO2 vs. Major elements for the amphibolites
of the study area.
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Fig. 7. Harker variation diagram of SiO2 versus selected trace elements for
the amphiblites of the study area.

When they are plotted on binary variation diagrams of Zr versus other selected trace
elements (Fig. 8), the selected rare earth elements, HFSE, and LILE exhibit very good positive
correlation with Zr. However, the transitional elements do not display clear cut fractionation
trends with Zr on the binary difference diagrams (see Fig. 8) and this may be due to mobility
of these trace elements during post magmatic alteration of rocks by polyphase deformation and
metamorphic conditions or they may not be entered into fractionation and crystallization of
initial mafic minerals during magmatic differentiation process. However the transition elements
do not display clear cut fractionation trends with Zr and this may be due to the mobility of these
elements during post magmatic alteration. In this study it is observed that the La and Ce show
good relation against Zr.
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Fig. 8. Binary variation diagrams of Zr vs. other selected trace elements for
the amphibolites of the study area.

Chondrite normalized REE pattern of the amphibolites (Fig.9) covering the entire
compositional spectrum range from LREE depletion (La/Yb+ 0.50) to LREE enrichment
(La/Yb=10.5) with small negative Eu anomalies. The samples which show enriched LREE
pattern hold relatively lower Al2O3/TiO2 ratio than the LREE depleted patterns.
The constant La/Ce ratio (0.41 to 0.50, but variable La/Yb ratio values (0.5 to 10.0) are
characteristic of geochemical trends of the tholeiites. The REE chemistry suggests a
geochemical evolution from basalts to tholeiites. This is consistent with the lack of plagioclase
and clinopyroxene fractionation.
The slight compositional variances between the REE may imply different enriched type
basalts (E-MORB) of the magma source, which were resultant from minor variation in the
degree of partial melting from a single mantle source (Panjaswatwong et al., 2006 and Ukaegbu
and Beka, 2009)
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Fig. 9. Chondrite normalized diagram for ampibolites from BAC (Boynton 1984).

Fig. 10. E-MORB-normalized trace element patterns for the rocks from the study area.
Normalizing values from Sun and McDonough (1989).
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Fig. 11. N-type MORB normalized spider diagram (N-type MORB data after Sun and
McDonough 1989) of the rocks from the study area.

In spider daigram (Fig. 10) the rocks of the study area show prominent positive anomalies
for Ba, Sr, K, U and discrete negative anomalies for Ti, Zr, P, Nb, La and Ce. This anomalies
and the sub parallel tracement trends recommend that these rocks are dirivatives of a single
magmatic melt (Basaltic).The common trend in REE and trace element distribution pattern
suggest that the rocks of this association were derived from a single basaltic melt
compositionally close to enriched mantle source/continental arc basalts.

5. DISCUSSION
The amphibolite protoliths have basic compositions (SiO2 = 45-47 wt %), are low Ti (TiO2
= 0.43 – 1.4 wt %) are classified as subalkaine basalt. Based on the Zr/TiO2- Nb/Y diagram
(Winchester & Floyd 1977) the amphibolites have subalkaline basaltic, compositions (Fig. 12).
Ratios of incompatiable elements are particularly useful for evaluating the nature of mantle
source by which they are almost intensive to variations in the degree of partial melting and
fractional crystallization (Paeace and Peat, 1995; Pearce, 2008). Usually, lower incompatible
element ratios resemble to depleted mantle source (N-type MORB), whereas higher ratios
resemble to more incompatible element enriched mantle (E-type MORB to IOB or Sub-arc
mantle).The elevated Th/Yb and TiO2.Yb at a given Nb/Yb value could help to differentiate the
subduction zone settings or melts contaminated by pre-existing continental crust.
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Fig. 12. Discrimination diagram (after Winchester & Floyd 1977) showing a subalkaline
basalt to the present area amphibolites.

Fig. 13. Nb/Yb vs. Th/Yb diagram (Pearce and Peate, 1995; Pearce, 2008) for the rocks from
theBAS. N (normal)-MORB, E (enriched) — MORB and OIB (ocean island basalt).
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According to the classification by Smith et al. (2001), which defines N-MORB have lavas
with K/Ti = <11 and E-MORB haw lavas with K/Ti = >11. Amphibolites of the study area are
fall in E-MORB field, when we Nb/Yb plotted these rocks in K2O/TiO2 vs. Molar Mg#
discriminate diagram of Smith et al. (Fig.14), which suggesting that the protolithic magmas
were sourced from a enriched mantle. The higher Th/Yb ratios may be attributed to the
conservative behaviour of Nb in the sub-ducting slab, with addition of the Th and LREE from
slab to the sedge or concluded crustal contamination (Pearce, 2008).
The Th/Yb vs. Nb/Yb diagram is used for recognition of crustal signatures in the magma
(after Pearce, 2008). Magmas that have interrelated with continental crust on ascent or have a
subduction component are then displaced to higher values. The diagram has an oblique MORB
– OUB array containing N-MORB, E-MORB and OIB end-members. The rocks of the study
area fall within or above the MORB-OIB array and have Th/Yb ratio greater than that of NMORB, and placed at E-MORB (Fig. 13).

Fig. 14. Plot of molar Mg-number vs K/Ti (wt % K2O/TiO2_100). The horizontal dashed line
at K/Ti = 11 separates fields for N-MORB (<11) and E-MORB (>11)
(After Smith et al., 2001).

Whether the volcanoes erupted at normal ridge segments (N-MARB) or tectonically
anomalous ridge segments hot spot or enhanced ridge segments such as E-MORB) can be
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deduced from their ratios of La/Ta, Rb/Sr, Th/U, Hf/Ta and La/Sm (Wood et al., 1979). When
we compare all these elemental ratios of the study area amphibolites with N- and E-MORBS,
it conforms that these rocks are to be of E-MORB type of magma generated.
Ratio

N-MORB

E-MORB

Study area amphibolites

La/Ta

~15

~ 10

21.6

La/Sm

< 0.7

< 1.8

2.79

Rb/Sr

~ 0.01

~ 0.04

0.09

Th/U

~2

~4

2.12

Hf/Ta

>7

7-2

2.58

Certain chemical parameters can be used to assess the degree of contamination. Among
the major elements TiO2 is a reliable discrimination between arc and spreading ridge balsalts
(Pearce, 1975; Pearce and Cann, 1973) and is relatively immobile during alteration. Low TiO2
(average o.68) content of the study area amphibolites formation suggests that the protolith in
an arc sytem (Pearce, 1975). Basaltic rocks affected by crustal contamination exhibit K/P = 2
& La/Ta = 22 and La/Nb = 1.5 (Abel Fattah et al., 2004).
The low values of such elemental ratios (average values) in the rocks of the study area
(K/P = 2.07, La/Ta = 21.6; La/Nb = 1.80) conforms the role of contamination during magma
evolution has been minimal. In addition, incompatiable trace elements such as Ta, Yb and Th
considered determining crustal contamination. The crustal contamination affects Th more than
Ta and Yb. The contamination shows high Th/Yb values (Moghazi, 2003). In Crustal
contamination having High Th/Yb ratios would be indicative (Gourgaud and Vincent, 2004).
All the samples of the study area rocks have a clear negative Nb anomaly (spider diagrams Fig.
10 & 11), which is characterstic for continental crust or involvement of crustal component in
the magmatic process (Sun and McDonouth, 1989; Vang, 2011).
Employed some immobile HFSE (Ta, Tb,Th, and Hf) to discriminate volcanics from
Ocean arcs, active continental margins and within-plate volcanic zones on Ta/Yb vs. Th/Yb
and Th/Ta vs. Yb diagrams (Gorton and Schandl 2002; Henriques et al, 2017).
The BAC study area rock samples are plot in the field of Within-plate volcanic zone
(Fig.12). The same was confirmed by the Th/Hf vs. Ta/Hf and Th/Hf vs. Yb discriminate
diagrams (Fig.13). The same has been conformed while the rock samples are plotted on Harris
et al. (1986) of Hf – Rb/30 – 3 Ta discriminate diagram (Fig.13).
Amphibolites of the study area have low Mg, Zr, Hf and Ta and high Al, La/Ta (3-60)
contents indicates that these rocks are of the active continental margins. On the other hand these
amphibolites show Continental Arc Basalts (CAB) while these samples are plotted on trilinear
diagram (Fig. 14) of Mullen (1983).
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Fig. 15. (a) Th/Yb–Ta/Yb; (b) Yb vs. Th/Ta; (c) Th/Hf vs. Ta/Hf and Th/Ta vs. Yb
discrimination diagrams of Gorton and Schandl (2002). The boundaries shown for felsic and
intermediate rocks from oceanic arcs, active continental margins (ACM) and within-plate
volcanic zones (WPVZ). The within-plate basalts (WPB) and MORB (mid-ocean ridge
basalts) represent the zones previously defined by Pearce et al. (1984).
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Fig. 16. Geochemical discrimination diagrams, Rb/30-Hf-Ta3 (Harris et al., 1986) and
Yb – Ta (Pearce et al., 1984). Abbreviations: WPG — within plate, COLG — collision g,
VAG — volcanic arc, ORG — ocean ridge.

Fig. 17. TiO2-(MnO × 10)-(P2O5 × 10) discrimination diagram (after Mullen, 1983). MORB =
mid-ocean-ridge basalt, CAB = calc-alkaline basalt, OIT = ocean island tholeiites, OIA =
ocean island alkaline basalt, IAT = island arc tholeiites, BON = boninites
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6. CONCLUSIONS
The Bethampudi anorthosite complex is essentially a leucograbbro (gabboric anorthosite
and anorthositic gabbro), anorthosites, amphibolites and pegmatite occur as concordant or
discordent bodies. This work involves detailed geological geochemical investigations of
amphibolites so as to reveal their possible protolith. The field relations, major, trace and rare
earth element conpositons of basaltic ampbibolites suggest that they are petrogenetically related
to anorthosites by fractional crystallisation. Various discrimination plots, normalised patterns
of the incompatiable elements against average N-MORB, E-MORB and other geochemical
characteristics suggest that the protoliths were dominantly of tholeiitic MORB compositon.
Amphibolites exhibits depleted to enriched LREE and flat HREE patterns. The ratos of K/Ti
(>11), La/Ta (21.6), La/Sm (2.79), Rb/Sr (0.09), Th/U (2.12) and Hf/Ta (2.58) indicate that the
amphibolites demonstrate E type MORB characteristics. The low K2O, Rb, TiO2, and high
Na2O/K2O values of these amphibolites can be attributed to magma produced during a high
degree of partial melting with little or no crustal contamination. The tholeiitic magmas were
most probably generated by hot spot activities on constructive plate margins and subsequently
modified by subduction related tholeiitic chemistry due to within plate volcanic components.
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