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A number of plugs and dykes of mafic rocks are
encountered between Se La and Jung areas of the
Central Crystalline rocks of western Arunanchal
Himalaya. These mafic intrusives are emplaced within
the Paleoproterozoic high to medium grade schists
and gneisses of Se La Group. These mafic rocks are
metamor phosed and composed of hornblende (~70%)
and plagioclase showing granoblastic texture. Geo-
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chemically they show olivine tholeiitic characteristics.
Appreciable amount of normative hypersthene and
olivine is present in all samples. The geochemistry of
high-field strength (+rare-earth) elements suggests
that these mafic rocks ar e co-genetic and derived from
olivine tholeiite melt generated from a depleted Iher-
zolite mantle source. These mafic rocks show very
close geochemical similarities with mafic rocks
reported from the western Himalaya. The satellite
imageries suggest that these mafic intrusive rocks are
exposed at intersection of major lineaments. The asso-
ciation of these mafic rocks with major lineaments,
mostly fault planes, advocates that these originally
deep seated intrusions have been upthrown and
exposed along the fault planes.

Keywords: Arunachal Himalaya, depleted mantle, geo-
chemistry, Kameng, mafic rocks, olivine tholeiite, Pro-
terozoic.

EASTERN parts of the Himalaya— particularly western
Arunachal Himalaya, i.e. West Kameng region and
Tawang — are geologically least studied in comparison to
other parts of the Himalaya. Although the Geological
Survey of India has done geological mapping work, very
little published work is available'™. Most of these work
present geological framework of the western Arunachal
Himalaya with little information about the mafic mag-
matic rocks®. Limited petrological and geochemical data
on mafic rocks from the Higher Himalayan Central Cry-
stallines is available. Only few occurrences of depleted
mantle derived mafic magmatic rocks emplaced within
the Higher Himalayan Central Crystallines are reported
from Vaikrita® and Bhagirathi—Y amuna valleys"® of the
western Himalaya. Thus, detailed study on such rocks in
a Precambrian terrain may play an important role in un-
derstanding crustal evolution. In this communication, we
report new occurrences of Proterozoic olivine tholeiitic
mafic intrusive rocks emplaced within the Palaeoprotero-
zoic Se La Group Central Crystallines and present pre-
liminary results on their field-setting, petrology and
geochemistry.

The study area lies north of the Main Central Thrust
(MCT) and forms a part of Higher Himalayan Metamor-
phic Belt (Figure 1b). Rocks of the area represent the
Central Crystallines in the western Arunachal Himalaya
where they have been designated as Se La Group®* of
early Palaeoproterozoic age. The Se La Group in the
study area is represented by high-grade schists and
gneisses of the Galensiniak Formation and metasediments
including graphite-bearing schists of the Taliha Forma-
tion®. During the present investigation, many mafic intru-
sive rocks were observed from the Central Crystalline
rocks, particularly exposed between Se La and Jung areas
(Figure 1). These mafic rocks mainly occur as small
plugs (~10-20 m radius). Few small dykes (~100—200 m
in length and 2-5 m in width) are also encountered. These
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Figurel. Mosaic of digitally processed satellite image highlighting the major lineaments. Locations of
mafic intrusives are also depicted. Inset (a) shows map of India with location of Arunachal Pradesh and
inset (b) shows location of the study area in the generalized geological map of Himalaya.

Figure 2. a, A plug of olivine tholeiite mafic rock intrudes granite
gneiss encountered near Jung. b, Photomicrograph of studied rock.
Hornblende grains are dominating over plagioclase feldspars.
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mafic rocks intrude high to medium grade schists and
gneisses. Best exposures of mafic intrusive rocks are
encountered from Jung (Figure 2a; as a plug) and Jas-
wantgarh. It is interesting to observe that these mafic
bodies are exposed at the intersection of major linea-
ments, recognized on the satellite images (see Figure 1).
The field relation of these intrusions suggests that they
are exposed along fault zones. It therefore provides suffi-
cient reason to believe that these intrusive rocks which
were emplaced at a deeper level have come up and got
exposed at the present level because of faulting.

All the studied mafic samples were examined for their
petrographic characteristics. As these are metamor-
phosed, it is difficult to observe any igneous mineralogy.
They are coarse-grained and show granoblastic texture
and mainly consist of hornblende and plagioclase (Figure
2b). Most of the samples are hornblende dominating
(~70%). Plagioclase feldspars are present but not more
than 25%. Hornblende grains are subhedral in shape and
show poikiloblastic textures, defined by inclusions of
plagioclase feldspars. Smaller grains are unsieved but
larger hornblende grains are sieved with plagioclase feld-
spars. Two sets of oblique cleavages are observed in a
number of hornblende grains. Plagioclase feldspar grains
are untwined and smaller in size. IImenite and titanite are
common minor constituents. Mineralogy of these rocks
suggests their derivation from mafic protolith. Observed
mineral assemblage suggests that studied mafic rocks are
metamorphosed under medium grade metamorphic condi-
tions.

Eleven samples were selected for this study for their
whole rock major, trace and rare-earth element analyses.
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Tablel. Wholerock major oxides (wt%) and CIPW norms of the olivine-tholeiite mafic rocks from the western Arunachal Himalaya

32 33 41 42 44 47 51 56 75 76 85
Major oxides (wt%)
SiO, 46.48 46.67 45,71 45.66 46.81 45.18 47.05 43.86 45.63 46.85 46.82
TiO, 1.17 1.24 1.19 1.00 0.98 1.00 0.85 0.84 1.05 1.12 1.02
Al,O3 16.63 16.32 15.89 15.09 14.49 14.80 16.81 12.41 16.26 16.78 17.14
Fe,0O3 12.95 13.20 13.37 14.76 10.66 12.96 11.64 13.83 13.08 12.48 12.57
MnO 0.21 0.21 0.22 0.23 0.20 0.22 0.22 0.25 0.22 0.22 0.22
MgO 8.63 7.89 9.25 9.74 12.05 11.74 9.27 16.52 9.69 8.49 8.96
CaOo 10.04 10.75 11.12 11.16 10.92 10.33 9.27 8.18 9.84 11.08 10.74
Na,O 2.42 2.42 2.06 1.45 1.68 1.71 1.75 1.18 2.38 2.50 2.22
K,0 0.97 0.19 0.20 0.27 0.56 0.29 1.98 0.21 0.30 0.27 0.31
P,Os 0.06 0.08 0.08 0.03 0.09 0.07 0.07 0.06 0.06 0.08 0.07
LOI 1.23 0.86 0.84 0.93 1.83 1.01 1.67 2.75 1.39 0.98 0.77
Total 100.80 99.82 99.92  100.30 100.30 99.31 100.60 100.10 99.90 100.90 100.80
Mg# 60.90 58.29 61.79 60.67 72.54 67.92 66.06 72.87 63.39 61.39 62.49
CIPW norm
Or 5.69 1.14 1.19 1.60 3.32 1.74 12.21 1.26 1.81 1.63 1.89
Ab 17.52 20.79 17.59 12.30 14.26 14.74 15.45 10.19 20.52 21.59 19.39
An 37.89 35.38 36.94 38.36 36.30 35.07 27.56 33.85 34.48 35.05 32.12
Ne 1.51 - - — - - - - - - -
Di 9.08 14.96 14.87 13.88 14.07 13.53 16.25 5.77 11.31 19.23 19.10
Hy - 6.28 3.31 10.88 6.23 6.41 6.25 11.79 1.78 2.37 8.82
ol 23.14 15.90 20.64 17.73 20.99 23.49 17.73 32.94 23.99 17.93 14.64
Mt 2.84 2.96 2.98 3.27 2.36 2.92 2.69 243 2.95 2.82 2.87
I 2.20 2.39 2.28 1.90 1.87 1.93 1.68 1.63 2.03 2.17 2.00
Ap 0.14 0.19 0.19 0.07 0.21 0.16 0.17 0.14 0.14 0.19 0.17
Rock types Alkali Sub- Sub- Sub- Picrite Sub- Sub- Picrite Sub- Sub- Sub-
(TAS Class")* basalt alkali alkali alkali alkali alkali alkali alkali alkali
basalt  basalt basalt basalt basalt basalt basalt basalt
@ B Phonolite @ FeO*
<
£
o 10T Foidte Tholeiitic
!N Rhyolite
+
% 571 L
< SERIES
8% 2 Calc-Akaline

35 45 55 65 75
Si0, (wt %)

Na,0 + K,0 MgO

Figure 3. a, Total-alkali and silica (TAS) diagram®. Thick line divides sub-alkaline basalts from alkaline

basalts™®. b, AFM diagram®.

The analyses were done at the Activation Laboratories
Ltd.,, Ancaster, Ontario, Canada. ICP-OES (Model:
Thermo-JarretAsh ENVIRO 1) was used to analyse
major elements, whereas ICP-MS (Model: Perkin EImer
Sciex ELAN 6000) was used to determine trace element
concentrations. The precision is approximately 5% for
major oxides and 5-10% for trace elements, when
reported at 100x detection limit. Several standards, such
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as MRG1, W2, DNC1, STM1 and SY 3 were run to check
accuracy and precision. Mgjor oxides and CIPW norms
are presented in Table 1; Table 2 presents trace and rare-
earth element compositions.

All the analysed mafic samples have moderate silica
and high magnesium (~8 wt% or more) concentration. On
the total-alkali and silica (TAS) classificatory diagram’
(Figure 3a) all samples show basaltic nature and fall
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Table 2. Trace and rare-earth element (in ppm) compositions of the olivine tholeiite mafic rocks from the western Arunachal

Himalaya
32 33 41 42 44 47 51 56 75 76 85
Trace elements (ppm)
Cr 260 180 230 240 590 430 280 700 320 240 190
Ba 36 37 12 22 9 8 94 5 86 37 24
Sr 158 173 167 87 96 105 132 132 177 206 146
Rb 51 7 4 7 23 6 266 2 10 4 8
Nb 2 3 3 2 2 2 5 2 2 2 2
Ta 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.1 0.2 0.2 0.2
Zr 28 41 36 39 66 38 37 26 34 33 30
Hf 11 13 14 12 19 1.0 13 0.9 1.0 11 11
Y 20 22 20 18 22 18 26 15 17 20 19
Th 0.4 0.6 0.6 0.8 22 0.5 11 0.4 0.5 0.5 0.5
U 0.2 0.2 0.1 0.1 0.4 0.1 0.6 3.6 0.1 0.1 0.1
Rare-earth elements (ppm)
La 2.90 3.70 3.90 3.20 5.40 2.90 3.40 240 2.90 330 390
Ce 7.20 9.30 9.70 7.90 12.90 7.10 8.10 590 7.10 8.10 8.60
Pr 1.05 133 137 111 1.67 1.01 114 0.82 0.98 113 114
Nd 5.60 6.60 6.90 5.60 8.10 5.10 6.10 440 5.10 580 550
Sm 1.90 210 210 1.80 2.50 1.60 1.90 140 1.60 190 1.70
Eu 0.90 098 1.01 0.86 0.99 0.81 0.87 065 0.86 093 0098
Gd 2.60 3.00 3.00 2.50 3.30 2.30 2.90 210 230 280 250
Tb 0.50 0.60 0.60 0.50 0.60 0.50 0.60 040 0.50 0.60 0.50
Dy 3.60 410 4.10 3.50 4.10 3.30 4.40 290 3.20 4,00 3.40
Ho 0.80 090 0.90 0.70 0.80 0.70 0.90 0.60 0.60 0.80 0.70
Er 2.40 270 2.60 2.20 2.50 2.20 2.90 190 2.00 240 220
Tm 0.37 041 0.40 0.34 0.37 0.33 0.48 030 0.30 0.37 0.33
Yb 2.40 270 2.60 2.20 2.40 2.20 3.10 200 2.00 240 220
Lu 0.37 041 0.40 0.34 0.36 0.34 0.48 030 031 0.39 0.33
Nb/Y 0.10 0.14 0.15 0.11 0.09 0.11 0.19 013 0.12 0.1 0.11

Fe+Ti

®

Basaltic
komatiite

Peridotitic
komatiite

Al Mg ol Hy

Picrite o

Figure 4. a, Jensen’s cation diagram™. b, Normative Di—Ol-Hy and
Ol-Di—Ne triangular classificatory diagram®.

towards picro-basalt field. This suggests their high-Mg
nature. Figure 3a also classifies studied rocks as sub-
akaline type®. AFMY (alkali, ferric and magnesium)
compositions suggest tholeiitic nature of these rocks
(Figure 3b). Jensen cation plot™* (Figure 4a) is also used
to classify these mafic rocks. This plot is useful to clas-
sify high-Mg rocks. Studied samples fall in the high-Mg
tholeiitic (HMT) and basaltic komatiitic fields. This
clearly suggests high-Mg nature of these rocks. High-Mg
nature is also supported by moderate to high Mg-number
of these rocks (Mg# varies between 58 and 73). CIPW
norm of all the samples has been calculated with the lat-
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est computer program', which also uses TAS classifica-
tion. This calculation classifies the mafic rocks for the
present study into sub-alkaline basalt and picrite, as ob-
served on the TAS diagram (Figure 3a). Except one sam-
ple (No. 32), which has nepheline, al others have
hypersthene and olivine besides diopside and opagues
normative compositions. Normative albite is also present
in appreciable amount. This composition suggests high-
Mg nature of the studied rocks. Normative compositions
are also plotted on Thompson's classificatory diagram®™
(Figure 4b). This diagram corroborates high-Mg nature
of studied rocks as they show olivine tholeiite, picrite and
alkali-olivine basalt compositions. Thus, on the basis of
geochemical and CIPW norm compositions and classifi-
catory diagrams presented, studied mafic intrusive rocks
may be classified as high-Mg tholeiitic mafic intrusive
rocks.

A geochemical variation diagram of MgO vs SiO,,
TiO, and few high-field strength trace elements (HFSE)
of the studied mafic rocks is used to evaluate crystalliza-
tion behaviour (Figure 5). As studied rocks are altered
due to medium grade metamorphism, mostly elements,
such as Ti, Nb, Zr, Y and Nd, which are supposed to be
immobile during such alterations are used™* for this exer-
cise. Good crystallization trends are observed in all the

CURRENT SCIENCE, VOL. 97, NO. 9, 10 NOVEMBER 2009
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Figure5. MgO variation diagrams.

plots. All the plotted elements including silica increase
with decreasing MgO, suggesting normal crystallization
behaviour. This also suggests co-genetic relationship
between the studied samples. Observed MgO and SiO,
correlation suggests fractionation of olivine during the
course of crystallization of melt. Similar correlation with
other plotted HFSESs suggests crystallization of accessory
phases like sphene, zircon and ilmenite.

For further evaluation of geochemical characteristics,
primordial mantle normalized multi-element spidergrams
are also presented (Figure 6a). Except Ba, all other plot-
ted elements show more enriched compositions than the
primordial mantle. Ba in one sample (No. 56) shows
more depleted concentration than mantle. Large ion
lithophile elements (LILE: Rb, Ba, Th and K) show wide
range; probably because of alteration of studied mafic
rocks by medium grade metamorphism. On the other
hand, high-field strength elements (HFSE: Ta, Nb, La,
Ce, Sr, Nd, Hf, Zr, Sm, Ti, Tb and Y) show very narrow
and systematic range; this is because these elements are
immobile during the alterations'®. Ta and Nb anomalies

CURRENT SCIENCE, VOL. 97, NO. 9, 10 NOVEMBER 2009

are not very significant. Chondrite normalized rare-earth
elements (REE) are presented in Figure 6b. REES show
enriched compositions compared to the chondritic values.
Parallel but flat REE patterns are observed. Light REE
(LREE) show nominally lower concentration than heavy
REE (HREE). Very small positive Eu anomaly is observed
on REE patterns. This is probably because of plagioclase
accumulation during the later stages of crystallization.
This is also supported by small positive Sr anomaly on
multi-element spidergrams (see Figure 6 a).

From the observed geochemical characteristics of the
studied mafic intrusive rocks, the following inferences
may be drawn.

1. Absence or small negative Nb and Ta anomalies on
multi-element spidergrams, absence of enriched
LREE patterns and presence of very consistent HFSE
and REE patterns clearly do not suggest any signifi-
cant role of crustal contamination.

2. These rocks are probably derived from a high-Mg
(olivine rich) magma.
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3. HREE concentrations of 10x chondrite suggest that
melt responsible for the genesis of studied rocks is
generated from a mantle with no garnet.

4. Flat overall REE patterns or small lower concentra-
tions of LREE than HREE patterns, as observed in the
present case, probably suggest their derivation from a
primitive mantle source®®.

Thus, it is clear from the above presentation that stud-
ied mafic rocks are crystallized from an olivine tholeiite
melt originated from a depleted mantle. Such melts (oli-
vine tholeiite) may be generated from ~20% to 25% melt-
ing of a depleted mantle |herzolite source at about 15—
20 kbar (ref. 16). Normative olivine compositions of stu-
died rocks (between 15% and 34%; see Table 1) also sup-
port thisinference.

The studied mafic magmatic rocks of Se La Group with
two other similar occurrences from the western Himalayan
Range®™®, are compared for their geochemical characters.
Strikingly similar multi-element and REE patterns were
observed. On the multi-element spidergrams all the three
occurrences show HFSE concentrations between 1x and
10x more than the primordial mantle compositions. They
also exhibit either nil or insignificant Nb anomaly and

1000 ——3
o C ]
Z 1o | .
= g A ]
£ 10 E
£ i ]
5
= E
CE :
RbBa Th K Ta NbLa Ce Sr NdHf Zr SmTi Tb Y
100 ——
. L _
= 10 | =
y - -
i) L h
E. o 4
3 L _
La Ce Pr Nd SmEu Gd Tb Dy Ho Er TmYb Lu
Figure 6. a, Primordial mantle normalized”’ multi-element spider-

grams. b, Chondrite normalized"® rare-earth element patterns.
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small positive Sr anomaly. More interestingly REE pat-
terns are very similar (Figure 7). This observation sug-
gests that all these occurrences of mafic magmatic rocks
reported from the Central Crystalline rocks have similar
petrogenetic history. Ahmad et al.® suggested that mafic
rocks from the Vaikrita Central Crystallines are derived
from a depleted asthenospheric mantle and are unrelated to
other mafic rocks of the region. It is also suggested that
these distinct geochemical characteristics may be used to
demarcate the Main Central Thrust along the Vaikrita
Thrust®. Srivastava and Sahai® suggested the same for the
mafic magmatic rocks reported from the Central Crystal-
lines of the Bhagirath-Yamuna valleys. They inferred
that these mafic rocks show closed geochemical similari-
ties with the N-MORB and derived from a melt derived
from a depleted mantle source. This interesting petrologi-
cal and geochemical correlation of similar mafic mag-
matic rocks reported from different parts of Himalaya
suggests existence of large mafic magmatic events during
the Proterozoic. This distinct mafic magmatism probably
played an important role in crustal evolution of the
Higher Himalaya. More detailed field, petrological and
geochemical study (including isotope geochemistry)
together with age determination data is needed for any
further discussion.

The petrological and geochemical characteristics of the
mafic intrusive rocks from the central crystallines of the
western Arunachal Himalaya lead to the following con-
clusions.

1. These rocks are exposed at the intersection of well
recognized major lineaments between Se La and Jung
areas within the Palaeoproterozoic high to medium
grade schists and gneisses of Se La Group. The linea-
ments appear to be deep faults which have brought the
mafic intrusions to the present level.

100

L R |
A1 11a

10

Lol

Sample/Chondrite

La Ce Pr Nd SmEu Gd Tb Dy Ho Er TmYb Lu

Figure 7. Comparison of rare-earth element patterns of mafic mag-
matic rocks from Higher Himalaya Central Crystallines. Symbols: open
red circles— Se La mafic rocks (present study); open green triangles —

Vaikrita mafic rocks®; open blue diamonds-Bhagirathi—Y amuna Val-
leys mafic rocks®.
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All these rocks are metamorphosed and show grano-
blastic texture. Hornblendes constitute more major
proportions than plagioclase feldspar. Mineralogical
composition suggests medium amphibolite grade
metamorphic conditions.

Chemistry classifies these rocks as olivine tholeiitic
mafic rocks. They contain appreciable amount of hy-
persthene and olivine in their normative compositions.
Trace elements particularly HFSE and REE composi-
tions, suggest that all these rocks are co-genetic and
probably derived from olivine tholeiite magma origi-
nated from a depleted mantle lherzolite source.

These mafic rocks show very close geochemical simi-
larities with mafic rocks reported from the Central
Crystallines of Western Himalaya, suggesting large
mafic magmatic events during the Proterozoic.

These are preliminary results; more detailed work is
required for the proper evaluation and establishment
of a petrogenetic model for these interesting rocks.
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Distinct developments have been observed in the evo-
lution of stone and iron anchors. A wide variety of
stone anchors have been reported from Indian waters,
preceding the introduction of iron anchors by the
Europeans. Recently, an Admiralty Long Shanked
iron anchor measuring 3.30m long with a 4.37m
wooden stock was recovered off Aguada Bay, Goa at a
water depth of 11 m. The anchor has been tentatively
dated contemporary with the maritime history of Goa
and Portugal between the 16th and 17th centuries.

A thin and uniform coat of finely ground material
has been noticed on the surface of the anchor and
wooden stock, applied for the endurance of the anchor
and the stock in tropical waters. The upper portion of
the wooden stock was slightly weathered by the wood-
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