RESEARCH COMMUNICATIONS

Discovery of hornfels from the
Arunachal Lesser Himalaya:
evidence for the pre-Himalayan
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Hornfelses have been discovered from the Arunachal
Lesser Himalaya in Subansiri District, Arunachal
Pradesh. Field observations and petrographic study
with electron microprobe analysis have confirmed the
presence of hornfels associated with granitoids. These
rocks are grey to dark grey in colour and fine to
medium-grained. Three types of hornfels having different mineral assemblages are recognized and are referred to as Type-I (andalusite-bearing hornfels),
Type-II (andalusite–garnet-bearing hornfels) and
Type-III (garnet–sillimanite ± andalusite-bearing hornfels). They have different bulk rock composition that
supports the presence of different mineral assemblages and high FeO/MgO ratio ranging from 1.21 to
4.12 is responsible for the absence of cordierite in
aureole rocks. Abundance of hornfels records from
the Arunachal Lesser Himalaya confirms the preHimalayan contact metamorphism and suggests that
the Lesser Himalayan Granitoids are intrusives as
these were intruded as granite into the Lesser Himalayan rocks during the Palaeoproterozoic and later
deformed into gneisses during the Himalayan orogeny.
Keywords: Arunachal Himalaya, contact metamorphism, granitoids, hornfels.
REGIONAL metamorphism in the Himalaya is well recognized as inverted metamorphism that increases the grade
of metamorphism towards the higher structural levels and
is related with the Tertiary Himalayan orogeny. The
inverted metamorphism is an important and unique feature predominantly exhibiting greenschist to lowermedium amphibolite facies in the Lesser Himalayan
Crystallines (LHC) and upper amphibolite facies in the
Higher Himalayan Crystallines (HHC)1,2. However, evidence of the contact metamorphism in the Lesser Himalaya is rarely reported from the western Himalaya3–7. The
present discovery of hornfels from the Lesser Himalaya
in Subansiri District, Arunachal Pradesh is an evidence of
contact metamorphism due to the intrusion of granites
during the Palaeoproterozoic. In this communication,
detailed field observations, petrographic study including
mineral assemblages followed by mineral chemistry and
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geochemical data of the hornfelses are presented in order
to establish the petrogenetic processes and discuss the
causes of contact metamorphism in the Lesser Himalaya.
The whole-rock major elements of the hornfelses were
analysed using XRF technique while the electronmicroprobe analysis (EPMA) for mineral chemistry was
performed using CAMECA SX-100 electron microprobe
analyser at the Wadia Institute of Himalayan Geology
(WIHG), Dehradun. The operating conditions of EPMA
were 15 kV and 20 nA with a beam diameter of 1 μm. The
mineral chemistry and major oxides of the representative
hornfelses are presented in Tables 1 and 2 respectively.
The general geology and tectonic set-up of Arunachal
Himalaya has been documented8,9 and the geology of the
Subansiri area is explained in detail by some workers10.
The study area comprises of five major lithotectonic units
from Kimin in the south to Taliha in the north: Siwalik
Group, Gondwana Group, Lesser Himalaya Sedimentary
Sequence (LHSS: Dedza-Menga/Buxa-Miri Group), LHC
(Bomdila Group) and HHC (Se La Group; Figure 1).
These major lithotectonic units are delineated by regional
thrusts. The Sub Himalaya is represented by the Siwalik
Group, which has thrust contacts with the Brahmaputra
alluvium in the south and the Lesser Himalaya in the
north along the Himalayan Frontal Thrust (HFT) and
Main Boundary Thrust (MBT) respectively. The Lesser
Himalaya is separated from the Higher Himalaya by the
Main Central Thrust (MCT) and is composed of a narrow
belt of Gondwana Group, LHSS and low to mediumgrade crystalline rocks of LHC. Carbonate rocks, quartzite, phyllite and slate are the dominant rock types of
LHSS that occur as thrust sheets along Tamen-Kamla
river downstream section and are also exposed as a
tectonic window to the north of Sipi village. The LHC
tectonically overlies LHSS and are composed dominantly
of granitic gneiss (Lesser Himalayan Granitoids – LHG)
interbedded with chlorite–biotite schist, garnetiferous
mica schist, quartzite, phyllite and minor amount of amphibolite, whereas HHC represent a sequence of kyanite–
sillimanite schist/gneiss, graphite schist, marble, garnetiferous gneiss, migmatite, leucogranite and pegmatite. The
prominent and regional schistosity (S2) due to the second
phase of deformation (D2) in the Himalaya is observed
throughout the area, mostly having a trend of NNE–SSW
to NE–SW with 45–70° dip towards NW. Localities of
the occurrence of hornfels in the Lesser Himalaya are
shown in the geological map, where it occurs in association with LHG (Figure 1 b). These rocks are grey to dark
grey-coloured and fine to medium-grained. Detailed field
and petrographic study suggests that the hornfelses are
pelitic in nature and have been differentiated into
three types on the basis of mineral assemblages: (1) TypeI: andalusite (± sillimanite)-bearing hornfels; (2) Type-II:
andalusite–garnet (± sillimanite)-bearing hornfels; (3)
Type-III: garnet–sillimanite (± andalusite)-bearing hornfels.
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Table 2.
Type

Major element data of hornfelses from Subansiri Lesser Himalaya of Eastern Himalaya

Type-I

Type-II

Type-III

sample no.

SRA81

RAS98a

RAS98b

S8/5

RAS90a

RAS90b

SRA91a

RAS44c

RAS45b

RAS45c

SiO2
TiO2
Al2O3
FeO
Fe2O3
MnO
MgO
CaO
Na2O
K2O
P 2 O5
LOI

66.17
0.66
16.26
3.07
0.60
0.04
1.88
0.70
1.45
3.92
0.17
3.47

69.55
0.63
15.05
3.11
0.61
0.04
1.70
0.68
1.62
3.67
0.12
3.85

69.09
0.68
16.96
1.71
0.34
0.03
1.42
0.54
1.54
4.38
0.08
3.80

63.97
0.65
16.76
4.61
0.90
0.17
2.28
0.87
2.73
4.20
0.06
0.84

64.43
0.63
18.49
4.21
0.83
0.14
1.89
0.68
1.71
3.76
0.06
3.64

64.96
0.65
16.60
4.19
0.82
0.09
2.31
0.95
2.64
4.33
0.05
0.79

67.25
0.74
16.53
5.28
1.03
0.18
1.34
0.09
0.37
4.57
0.03
3.53

63.41
0.75
18.16
5.87
1.15
0.20
1.70
0.10
0.61
4.63
0.03
1.41

65.87
0.76
16.55
5.93
1.16
0.27
1.44
0.23
0.67
5.19
0.06
1.63

76.30
0.72
12.30
4.13
0.81
0.12
1.32
0.08
0.45
3.12
0.02
1.48

Sum

98.73

100.97

100.76

98.56

100.94

98.85

101.53

98.68

100.42

101.31

1.63
3.29

1.83
3.13

1.21
5.41

2.02
2.43

2.23
3.03

1.81
2.55

3.94
2.50

3.46
2.40

4.12
2.25

3.13
2.26

FeO/MgO
Al2O3/FeO + MgO

Figure 1. a, Generalized geological map of Arunachal Pradesh showing the location of the study area (after Thakur23). b, Traverse geological map of Kimin–Taliha road section, Subansiri District, Arunachal
Pradesh (modified after Kumar and Singh10). Locations of the hornfels
are marked.
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Type-I: Andalusite (± sillimanite)-bearing hornfels
occurs as a huge body of around 100 m width. It is massive, fine to medium-grained, dark grey in colour and
shows regional schistosity (S2; Figure 2 a). It contains
quartz, andalusite, biotite and muscovite with some sillimanite, fibrolite, plagioclase, epidote and tourmaline.
Opaque minerals are present in abundance, some of which
are pyrites as confirmed by SEM–EDX (Figure 2 b).
Andalusite occurs in sieved, sponge-like anhedral with
minute inclusions of quartz, biotite, muscovite and
opaque minerals (Figure 2 c and d). It elongates up to a
few centimetres in parallel orientation to the foliation
defined by alignment of muscovite and biotite with some
sillimanite (Figure 2 c and d). Andalusite porphyroblasts
gradually change to sillimanite (Figure 2 e and f ) and in
some places replacement of andalusite by fibrolite is also
observed (Figure 2 g). The SEM image (Figure 2 h) for
the photomicrograph in Figure 2 g clearly shows the presence of andalusite. Quartz is subhedral to anhedral in
shape. Biotite occurs as small to medium-grained flakes
along the foliation with fine muscovite or as inclusions in
andalusite. It shows yellowish-brown to reddish-brown
pleochroism and also associates with epidote. Chemical
composition of biotite shows high XMg (2.73–2.78) with
low XFe (1.62–1.67) and Ti content of 0.31. Few grains of
anhedral plagioclase showing albite twins are also observed and chemical analysis shows that the plagioclase
composition ranges from An21 to An29.
Type-II: Andalusite–garnet (± fibrolite)-bearing hornfels occurs as small patches in close contact with the
LHG (Figure 3 a). These rocks are fine to mediumgrained showing fine alternative layers of grey and dirty
white colour (Figure 3 b). It displays either relict hornfels
textures defined by randomly distributed minerals or foliated structures defined by alignment of sillimanite, biotite
CURRENT SCIENCE, VOL. 103, NO. 4, 25 AUGUST 2012
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Figure 2. a, Field photograph showing development of foliation in Type-I hornfels. b, Backscattered SEM image showing the presence of andalusite (dark grey) and sulphide minerals (white) confirmed by SEM-EDX. c, d, Photomicrographs of Type-I hornfels showing andalusite porphyroblast with inclusions of quartz, biotite, muscovite and opaque minerals under plain polarized light (PPL) (c) and cross-polarized light (XPL) (d).
e, f, Coexistence of andalusite and sillimanite and foliation defined by alignment of muscovite and biotite under (e) PPL and ( f ) XPL. g, Replacement of andalusite by fibrolite, XPL. h, Backscattered electron image clearly showing andalusite (dark grey) in (g). Mineral abbreviations are after
Kretz24: quartz (Qtz), andalusite (And), sillimanite (Sil), fibrolite (Fib), garnet (Grt), biotite (Bt) and muscovite (Ms).

and muscovite with elongated quartz. The common minerals are quartz, andalusite, biotite, garnet, fibrolite, muscovite and tourmaline. Few grains of plagioclase, zircon,
epidote and opaque minerals are also present. Andalusite
porphyroblasts occur in well-formed, prismatic subhedral
to euhedral and andalusite show pale red pleochroism
(Figure 3 c and d). In the quartz-dominant layer, quartz
grains are distributed in parallel orientation due to later
phase of deformation. Garnet occurs as subideoblastic to
ideoblastic porphyroblast with or without quartz inclusions at the rim (Figure 3 e). Microprobe analysis of garnet shows composition varying from Alm48Prp7Grs4Sps41
in the core to around Alm56Prp10Grs4Sps29 to the rim.
Biotite occurs mostly as porphyroblast with or without
inclusions of quartz and fine muscovite and having compositions of high XMg (2.18–2.19) and XFe (2.43) with
low Ti content. It is distributed along the S2 foliation and
CURRENT SCIENCE, VOL. 103, NO. 4, 25 AUGUST 2012

shows kinking and undulose extinction, which indicate
that the deformation continued even after the development of S2 (Figure 3 e). Muscovite occurs as porphyroblast as well as fine grains. Fibrolite generally occurs as
fine-grained, rope-like aggregates and is mostly intergrowth with biotite (Figure 3 f ). Quartz mainly occurs as
aggregates of fine recrystallized grains in the form of
quartz lensoids along the foliation. At places, relict quartz
porphyroclast exhibits undulose extinction with sutured
boundaries where the deformation is more intense, the
quartz shows complete recrystallization and triple-point
junction. Plagioclase occurs in anhedral shape and shows
albite twins. The chemical composition of plagioclase
ranges from An26 to An33. At places it shows sericite alteration at the core, whereas the rim is free from alteration.
Type-III: Garnet–sillimanite (± andalusite)-bearing hornfels is exposed at the margin of the granitoid body near
409
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Figure 3. a, Field photograph showing the occurrence of Type-II hornfels at the contact of the Lesser Himalayan Granitoids (LHG). b, Close
view of the hornfels in (a) showing fine alternative layers of grey and dirty white colour. c, d, Photomicrographs of Type-II hornfels showing
distribution of subhedral to euhedral andalusite along quartz-rich layer, (c) PPL and (d) XPL. e, Subideoblastic garnet porphyroblasts with or without quartz inclusions at rim and coarse grains of kinking biotite, PPL. f, Fibrolite intergrowth with biotite and presence of andalusite porphyroblast,
PPL.

MBT. These hornfelses occur as alternative bands with
granitoids and show sharp intrusive contact (Figure 4 a
and b). It shows porphyroblastic texture containing
quartz, garnet, sillimanite and biotite as dominant minerals, whereas andalusite, k-feldspar, muscovite, tourmaline
and zircon are present in minor amounts. The minerals
are aligned along a preferred orientation to form a foliation. Sillimanite is generally present as relict fine grains
and distributed along the foliation and shear bands. Andalusite occurs as relict porphyroblast and is occasionally
replaced by sillimanite at the rim (Figure 4 c and d). Garnet occurs as subideoblast to ideoblast porphyroblast. It is
wrapped by the foliation and shows the presence of
asymmetrical pressure shadows (Figure 4 e and f ). Most
of the garnets show quartz-rich inclusion core surrounded
by inclusion-free rims. At places relict andalusite
replaced by sillimanite is also observed within the garnet
(Figure 4 g and h). Microprobe analysis of garnets shows
high almandine content (80–84%) with low in pyrope
(7–10%), grossular (1–3%) and spessartine (5–9%). At
places relict andalusite is also observed in association
with garnet (Figure 4 g and h). Moreover, the hornfels
shows oblique shear bands cutting across the foliation,
suggesting that it has undergone intense shearing due
to later deformation (Figure 4 e and f ). Biotite flakes or
laths have strong dimensional parallelism along the S2
schistosity. Biotites have high XFe ranging from 2.94 to
3.07, low XMg (1.42) and XTi (0.39). Along the foliation,
biotite shows kinking and undulose extinction which
indicate that the deformation continued after S2 develop410

ment. Muscovite mostly occurs as small flakes interleaved with biotite defining the regional S2 schistosity.
Quartz occurs as ribbon structures that are elongated and
stretched along the foliation and shows undulose extinction with development of subgrains or totally recrystallized grains.
Bulk rock composition of hornfelses shows high Al2O3
content ranging from 12.30 to 18.49 wt% and mostly
plots in the Al-rich portion above the chlorite–muscovite
tie line in AKF diagram (Figure 5 a) with low MnO content (0.03–0.27). FeO content is higher in the garnetbearing hornfelses (Type-II and Type-III) ranging from
4.13 to 5.93 than the hornfelses without garnet (Type-I;
FeO: 1.71–3.07). However, the FeO/MgO ratios in all
samples are high, ranging from 1.21 to 4.12. Andalusite,
the common mineral occurring in most of the hornfelses
is commonly reported from the outermost zone of a thermal aureole. It is formed at low temperature and low
pressure or at a higher partial pressure of water11. The
first possible appearance of andalusite with quartz in the
upper greenschist or albite–epidote hornfels is shown at
about 400°C from the reaction of pyrophyllite12. However, the mineral assemblage and the chemistry of the
hornfelses do not indicate its formation from pyrophyllite. The following reactions in (eqs (1) and (2)) mark the
first appearance of andalusite with biotite observed in the
Type-I hornfels and with garnet in Type-II hornfels
respectively, during the contact metamorphism which is
supported by the mineral assemblage and textural relationships.
CURRENT SCIENCE, VOL. 103, NO. 4, 25 AUGUST 2012
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Figure 4. a, Field photograph showing alternative bands of Type-III hornfels and LHG. b, Close view of hornfels in (a) showing sharp contact
with LHG. c, d, Photomicrographs of Type-III hornfels showing relict andalusite and replaced by sillimanite at the rim, (c) PPL and (d) XPL. e, f,
Garnet porphyroblasts with pressure shadows, quartz ribbon and development of shear bands, (e) PPL and ( f ) XPL. g, h, Relict andalusite with
sillimanite in garnet, (g) PPL and (h) XPL.

Chlorite + muscovite →
andalusite + biotite + quartz + H2O,

(1)

Chlorite + muscovite →
biotite + garnet + andalusite + quartz + H2O.

(2)

However, the textural relationships and mineral assemblage of Type-III hornfels suggest that the almandine-rich
garnet may have formed from andalusite and biotite with
quartz by the following reaction:
Andalusite + biotite + quartz →
almandine (garnet) + k-feldspar + H2O.

(3)

The common mineral cordierite of the contact metamorphism has not been observed in these hornfelses. It may
be due to insufficient magnesium in the rocks whose bulk
compositions would not fall in the cordierite stability
field, or that cordierite was not a stable phase at the prevailing set of external variables, or both13. It may also be
due to high aluminous in the original sediments which
CURRENT SCIENCE, VOL. 103, NO. 4, 25 AUGUST 2012

support high Al2O3 content of the bulk rock composition
and abundance of andalusite and sillimanite. The bulk
compositions of the hornfelses are plotted towards the
higher FeO/MgO ratio side that did not fall in the cordierite stability field in the AFM projection (Figure 5 b).
Therefore, the compositional constraint seems to be the
main cause for the absence of cordierite in the area. This
is further evident from the common occurrence of almandine-rich garnet in the rocks. Generally, there is no particular relationship between sillimanite and andalusite in
Type-II hornfels, though replacement of andalusite by
sillimanite has been observed in Type-I and Type-III
hornfelses. The textural evidence shows that the sillimanite is mostly formed due to polymorphic transformation of andalusite to sillimanite in the Type-I and TypeIII hornfelses as shown in eq. (4) and fibrolite in Type-II
is commonly formed from biotite.
Andalusite → sillimanite.

(4)

The occurrence of sillimanite by replacement of andalusite and well-crystallized sillimanite in the Type-I and
411
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Figure 5.

a, AKF diagram. b, AFM diagram for hornfelses from Subansiri Lesser Himalaya.

Type-III hornfelses may be due to higher temperature
conditions near the magmatic body14 and requires large
amount of overstepping. Moreover, the fibrolitic sillimanite is late-formed sillimanite that is probably related
to the metasomatic activity in the area15. Development of
sillimanite due to contact metamorphism rather than
regional metamorphism suggests that the temperature is
more important than pressure. The temperature would be
in the vicinity of andalusite–sillimanite transition at 600°C
or just below the decomposition of muscovite + quartz at
610°C. The stability field of aluminum silicate would
give pressures of 2.0–3.5 kbar (ref. 14). Andalusite is
formed at rapid heating and low prevailing pressure and
the presence of andalusite porphyroblast in the pelitic
hornfels may be used as a pressure index thus limiting the
probable pressure field of the hornblende–pyroxene hornfels facies to less than about 3 kbar (ref. 16). Experimental studies also suggest that almandine can be formed at
500°C at 4 kbar and 600°C at 5 kbar and pressure values
may be lower by 2 kbar if appreciable amount of spessartine component is present in garnet17. The observed mineral
assemblages along with the textural relationship, suggest
that the temperature and pressure may have reached ~ 500–
600°C and ~ 2–5 kbar respectively, during thermal metamorphism of the present study area.
Occurrences of the granitoids in the Lesser Himalaya
belt are widely recognized with similar geological setting
having different names, viz. Salkalas in Kashmir, ChailJutogh in Himachal Pradesh, Ramgarh–Munsiari in
Kumaun, Mahabharat–Kathmandu allochthon in Nepal,
Daling in Sikkim, Shumar in Bhutan and Bomdila in
Arunachal Pradesh6 and the age constrained for these
LHG is at ~ 1800 Ma (ref. 18). However, since the last
three decades it has been debated whether these granitoids are to be intrusive granites or tectonic sliver of
basement of LHC18–20. The occurrence of tourmalinebearing pegmatite bodies with sharp contact and minor
feldspathization of the country rock in Kameng area of
Arunachal Pradesh, indicate its intrusive nature21,22. The
present discovery of the hornfelses occurring in associa412

tion with the granitoids is strong evidence that LHG are
intrusive in nature and the pre-Himalayan contact metamorphism occurred due to the intrusion of these granitoids in the Lesser Himalaya. The thermal metamorphism
due to emplacement of magmatic body was subsequently
superimposed by regionally metamorphosed due to Himalayan orogeny that is indicated by well-developed schistosity (S2) and obliterating the pre-Himalayan contact
metamorphism fabric. However, the relict mineral assemblage of quartz, andalusite, garnet, plagioclase, k-feldspar,
biotite and sillimanite present in the hornfels suggests that
the contact metamorphism has undergone to hornblende
hornfels facies and reached up to pyroxene hornfels
facies16, whereas the later regional Himalayan metamorphism is under greenschist–amphibolite facies indicated
by the growth of garnet and staurolite in the metapelites
of LHC. The orientation of the penetrative S2 schistosity
is roughly the same throughout the area and it is parallel
to the trace of MCT. The development of oblique shear
bands and foliation parallel to minor shear zones can
be related to continued movement of LHC along MCT.
The present study suggests the occurrence of hornfelses
in the Lesser Himalaya which is evidence of the preHimalayan contact metamorphism due to granite intrusion in the Lesser Himalaya during the Palaeoproterozoic.
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Gas hydrate is considered as a potential major energy
resource for India. The presence of gas hydrate is
inferred mainly by identifying an anomalous reflector,
known as the bottom simulating reflector (BSR) on
seismic sections. Understanding the properties of gas
hydrate/free gas-bearing sediments and studying the
amplitude-versus-offset (AVO) or amplitude versus
incidence angle (AVA) characteristic from a BSR are
important. The objective of the present work is to
study the behaviour of reflection coefficient with angle
of incidence for gas sand/shale and gas hydrate/free
gas models. The amplitudes of reflected seismic waves
are directly proportional to seismic reflection coefficients at an interface between different geological
strata. The variation of AVO or AVA can be used in
arriving at petrophysical/lithological models. The
study shows variation in the reflection coefficient
obtained by elastic impedance method and from Zoeppritz equations. Different gas hydrate saturations
show a positive, negative or no AVO anomalies in BSR.
Keywords: Amplitude versus offset, bottom simulating
reflector, elastic impedance, gas hydrate.
GAS hydrates are ice-like crystalline substances formed at
low temperature and high pressure in shallow sediments
of the marine environment. Apparently, gas hydrate
cements the sediments and can have a significant effect
on the strength of the sediments. The dissociation of gas
hydrates weakens the strength of the sediments, which
may cause submarine landslides. Such landslides may
release methane into the atmosphere, which may affect
the climate. Many studies postulate that these methane
reservoirs are unstable and slight changes in temperature
or pressure may trigger hydrate dissociation and methane
venting1 which may cause catastrophic seafloor failure
and massive methane release into the oceans and atmosphere2–4. The mechanism of release of methane is poorly
understood. It is therefore unclear if methane in gashydrate provinces is largely immobile, releases steadily
from vent systems or releases catastrophically. Huge
volumes of methane frozen within gas hydrates and existing as free gas below in the permafrost and outer continental margins5 provide hope as a major future energy
resource.
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