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SUMMARY

The Early Permian (290 Ma) Panjal Traps are the largest con-
tiguous outcropping of volcanic rocks associated with the
Himalayan Magmatic Province (HMP). The eruptions of
HMP-related lava were contemporaneous with the initial
break-up of Pangea. The Panjal Traps are primarily basalt but
volumetrically minor intermediate and felsic volcanic rocks
also occur. The basaltic rocks range in composition from con-
tinental tholeiite to ocean-floor basalt and neatly all have expe-
rienced, to varying extent, crustal contamination. Uncontami-
nated basaltic rocks have St—Nd isotopes similar to a chondrit-
ic source (ISt = 0.7043 to 0.7073; £.4(t) = 0 = 1), whereas the
remaining basaltic rocks have a wide range of Nd (g,(t) = —
6.1 to +4.3) and Sr (ISr = 0.7051 to 0.7185) isotopic values.
The calculated primary melt compositions of basalt are picritic
and their mantle potential temperatures (1, < 1450°C) are sim-
ilar to ambient mantle rather than anomalously hot mantle.
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The silicic volcanic rocks were likely derived by partial melting
of the crust whereas the andesitic rocks were derived by mix-
ing between crustal and mantle melts. The Traps erupted with-
in a continental rift setting that developed into a shallow sea.
Sustained rifting created a nascent ocean basin that led to sea-
floor spreading and the rifting of microcontinents from
Gondwana to form the ribbon-like continent Cimmeria and
the Neotethys Ocean.

RESUME
Les Panjal Traps du début Permien (290 Ma) constituent le
plus grand affleurement contigu de roches volcaniques asso-
ciées a la province magmatique de himalayienne (HMP). Les
éruptions de lave de type HMP étaient contemporaines de la
rupture initiale de la Pangée. Les Panjal Traps sont essentielle-
ment des basaltes, mais on y trouve aussi des roches vol-
caniques intermédiaires et felsiques en quantités mineures. La
composition de ces roches basaltiques varie de tholéiite conti-
nentale a basalte de plancher océanique, et presque toutes ont
subi, a des degrés divers, une contamination de matériaux crus-
taux. Les roches basaltiques non contaminées ont des con-
tenus isotopiques Sr—Nd similaires a une source chondritique
(Isr = 0,7043 a 0,7073; €4(t) = 0 = 1), alors que les roches
basaltiques autres montrent une large gamme de valeurs iso-
topiques en Nd (gyy(t) = —6,1 a +4,3) et St (Ist = de 0,7051 a
0,7185). Les compositions de fusion primaire calculées des
basaltes sont picritiques et leurs températures potentielles
mantelliques (T, de < 1450°C) sont similaires a la température
ambiante du manteau plutot que celle d’un manteau anormale-
ment chaud. Les roches volcaniques siliciques dérivent proba-
blement de la fusion partielle de la crotte alors que les roches
andésitiques proviennent du mélange entre des matériaux de
fusion crustaux et mantelliques. Les Traps ont fait irruption
dans un contexte de rift continental qui s’est développé dans
une mer peu profonde. Un rifting soutenu a créé un début de
bassin océanique lequel conduit a une expansion du fond
océanique et au rifting de microcontinents tirés du Gondwana
pour former le continent rubané de Cimméria et l'océan
Néotéthys.

Traduit par le Traducteur

INTRODUCTION

The Late Paleozoic (ca. 300 Ma to ca. 252 Ma) was a time of
large polar glaciations, the zenith of Pangea and two mass
extinctions (Martin 1981; Bond and Wignall 2014). Moreover,
at least five major mafic continental large igheous provinces
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Figure 1. Palecogeographic reconstructions of Pangea at ca. 290 million years show-
ing the location of the Panjal Traps (P) and possible rift propagation and the loca-
tions of the five major mafic continental large igneous provinces of the Late Pale-
ozoic. The reconstruction is based on Torsvik et al. (2014). E = Emeishan large
igneous province (ca. 260 Ma); S = Siberian Traps (ca. 250 Ma); Sc = Skagerrak-
Centred large igneous province (ca. 300 Ma); T = Tarim large igneous province (ca.
280-270 Ma).

(LIP) were emplaced (Fig. 1). The Skagerrak-centred large
igneous province (ca. 300 Ma) in central Laurasia, the
Himalayan magmatic province (ca. 290-270 Ma) along the
Tethyan margin of Gondwana, the Tarim large igneous
province (ca. 290-270 Ma) on the Tethyan margin of Laurasia,
the Emeishan large igneous province (ca. 260 Ma) of the
South China Block and the Siberian Traps (ca. 251 Ma) of
northeastern Laurasia cover a combined area >7 x 10° km?
(Ernst and Buchan 2001; Torsvik et al. 2008; Saunders and Rei-
chow 2009; Zhu et al. 2010; Shellnutt et al. 2014; Shellnutt
2014; Ernst 2014; Wang et al. 2014; Xu et al. 2014). The Late
Paleozoic mafic continental LIPs, unlike their Mesozoic and
Cenozoic counterparts, are exclusively unrelated to plate sepa-
ration with the exception of the ill-defined, pootly constrained
Himalayan magmatic province (HMP).

The HMP is an assortment of volcanic and plutonic rocks
and mafic dykes throughout the Himalaya that were contem-
poraneous with the rifting of microcontinental terranes from
the Tethyan margin of Gondwana (Bhat et al. 1981; Bhat 1984;
Garzanti et al. 1999; Ernst and Buchan 2001; Yan et al. 2005;
Zhu et al. 2010; Shellnutt et al. 2014, 2015; Ali et al. 2012; Zhai
et al. 2013; Wang et al. 2014; Xu et al. 2016). The rifting of
‘Cimmerian’ terranes and accompanying magmatism ate
thought to have been related to a regional-scale mantle plume
but the petrogenetic and precise temporal relationships
between the magmatic rocks of the HMP remains uncertain
(Lapierre et al. 2004; Zhai et al. 2013; Shellnutt et al. 2015; Xu
et al. 20106). The Panjal Traps, located in the western Himalaya,
provide the largest spatially contiguous exposure of HMP-
related rocks (Bhat et al. 1981; Honegger et al. 1982; Papritz
and Rey 1989; Chauvet et al. 2008; Shellnutt et al. 2014, 2015).
In comparison with other Phanerozoic flood basalt provinces,
the Panjal Traps are not well studied as they are located in rel-
atively remote regions of the Himalaya.

Understanding the formation of the Panjal Traps can help
to unravel the pre-India—Furasia collision tectonics of Gond-
wana and can elucidate first order geological problems such as
the geodynamic and tectonomagmatic evolution of LIPs with

http://www.geosciencecanada.ca

J. Gregory Shellnutt

specific relevance to the differences between the passive (i.e.
‘plate hypothesis’) and active (i.e. ‘mantle plume theory’) exten-
sional Late Paleozoic LIPs. This paper presents a current ‘state
of knowledge’ on the Panjal Traps. The paper is subdivided
into topic-specific sections that include: 1) the geological back-
ground, 2) the age and duration of volcanism, 3) geochemical
characteristics of the volcanic rocks, 4) tectonomagmatic evo-
lution vis-a-vis active vs. passive extension, and 5) a regional
comparison of HMP-related rocks. The final section brings
together all of the available information in an attempt to offer
a working hypothesis on the formation of the Panjal Traps and
their relationship to the formation of the Neotethys Ocean
and Cimmeria.

GEOLOGICAL BACKGROUND

The Tethyan domain of the western Indian Himalaya compris-
es Precambrian to Late Paleozoic rocks that form part of the
Higher Himalaya. The Precambrian Central Crystalline com-
plex consists of augen granite-gneiss, nebulitic migmatite, grey,
and dark paragneiss and is the basement to Tethyan passive
margin sedimentary sequences. Overlying the basement is a
series of Cambrian to Lower Carboniferous sedimentary for-
mations that consist mainly of sandstone, shale, siltstone,
arkose, carbonate, and evaporite rocks (Gaetani et al. 1986;
Fuchs 1987; Garzanti et al. 1992, 1994, 1996a, b; Myrow et al.
20006; Brookfield et al. 2013).

Above the Lower Carboniferous units is the Middle to
Upper Carboniferous fossiliferous (Spirifer varuna- and
Camarophoria-bearing) Fenestella shale followed by agglomerat-
ic slate, a mixture of siliciclastic and volcaniclastic material,
which may represent the first eruptive unit of the Panjal Traps.
The Upper Permian siliciclastic Nishatbagh beds are deposited
on the agglomeratic slate, and are followed by the main erup-
tive sequence of the Panjal Traps (Nakazawa et al. 1975;
Garzanti et al. 1998; Wopfner and Jin 2009). The reported total
thickness of the volcanic rocks is ca. 3000 m in the Pir Panjal
Range (western Kashmir) and < 300 m in the Zanskar Range
(eastern Kashmir) with individual flows around 30 m thick
(Middlemiss 1910; Wadia 1934, 1961; Nakazawa et al. 1975;
Chauvet et al. 2008). The deposition of the flora- and fauna-
rich Gangamopteris beds (siliccous shale and novaculite) on
top of the Panjal Traps constrains the basalt eruption age to
the Upper Permian. The Gangamopteris beds are followed by
the Zewan Formation (sandstone and carbonate) and the
uppermost Permian—Lower Triassic Khunamuh Formation
(shale) (Nakazawa et al. 1975; Wopfner and Jin 2009; Brook-
field et al. 2013). The Late Paleozoic sedimentary rocks were
deposited as a response to differential uplift of the Indian mar-
gin during rifting (Vannay and Spring 1993; Garzanti et al.
1999).

The Panjal Traps underlie an area of ca. 10,000 km?
exposed primarily around the Kashmir Valley along the Pir
Panjal and Zanskar Ranges and were first documented in the
19™ century by Lydekker (1883) (Fig. 2). The Traps are mostly
basalt but there are minor volumes of basaltic andesite,
andesite, rhyolite and dacite (Ganju 1944; Nakazawa and
Kapoor 1973; Shellnutt et al. 2012, 2014). The Traps show evi-
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Figure 2. Distribution of the Panjal Traps, major faults of the western Himalaya and the sampling localities at Guryal Ravine, Pahalgam, PJ3 and PJ4 (based on Papritz and
Rey 1989). IS = Indus suture; MBT = main boundary thrust; MCT = main central thrust; MFT = Salt Range main frontal thrust; PT = Panjal thrust.

dence of both subaerial (e.g. columnar joints and intertrappean
sedimentary deposits) and subaqueous (i.e. pillow structures)
eruptive environments that Nakazawa and Kapoor (1973)
interpreted as indicative of a near-shore, transgressive shallow
marine environment. Intertrappean limestone, shale and slate
are reported near Gulmarg and Srinagar suggesting there were
local intermittent pauses during volcanism.

AGE AND DURATION OF VOLCANISM

The precise age and duration of the Panjal Traps was, until
recently, only inferred based on the stratigraphic record. The
Traps were initially considered to be Lower Paleozoic but Mid-
dlemiss (1910), based on the presence of ammonites from the
genus Opbhiceras in ovetlying sedimentary rocks, interpreted
their age as Upper Paleozoic. Subsequent studies revealed the

Traps erupted during the Late Paleozoic to Eatly Mesozoic (i.c.
Late Carboniferous to Hatly Triassic), but detailed structural
and sedimentological studies by Nakazawa et al. (1975) showed
that the rocks erupted after the deposition of the Middle to
Upper Carboniferous Fenestella shale and before the deposi-
tion of the Upper Permian Gangamopteris beds (Mamal Beds)
which contain lower Gondwana flora. The first isotopic ages
of the Panjal Traps were determined from zircon collected
from the silicic Traps near Srinagar and yielded a mean
2Pb/#*U age of 289 £ 3 Ma (Shellnutt et al. 2011).
Presently, very few definitive statements can be made
regarding the duration of Panjal magmatism but it is clear that
magmatism was underway by the Early Permian. The initial
volcanic rocks are thought to be agglomeratic slate which is
interpreted to be an ‘explosive volcanic’ unit and consists of
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ash and possibly volcanic bombs, although non-volcanic fossil-
iferous material appears to dominate (Nakazawa and Kapoor
1973; Nakazawa et al. 1975). Gaetani et al. (1990) suggested
the eruption duration was 2 to 3 m.y. based on faunal markers
from NW Lahul-SE Zanskar, but the volcanic sequences are
thinner than those around the Kashmir Valley and may be
incomplete. The basalts at Guryal Ravine are capped by marine
sedimentary rocks that are Early Permian (Artinskian) in age
but that does not preclude the possibility that magmatism con-
tinued after the rift transitioned from a continental setting to
an oceanic setting (Nakazawa et al. 1975; Wopfner and Jin
2009; Tewarti et al. 2015; Shellnutt et al. 2015).

MAFIC PANJAL TRAPS

Chemical Characterization

The mafic Panjal Traps are tholeiitic to mildly alkalic basalt
(Fig. 3) (Nakazawa and Kapoor 1973; Bhat et al. 1981; Honeg-
ger et al. 1982; Papritz and Rey 1989; Chauvet et al. 2008;
Shellnutt et al. 2014). Bhat et al. (1981) demonstrated that the
Panjal Traps have chemical affinity to basalt related to a with-
in-plate tectonic setting. A slightly more nuanced view, using
the tectonic classification scheme of Pearce et al. (1977),
shows the Panjal Traps fall within the fields of ‘continental
basalt’ and ‘ocean ridge basalt’ (Fig. 4).

The volcanic sequences around the Kashmir Valley have
chemostratigraphic variations, specifically the TiO, concentra-
tion, as there appears to be high-Ti and low-T1 basalt. The vari-
ability within specific sequences is real but if all basalt data are
considered, then it is less clear that there are two types but
rather a spectrum of compositions (Fig. 3e). In broad terms,
the Mg# ([Mg”/(Mg**+Fe*)]*¥100) can better distinguish
groupings of basalt as there appear to be three groups (Fig. 3f):
1) high Mg# group (> 57), 2) middle Mg# group (50 to 57),
and 3) low Mg# group (< 50). Furthermore, the rocks with the
highest Mg# likely represent more ‘primitive’ lavas as they tend
to have higher Ni (> 100 ppm) content than the rocks with
lower Mg# values (Ni < 100 ppm).

To date only a few studies have reported the St—Nd iso-
topes of the Panjal Traps (Chauvet et al. 2008; Shellnutt et al.
2014, 2015). The Sr isotopes are quite variable (ISt = 0.7043 to
0.7185) which may be due to Rb or St mobility during green-
schist-facies metamorphism (Fig. 5). Basalt with lower ISt val-
ues (ISr = 0.7043-0.7073) is probably indicative of soutrce
composition, whereas the higher values (ISr > 0.7100) are
probably related to element mobility associated with green-
schist-facies metamorphism and/or crustal contamination.
The Nd isotopes are also vatiable (€, (t) = —6.1 to +4.3) but
Sm and Nd are less susceptible to mobility and likely indicative
of their ‘unaltered’ compositions. Some samples may be repre-
sentative of the initial, uncontaminated basaltic magmas as
they have £,(t) values between —1.4 and +1.3, ISr values
between 0.7043 and 0.7073 and low Th/Nby,y, (S 1) ratios (PM
= normalized to primitive mantle values of Sun and McDo-
nough 1989) and high Nb/U (= 49) ratios, but generally most
samples appear to have been affected by crustal contamina-
tion.
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Magma Differentiation and Crustal Contamination

Most of the mafic Panjal Traps have experienced to varying
degrees either crystal fractionation or crustal contamination or
both. Shellnutt et al. (2014, 2015) suggested that the ‘high-T7’
rocks from Pahalgam and some rocks (i.e. low-T1) from the
Pir Panjal Range experienced crystal fractionation where the
‘high-T1’ rocks experienced olivine and plagioclase fractiona-
tion and the ‘low-T1" rocks experienced clinopyroxene and
olivine fractionation. However, many rocks do not show clear
evidence of mineral fractionation.

The range of trace element ratios (e.g. Nb/La, Th/Yb,
Ta/Yb and Nb/U) sensitive to crustal contamination and the
initial Nd isotopes suggests much of the basalt experienced
crustal contamination (Campbell 2002; Rudnick and Gao
2003). The Nb/La values of the Panjal Traps are generally <
1.0 although a few samples have higher values, whereas the
Nb/U (6 to 102) and Th/Nby,, (0.5 to 6.9) ratios have a wide
range of values (Fig. 6). Some of the Nd isotope signatures
(e.g. &yy(t) < —4) are likely due to contamination by crustal
melts. Isotopic modelling indicates that the amount of crustal
contamination is probably between 5% and 10% for most
basaltic rocks but there are some exceptions and larger
amounts (> 20%) of contamination likely occurred (Shellnutt
et al. 2014, 2015).

Mantle Source

Trace element modelling suggests that low and moderate
degrees of partial melting of a spinel lherzolite source, assum-
ing a primitive mantle starting composition, can reproduce the
range of the chondrite-normalized rare-carth element (REE)
patterns seen in the Panjal rocks (Fig. 7). Basalt from Guryal
Ravine and Pahalgam that does not show clear evidence for
crustal assimilation can be modelled by 3% to 7% batch melt-
ing using a spinel lherzolite (olivine = 57%, orthopyroxene =
26%, clinopyroxene = 15%, spinel = 2%) source composition
(Shellnutt et al. 2014, 2015). Rocks that have high Mg# (> 57),
high Ni (> 100 ppm), flat REE patterns and fall within the
ocean floor field of tectonomagmatic discrimination diagrams
can be model by ca. 10% partial melting or more. Although it
is not possible to completely rule out the presence of garnetin
the source (typically Sm/Yby, < 2.7), it would have to be a very
minor (< 1%) constituent.

It is likely that the Panjal Traps were derived from two iso-
topically distinct mantle sources, one similar to chondritic
mantle (i.e. €y4(t) = 0 £ 1) and another similar to asthenospher-
ic mantle (Chauvet et al. 2008; Shellnutt et al. 2014, 2015). Fig-
ure 8 shows three regression lines (Guryal Ravine line, Pahal-
gam line and PJ4 line) of the Panjal Traps using €,,4(t) and the
Th/Nby,, ratio. The Th/Nby,, ratio is an indicator for crustal
contamination where upper crust (UC) has a value of 7.3,
depleted MORB mantle (DMM) has a value of 0.45 and prim-
itive mantle (PM) is 1.1. Therefore, the ‘uncontaminated’ Traps
should be closer to cither the DMM or PM values and the con-
taminated rocks should be between either DMM or PM and
UC. It is clear that only a small cluster of samples has chon-
dritic €yy(t) values with low Th/Nby, values (0.5 to 1.0). The
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Figure 3. (a) Rock classification of the Panjal Traps using immobile elements (Winchester and Floyd 1977). SAB = sub-alkaline basalts; AB = alkaline basalt; Com/Pan =
Comendite/Pantellerite; Bas/Trach/Neph = basanite, trachybasanite, nephelinite. (b) Discrimination of tholeiitic (T) basaltic rocks from calc-alkaline (CA) basaltic rocks
(Miyashiro 1974). (c) Binary diagram showing the use of bulk-rock V/Ga to indicate the redox condition of the mafic Panjal Traps. Reference lines at vatious fO, are after
Mallmann and O’Neill (2009). (d) Th/Yb vs. Ta/Yb basalt discrimination diagram of Wilson (1989) showing the differences between subduction and oceanic basalt derived

from depleted and enriched sources. Vectors show influences of each component, S = subduction component; C = crustal component; W = within-plate enrichment; f =
fractional crystallization. Ti-classification of the Panjal Traps showing (¢) TiO, (wt.%) vs. Mg# and (f) Mg# vs. Ti/Y. Data from Pareck (1976), Bhat and Zainuddin (1978,
1979), Bhat et al. (1981), Honegger et al. (1982), Papritz and Rey (1989), Pogue et al. (1992), Vannay and Spring (1993), Rao and Rai (2007), Chauvet et al. (2008) and Shellnutt
et al. (2012, 2014, 2015).
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Figure 4. Basalt tectonomagmatic discrimination diagram of Pearce et al. (1977)
for the mafic Panjal Traps. C = continental basalt; SCI = spreading centre island
basalt. Symbols as in Figure 2. Data from Pareck (1976), Bhat and Zainuddin (1978,
1979), Bhat et al. (1981), Honegger et al. (1982), Papritz and Rey (1989), Pogue et
al. (1992), Vannay and Spring (1993), Rao and Rai (2007), Chauvet et al. (2008) and
Shellnutt et al. (2012, 2014, 2015).
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Figure 5. St—Nd plot showing the mafic and silicic Panjal traps from the Kashmir
Valley region. DM = deplete mantle; EMI = enriched mantle I; EMII = enriched
mantle IT (Zindler and Hart 1986; Workman et al. 2004; Workman and Hart 2005).
Isotopic range of the Himalayan crust from Spencer et al. (1995). Data from Chau-
vet et al. (2008) and Shellnutt et al. (2012, 2014, 2015).

uncontaminated chondritic samples show two separate mixing
lines, one with basalt from Guryal Ravine whereas the other is
with basalt from Pahalgam. When the mixing lines are extend-
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rocks. The trend toward higher Th/Nbpys and SiO, within the basaltic rocks is likely
due to crustal contamination. UC = upper crust values from Rudnick and Gao
(2003). Data from Spring et al. (1993), Chauvet et al. (2008) and Shellnutt et al.
(2012, 2014, 2015).
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the spinel Iherzolite is: olivine = 57%, orthopyroxene = 26%, clinopyroxene = 15%,
spinel = 2%. Elements are normalized to chondrite values of Sun and McDonough

(1989).

ed to higher Th/Nby,, values they passed through or very close
to either the Panjal dacite (Guryal Ravine line) or the Panjal
rhyolite (Pahalgam line) suggesting specific silicic volcanic
rocks may have acted as the enriched end-members for mixing
with specific basaltic sections (Fig. 8). A third mixing line (PJ4
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Th/Nbpy; is normalized to primitive mantle values of Sun and McDonough (1989).
DM = depleted mantle of Workman and Hart (2005). Data from Chauvet et al.
(2008) and Shellnutt et al. (2012, 2014, 2015).

line) is observed involving rocks collected from the Pir Panjal
Range near Gulmarg. The PJ4 line, when extended to higher
Th/Nby,, values, passes through the values for basalt collected
from the Zanskar Valley and crosses between the dacite and
rhyolite. If the PJ4 regression line is extended to intercept
either the DMM or the PM line then the corresponding €,,(t)
value is between +8 and +9 and similar to depleted mantle.
The samples that fall along the upper trend-line appear to
favour a contaminant similar to or something in between the
Panjal silicic rocks. Based on the Ty (1240 Ma to 2170 Ma)
model ages of uncontaminated chondritic basalt, it is possible
that the original mantle source was the sub-continental lithos-
pheric mantle (SCLM), whereas basaltic rocks with higher
€.q(t) values were derived from a source that had a larger pro-
portion of asthenospheric mantle.

Primary Melt Composition and Thermal Regime

Most flood basalt rocks do not represent primary magma com-
positions but rather derivative liquids that have experienced
crystal fractionation or contamination (Herzberg et al. 2007,
Herzberg and Asimow 2015). Deducing the temperature and
primary melt composition of ultramafic and mafic volcanic
rocks can reveal important information regarding the possible
thermal conditions of flood basalt provinces. For example, the
identification of anomalously hot mantle potential tempera-
tures may be evidence for a hotspot (Herzberg and Gazel
2009; Ali et al. 2010; Hole 2015). The eruptive temperatures
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(T) and mantle potential temperatures (1},) of the Panjal Traps
are estimated to be < 1340°C and < 1450°C, respectively
(Table 1). The calculations suggest the primary magmas were
picritic (Le Bas et al. 2000) and experienced ca. 10-20% olivine
loss. The T, estimates are closet to ambient mantle (1300°C to
1400°C) thermal conditions rathet than anomalously hot con-
ditions (Ali et al. 2010; Hole 2015).

SILICIC PANJAL TRAPS

The Panjal Traps have a volumetrically minor but petrological-
ly significant portion of silicic volcanic rocks that appear to be
restricted to the eastern part of the Kashmir Valley (Ganju
1944; Pareck 1976; Shellnutt et al. 2012). The volcanic rocks
are classified as dacite and rhyolite and are quartz porphyry
with cryptocrystalline to microcrystalline textures. The pri-
mary petrographic difference between the dacite and rhyolite
is the amount of quartz phenocrysts. Thus far silicic volcanic
rocks have not been reported outside the Kashmir Valley.
Eatly investigations suggested they were derived by differenti-
ation of mafic Panjal magmas but more recent studies indicate
they were derived by partial melting of the crust (Wadia 1961;
Nakazawa and Kapoor 1973; Nakazawa et al. 1975; Shellnutt
et al. 2012). The whole rock chemistry shows the rocks are per-
aluminous, calcic to calc-alkalic and have isotopic composi-
tions (Eyy(t) = —8.6 to —8.9) that are more similar to average
Himalayan crust (€y(t).= —10 to —14) than to the mafic Panjal
rocks (Figs. 5 and 9). Furthermore, the silicic rocks have very
low Nb/U (< 10) and high Th/Nby,, (> 3) values that are typ-
ical of crust-derived igneous rocks (Fig. 6). Geochemical mod-
elling by Shellnutt et al. (2012) indicated that rhyolite and
dacite can each be derived by partial melting of the middle
crust (from different lithologies) but it is also possible that rhy-
olite could be derived by fractional crystallization of a dacitic
parental magma. Regardless of the relationship between the
rhyolite and dacite it is very likely that the injection of mafic
Panjal magmas caused the crust to melt and produced at least
the dacitic melts.

ANDESITIC PANJAL TRAPS

The basaltic sequences around the Kashmir Valley have hori-
zons of andesitic rocks. Panjal andesitic rocks have been
reported from Guryal Ravine, Pir Panjal and the Lidder Valley
near Pahalgam (Bhat and Zainuddin 1978; Shellnutt et al. 2014,
2015). The compositions are typically basaltic andesite as they
have SiO, contents between 54 and 56 wt.%.

The Panjal andesitic rocks are compositionally transitional
between the mafic and silicic rocks and are probably derived by
mixing of mafic magmas and crustal melts. The whole rock St-
Nd isotopes (Eyy(t) = —0.8 to —6.1) are more enriched than the
basalt but less than in the silicic rocks (Fig. 5). Moreover,
Th/Nbyy; (2.0 to 6.8) values and Nb/U (5.2 to 22.1) values also
lie between the silicic and basaltic rocks (Fig. 6). The silicic
rocks have g,,(t) values (8y,(t) = —8.6 to —8.9) that are broadly
similar to the €.,(t) values (ey4(t) = —10 to —15) of Himalayan
crust but the SiO, and TiO, content are very different (dacite:
SiO, = ca. 65 wt.%, TiO, = ca. 1.1 wt.%, rhyolite: SiO, = ca.
75 wt.%, TiO, = ca. 0.4 wt.% ). Isotope and trace element
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Table 1. Primary melt compositions and mantle potential temperatures of the Panjal Traps.

J. Gregory Shellnutt

Sample PJ2-003 AFM AFM PJ4-006 AFM AFM
Region Pahalgam Pir Panjal

Si0, (wt.%) 51.23 50.62 50.90 52.14 51.97 52.33
TiO, 0.76 0.04 0.66 0.98 0.87 0.90
ALO; 14.70 12.30 12.63 12.37 10.90 11.25
Fe,O, 9.04 0.32 0.65 8.09 0.43 0.89
FeO 9.01 8.62 8.19 7.67
FeOt 8.35 7.82

MnO 0.15 0.16 0.16 0.15 0.16 0.16
MgO 7.50 15.44 14.55 7.37 13.65 12.54
CaO 12.24 10.28 10.56 11.90 10.52 10.86
Na,O 1.33 1.11 1.14 3.25 2.86 2.95
K,0O 0.07 0.06 0.06 0.43 0.38 0.39
P,0O; 0.08 0.07 0.07 0.07 0.06 0.06
Pressure (bars) 1 1 1 1
FeO (source) 8.54 8.53 8.47 8.43
MgO (source) 38.12 38.12 38.12 38.12
Fe,0,/TiO, 0.5 1.0 0.5 1.0
% ol addition 21.8 19.0 16.4 13.1
Melt Fraction 0.30 0.29 0.28 0.27
Temperature (°C) 1340 1320 1330 1300
Tp (°C) 1450 1420 1400 1370

FeOt = Fe,Ost * 0.8998. AFM = accumulated fractional melting composition. Two models are presented for each sample and reflect differences in relative
oxidation state (oxidized mantle source is Fe,05/TiO, = 1; reduced mantle source is Fe,05/TiO, = 0.5). The model compositions are normalized to 100%

for the PRIMELT3 calculation. Data from Shellnutt et al. (2014, 2015).

modelling suggests that between 20% and 30% mixing of
dacite or rhyolite and basalt can produce the compositions
similar to the andesitic rocks. It seems that in some cases a spe-
cific contaminant (rhyolite or dacite) can be identified within
the volcanic sequences (Fig. 8). Although it is difficult to con-
firm, it is possible that the andesitic rocks throughout the
Kashmir Valley represent a marker horizon of a very specific
eruptive episode that involved significant mixing between
crustal melts and mafic magmas.

ACTIVE OR PASSIVE EXTENSION ORIGIN?

There is a tremendous debate regarding the existence of man-
tle plumes let alone the association between LIPs and plumes
(cf. King and Anderson 1995; Ernst and Buchan 2003; Ernst
et al. 2005; Campbell 2007; Bryan and Ernst 2008; Foulger
2007, 2010; Ernst 2014). The mantle plume model advocates
that a hot diapiric upwelling of mantle material, originating
from the lower mantle, impinges at the base of the lithosphere
and is followed by the injection of high temperature mafic to
ultramafic magmas into the crust. Some of the magmas form
dyke networks, plutonic bodies and may induce crustal melt-
ing, whereas the magmas that reach the surface erupt and form
spectacular trap structures (Richards et al. 1989; Campbell and
Griffiths 1990; Campbell 2005, 2007). The spatial association
between some LIPs and volcanic rifted margins suggests that
mantle plumes may exploit thermal and structural hetero-
geneities in the lithosphere which assist in continental break-
up, but some LIPs are unrelated to plate separation and thus
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the regional plate stress regime likely plays an important role
(Courtillot et al. 1999; Ernst 2014). In contrast, passive rifting
and thermal convection models, known as the ‘plate’ model,
have also been put forth as an explanation of some LIPs
(White and McKenzie 1989; Foulger 2007, 2010). The premise
of the ‘plate’ model is that “causative processes of melting
anomalies of the Farth’s top thermal boundary layer” are a
consequence of the lithosphere under tensional stress (Foulger
2010). It is possible that the debate is contentious because of
the focus on a singular or restricted group of LIPs and that a
‘one-size fits all’ model is inappropriate for all LIPs given their
inherent chemical and tectonic differences, e.g. plate separation
vs. non-plate separation. In other words, the mantle plume
model may be applicable for some but not all LIPs.

Assessing the involvement of a mantle plume within an
ancient LIP is based on a number of criteria. In addition to
large volumes of magma (> 100,000 km’), a mantle plume-
derived LIP may exhibit: 1) short duration of magmatism (e.g.
=< 1 m.y.), 2) high thermal regime (presence of ultramafic vol-
canic rocks) and 3) evidence of pre-volcanic uplift of the crust
(Campbell 2007). In the best of circumstances the criteria are
difficult to assess but even more so if the LIP is dismembered
or tectonized. The total magmatic duration of many mafic
continental LIPs commonly exceeds 10 million years for the
main effusive period and may be preceded and followed by
sporadic eruptions or intrusions. Consequently, the evaluation
of rapid emplacement usually emphasizes peak effusion rates
that represent a substantial (e.g. = 70%) portion of the vol-
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Figure 9. (a) Alkali index (Na+K/Al) vs. aluminum saturation index (ASI; A/NCK
= Al/Cat+Na+K). P = peralkaline. (b) Rb (ppm) vs. Y+Nb (ppm) tectonomagmatic
classification of granitic rocks of Pearce et al. (1984). Data of the silicic rocks from
Shellnutt et al. (2012).

canic system (Campbell 2007; Bryan and Ernst 2008). Identi-
fying evidence for a high thermal regime is largely based on the
presence of non-cumulate ultramafic volcanic rocks but
assessing evidence for pre-volcanic uplift can be difficult (cf.
He et al. 2003; Ukstins Peate and Bryan 2008).

Evidence in support of a mantle plume for the genesis of
the Panjal Traps is limited (Lapierre et al. 2004; Zhai et al.
2013). First, the total duration of volcanism is uncertain.
Although Nakazawa and Kapoor (1973), Nakazawa et al.
(1975), Gaetani et al. (1990) and Stojanovic et al. (2016) sug-

2016 259

gested volcanism was likely short-lived (< 5 Ma), there is a
dearth of high-precision isotopic ages. It is possible that the
initial continental portion of the Panjal Traps erupted within a
few million years but that volcanism was continuous for tens
of millions of years as the continental rift transitioned into
sea-floor spreading (Shellnutt et al. 2015). Consequently, the
only preserved remnants of the Panjal Traps erupted within a
continental setting whereas the transitional to oceanic portions
were likely subducted or highly deformed. Second, there are no
definitively associated non-cumulate ultramafic rocks within
the Panjal Traps and the calculated mantle potential tempera-
tures of the primary magmas are typical of ambient mantle
temperatures (Herzberg et al. 2007; Ali et al. 2010). Third, evi-
dence of pre- and syn-volcanic uplift is documented by the
progression from older marine sedimentation to younger con-
tinental sedimentation throughout the Kashmir and Zanskar
Valleys but the transition is attributed to rifting rather than
thermal uplift (Gaetani et al. 1990; Garzanti et al. 1996a, b).

At the moment, it appears that the Panjal Traps were not
derived from an active rift system but rather a passive rift sys-
tem controlled by the prevailing plate stress (north-directed
subduction of the Paleotethys Ocean) and possibly the isosta-
tic effects of deglaciation (Yeh and Shellnutt 2016). The low
estimated mantle potential temperatures and the changing
nature of the Nd isotopes from chondritic to more depleted is
likely due to the transition from a continental rifting setting to
a nascent ocean basin (Shellnutt et al. 2015).

PERMIAN MAFIC ROCKS OF THE HIMALAYA AND THEIR
ASSOCIATION WITH THE PANJAL TRAPS
There are many occurrences of Permian rift-related volcanic
rocks within the Tethyan domains of Oman, Pakistan, India
and China (Bhat et al. 1981; Bhat 1984; Papritz and Rey 1989;
Garzanti et al. 1999; Ernst and Buchan 2001; Lapierre et al.
2004; Zhu et al. 2010; Ali et al. 2012, 2013; Zhai et al. 2013;
Shellnutt et al. 2014, 2015; Wang et al. 2014; Xu et al. 2010).
The Panjal, Abor, Nar-Tsum, Bhote Kosi, Selong, Mojiang vol-
canic groups, Qiangtang mafic dykes and the Garze Ophiolite
are among the many Early to Mid-Permian basaltic rocks that
are attributed to rifting and formation of the Neotethys Ocean
(Fig. 10). The rocks of east-central Himalaya (i.e. Abor and
Nar-Tsum) are not as well studied as there are only a few pub-
lished geochemical studies, none of which present the isotopic
systematics, and consequently it is difficult to link all of the
Permian rocks petrogenetically. In comparison to the Panjal
Traps, the Jilong and Selong basalt units of Tibet are younger
(< 280 Ma), have moderate TiO, (1.8-2.0 wt.%), high MgO (>
10 wt.%), high Mg# (> 60), high ISr (0.7160-0.7185) and high
chondritic €,(t) values (+0.7 to +1.2). The mafic dykes of the
Qiangtang terrane range in age from 270 to 290 Ma and gen-
erally have higher €,4(t) (+2.3 to +7.0) values (Zhai et al. 2013;
Xu et al. 2016). The Wusu basalt of the Mojiang volcanic
group is dated at ca. 288 Ma and has high €,(t) values (+4.0
to +5.5) but lower ISt values (0.70376—0.70420) than the Pan-
jal Traps (Fig. 11).

Some suggestions indicate that the Panjal Traps represent a
continuation of flood basalts from a mantle plume centred
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within either the Qiangtang block (East) or the Arabian plate
(West). However, the Panjal Traps are the thickest and most
continuous outcrops of basalt in the Himalaya, suggesting they
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may represent a central volcanic eruption location (Lapierre et
al. 2004; Zhai et al. 2013; Shellnutt et al. 2014, 2015). Nakaza-
wa et al. (1975) and Nakazawa and Kapoor (1973) suggested
that volcanism was most intense within the Kashmir Valley
and migrated to the south and southeast. Although there is
some chemical overlap between the different Permian
Himalayan—Arabian basaltic groups there are significant differ-
ences in the reported ages (> 10 Ma) and Nd isotopes (Fig. 11).
It is likely that the Permian magmatic rocks in the Himalaya
and Arabia are members of the same disjointed regional scale
rifting that led to the formation of the Neotethys but that they
represent separate magmatic systems derived from ‘local’ man-
tle sources. The precise reason (exploitation of a structural
heterogeneity) or mechanism (mantle plume vs. lithospheric
extension) of the formation and propagation of the rift is not
constrained but it could be that different regions of the rift
had unique tectonic features.

SYNTHESIS OF THE PANJAL TRAPS

Neoproterozoic to Late Carboniferous continental to marine
sedimentary rocks were deposited on the passive margin of
Tethyan Gondwana at mid-southern latitudes (Stojanovic et al.
2016). The large Gondwanan ice sheet began to melt and the
deposition of Middle Carboniferous fossiliferous (bryozoans,
brachiopods and crinoids) Fenestella shale was followed by the
lower diamictite unit of the Upper Carboniferous agglomeratic
slate. The middle units of the agglomeratic slate appear to con-
tain more tuffaceous material, possibly marking the first vol-
canic unit of the Panjal Traps, followed by the deposition of
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fossiliferous marine units marking custatic sea-level rise fol-
lowing deglaciation (Wopfner and Jin 2009). Pyroclastic flows
appeared within the freshwater, plant-bearing siliciclastic
Nishatbagh Beds and were followed by the main effusive
sequence of the Panjal Traps.

The least contaminated lower basaltic flows have composi-
tions similar to ‘low-Ti’ continental tholeiite and chondritic Sr—
Nd isotope compositions. The injection of mafic magmas into
the crust likely induced melting that led to the formation of
the silicic volcanic rocks (Fig. 12a). Some of the mafic magmas
mixed with crustal melts to produce the andesitic rocks that
erupted at distinct horizons, whereas other basaltic units expe-

rienced smaller amounts of contamination. The younger flows
appear to have erupted within a shallow marine or lagoonal
basin and developed pillow structures (Fig, 12b). Basalt from
the Pir Panjal Range has Nd isotopic compositions and char-
acteristics of E-MORB. The geochemical change is likely relat-
ed to the tectonic setting transitioning from a predominantly
continental setting to a predominantly oceanic setting. It is
possible that during the continental-oceanic transition vol-
canogenic massive sulphide (VMS) deposits formed.

The final continental Traps are capped by marine sedimen-
tary rocks, whereas regions farther from the volcanic centre
were likely still under extension as sea-floor spreading began
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and the first microcontinental blocks of Cimmeria drifted
away from Gondwana. The Neotethys Ocean was born and
the initial rift completely transitioned from a continental set-
ting into a mid-ocean ridge setting. Cimmerian blocks drifted
northward until they accreted to the southern margin of Eura-
sia during the mid-Mesozoic (Metcalfe 2013; Torsvik et al.
2014). It is likely that only the continental portion and the ear-
liest subaqueous Traps were preserved within the accreted
Cimmerian blocks, whereas the younger oceanic equivalents
were subducted during closure of the Neotethys Ocean. It is
possible that some of the subducted Panjal Traps were taken
to a depth of 2-3 GPa and brought back to the surface as the
Stak Valley, Kaghan and Tso Morari eclogite units (Spencer et
al. 1995; Luais et al. 2001; Kouketsu et al. 2015; Rehman et al.
2010).
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