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TheEarlyPermianmarine strata exposed at theSiangandSubansiri districts,ArunachalPradesh are known for
brachiopod and molluscan fossils. A stratigraphic review and palaeoenvironmental, palaeoecological, and
palaeobiogeographic interpretation of these Early Permian fossils have been dealt here on the basis of additional
fossil and rockmaterials.Our studyconBrms the following: (1) thebrachiopod-dominatedassemblage represents
EarlyPermian,most likely theSakmarianandyounger, age; (2)allmarine fossilswere suspension feedinggroups,
representingnormalmarine condition.Basedon theassociated sediments andecologies of taxa, theautecologyof
the assemblage represents an oxic, soft substrate condition, typical of shallow shelf environment; the plant
remains of the upperKhelong/Bhareli Formation, however, indicate a coastal environment; (3) the depositional
paleoenvironment indicates the waning phase of a marine glacial episode; and (4) this Early Permian bivalve-
brachiopod assemblage show Gondwanan aDnity, having strong faunal similarity with the East and West
Australia, Nepal and North India (Kashmir) which were part of the Indoralian Province.

Keywords. Permian palaeobiogeography; Gondwana; Indoralian Province; Northeast India; marine
fossils.

1. Introduction

The Permian was an interval of some major
tectonic changes including the breakup of the peri-
Gondwana and spreading of the Neotethys ocean.

During this interval, the northern part of India,
Tibet, Pamir, and Karakorum (Pakistan) were
drifting apart from the Gondwana land (Angiolini
et al. 2007; Shen et al. 2013). The remnants of the
marine habitats of the faunal assemblage of these
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areas have been the focus of much research eAorts
(Nakazawa et al. 1975; Singh 1988; Singh and
Archbold 1993; Shen et al. 2003; Angiolini et al.
2005). In the north-eastern part of India, the Early
Permian fossil-bearing marine sediments of Aru-
nachal Pradesh occur in an east–west strip and are
associated with the coal-bearing Gondwana
(Acharyya et al. 1975; Kesari 2010), although
detailed works on these rocks are mostly lacking.
These aforementioned sediments of Early Permian

age, exposed along Siang, Kameng, Subansiri, and
Papum Pare districts in Arunachal Pradesh are
lithologically quite diverse (Roy Chowdhury and
Sinha 1984). From the Darjeeling foothills to the
West Siang district, the Gondwana sequence of
Eastern Himalaya has been mapped (Jain and Tha-
kur 1975), but the continuity of the sediments in the
direction of the strike is truncated east of Siang river
by the Siang Fracture Zone (Nandi 1975). Laskar
(1959) proposed that the northern boundary of these
rocks exposed at Siang and Subansiri districts show
thrusted nature of contact. Later, Laskar and Roy
Chowdhury (1977) added that these units are basi-
cally bounded by two regional thrusts – the northern
part upthrusted against the Siwaliks by the Main
Boundary Thrust (MBT), and the southern part
associated with older metamorphosed and migma-
tized rocks (Roy Chowdhury and Sinha 1984).
Extensive tectonic disturbances make it difBcult

to identify the continuity of the lithofacies later-
ally. The Early Permian sediments are con-
formably lying above the Miri Formation, a
sequence of cross bedded-ripple marked, sandstone
intercalated with Bne shale but the stratigraphic
status of this unit is still debatable as it has been
correlated with numerous other formations (Ku-
mar 1997; Kesari 2010). Above this formation,
Early Permian fossil-bearing units are present,
which has been regionally correlated with Bijni
Formation in Uttarakhand, Sisne Formation in
Nepal, Rangit Pebble Bed in Darjeeling, and Diuri
Formation in Bhutan (Nandi 1975; Laskar and Roy
Chowdhury 1977; Bhargava 2008). The basic
character of these correlatable formations is their
overall arenaceous composition, frequently associ-
ated with coaly units, and discontinuous horizons
with rich near-coastal and marine macro-inverte-
brates. However, although many attempts have
been made to raise a generalized stratigraphy of
this region, no consensus has been obtained.
In this context, the present study attempts to

perform the following objectives: (1) provide a
concise review of the regional lithostratigraphic and

biostratigraphic frameworks, which has been fol-
lowed in the present study. Associated sedimento-
logical aspects were also analyzed to further conBrm
the litho- and biostratigraphic characteristics of
these marine units; (2) recently, during several
Beldworks in the west of Siang river of Arunachal
Pradesh, we collected several marine fossils (mostly
brachiopods) from these formations. Integrating
lithofacies and fossil distributions, we provide a
detailed palaeoecological, palaeoenvironmental,
and palaeobiogeographic accounts of these Early
Permian fossils to identify their global aDnities.

2. Material and methods

2.1 Stratigraphic and palaeontological accounts

Since there is no consensus regarding a generalized
regional stratigraphy of the Permian rocks exposed
in Siang and Subansiri districts, Arunachal Pra-
desh (Bgure 1), we Brst attempted to provide a
general, concise stratigraphic review. Some of these
units have rich marine fossils. Sedimentological
details of the fossiliferous units and representative
rock samples were collected for thin section studies
to ascertain the stratigraphic position and for the
palaeoenvironmental studies.
Several Beld investigations were conducted to

study the Permian rocks exposed in and around
Rilu, Tatamori, Littemori, and Kimin, all in the
west of Siang river, in between 2016 and 2018
(Bgure 2). Fossils have been collected from well-
deBned stratigraphic units of the Bomte Member of
the Bichom Formation, and the Khelong/Bhareli
Formation (Bgure 3). These fossils are hosted in a
black carbonaceous, grey shale unit intercalated
with thin sandstone bands with calcareous, fer-
ruginous cherty nodules (Bgure 4). Other than this,
a few nodules host brachiopod or other types of
fossils inside it as a nucleus (Bgure 5). These nod-
ules are similar to the ones recorded by Laskar in
Ranga valley, conBrming that the Early Permian
brachiopod and molluscan fossils of the Siang and
Subansiri districts belong to the Bomte Formation.
In comparison, in Littemori, the fractured car-
bonaceous nodules have numerous mollusc fossils,
dominantly gastropods, which are otherwise rare.
In all cases, the state of preservation of fossils,
whether they are present within the concretion or
within the sediment, are always poor – the original
shell materials have been removed during diagen-
esis and only the casts and some moulds are
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preserved (Bgures 5 and 6). Thin section study also
indicates that concretions are fossiliferous with
fossil shells partially or fully dissolved with faint

traces of chamber walls that differentiates it from
concretions. Because of the poor preservation and
patchy distribution of fossils, instead of bulk

Figure 1. Comparative stratigraphic schemes of Arunachal Pradesh proposed by different researchers. Vertical lines temporally
differentiating different members and groups are somewhat arbitrary.

Figure 2. Distribution of Early Permian rocks along the Siang and Subansiri districts in Arunachal Pradesh. The map also shows
fossil locations (star marked).
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samples, all identiBable shells or macroinverte-
brates were collected. For the same reason, it was
impossible to identify these up to species level and
hence, we restricted our study up to the genus and
family levels.
The taxonomic validity of all previously reported

taxa was checked using the Paleobiology database
(www.paleobiobd.org/). Genera recorded in
palaeontological literature with supporting taxo-
nomic description were considered, and genera
which did not have taxonomic information but
were only recorded in stratigraphic reports are
excluded. Finally, to validate the stratigraphic
ages of these fossils, stratigraphic distributions of
the previously-reported genera and species have
been noted from the Paleobiology database. The
ecological characteristics of these fossils have been
listed from the Fossilworks website (www.
fossilworks.com).

2.2 Paleobiogeographic accounts

In the present work, we have comprehensively
studied the assemblage, using different multivari-
ate statistical techniques, so that the faunal simi-
larities of the Early Permian assemblage of the
Arunachal Pradesh can be compared statistically
with the other paleoprovinces within the

Gondwanan and Palaeoequatorial realms. Global
occurrences of the Early Permian genera have
primarily been obtained from the Paleobiology
database supplemented with other publications
(Runnegar 1969; Waterhouse 1980, 1987; Shen
2018). Since the Indian record is poorly represented
in the Paleobiology database, we used few addi-
tional publications to improve this database, the
most important of these are Nakazawa et al. (1975)
and Ghosh (2003). Also, because the unequal rep-
resentation of occurrence data may introduce
sampling-related bias in the similarity analyses,
any genera for which at least two occurrences other
than that from Arunachal Pradesh is not known,
have not been considered, accordingly; Frederick-
sia, Neoschizodus, Mourlonopsis, Nucula, and Go-
niophora are deleted from the analysis. Finally, a
total of 15 brachiopods and 15 molluscan genera
are included for the analyses.
For the paleobiogeographic analyses, a taxo-

nomic presence–absence matrix has been made to
compare our taxa with the global database based
on previously reported general as well as genera
collected during our Beldwork (Supplementary
table S1). Global occurrences of our listed genera
have been noted for the following areas: Central
India, Kashmir (North India), Nepal, Tibet, Pak-
istan, Afghanistan, West Asia (Oman and Iran),

Figure 3. Stratigraphic column used in the present study. For details, see Kesari (2010) and the stratigraphic review discussed in
the text.
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Pamir, China, Mongolia, East Australia, and New
Zealand and West Australia and the locations were
grouped based on their respective Early Permian
palaeobiogeographic positions: (1) Central India;
(2) North India–Nepal, together; (3) North-East
India (Arunachal Pradesh); (4) Tibet–Pakistan;
(5) Afghanistan–Pamir–West Asia, together; (6)
Western Australia; (7) South America; (8)
China–Mongolia; and (9) East Australia–New
Zealand (Bgures 7 and 8). Among these, the Brst
four areas come within the Himalayan Province;
number 5 in the Cimmerian Province; number 6 in
the Westralian Province, number 7 in the Andean

Province; number 8 within the Cathaysian Pro-
vince; and number 9 within the Austrazean Pro-
vince (Shi and Archbold 1993; Shi and Grunt 2000;
Shen et al. 2013; Shen 2018). Note, China–Mon-
golia is considered in both Cathaysian Province as
well as in the North Transitional Zone of Shen et al.
(2013) and lies in the Palaeoequatorial Realm.
According to Shen et al. (2013), the Indoralian
Province included all of Australia, Central India,
North India, and the Himalayas, and therefore our
stations from 1–4, 6, and 9 are in it. In other words,
the Indoralian Province included the Himalayan,
Westralian, and Austrazean Provinces. According

Figure 4. Major fossiliferous rocks and related thin sections of Bichom Formation. (A–D) thin sections, (A) calcite rhombs of
various sizes and shapes. In the groundmass, silty angular fragments of clasticsare present. Note, the presence of microfossil,
foraminifera, (B) angular grains of quartz, feldspar, mica, and pyrites as opaque, mostly pyrites, (C) organic-rich shales with
occasional lumpy phosphorites, (D) angular to sub-rounded grains of quartz and feldspar, and few mica Cakes; (E, F) rocks
with brachiopod fossil clusters from the Bichom Formation at Nina river, Tatamori, and Rilu, respectively. Scale bars for E and
F = 2 cm.
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to palaeolatitudinal position, the Himalayan
Province was located in between the Gondwanan
Realm and the Palequatorial Realm.
Based on these data, taxonomic compositional

similarities among these nine subprovinces are
compared by using the hierarchical unweighted
pair–group cluster analysis method (UPGMA).
Two similarity coefBcients – Jaccard and Dice – are
used because these two coefBcients are least aAec-
ted by sampling biases and have commonly been
used in previous studies involving palaeobiogeo-
graphic analysis using the Permian brachiopods
(Shen et al. 2009, 2013; Ke et al. 2016). Along with
this, the Non-metric Multidimensional Scaling
(nMDS) was also used to visually analyze these
clusters; we have used Jaccard similarity coefB-
cients for this purpose. Stress values of the nMDS
plots (both 2- and 3-dimensional) are used to
identify the quality of the cluster plot. All cluster
analyses are performed using PAST (Hammer et al.
2001).

3. Stratigraphy

3.1 Lithostratigraphy

The stratigraphic units lying above the Miri For-
mation and representing the Early Permian age
(Acharyya et al. 1975; Kesari 2010), can be subdi-
vided into the following units discussed below.

3.1.1 Bichom Formation

Acharyya et al. (1975) identiBed the presence of a
pebble bed lying unconformably above the pre-
Gondwana succession, which they named as Rangit
Pebble Bed (equivalent to Rangit Boulder Bed:
Kapoor and Maheshwari 1978), because of the
overall lithological similarity with the Rangit
Pebble-slate unit exposed at the Sikkim–Darjeeling
area. However, later researchers did not consider
this name and according to these new classiBcation
schemes, the stratigraphically equivalent rock

Figure 5. Different types of concretions commonly present in the Bichom Formation from the study area. (A–B) Carbonaceous-
phosphatic nodules with brachiopod fossils inside, at Rilu and Nina river, Tatamori, respectively, (C) unfossiliferous
carbonaceous silty–shaly nodule showing concentric lamellae at Daring, (D) carbonate nodule with numerous moulds of small-
sized molluscs and other shell fragments from Littemori.

   87 Page 6 of 23 J. Earth Syst. Sci.          (2021) 130:87 



units have been considered as Bichom Formation
(Dhoundial et al. 1989; Kumar 1997; Bhusan 1999).
The Bichom Formation, exposed near Tatamori,

Littemori, Rilu, and Daring in the West Siang
district, was later subdivided into three members –
Rilu, Bomte, and Sessa, in ascending order
(Dhoundial et al. 1989; Kumar 1997; Kesari 2010).

The lithology of the Rilu Member matches strongly
with the Rangit Pebble Bed of Acharyya et al.
(1975). For example, the Rilu Member is mainly
diamictitic, along with sandstones, coloured shales,
and grits (Singh 1983). Diamictites have angular
and sub-angular clasts of quartzite, dolomites, and
rock fragments of varied compositions including

Figure 6. Major macroinvertebrate fossils collected from the Early Permian locations in Arunachal Pradesh. (a–h) brachiopods,
(a, b) Tivertonia sp., (c–f) Costatumulus sp., (g) Cyrtella sp., (h) Trigonotreta sp., (i) a broken specimen of the bivalve
Aviculopecten sp., (j) Fenestellidae bryozoan fragment, (k) crinoid fragment, (l) conularid fragment, (m) remains of the plant
Vertebraria sp., (n) an unidentiBed seed. (a–c), j, (l–m) from Tatamori, (d–i), k, n from Rilu.
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granite and gneiss. In comparison, the Rangit
Pebble Bed is also diamictitic, along with siltstone,
quartzite, limestone, etc. (Acharyya et al. 1975).
Srivastava et al. (1987) treated this diamictite unit
as a separate member (i.e., Diamictite Member)
from the upper Rilu Member; these two together
were assigned a new formation: Rangit Formation.
However, Acharyya et al. (1975) reported numer-
ous sedimentary structures associated with the
Rangit Pebble Bed. Therefore, the stratigraphic
equivalence needs to be conBrmed from the Coral
and faunal assemblages. Acharyya et al. (1975)
identiBed several bivalves, brachiopods, bryozoans,
crinoid ossicles, and ichnotaxa from this member.
The Rilu Member also has similar faunal assem-
blage (Singh 1983; Kesari 2010), suggesting that
the Rilu Member and the Rangit Pebble Bed
(therefore the Diamictite Member) may be strati-
graphically equivalent (Bgure 3). The Rilu Member
is present around Tatamori, Gensi, Rilu and
Daring.
Above the Rilu Member conformably lies the

Bomte Member and is represented by grey–black

shale with calcareous and other types of nodules
(Singh 1983; Kesari 2010). Our Beld and sedimen-
tological observations also reveal that, in all loca-
tions (Littemori, Tatamori, Rilu, and Daring), the
Bomte Member rocks are very Bne-grained (i.e.,
shale) and thinly laminated, dark-grey to olive-
green to greenish-grey in colour (Bgure 4). Locally,
intermittent thin, lensoid bodies of siltstones are
present, which are often calcareous and micaceous,
and they alternate with the non-calcareous black or
steel-grey shale. Late diagenetic calcite veins are
observed as white streaks traversing the grey shales
(Bgure 4). These units are also characterized by
pyrite enrichment throughout the layers and show
variable abundance. Rocks show shiny appearances
under normal light and are very hard and compact.
Spatially, these rocks frequently host oval to len-
ticular-shaped nodules of varied compositions (i.e.,
calcareous shale, chert, and phosphate) (Bgure 5).
Our observations further reveal, in thin section,

the presence of silt lenses containing angular grains
of quartz, feldspar and mica with opaques mostly
framboidal pyrites was noticeable (Bgure 4). Silt

Figure 7. Palaeobiogeographic distribution of brachiopod and bivalve genera found during the Early Permian time interval.
Note, Arunachal Pradesh (Arunachal) indicate strong aDnity with the other Indoralian as well as with Himalayan and
Gondwanan locations. Other locations: E. Austr-N. Zea = East Australia–New Zealand, W. Austr = West Australia, N. Ind-Nep
= North India–Nepal, S.Amer = South America, Cent Ind = central India, Pak-Tib = Pakistan–Tibet, Chi-Mon = China-
Mongolia, Afg-Pam-W.Asia = Afghanistan–Pamir–West Asia.
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fragments, 20–50 lm in size, consist of mostly
angular quartz and feldspar with fewer amount of
mica Cakes and show reaction with the calcareous
groundmass along the boundaries. Shales at places
are organic-rich showing a dark appearance along
with the presence of lumpy phosphorites (Bgure 4).
It contains partings and fractures that are Blled
with carbonates. Partings are regular in appear-
ance and parallel to each other while the fractures
are irregular in nature and cross-cut each other as
well as the partings. At few places calcite rhombs of
various sizes and shapes are present. Importantly,
foraminifera ranges in size from 1–1.5 mm with
abundant test fragments scattered in the ground-
mass along with silty angular fragments of clastics
(Bgure 4). The Bomte Member is highly fossilifer-
ous with rich marine brachiopod and bivalve fauna,
sometimes present inside the concretions (Bgures 4
and 5) (Acharyya et al. 1975; Singh 1983).
Above the Bomte Member, a grey to black tuAa-

ceous shale unit with sandstone/quartzite lenses
represents the SessaMember (Dhoundial et al. 1989;
Kumar 1997; Bhusan 1999; Kesari 2010). This
member also hosts ill-preserved brachiopods and
bryozoans (Kesari 2010). The Sessa Member is

observed only after crossing Rilu towards Igo. A
similar lithostratigraphic unit, known as the Sikki
Abu Member (Singh 1983) also consists of pebbly
mudstones with clasts of quartzite, sandstones, as
well as limestone and igneous rocks. Unfortunately,
Singh did not Bnd any fossil from this member,
therefore the stratigraphic equivalence of the Sikki
Abu Member with the Sessa Member could not be
conBrmed. However, Srivastava et al. (1987) con-
sidered Siki Abu Member as part of the Diamictite
Member of his Rangit Formation (Bgure 1).
These three members, together, or in parts, have

been called as Garu Formation by Kapoor and
Maheshwari (1978), Singh (1979, 1983) and Kumar
(1997). Srivastava et al. (1987), however, placed
this Garu Formation above the Rilu Member
(Bgure 1). Because of the overall similarities, we
think that the Garu Formation is synonymous with
the Bichom Formation (Dhoundial et al. 1989;
Kumar 1997; Bhusan 1999). The Garu Formation
or the equivalent Bichom Formation appears to be
stratigraphically equivalent to the Gensi Forma-
tion of Roy Chowdhury and Sinha (1984), because
of exactly similar lithology and associated marine
and continental Coral and faunal associations.

Figure 8. Non-matric Multidimensional Scaling (nMDS) plot showing cluster of nine palaeobiogeographic locations and their
closeness with respect to our Arunachal Pradesh (Arunachal) assemblages. Note, our assemblages are plotted close to the
other Indoralian as well with Himalayan and Gondwanan locations. In comparison, China–Mongolia (Chi-Mon) and
Afghanistan–Pamir–West Asia (Afg-Pam-W.Asia) are plotted distinctly away. For other abbreviations, see Bgure 7.
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3.1.2 Bhareli and Khelong Formations

Bhareli Formation conformably overlies theBichom
Formation, and represents an overall continental
sedimentation (Kumar 1997). According to Achar-
yya et al. (1975), theBhareli Formation is equivalent
to theDamudaGroupofPeninsular India.Acharyya
et al. (1975) and Bhusan et al. (1989) identiBed
another formation, the Khelong Formation. While
the Khelong Formation has relatively coarser sedi-
ments – mostly sandstone – of different colour
shades, sediments of the Bhareli Formation are
mostly dominated by greenish-grey and black shales
and slates of various colours, with occasional
occurrences of silts and sandstones (Acharyya et al.
1975). Apart from this, however, they are almost
similar: in both cases, shales and coaly units are
sometimes present as lenses, and calcareous and
pyritic nodules have occasionally been found from
these two (Acharyya et al. 1975). Even more, these
two formations are Coristically similar (Laul et al.
1988; Bhusan et al. 1989). Acharyya et al. (1975)
recorded marine faunas from the Khelong Forma-
tion, similar to that of the Bhareli Formation (ap-
pendix table A1). We therefore, have considered
Khelong and Bhareli Formations as stratigraphi-
cally equivalent (Kesari 2010), which can be subdi-
vided into two members – Upper and Lower.
However, no formal litho- and biostratigraphic
accounts are available for these two units.

Laul et al. (1988) recorded gradational contact
between the ‘Rilu marine beds’ (Bichom Forma-
tion) and the sulphurous carbonaceous shale and
siltstone with the coal lenses units (*Bhareli
Formation) in the West Siang district. Along the
Rilu–Igo road section, outcrops of dark grey sand-
stone intercalated with grey shale, lenticular coal
beds and occasional tuAaceous material represent-
ing the Bhareli Formation have been observed by
the present authors. The Bhareli Formation, along
the Subansiri and Siang districts, shows some
lithological and faunal variations and is identiBed
by the typical presence of calcareous, ferruginous,
and phosphatic nodules (Bgure 5).

As mentioned in the previous paragraph,
Acharyya et al. (1975) have described Rilu For-
mation as a spatially different, but stratigraphi-
cally equivalent, of the Bhareli Formation. They
also mention that in a hillock at Garu–Rilu road
section, a gradational contact between the tuAa-
ceous lithic wacke unit of Rangit Pebble Slate
(*Rilu Member, Bichom Formation) grade into
the sandstone and siltstone of the Rilu Formation.

Near the Rilu temple, a polymictic conglomerate
unit, dark greenish siltstone, and shale were also
observed by the present authors. The frequent
presence of pyrites and siderites are characteristics
of the Rilu Formation (Acharyya et al. 1975). At
Siang and Subansiri, lithounits host rich marine
faunas, like brachiopods, gastropods, bivalves,
crinoids, etc. (Chandra 1972; Jain and Das 1973)
(appendix table A1), although the distribution is
sporadic. Typical marine succession is exposed
around Likhabali and extends towards Tatamori
(Acharyya et al. 1974). The occasional presence of
fresh water mollusc like Eurydesma sp. is also
reported (Acharyya et al. 1974). The Rilu Forma-
tion was not used by the later researchers and is
not entrenched in the literature. From the litho-
logical and fossil descriptions, it is thought to be
the equivalent of Bichom Formation.

3.1.3 Abor and Lichi Volcanics

Abor Volcanics is a series of basaltic and andesitic
volcanic rocks,with associatedvolcano-sedimentary
units (tuA, lapilli, etc.), which drove numerous
attention (see Ali et al. 2012 and references therein).
Although there are plenty of studies regarding its
composition and distribution, its exact stratigraphic
age is still elusive, ranging fromLateCarboniferous/
Early Permian to Early Eocene (Acharyya et al.
1975; Sengupta et al. 1996; Liebke et al. 2011; Ali
et al. 2012) (Bgure 1). In terms of biostratigraphy,
Tripathi et al. (1979, 1981) recorded Early Eocene
foraminifers and plants associated with the Abor
Volcanics. In sharp contrast, on the other hand,
marine molluscs, as well as sporomorphs of the
Gondwanan aDnity was recorded in sediments
associated with this volcanic unit by Sinha et al.
(1986). Abor volcanism could have started in the
Early Permian (Acharyya et al. 1975; Kesari 2010,
and many others) and continued till the early
Palaeogene. The rocks associated with the earlier
stage of this volcanic event is also comparedwith the
Lichi Volcanics (Kesari 2010).

3.2 Biostratigraphy

The Brst report of marine invertebrate fossils was
provided by Diener (1905) when he described a
collection made by JM Maclaren. The rich assem-
blage were represented by about ten species of
brachiopods, reported from sandstones and lime-
stones, although these fossils were never found
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from in-situ rocks. Similar rolled boulders with rich
fossils (Laskar’s collection (B Laskar, a pioneer of
studying geology of this area)) was also described
by Sahni and Srivastava (1956). The Brst report of
in-situ marine invertebrate came from Ranga val-
ley by Lasker (Krishnan 1958). Later, brachiopod,
as well as molluscan fauna were collected from a
dark-coloured argillaceous unit by Chandra (1972)
from Kimin, from the Subansiri district. Jain and
Das (1973) collected additional fossils from the
adjoining Kameng district.
Based on the fossils collected from carbonaceous

shales and laminated sandstones exposed in the
Subansiri district, Singh (1973) reassigned the age
of these beds to the Middle to Upper Carboniferous
and correlated these with the so-called ‘Gondwana
Belt’ exposed at Darjeeling, northern Sikkim, and
central Bhutan, as well as with those exposed at
Kameng and Siang districts. Singh (1978a, b, c)
and Singh and Archbold (1993) described several
species of brachiopods in and around Siang.
Finally, in 1983 (Singh 1983, 1987), he provided a
review of collected fauna from those localities,
which he assigned Early Permian (Asselian–
Artinskian) age for the assemblage collected from a
carbonaceous, shaly Formation, which he called
the Garu Formation (Bgure 1). Acharyya et al.
(1974, 1975) also identiBed the age as Permian.
Apart from these macroinvertebrates, diverse
palynomorphs and foraminifera have also been
reported (Kumar 1997; Kalia et al. 2000).
A review of these macroinvertebrates reveals

that the major fauna of the Bichom Formation is
brachiopods and molluscs, whereas, the Bhareli/
Khelong Formation has diverse plant leaf fossils
(appendix table A1). The other megafossils include
crinoids, ammonoids, and conularids. About 40
species within 30 genera of brachiopods have been
reported; whereas, about 30 species within 20
molluscan genera are reported (appendix
table A1). Plant fossils from the Khelong/Bhareli
are represented by about 20 species of 10 genera.
Out of all taxa, only *50 were identiBed up to its
species level. Of these 50 species, nearly 85% are
taxonomically valid, although the taxonomic sta-
tus of some of them could not be validated. Most of
these literatures listing these taxa never provided
taxonomic details or even a standard photograph
to cross-check the taxonomic validity. Even, some
taxa are completely misidentiBed: the gastropod
genus Peruvispira and the ichnotaxa Oldhamia
have been identiBed as brachiopods (Acharyya
et al. 1975; Kesari 2010).

The main genera of brachiopods include Suban-
siria, Lissochonetes, Linoproductus, andProductus.
In comparison, molluscs are always rare, although
Eurydesma, Uraloceras, Bellerophon, and mytilids
are more common (appendix table A1). The major
genera of the Coristically diverse Khelong/Bhareli
Formation are Glosspoteris and Schizoneura.
In our own collection, 16 Early Permian genera

under six families of brachiopods were distributed
all over the localities covering the entire strati-
graphic range. The dominant brachiopod genera
identiBed in the present study are Costatumulus,
Cyrtella, Tivertonia, Linoproductus, Trigonotreta,
and Subansiria. The only bivalve genus recorded
from the Early Permian is Aviculopecten. The
genera have previously been reported from the area
and therefore systematics detail are not provided.
In comparison, from the Khelong/Bhareli For-

mation, we have found plant (Bgure 6) remains from
Rilu.The specimenhas been tentatively identiBed as
the characteristic Gondwana plant fossil Verte-
braria sp. Acharyya et al. (1975) reported a sponge,
Paraconularia sp. (their plate 2, Bgure A), which
resembles this specimen. But Paraconularia is
characterized by transverse moderately strong ribs,
which are abruptly bent adaperturally and the
midline on faces indicated only by slight deCection of
ribs along it (Waterhouse 1979), which are not
observed in the specimen Bgured by Acharyya et al.
(1975). An unidentiBed seed has also been collected
(Bgure 6). Apart from these brachiopod and mol-
luscan fossils, bryozoans are also found tobepresent,
representing two families, both reticulate colonial,
Fenestellidae and Polyporidae; these bryozoans
occur with the brachiopod fauna in the Bichom
Formation, as observed by the previous authors
(Acharyya et al. 1975; Kesari 2010). Also, crinoid
stems and conularids are rarely found.
Among these taxa, many have long stratigraphic

ranges, therefore not suitable for biostratigraphic
analyses (appendix table A1). For example, the
molluscan taxa Ptychomphalina sp. (Silurian–Tri-
assic) and Myalina sp. (Ordovician–Triassic) have
long stratigraphic ranges. Similarly, the brachiopod
species, Lissochonetes carbonifera (Carbonifer-
ous–Triassic), Chonetes carbonifera (Silurian–Tri-
assic), and the genus Chonetes (Silurian–Triassic)
also have long stratigraphic ranges. However, at
least 34 taxa (16 brachiopods, 16 molluscs, and two
plants) have a strict Permian stratigraphic range,
having high implications in biostratigraphy.
Based on these Permian taxa, it appears that at

least 80% taxa are restricted to the Early Permian
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only, whereas, few others have a relatively longer
range (i.e., Lower to Middle Permian range, or
ranging the entire Permian) (appendix table A1).
Based on these, we think that the lithounits from
where these rocks have been collected have an Early
Permian age, as stated by the previous authors
(Archarya et al. 1974, 1975). Further exploration
reveals that, among these Early Permian taxa,
*32% are only found from the Sakmarian, and the
additional *40% have stratigraphic ranges inclu-
sive of this age. These observations reinforce the
claim that this fossil assemblage indicates an Early
Permian, mostly the Sakmarian age. Singh
(1983, 1987) also, based on his brachiopod collec-
tions, assigned the age of these rocks an Early Per-
mian (Asselian–Artinskian) age, which is inclusive
of the Sakmarian age. Importantly, taxa form the
stratigraphically above, Khelong/Bhareli Forma-
tion range from the Permian (Sakmarian) up to the
Triassic. We conclude that rocks of the Bichom
Formation represent tentatively the Early Permian
(most likely Sakmarian) and the overlyingKhelong/
Bhareli Formation represent a relatively younger,
but still Early Permian age.

4. Palaeoecology, palaeobiogeography,
and palaeoenvironment of the Early
Permian assemblages

4.1 Palaeoecology of the Early Permian fossils

Our collection from theBomteMember of theBichom
Formation includes a total of about 65 brachiopods
specimens which can be separated individually for
identiBcation. Other than these, there are many
specimens which are clustered together and it was not
possible to retrieve without destroying them and we
have restrained from doing that. Among brachiopods,
Costatumulus sp. (40% of all brachiopods), and
Cyrtella sp. (*21% of all brachiopod specimens) were
the twomost dominant species, whereas,Trigonotreta
sp. and Tivertonia tatamariensis were relatively less
abundant. The other species are rare. In comparison,
bivalves are represented by only one fragmented
specimenandhas been identiBed as ?Aviculopecten sp.
Brachiopod fauna are sometimes associated with
bryozoans, which belong to the two families, Fen-
estellidae and Polyporidae. Conularids and crinoid
fragments are also present. We collected only one
plant specimen and one tentative seed from the
Khelong/Bhareli Formation, and no such ecological
analysis was possible for this formation.

It is therefore evident that, in terms of domi-
nance, brachiopods represent almost 100% of
specimens collected. This typical brachiopod
dominance over bivalves has also been reported
from other Permian records from other parts of the
world (Clapham and Bottjer 2007; Payne et al.
2014). This matches well with the established glo-
bal pattern. However, this dominance pattern was
not same throughout the Permian – the Early
Permian was completely dominated by the bra-
chiopods, but after that, bivalves and other mol-
luscs started to increase their dominance globally
(Clapham and Bottjer 2007). If an Early Permian
assemblage is compared with a Late Permian
assemblage, the Late Permian assemblage has a
relatively large number of molluscs compared to its
Early Permian counterpart, and in both cases
brachiopods are the dominant component. This
overall Permian pattern was followed globally
across different basins, suggesting an ecological
cum environmental changes happening during the
late Palaeozoic (Clapham and Bottjer 2007) and
other Early Permian data Bts with this model. It
should be noted that this is also observed in Siang
valley: the proportional dominance of brachiopods
over bivalves weakens a bit during the late Per-
mian in Arunachal Pradesh. The Early Permian
faunal assemblages collected from Dalbuing are
still brachiopod dominant but the taxonomic and
ecologic dominance of bivalves have started to
increase (Mukherjee et al., in preparation). For this
reason, it is of enormous importance to study the
Permian brachiopod–bivalve dynamics in much
Bner time bins, i.e., at the Epoch level so that the
aforementioned change in abundance can be doc-
umented across different ocean basin globally.
In terms of life modes of the Bichom fauna,

similar to the global trend, most of the Early Per-
mian brachiopod fauna were epifaunal free-lying
forms attached by the spines (like productids
including the chonetacians) or delthyrially
attached forms like spiriferids (e.g., Neospirifer)
matching well with the life habits of the Permian
fauna. All were suspension feeders, as did the single
bivalve species. Therefore, considering the preva-
lence of brachiopods, which are exclusively marine,
it can be concluded that the Bichom fauna repre-
sents a normal marine ecology. The most abundant
taxa, Costatumulus, has Bne radial ribbing,
costellae, and rugae at the outer shell surface
(Singh and Archbold 1993), which resembles with
Costatumulus described from the Upper Permian of
South China (He et al. 2014). According to He et al.
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(2014), this morphology has been interpreted as
morphological adaptations of deepwater adapta-
tion to a highly stressed environment. The speci-
mens observed by the present authors were all
internal moulds and therefore shell microstructure
could not be studied. Therefore, it cannot be
ascertained if the presence of pseudopunctae is
restricted in the late Permian species as an
adaptation of environmental stress or it is a ple-
siomorphic character of the genus. Interestingly
Costatumulus has maximum abundance in the area
and the high density of spines could have aided in
anchorage and protection from predation.

4.2 Palaeoenvironment of the Early Permian
fossils

Acharyya et al. (1975), by using the sedimento-
logical and general fossil occurrences, proposed
that during the Early Permian the depositional
milieu was a near-coastal, brackish water setup.
However, their palaeoenvironmental observations
and interpretations were preliminary, which have
been revisited and reanalyzed here.
The faunal composition of the Bichom Formation

fauna represents a normalmarine autecology. Based
on all fossils that have ever been collected from here,
it can be said that these types of ecological assem-
blages are typical of the near-coastal marine habi-
tats where substrates are mostly soft. The majority
of these fauna is suspension feeding, suggesting an
oxygen-rich condition,which is further supportedby
the presence of bryozoans. However, their ecology
indicates a variedwater depth, ranging from shallow
to relatively deeper shelf condition: benthic inver-
tebrates represents shallower condition, as do the
bryozoans (usually live within 100 m of water
depth), whereas crinoids are mostly representative
of deeper water condition.Moreover, the presence of
some morphological features (e.g., crowded pseu-
dopunctae) on one of themost abundant brachiopod
genus,Costatumulus, further supports this view (He
et al. 2014). A similar interpretation has been made
by the previous authors also: according to them, the
palaeoenvironmental condition of the Bomte Mem-
ber of the Bichom Formation indicates that the
environment of deposition was from a relatively
nearshore (marginal marine, swampy environment)
to the ‘epineritic’ environment, in many cases
depositing just below the wave base under normal
salinity and 25–31�C temperature (Roy Chowdhury
and Sinha 1984;Kumar 1997). In a stable shelf of low

relief, perhaps a slight change in the sea level resul-
ted in great lateral displacement of the shoreline and
lithofacies and biofacies variation. The presence of
small lensoidal bodies of coarser sediments within
Bne sedimentary units support this type of inter-
mittent sea level Cuctuations. Fine jet-black to yel-
lowish-brown shale could further support this view.
Under these conditions, sediments were deposited

at the nearshore environment with chemical condi-
tions suitable for the formation of different types of
nodules (Roy Chowdhury and Sinha 1984). The
productids are also thought to be capable of living in
a relatively higher energy conditions as the spines
acted as stabilizers to reduce the scouring action
(Mendonca et al. 2018). However, the associated
sediments in many cases are dark-coloured shale,
which suggests that the shells were transported from
their normal marine habitat and were deposited in a
nearby shallow, near-coastal, marginal-marine
environment like back-swamp or lagoon, transi-
tional brackish environment, and continental allu-
vial fans (Acharyya et al. 1975). The presence of
coaly unit and secondary pyrites as revealed in thin
section study further conBrms this claim.Moreover,
the presence of lumpy and disseminated phosphates
and pyrite associated with disseminated organic
matter indicates anoxic condition (Bgure 4). Later,
due to widespread marine transgression, because of
deglaciation (Singh 1987), the coastal marine
regions became inundated; the sediments ofBhareli/
Khelong Formation was deposited under a Cuvial
setting (Srivastava et al. 1987).
Climatologically, the litho- and the biofacies

indicate that the Bichom Formation was deposited
during the waning phase of a glacial marine inCu-
ence as indicated by the presence of diamictites
(Singh 1988). This diamictitic unit has been corre-
lated with the Talchir Boulder Bed of the Penin-
sular India, which indicates a typical glacial boulder
bed (Oldham 1887; Acharyya et al. 1975 and refer-
ences therein). In fact, the Rilu Member has been
correlated with the Peninsular Lower Karharbari
Member, indicating that glacial retreat (op. cit.).
The Costatumulus–Trigonotreta–Tomiopsis bra-
chiopod assemblage along with the bivalve Eury-
desma are characteristic cold water assemblage of
the Sakmarian (Shen et al. 2013), which is seen as
the dominant fauna in the Bichom Formation. This
association along with Bandoproductus and Punco-
cyrtella is characteristic of the Himalayas, south and
Central Tibet, Baoshan Sibamusu blocks of SE Asia
(all being under cold water inCuence). However,
with the melting of the Gondwana ice caps in the
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Late Sakmarian, the warmer conditions were setting
in, at some regions as evidenced by the fusulinid
fauna. The presence of a fusulinid genus Earlandia
have been reported by Kalia et al. (2000) from the
Bichom Formation (their Garu Formation). The
presence of bryozoans in the Bichom Formation,
which are characteristic of tropical waters, is also
indicative of the warmer condition. Although so
much has been said for the palaeoclimatic condition
of the Bichom Formation, the same for the overlying
Khelong/Bhareli Formation is poorly known, it
probably represent a much warmer, but moisture-
rich, phase, equivalent to the Upper Coal Measures
in Darjeeling, West Bengal (Srivastava et al.
1987).

4.3 Palaeobiogeography of the Early Permian
fossils

Three marine palaeobiogeographic realms, based on
the palaeolatitudes of different biogeographic loca-
tions, have been recognized during the Permian:
Gondwanan, Palaeoequatorial/Tethyan and Boreal;
in addition, two transitional zones were also recog-
nized: Southern and the Northern Transitional zone
(Shi andGrunt 2000; Shen et al. 2013). For the present
study, the faunal stations (i.e., locations from where
the Early Permian fauna have been reported globally)
were chosen from the Palaeoequatorial/Tethyan and
Gondwanan realms, because of their proximity with
Arunachal Pradesh during theEarlyPermian. For the
same reason, the Boreal Realm, which was far apart
from Arunachal Pradesh, was not considered for this
analysis. The Early Permian palaeobiogeographic
study by Shen et al. (2013) showed that the palaeo-
position of the East Himalaya was the closest to the
North Indian plate, and these two clusters together
with Tibet, Kashmir, NW Himalaya, Pamir, and
Karakorum (Pakistan). Though Kashmir, East
Himalaya, and Peninsular India fauna of the Early
Permian was placed within the Gondwana Realm by
Shi andGrunt (2000), later Shen et al. (2013) put them
in the Indoralian Province which belongs to the peri-
Gondwananrealm.Shen et al. (2013)also showedthat,
by the Sakmarian, the Indoralian Province can be
divided into the Austrazean Province and the South-
ern Transitional Zone. The Himalayan Province,
proposed by Singh (1987, 1988), included faunas from
theHimalayan regionswithPeninsular India and later
SinghandArchbold (1993)have linked theGaru fauna
in Arunachal Pradesh with Afghanistan in the west to
Australia in the East.

Our analyses reveal that the Early Permian
macroinvertebrates show good clustering with
respect to their respective palaeo-provinces
(Bgure 7). Since the outcome of the analyses, based
on Jaccard and Dice similarity coefBcients are
similar, we are hereby discussing the results based
on the Jaccard coefBcients (J) only. The faunal
assemblage of Arunachal Pradesh shows the
strongest resemblance with East Australia–New
Zealand (J = 0.80), and is strongly related to West
Australian (J = 0.73), and North India–Nepal (J =
0.70) faunal assemblages (Bgure 7). Similarities
with Pakistan–Tibet (J = 0.67), South American
(J = 0.60), and Central India (J = 0.57) are also
moderately high. The Early Permian fauna from
Arunachal Pradesh has low similarities with the
assemblages from Afghanistan–Pamir–West Asia
(J = 0.43) and China–Mongolia (J = 0.47). This
clustering is also supported by the nMDS plot (k =
3; stress = 0.14), where our assemblages are plotted
very close to East Australia–New Zealand
(Bgure 8). North India–Nepal, South American,
and Pakistan–Tibet are also very close to our
assemblages. Notably, matching with the cluster
plot, Afghanistan–Pamir–West Asia and China–
Mongolia are plotted farthest from our assemblages
(Bgure 8).
This pattern of paleobiogeographic similarities

match well with the proposed biogeographic
aDnities of these palaeo-locations; the Indoralian
Province of Shi and Archbold (1993) and Shen
et al. (2013) is also observed in the cluster plot
(Bgure 7). For example, locations within the
Himalayan Province (i.e., Pakistan, Tibet, North
India, Nepal, Arunachal Pradesh, and Central
India) are clustered together, and these locations
also show similarity with the Westralian and
Austrazean provinces. Also, South America, being
in the Andean province of the Gondwana Realm
show close proximity with our assemblages and
these general observations are also supported by
previous authors. According to Acharyya et al.
(1975), the Arunachal Pradesh fauna is similar to
those of the peninsular Gondwana records (Sri-
vastava et al. 1987). Singh and Archbold (1993)
also established the Gondwanan aDnity of their
Garu fauna (presently the faunal assemblage of
Bichom Formation as discussed at length previ-
ously) with Australia.
In comparison, palaeolatitudinally, during the

Early Permian, these Himalayan clusters were
wide apart from the Cimmerian blocks represented
by Afghanistan, Pamir, and west Asian countries
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(e.g., Oman, Iran), and Cathaysian Province rep-
resented by China and Mongolia which were near
the equator; for this reason, Arunachal Pradesh
clusters to the farthest (Bgures 7 and 8). According
to Angiolini et al. (2013) and Shen (2018), Afgha-
nistan, Pamir, and west Asian part within the
Cimmerian blocks broke apart from the Gond-
wanan block during the Early Permian and began
their northward drift, which explains the lower
similarities among them. Palaeobiogeographic
studies of Shen et al. (2013), in fact, recognizes a
supergroup – the Southern Transitional Zone – in
the Sakmarian that have members situated in the
Cimmerian blocks, Himalayan Province, Sibamusu
terranes and Westralian Province and they further
grouped Peninsular India, Kashmir and Himalayan
regions with Australian stations and showed that
the Indoaralian Province divided into the South
Transitional Zone and the Austrazean Province in
the late Sakmarian (Shen et al. 2013). Our study,
which was mainly based on the regions from the
Southern Transitional Zone of Shen et al. (2013)
and Cathaysian Province from the North Transi-
tional Zone (Angiolini et al. 2013), validates the
existence of the Indoralian Province. Our results
also show that the Arunachal fauna perhaps
depicts the time just before the Late Sakmarian,
when the Australian fauna was separating from the
Himalayan Province which was within the South-
ern Transitional Zone. Interestingly one of the
characteristic brachiopod genus of the province is
Trigonotreta which has been found in moderate
abundance in the study area. Kalia et al. (2000)
based on multiple species of foraminifera from

Tatamori, also had a similar palaeobiogeographic
interpretation. Archbold (1983, 1987, 1993) also
referred it as peri-Gondwanan assemblage.
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