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Abstract Sandstones from the Neogene Siwalik succes-

sions of the East and West Siang Districts of Arunachal

Pradesh were analyzed to evaluate source-area weathering,

provenance, and tectonic setting by using major, trace, and

rare earth elements (REEs) as proxies. The sandstones are

classified as lithic arenite and wacke arenite based on their

mineralogical compositions. The values of different

weathering indices such as Chemical Index of Alteration

(CIA; 60.93–89.86) and Chemical Index of Weathering

(CIW; 40–96.8) suggest moderate to intense weathering in

the source area. The plot of Th/Sc versus Zr/Sc indicates

enrichment of zircon by sediment sorting and/or recycling

from a weathered source. The high positive correlation

between Al2O3 and K2O points towards a strong influence

of the constituent clay minerals on the major oxide com-

position of the sandstones. Petrographic analysis together

with enriched LREE, flat HREE, negative Eu anomalies

(Eu/Eu* = 0.47 to 0.90) in the chondrite-normalized dia-

grams, and the ratios of La/Sc, La/Co, Th/Sc, Th/Co, Cr/Th

collectively suggests that the Neogene sediments were

derived from felsic igneous and/or reworked sedimentary/

metasedimentary sources in an upper continental crustal

setting. The geochemical characteristics of the studied

Neogene Siwalik sandstones indicate that the sediments

were sourced from pre-Himalayan gneisses and granitoids

together with metabasic rocks, which had formed in a

passive margin tectonic setup.
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1 Introduction

Geochemical compositions of clastic sediments have been

widely used to infer the provenance (Madhavaraju 2015;

Odoma et al. 2015; Zaid 2015a, b), paleo-weathering

(Rahman et al. 2014; Zaid 2015a, b), and tectonic setting

(Armstrong-Altrin et al. 2015; Etemad-Saeed et al. 2015)

of their source area. The geochemical characteristics of the

sediments are greatly dependent on their grain size, nature

of sorting, transport, the intensity of weathering, and the

nature of the source rocks (McLennan et al. 1993). Studies

on sediment provenance have also revealed that REE and

trace elements (Y, Th, Zr, Hf, Nb, Sc, Co, and Cr) remain

immobile and do not undergo diagenesis and metamor-

phism due to their short residence time in seawater and are

thus useful in provenance discrimination (Cullers 1994).

Himalayan Neogene sediments in north-east India occur

along a thin linear belt in Arunachal Pradesh and are

confined between the Main Boundary Thrust (MBT) on the

north and the Foot Hill Fault (FHF) on the southern margin

(Wadia 1953; Gansser 1964; Mathur and Evans 1964;

Karunakaran and Ranga Rao 1976; Tripathi et al. 1988;

Geological Survey of India 1989; Kumar 1997; Ramakr-

ishnan and Vaidyanandhan 2008; Kesari 2010; Valdiya

2010). They represent sedimentation in a part of the

Himalayan Foreland Basin, which had formed as a result of

tectonic loading and crustal sagging in the immediate south

of the MBT (Valdiya 2010). The clastic sediment infill was

derived from the rapid erosion of the nascent Himalayan

Mountains located towards the north of the Himalayan
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Foreland Basin (HFB). The fluvial nature of these clastic

sediments is reflected in their inherent channel facies

(sandstones) and interbedded floodplain facies (mudstone/

shale/siltstone) architecture (Sinha et al. 2007). The Neo-

gene sedimentary sequences from different geological

sectors of HFB have been studied by different workers

(Sinha et al. 2007, 2008; Kundu et al. 2016) and they

suggested the Lesser and Higher Himalayan rocks as

sources of these sediments. Although much sedimento-

logical and other associated geological study have been

undertaken in this portion of the Himalayas, a compre-

hensive geochemical investigation of the Neogene sand-

stones in the light of source-rock weathering, provenance,

and the tectonic setting is still very much awaited. The

present paper discusses various aspects of major and trace

element composition of the sandstones belonging to the

Dafla and Subansiri Formations of the Neogene Siwalik

Group, occurring in the East and West-Siang Districts of

Arunachal Pradesh. Sandstone geochemistry has been used

to shed light on their provenance, associated paleoweath-

ering, and tectonic setup during sedimentation in the

Himalayan Foreland Basin (HFB).

2 Location and geology of the study area

The four established lithotectonic provinces of the Hima-

layan orogeny are the Tethys Himalaya, Greater Himalaya,

Lesser Himalaya, and Sub-Himalaya (more commonly

known as ‘the Siwaliks’), which occur sequentially from

north to south along with thrusts that are named as South

Tibetan Detachment (STD), Main Central Thrust (MCT),

Main Boundary Thrust (MBT) and Himalayan Frontal

Thrust (HFT) respectively (Valdiya 1980; Yin et al. 2006).

The Sub-Himalaya is thrust southward over the Brahma-

putra alluvium along Himalayan Frontal Thrust (HFT) in

this part of the Himalaya (Karunakaran and Ranga Rao

1976). In the north, the Lesser Himalaya is thrust over the

Sub-Himalaya along with the MBT and this rock succes-

sion comprises Precambrian to Cambrian low to medium

grade metasedimentary rocks such as granites and granitic

gneisses. Further North, the MCT places the Greater

Himalaya over the Lesser Himalaya and comprises of high-

grade metamorphic rocks intruded pervasively by Early

Miocene granites. The Tethys Himalaya lies in between the

STD in the south and the Indus-Tsangpo suture zone in the

north and comprises of Late Proterozoic-Eocene low grade

metamorphic and sedimentary rock succession (Auden

1934; Gansser 1964).

The Neogene Siwalik Group of rocks of East and West

Siang Districts, Arunachal Pradesh comprises the south-

ernmost litho-tectonic belt and is delimited by the

Brahmaputra alluvium and Quaternary deposits in the

south and by Gondwana rocks in the North. The latter is

thrust against the Siwalik belt along the Main Boundary

Thrust (MBT). This linear belt of Neogene sediments

extends from Bhutan in the West to just east of Pasighat

along the foothills where it is overlapped by alluvium and

is exposed along the ENE–WSW to NE–SW trending sub-

Himalayan belt. In the Arunachal foothills, this Neogene

(Siwalik) sequence is classified into Dafla Formation (DF),

Subansiri Formation (SF), and the Kimin Formation (KF),

which are further correlated with the Lower, Middle and

Upper sub-divisions of the Siwalik Group of the north-

western Himalaya (Karunakaran and Ranga Rao 1976).

The stratigraphic succession of the Neogene sediments of

the study area is described in Table 1 and the location map

of the study area is shown in Fig. 1. Sekhose et al. (2016)

also correlated the Siwalik sequence with the Tertiary

sequence of Naga-Patkai belt; wherein the Kimin is cor-

related with Dihing, Subansiri with Tipam, and Dafla with

Bokabil Formations of Assam, Manipur, Mizoram, and

Nagaland. It is also sometimes considered as the northward

extension of the Tertiary sequence of Assam. In the Lik-

abali area, the Neogene sediments attain a maximum

thickness greater than 7 km (Mathur and Evans 1964;

Karunakaran and Ranga Rao 1976). A significant differ-

ence observed in the characteristics of the Neogene sedi-

ments of the eastern Himalaya with those occurring in

other parts of the Himalayan terrain is the rarity of ter-

restrial vertebrate fossils, which otherwise are present in

most Neogene (Siwalik) sequences of the western Hima-

laya. For instance, Singh (1977) reported a mammalian

vertebrate fossil of Boss sp., in the Arunachal Himalaya.

Some representative field photographs showing various

lithofacies varieties found in DF and SF are described in

Fig. 2. In the field, the sandstones belonging to the DF are

observed to be semi-indurated to indurated, fine to med-

ium-grained, brown to pale brown, grey to greenish-grey

colored sandstones, with subordinate amounts of carbona-

ceous shales, mudstones, and alterations of sandstones and

shales. There are embedded cobbles and boulders of

mudstone, sandstone, and quartzites, together with dis-

continuous coal streaks and deposits of reddish ferruginous

material within the grey-colored sandstones. The SF

comprises massive to bedded friable sandstones which

exhibit a ‘‘salt and pepper’’ texture. There are embedded

pebbles and boulders in the sandstones, some of which are

well rounded in shape. The transition from SF to KF is

characterized by the reappearance of mudstones and silt-

stones interlayered with thin sandstones and thicker con-

glomerate beds (Chirouze et al. 2012; Lang et al. 2016;

Taral et al. 2017). Magnetostratigraphy of the Neogene

sediments in the Kameng section indicates their time of

deposition to be between 13 and 2.5 Ma. The transition

from Lower to Middle Neogene sedimentation occurred at
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10.5 Ma while the transition from Middle to Upper Neo-

gene sedimentation took place at 2.6 Ma (Chirouze et al.

2012). In the Eastern Arunachal Himalaya, the Higher

Himalaya is represented by the Sela Group and comprises

mainly of migmatites, garnetiferous gneiss, calc-

gneiss/marble, staurolite schist, and quartzites while the

Lesser Himalayan sequences are represented by the low to

medium grade Dirang/Lumla Formation and Bomdila

Gneiss. The Dirang/Lumla Formation comprises low to

medium-grade meta-sedimentary rocks such as garnetifer-

ous mica schist, phyllites, quartzites, and marble, while the

Bomdila Gneiss consists mainly of porphyritic granitic

gneiss (Bhattacharjee and Nandy 2009). Chirouze et al.

(2013) also carried out isotopic studies and concluded that

the Siwalik sediments were mostly derived from Higher

Himalayan sources and Gangdese Batholith and Yarlung

suture zone through the Brahmaputra river system.

3 Methodology

Sandstone samples were collected from DF and SF which

are exposed along the Garu-Likabali road section and

Demow river section of West Siang District and Simen and

Rayang river sections of East Siang District of Arunachal

Pradesh. A total of twenty-five (25) sandstone samples

representing the DF and SF were selected for petrographic

and geochemical analysis, by avoiding the weathered and

jointed surfaces. The fresh un-weathered samples were

crushed in an agate mortar and powdered to 200 ASTM

mesh to maintain the uniformity of the samples. The

samples were then analyzed for major, trace, and rare earth

elements (REE) in the geochemical laboratory at Geo-

chemistry Division, CSIR- National Geophysical Research

Institute, Hyderabad. The major oxides were analyzed with

X-ray Fluorescence (XRF) spectrometer (Axios model,

PAN analytical), using pressed pellet following procedures

described in Saini et al. (2000). The trace elements

including REE were analyzed with a High Resolution

Inductively Coupled Plasma Mass Spectrometer (HR-ICP-

MS; ATTOM model, Nu Instruments, UK), using an open

acid digestion technique. The methodologies suggested by

Krishna et al. (2007) and Satyanarayanan et al. (2014) were

followed for XRF and HR-ICP-MS respectively. Geologi-

cal Standard Reference, GSR—4 was used as an internal

standard to monitor the quality of the data. The accuracy

and precision of major oxides and trace elements are\ 3%

and better than 2% respectively. The details of precision

and accuracy protocols for major and trace element anal-

yses were described respectively in Krishna et al. (2007)

and Satyanarayanan et al. (2014).

Table 1 Stratigraphic succession of Neogene sediments of Eastern Himalayan belt (after Kesari 2010)
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4 Results

4.1 Petrography

Thin section petrography of DF and SF sandstones indi-

cates an interlocking framework of sub-angular and sub-

rounded quartz (monocrystalline, Qm and polycrystalline,

Qp), K-feldspar, plagioclase, and lithic fragments

consisting of both sedimentary and metamorphic rocks.

Quartz is more abundant than feldspar and lithic fragments

in the sandstones of both DF and SF, and no contrasting

change in their mineralogical composition could be iden-

tified. The quartz grains are commonly sub-rounded to sub-

angular in shape and constitute * 50%–60% of the vol-

ume of rock. Among quartz grains, Qm (Fig. 3A, E) was

dominant over Qp. Qm grains were mostly non-undulatory

Fig. 1 Location map of the study area
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while a few were undulose in nature. Quartz grains were

observed with point, concavo-convex contact, sutured

contact, and straight contact boundary.

Lithic fragments are the second most abundant frame-

work grains which make up * 20%–30% of the total

framework grain population. They are variable in size,

angular to sub-angular, with prominent grain boundaries.

They are represented by both metamorphic lithic fragments

(Fig. 3B) such as quartzite, mica-schist, gneiss, phyllite,

and sedimentary lithic fragments (Fig. 3B) such as

siltstone, shale, sandstone, mudstone. Feldspars constitute a

meager population of about * 5%–7% of the total

framework grain and comprise both potash (K) and pla-

gioclase feldspars. Potash feldspars (Fig. 3A) are compar-

atively more dominant than plagioclase feldspars.

Unaltered as well as partially altered feldspars are observed

in the thin sections. At places, feldspars are corroded by

calcareous cement and often contribute to the formation of

matrix. Matrix (Fig. 3B) is observed in all the thin sections.

The dissolution of less-resistant grains in some thin

Fig. 2 Field photographs

showing some representative

lithofacies of DF (A—a

channel-fill (CF) deposit

marked by a thin greenish

muddy layer (average

thickness—6 cm) with an

erosional top surface; B—

trough cross-bedded (St) grey

coloured sandstone; C—

horizontal stratification (Sh) in

grey coloured sandstone) and

SF (D—planar cross-bedded

(Sp) grey coloured sandstone;

E—trough cross-bedding (St)

within the pebbly bedded grey

medium grained sandstone. The

sandstone contains innumerable

red and brownish grey coloured

mud and sand clasts with few

coal streaks; F—Huge

embedded clasts of sandstone in

massive, jointed grey coloured

sandstone. Clasts are of boulder

size with their long diameter

varying from 82 to 120 cm;

G—Rounded embedded

sandstone clasts in sandstone

bed. Longest diameter ranges

from 2.5 to 12 cm) in the study

area)
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sections probably contributes to the formation of matrix in

the mineralogical framework. They comprise an average of

12.2% and 6.03% of the framework composition of the

sandstones belonging to the DF and SF respectively.

Besides matrix, cement is also present with some being

present along with fractures of quartz and feldspar grains.

Calcite cement (Fig. 3C, F) mostly sporadic and less

commonly micrite, silica (Fig. 3E), and ferruginous cement

are also observed. At places, the boundaries of quartz

grains are observed to be irregular (i.e. corroded) which

might be due to its reaction with the surrounding calcitic

cement. This may also indicate the precipitation of calcites

in the sandstones after deposition of the sediments.

Apart from the major framework mineral constituents,

accessory minerals are present in minor amounts and

include biotite, muscovite (Fig. 3B), chlorite (Fig. 3C),

andalusite, garnet (Fig. 3C), hornblende (Fig. 3D), sphene

(Fig. 3E), tourmaline, zircon (Fig. 3D) and a few opaque

grains. Micas are mostly bent as well as kinked and dom-

inate the accessory mineral population.

4.2 Geochemistry

4.2.1 Major elements

The concentrations (in wt%) of the major element oxides of

sandstones of DF and SF are given in Tables S1 and S2

(supplementary material), respectively. The tabulated data

indicates that SiO2, Al2O3, and Fe2O3 form the major bulk

of the geochemical composition of the analyzed samples.

The proportion of SiO2 ranges between 60.92% and

71.54% (average 66.77%) in DF, and 51.99%–76.03%

(average 64.22%) in SF, suggesting high quartz content. In

DF, Al2O3 ranges between 11.5% and 16.84% (average

13.97%), while it is between 11.43% and 17.41% (average

14.03%) in SF, which may be due to the presence of clay as

well as other micaceous minerals in them. Their K2O

(1.6%–2.2%: DF; 1.09%–2.37%: SF) and Na2O (0.31%–

1.19%: DF; 0.79%–2.92%: SF) content suggests the dom-

inance of orthoclase over plagioclase feldspars which is

also supported by their petrographic observations. In DF,

Fe2O3 contents are between 2.74% and 7.06% (average

4.68%) and it varies between 1.98% and 18.49% (average

6.63%) in SF. CaO also shows significant variation in both

DF and SF, with ranges of 0.94%–8.97% (average 2.22%)

in DF, and 0.03%–10.07% (average 2.55%) in SF.

In DF, only SiO2 is enriched and all the remaining major

element oxides are depleted in comparison to their con-

centrations in the Upper Continental Crust (UCC; Rudnick

and Gao 2003). In SF, Fe2O3, MnO, TiO2 are enriched and

the remaining major element oxides are depleted in com-

parison to their concentration in the UCC as cited in

Rudnick and Gao 2003. The significant variations in CaO

content and depletion of Na2O suggest moderate to intense

weathering, recycling in the source area, and their removal/

addition during transportation. In DF, correlations between

SiO2 with other major oxides show a negative correlation

except for Na2O (Fig. 4). Similar negative correlations

between SiO2 and other major oxides are also evident in SF

except for Na2O and TiO2 (Fig. 4). This is indicative of

free silica being precipitated in the form of quartz. In DF, a

good positive correlation is observed between K2O and

Al2O3 (r = 0.73), indicating their distributions being

dominantly controlled by clay minerals such as illite and/or

alkali feldspars, whereas in SF no significant correlation is

observed (r = 0.01). This further suggests decomposition

of k-feldspar and muscovite during moderate to strong

weathering under humid conditions, the potash getting

ultimately fixed within the clays. There might have been a

significant contribution of potash from granite and/or

granite gneisses (Sinha et al. 2007). The ratio K2O/Al2O3

in sandstone indicates how much alkali feldspar, plagio-

clase, and clay minerals are present before final burial (Cox

et al. 1995). The ratio K2O/Al2O3 in common minerals is

alkali feldspars (0.4–1), illite (* 0.3), and clay minerals

(* 0; Cox et al. 1995). The sandstones of DF and SF have

an average ratio of 0.14 and 0.13 respectively, suggesting

their clay mineral control. This result is also consistent

with the low amount of feldspars in the sandstones.

Moreover, the presence of fresh, unaltered feldspars indi-

cates that a major amount of clay minerals are transported

rather than in-situ origin, which may suggest their deriva-

tion from a clay-rich source such as weathered shale,

phyllite, and schist (Sinha et al. 2008). Also, the high

content of Fe2O3 indicates the close association of phyl-

losilicates which are derived from a biotite-rich source

possibly granite and/or phyllite-schist rich provenance.

These results are also evident from the presence of sedi-

mentary and metamorphic lithic fragments in petrographic

analysis.

The classification diagram of Pettijohn et al. (1972)

(Fig. 5A) indicates that the types of sandstones in DF are to

be arkose, greywacke, and litharenite, while sandstones of

SF are mostly arkosic and litharenitic. However, the plot

(Fig. 5B) based on Herron (1988) classifies the DF sedi-

ments as mostly wacke, while it classifies the SF sand-

stones as wacke, shale, and sandstones. Petrographic

observations of the sandstones indicate low amounts of

feldspars than lithic fragments to classify them as arkose.

Thus, Pettijohn’s plot does not clearly distinguish

litharenite and arkose as compared to Herron’s classifica-

tion. The low Na2O/K2O classifies the sandstones as arkose

in Pettijohn’s plot thereby indicating their immature nature

in some samples.
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4.2.2 Trace and rare earth elements

The concentrations of various trace elements present in the

Neogene sediments are tabulated in Tables S1 and S2

(supplementary material). The trace element data of the

sediments are normalized to UCC cited in Rudnick and

Gao (2003) to discuss the possible sources, transportation,

and depositional processes of the studied sediments. The

multi-element diagrams and REE (Masuda 1962) plot of

the Neogene sediments [Fig. 6A–D; Tables S1 and S2

(supplementary material)] reveal that the large ion litho-

phile elements such as Rb and Cs are enriched in the

Neogene DF and SF sediments, while there is depletion in

the Sr and Ba contents. This suggests that the sediments

have undergone weathering, erosion, and re-depositional

cycles which translocated these elements. The High Field

Strength Elements (HFSE) such as Th, U, Zr are also

enriched but the Transition Trace Elements (TTE) such as

Fig. 3 Photomicrographs of representative sandstone samples of the study area showing framework minerals (quartz, feldspars and rock

fragments), matrix, different types of cement (silica and calcite cements), accessory minerals (garnet, zircon, sphene, chlorite, hornblende) and

mica minerals (muscovite). Qm—Monocrystalline quartz, SRF—Sedimentary rock fragment, MRF—Metamorphic rock fragment. The

sandstones are dominated by monocrystalline quartz over polycrystalline quartz variety in both the Formations
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Cr, V, Co, Ni, and Sc are depleted in comparison to their

concentration in the UCC. The total Rare Earth Elements

(RREE) in DF varies from 133.76 to 225.60 ppm

(mean = 180.14 ppm) while in SF it varies from

87.88 ppm to 631.59 ppm (mean = 198.41 ppm). The

chondrite normalized plots of REE (Fig. 6C, D) of all the

analyzed samples exhibit a uniform trend and are relatively

similar to the REE trend of the UCC. They show enrich-

ment in Light Rare Earth Elements (LREE: La-Gd) with a

negative Eu anomaly [Eu/Eu* = 0.6–0.7 for DF, and

0.5–0.9 for SF; Tables S1 and S2 (supplementary mate-

rial)]. The fractionated Heavy Rare Earth Elements

(HREE: Tb-Lu) show almost a flat trend. The Eu anomaly

was calculated using the formula of McLennan 1989,

which states Eu/Eu* = Eu/[(Sm)CN X (Gd)CN]0.5, where

CN stands for ‘‘chondrite normalized’’.

A correlation analysis amongst various chemical con-

stituents in the sediments was undertaken to identify the

existence of significant correlations between various major

oxides, trace elements, and REE of the Neogene sediments,

with a purpose to understand their mutual influences, and

derive inference about associated minerals and rocks. The

HFSE such as Rb, Sr, Ba, and Th are positively correlated

with Al2O3 in the DF (Fig. 7A–D) (Pearson’s correlation

coefficient, r = 0.90, 0.36, 0.71, 0.62 respectively), indi-

cating that these elements are likely fixed in K-feldspars

and clays. On the other hand, the correlation of Al2O3 with

Rb, Sr, Ba, and Th is very low or insignificant in SF

(Fig. 7A–D) (r = 0.37, - 0.01, 0.23, - 0.04 respectively).

This suggests that the HFSE is not likely bound in the clay

minerals in the SF. Also, a positive correlation is observed

between K2O and Rb, Cs in DF (Fig. 7E, F) (r = 0.89, 0.5

Fig. 4 Harker variation diagrams for major elements in the sandstones of DF and SF in the study area. Note that the datas used in this figures are

LOI- free compositions
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respectively), indicating that clay-bearing minerals (illite)

and phyllosilicates (muscovite, biotite) might have con-

trolled the abundance of these trace elements (McLennan

et al. 1983; Feng and Kerrich 1990 in Ali et al. 2014). Rb

does not show any significant correlation with K2O in SF

(Fig. 7E). The TTE such as Cr, Ni, V does not show a

strong correlation with Al2O3 in DF (r = 0.21, 0.17, 0.4

respectively), indicating that TTE is not likely fixed in clay

minerals. On the other hand in the SF, Cr and V show a

positive correlation with Al2O3 (r = 0.5, 0.5 respectively),

thus indicating that these elements are fixed in clay min-

erals (Fig. 7G–I). Ni does not show any significant corre-

lation. The sandstones of DF show a positive correlation

between K2O and
P

REE (r = 0.53), while it shows a

negative correlation in SF (r = - 0.64). This may be

suggestive of illite being the host for the REE in DF and

negligible influence in SF (Fig. 7J). In addition,
P

REE is

positively correlated with P2O5 in SF (r = 0.79) while the

correlation is poor in DF (r = 0.33) (Fig. 7K). This might

indicate the influence of phosphate-rich minerals such as

apatite in controlling the REE abundance in SF. Also, no

significant correlation is observed between Zr and HREE in

DF and SF (Fig. 7M) (r = 0.19, 0.13 respectively), sug-

gesting that the concentration of Zr does not influence the

HREE content in both the Formations. Both DF and SF

show a positive correlation between Zr and TiO2 (Fig. 7L)

(r = 0.74, 0.40 respectively), indicating the presence of

certain minerals such as zircon, monazite, ilmenite, and

rutile in them.

5 Discussion

5.1 Weathering and Paleoclimatic condition

of the source area

To evaluate qualitatively and quantitatively the weathering

and paleoclimatic conditions of the source area, Chemical

Index of Alteration (CIA; Nesbitt and Young 1982)

[CIA = Al2O3/[Al2O3 ? K2O ? Na2O ? CaO*) 9 100],

Chemical Index of Weathering (CIW; Harnois 1988)

[CIW = Al2O3/[Al2O3 ? Na2O ? CaO*) 9 100], Plagio-

clase Index of Alteration (PIA; Fedo et al. 1995)

[PIA = [(Al2O3 – K2O)/Al2O3 ? CaO* ? NaO –

K2O)] 9 100], etc. have long been used (Armstrong-Altrin

et al. 2004; Tang et al. 2012; Ramachandran et al. 2016).

The values of major oxides are in molecular proportions

and CaO* is the calcium content within the associated

silicates. The largest CIA value (ffi 100) is typical of

Kaolinite weathering (Nesbitt and Young 1982; Fedo et al.

1995). Values of CIA up to 50 indicate unweathered

products, while values ranging between 50 and 70 indicate

slight weathering; values between 70 and 80 represent

moderate weathering conditions, and values [ 80 suggest

intense weathering (Nesbitt and Young 1982; Fedo et al.

1995). In the present study, the average CIA values of

sandstones belonging to the DF and SF are 67.40 and 75.44

respectively [Tables S1 and S2 (supplementary material)]

indicating slight to moderate weathering. Although CIA is

an important index to understand the degree of weathering,

chemical changes resulting from other processes such as

diagenesis and metamorphism also need to be fully eval-

uated. Therefore, an alternative index Chemical Index of

Fig. 5 Geochemical classification diagram (A) log(SiO2/Al2O3)-log(Na2O/K2O) (after Pettijohn et al. 1972) and (B) log(SiO2/Al2O3)-log(Fe2O3/

K2O) (after Herron 1988)
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weathering (CIW, Harnois 1988) was used which elimi-

nates K2O from the equation also known as K2O-free CIA

or CIA-K. It does not account for the K associated with

feldspars and is a measure of the extent of conversion of

feldspars to clays. The average CIW values for the sand-

stones of DF and SF are 70.05 and 73.33 respectively,

indicating that these sandstones were derived from mod-

erately weathered source rocks. The Plagioclase Index of

Alteration (PIA) (Fedo et al. 1995), is particularly suit-

able for monitoring of weathering in plagioclase feldspars

and is also considered as a better tool in constraining

weathering history of ancient sedimentary rocks than the

CIA because K- metasomatism often reduces the CIA

values. The PIA attains values of 50 in non-weathered

rocks and close to 100 in clay minerals such as kaolinite,

illite, and gibbsite (Nadlonek and Bojakowska 2018). The

PIA values in DF and SF are 71.84 and 82.20 respectively

[Tables S1 and S2 (supplementary material)] indicating

moderate to intense weathering of plagioclase feldspars in

both DF and SF.

The chemical weathering trend in rocks is evaluated by

A–CN–K ternary plots (Nesbitt and Young

1982, 1984, 1989; Fedo et al. 1995; Nesbitt 2003), where

A = Al2O3, CN = CaO* ? Na2O, and K = K2O and all

the values are in molecular proportions (Fig. 8A). Here,

CaO* represents CaO in the silicate fractions. The versa-

tility of this plot has been evaluated by many workers. A

few of them are Fatima & Khan (2012), Tang et al. (2012);

Armstrong-Altrin et al. (2013), Khan and Khan (2015),

Khan et al. (2020). In this plot, the horizontal line repre-

senting CIA value equal to 50 (and which is parallel to the

CN–K axis), represents the composition of natural feld-

spars and is known as the feldspar join. This line helps in

constraining the initial composition of source rocks. During

Fig. 6 Trace element concentrations of sandstones of (A) Dafla Formation (DF) and (B) Subansiri Formation (SF) normalized to the composition

of the upper continental crust (after Rudnick and Gao 2003) and Chondrite-normalized REE Patterns (after Taylor and McLennan 1985) of the

sandstones of (C) Dafla Formation and (D) Subansiri Formation in the study area. Sample numbers are given against each coloured graph in the

legend
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moderate chemical weathering, feldspars convert to mus-

covite, illite, and smectite, while intense chemical weath-

ering leads to the formation of kaolinite and Al oxi-

hydroxides. In general, the intensity of chemical weather-

ing increases when there is a decrease in tectonic activity

and/or warm and humid conditions prevail in the source

region (Jacobson et al. 2003). The A–CN–K plot is also a

valuable tool to estimate fresh rock compositions and for

examining their weathering trends, since unweathered

primary igneous rocks have CIA values close to 50 (Fedo

et al. 1995). In the absence of K-metasomatism, the trend-

line of the sample data points would intersect the feldspar

join at a point. This point indicates the proportion of pla-

gioclase and K-feldspar of the fresh rock (or the parent

rock). The quantity of K-enrichment and the palaeo-

weathering index before such enrichment can also be

determined from the A–CN–K plot (Fedo et al. 1995).

During K-metasomatism, sediments can take two different

paths: (a) conversion of kaolinite to illite and/or (b) con-

version of plagioclase to K-feldspar. Analyzed samples of

the DF and SF of the present study do not show enrichment

of K2O. The average K2O content of DF and SF are 1.92

and 1.81 respectively. The trends plot parallel to the A–CN

line, this defining a non-steady-state trend of weathering.

This non-steady-state weathering signifies a balanced rate

of chemical weathering and erosion and produces sedi-

ments of similar composition over a long period (Nesbitt

et al. 1997; Selvaraj and Chen 2006). The weathering trend

suggests that the parent rock of the DF and SF had a more

or less granodioritic chemical composition (Fig. 8A). The

corrected CIA values (Fig. 8A) of DF ranges between 60

and 76.5, and in SF ranges between 68 and 90, suggesting

mild to moderate weathering in DF and moderate to

extreme weathering in SF.

Furthermore, molar proportions of Al2O3–K2O, CaO*,

and Na2O were also plotted in the (A–K)–C–N diagram

(Fedo et al. 1997) to understand and monitor the evolution

of plagioclase weathering in the Neogene sediments. The

left scale on the (A–K)–C–N triangle (Fig. 8B) corre-

sponds to the plagioclase index of alteration

(PIA = [(Al2O3 - K2O)/(Al2O3 ? CaO* ? Na2O - K2-

O)] * 100) of Fedo et al. (1997). The analyzed samples of

DF indicate that sediments comprising the DF are weath-

ered products of parent material enriched mostly in ande-

sine (Ad). Similar analysis indicates that sediments

comprising the SF are enriched mostly in andesine (Ad)

and labradorite (La). The corrected PIA values of DF

ranges between 60 and 82 suggesting moderate intensity of

weathering of the feldspars while in SF the corrected PIA

values range between 71 and 89 indicating moderate to

intense weathering of the plagioclase feldspars. The effects

of sediment recycling can also be understood by Rb/Sr and

Th/U ratios. As Sr is a mobile element under certain con-

ditions, weathering can thus increase the Rb/Sr ratio in

sedimentary rocks. Intense weathering and sediment recy-

cling are suggested by McLennan et al. (1993) in sediments

having an Rb/Sr ratio of 0.5. The average Rb/Sr ratios of

DF and SF samples were 0.45 and 0.49 respectively and

thus are suggestive of sediment recycling up to a certain

extent and further supports the derivation of these sedi-

ments from extremely weathered rocks such as phyllite and

shale which are present in the hinterland towards the north

of the study area (Selvaraj and Chen 2006). Besides, there

is also an increase in the Th/U ratio as the intensity of

weathering in source rocks increases (McLennan 2001).

Values of Th/U above 3.8 are indicative of weathering

history (McLennan et al. 1993). In the present study, the

DF and SF show an average Th/U ratio of 5.7 and 6.95

respectively [Tables S1 and S2 (supplementary material)],

which are higher than the UCC indicating moderate to an

intense degree of chemical weathering in the source area

and some amount of sediment recycling during the trans-

port and sedimentary processes. The average concentration

of Zr (DF: 186.3; SF: 185.41) which is high in these

sandstones, suggests sediment derivation from zircon-rich

source rocks. Zr/Sc and Th/Sc are important indexes of

zircon enrichment and igneous chemical differentiation

process respectively and preserve the signature of the

provenance (Basu 1976). Typically, Th and Sc are

incompatible and compatible elements to the igneous sys-

tems (McLennan et al. 1993). The plot of Th/Sc vs Zr/Sc

(Fig. 9) suggests both addition of Zr and compositional

variations in the sedimentary system. The ratio Zr/Sc is a

measure of sediment recycling and sorting as Zr is con-

centrated in heavy minerals such as zircon (Basu 1976).

Thus, the sandstones of the study area suggest sediment

recycling along with compositional variations. This further

indicates the addition of zircon from weathered sources

like phyllite, slate, and mica-schists that are associated with

the granitic material.

The trace element composition of sediments, in con-

junction with their major element composition, can also be

used to understand the paleoclimate conditions prevailing

during sedimentation in a depositional basin (Bhatia and

Crook 1986; Hatch and Leventhal 1992; Jones and Man-

ning 1994; Rimmer 2004; Cao et al. 2012; Wang et al.

2017; Ding et al. 2018; Zuo et al. 2020). The Sr/Ba ratio

has also been effectively used for interpreting paleosalinity

conditions. Its values range between 0.6 and 1 for brackish

water environments, and less than 0.6 in the case of the

b Fig. 7 Bivariate plot of major oxides versus trace elements of DF and

SF of the study area. Note that the datas used in this figures are LOI-

free compositions
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freshwater environment in continental facies (Yuan et al.

2006). The Sr/Ba values in the DF range between 0.53 and

1 (average = 0.78) and in the SF it ranges between 0.26

and 1.98 (average = 0.66), suggesting the influence of both

freshwater as well as brackish environments during depo-

sition of the Neogene (DF and SF) sediments. Scheffler

et al. (2006), Chen et al. (2018) and Zuo et al. (2020) have

opined that the Rb/Sr ratio can also be effectively used to

distinguish between humid and arid climatic conditions

affecting sedimentation in a depositional basin. The Rb/Sr

ratio increases under humid environmental conditions in a

Continental Facies Basin (Zuo et al. 2020), and reduces

under arid climatic conditions. In the case of the DF, the

value of Rb/Sr varies between 0.28 and 0.61 while in SF

the value ranges between 0.21 and 1.16. These values

correlate with those from the near upper limit of Zuo et al.

(2020) and with petrographic studies signifying humid

climatic conditions. This probably signifies the prevalence

of very extreme humid climatic conditions during the

deposition of the Neogene (DF and SF) sediments. The

versatility of the parameter V/(V ? Ni) to understand the

redox parameters of a depositional setup has been

explained by many workers (Hatch and Leventhal 1992;

Jones and Manning 1994; Zuo et al. 2020). The redox-

sensitive elements V and Ni have anti-interference char-

acters and are stable to judge paleo-redox conditions by the

element ratio method (Zuo et al. 2020). A value of V/

(V ? Ni) \ 0.5 indicates an oxidizing environment, while

a value greater than 0.5 for the aforementioned parameter

would point towards a reducing environment (Cai et al.

2009). In DF, the value of V/(V ? Ni) ranges between 0.6

and 0.83, while in SF the value ranges between 0.53 and

0.85 [Tables S1 and S2 (supplementary material)]. This

signifies the prevalence of reducing the environment during

their deposition. Almost 80% of the analyzed samples in

the DF have V/(V ? Ni) value [ 0.8. This indicates the

prevalence of a very strong reducing environment during

the deposition of the DF. Recent research has now shown

Fig. 8 A Al2O3 - CaO* ? Na2O - K2O (A–CN–K) ternary diagram (after Nesbitt and Young 1984) of molecular ratios for the Neogene

sandstones of the study area. Left scale indicates Chemical Index of Alteration (CIA). Solid line indicates the predicted weathering trend for

granodiorite; dashed line shows the actual weathering of the samples. Average compositions of gabbro (A1), tonalite (A2), granodiorite (A3),

granite (A4), A-type granite (A5) and Charnockite (A6) from Fedo et al. (1997); B (Al2O3 - K2O) - CaO* - Na2O [(A–K)–C–N] ternary

diagram of the Neogene sandstones of the study area. Scale at the left indicates Plagioclase Index of Alteration (PIA) from Fedo et al. (1995). An:

Anorthite; By: Bytownite; La: Labradorite; Ad: Andesine; Og: Oligoclase; Ab: Albite

Fig. 9 Plot of Th/Sc versus Zr/Sc (after McLennan et al. 1993) of the

studied sandstone samples showing concentration of zircon by

sediment recycling as well as some variations in composition
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that Fe, Mn, V, Cr, Co, and Ni become enriched under

moist and humid climatic conditions, while the increase in

water alkalinity due to evaporation in arid climates facili-

tate saline minerals to precipitate, thereby leading to the

concentration of elements such as Ca, Mg, Na, K, Ba, and

Sr (Ding et al. 2018). Subsequently, the ratio
P

(Fe ?

Mn ? Cr ? Ni ? V ? Co)/
P

(Ca ? Mg ? Sr ? Ba ?

K ? Na) has been regarded as a climate proxy (termed as

the ‘‘C-value’’) and has been widely used in the interpre-

tation of paleoclimate data (Cao et al. 2012; Wang et al.

2017; Ding et al. 2018). The C-values for the Neogene

sandstones range from 0.21 to 1.1 (Table 2). Amongst

them, the DF samples have C-values ranging from 0.21 to

0.86 with an average of 0.69 indicating semi-humid cli-

matic condition, while the SF samples have C-values

ranging from 0.37 to 2.4 with an average of 1.02, indicating

humid climatic conditions during the deposition of the

sediments. The C-values also suggests the prevalence of

highly humid climatic conditions at different moments

during the deposition of the Neogene sediments. Short

spells of arid and semi-arid climatic conditions are also

indicated by few samples with C-values less than 0.2 and

0.4 respectively.

5.2 Provenance

The geochemical signatures of clastic sediments have long

been used to understand their provenance characteristics

(Taylor and McLennan 1985; Condie et al. 1992; Cullers

1995; Madhavaraju and Ramasamy 2002; Armstrong-Al-

trin et al. 2004, 2013). The source rock compositions of the

clastic rocks can be inferred from Al2O3/TiO2 since these

major elements are considered immobile during weather-

ing, transportation, and diagenesis (Spalletti et al. 2012;

Absar and Sreenivas 2015; Zhou et al. 2015). The ratio

increases from 3 to 8 for mafic rocks, 8 to 21 for inter-

mediate rocks, and 21 to 70 for felsic igneous rocks

(Hayashi et al. 1997). In the present study, the ratio varies

from 20.22 to 34.35 (in DF) and 9.94 to 46.71 (in SF)

which suggests that the probable source rocks were felsic

igneous rocks for DF, and intermediate to felsic in com-

positions for SF. This result is also supported by the TiO2

vs Ni binary plot (Floyd et al. 1989), which indicates that

the sediments of DF were mainly derived from felsic

source rocks and those comprising the SF were derived

from rocks of felsic to intermediate compositions

(Fig. 10A).

Certain trace elemental ratios e.g. Eu/Eu*, (La/Lu)CN,

La/Sc, La/Co, Th/Sc, Th/Co, and Cr/Th show marked

differences in felsic and basic rocks, and hence they are

used in determining the average composition of prove-

nance (Wronkiewicz and Condie 1990; Cox et al. 1995;

Cullers 1995). In the present study, these ratios are com-

pared with those of sediments derived from felsic and basic

Table 2 C-value for Paleoclimate Interpretation (Ding et al. 2018)

C-value Paleoclimate interpretation (Ding et al. 2018)

0–0.2 Arid

0.2–0.4 Semi-arid

0.4–0.6 Semi-arid to semi-humid

0.6–0.8 Semi-humid

[ 0.8 Humid

Fig. 10 Bivariate provenance plot of (A_ TiO2 versus Ni (after Floyd et al. 1989) and (b) La/Sc versus Th/Co (after Cullers 2000)
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rocks in fine fractions (Cullers 2000) as well as in UCC

(Table 3). The comparison suggests that the values of these

ratios are within the range of felsic rocks for both DF and

SF. In addition, the La/Th and Th/Sc ratios are fairly

constant in sedimentary rocks (2.4 and 0.9, respectively;

Taylor and McLennan 1985). Furthermore, the plot of Th/

Co versus La/Sc (Fig. 10B; Cullers 2000) also suggests

that the sandstones were derived from felsic source rocks.

The content of ferromagnesian trace elements like Cr, Ni,

and V in sediments could indicate mafic rocks as their

provenance (Cullers et al. 1979, 1997; Armstrong-Altrin

et al. 2004). The high content of Cr and Ni (Cr [ 150 ppm

and Ni [ 100 ppm) are indicative of ultramafic rocks in

the source (Garver et al. 1996). The DF and SF of the

present study area are significantly low in Cr and Ni con-

tent. The DF has an average of 49.72 and 23.0 ppm of Cr

and Ni content respectively, while the SF has an average of

59.71 ppm and 40.52 ppm of Cr and Ni respectively,

suggesting the absence of ultramafic rocks in the source

area for both DF and SF.

Finally, the REE pattern and Eu anomaly in the sedi-

mentary rocks provide important clues regarding the source

rock characteristics (Taylor and McLennan 1985). Higher

LREE/HREE ratios and negative Eu anomalies are gener-

ally found in felsic rocks, whereas mafic rocks exhibit

lower LREE/HREE ratios and no or small Eu anomalies

(Cullers 1994). The chondrite normalized REE patterns

(Fig. 6C, D) show enrichment in LREE, almost flat HREE,

and pronounced negative Eu anomaly, thereby suggesting

that the source rocks are derived from the UCC and are

felsic in composition.

The provenance of the study area is also analyzed

through sandstone petrography since petrography of the

sandstones allows the distinction of detrital and digenetic

changes and also the study of grain textures, which helps in

further supporting geochemical information (Rollinson

1993; Von Eynatten et al. 2003). The dominance of

monocrystalline quartz grains over polycrystalline quartz

grains indicates crystalline granite, granitic-gneiss, and

sandstones as the sources (Pettijohn et al. 1972). The

presence of feldspar also indicates the source rocks (Boggs

2009). The significantly low amounts of feldspar (low P/F

ratio) together with the composition of quartz and lithic

fragments suggest a recycled orogen provenance in the

source area (Dickinson 1985). Generally, orthoclase and

microcline feldspar are derived from granitic and/or

gneissic sources whereas plagioclase feldspar is derived

from low-grade metamorphic rocks (Deer et al. 1992;

Pettijohn et al. 1972). The dominance of orthoclase feld-

spar with a low P/F ratio indicates the granitic and/or

gneissic rocks as the source of these feldspars in the studied

sandstones. The presence of both fresh, as well as weath-

ered feldspars in the studied sandstones, indicates a humid

climate and rugged topography in the provenance area

(Folk 1968). The abundance of sedimentary and meta-

morphic lithic fragments in the studied sandstones and a

meagre proportion of volcanic lithic fragments suggest that

the source area was primarily metamorphic and sedimen-

tary rocks. The presence of quartz-mica-schist, gneiss,

quartzite, and phyllite points to medium to high grade and

low-grade metamorphic source rocks respectively. Further,

mudstone, siltstone, sandstone sedimentary lithic fragments

point towards mixed argillites and arenites of sedimentary

source terrain. Thus petrography and geochemistry of the

studied sandstones suggest that the sediments were derived

primarily from felsic to intermediate and low-grade meta-

morphic source rocks. The Bondila Gneiss, Dirang For-

mation, and Lumla Formation of the Lesser Himalayan

terrain in the region and rocks belonging to the Higher

Himalayas could form probable sources of sediment supply

in the study area.

Table 3 Tabulated data of range of elemental ratios of sandstones of

the study area and their comparison with ratios in similar fractions

derived from felsic rocks, mafic rocks, and upper continental crust

(1Cullers 1994, 2000; Cullers and Podkovyrov 2000; Cullers and

Berendsen 1998; 2McLennan 2001; Taylor and McLennan 1985)

Elemental

ratio

Range in

DF

Range in

SF

Range in sediment from felsic

sources1
Range in sediment from mafic

sources1
Upper continental

crust2

Eu/Eu* 0.65–0.77 0.61–0.90 0.40–0.94 0.71–0.95 0.63

(La/Lu)CN 7.96–12.22 8.42–15.33 3.00–27.0 1.10–7.00 9.73

La/Sc 3.03–4.84 2.5–8.9 2.5–16.3 0.43–0.86 2.21

La/Co 1.96–5.88 1.1–13.01 1.8–13.8 0.14–0.38 1.76

Th/Sc 1.09–2.03 3.3–0.88 0.84–20.5 0.05–0.22 0.79

Th/Co 0.71–2.60 0.36–5.06 0.67–19.4 0.04–1.40 0.63

Cr/Th 2.1–7.74 1.96–7.96 4.00–15.0 25–500 7.76
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5.3 Tectonic settings

The efficacy of using the geochemical composition of

sediments to identify their source-rock composition and

tectonic setting signatures, as well as the redistribution of

various chemical constituents during and after their depo-

sition, has since long been realized by many workers

(Middleton 1960; Crook 1974; Schwab 1975; Maynard

et al. 1982; Bhatia 1983; Roser and Korsch 1986; Cullers

et al. 1988). Parameters such as Fe2O3 ? MgO, TiO2,

Al2O3/SiO2, K2O/Na2O, Al2O3/(CaO ? Na2O), etc. were

considered as discriminating factors for the identification

of various tectonic settings of sediment deposition; other

tectonic setting discrimination diagrams proposed by

Bhatia (1983) and Roser and Korsch (1986) have been

extensively used in sediment geochemistry to identify the

tectonic setting of unknown sedimentary basins (Purevjav

and Roser 2012; Yan et al. 2012). Lately, it has been

realized that these discriminant diagrams are inconsistent

with the geology of the associated study area (Valloni and

Maynard 1981; Dostal and Keppie 2009). Furthermore,

these discrimination diagrams were also evaluated based

on geochemical data of Miocene to Holocene sediments, by

other authors in recent times (Armstrong-Altrin and Verma

2005; Ryan and Williams 2007). They observe that the

success rate for Bhatia (1983) and Roser and Korch (1986)

diagrams were 0%–23% and 31.5%–52.3% respectively

(Armstrong-Altrin and Verma 2005). Nevertheless, a few

of the bivariate tectonic discriminant plots suggested by

various workers have been considered in this study. The

bivariate plot of K2O/Na2O vs SiO2/Al2O3 (after Maynard

et al. 1982) shows a greater concentration of points in the

Passive Margin while a few samples plot near the boundary

between Active Continental Margin setting and Passive

Margin (Fig. 11A). Similarly, the log (K2O/Na2O) versus

SiO2 plot (after Roser and Korsch 1986) produces identical

results, thereby suggesting mostly a Passive Margin with

subordinate Active Continental Margin setup of deposition

of the Neogene sediments (Fig. 11B). Recently, Verma and

Armstrong-Altrin (2013) studied the geochemical compo-

sitions of Neogene-Quaternary sediments and based on the

major-element composition, two discriminant functions

have been proposed for the tectonic discrimination of

siliciclastic sediments for high-silica [(SiO2)adj = 63%–

95%] and low-silica [(SiO2) adj = 35%–63%] types. Three

main tectonic settings are proposed, namely, the island or

continental arc, the continental rift, and the collision tec-

tonic setup. A bivariate plot of DF1 and DF2 for the

Neogene sediments of the present study area indicates a

collisional tectonic setting during the deposition of the

sediments (Fig. 11C). The immobile trace elements La,

Nd, Th, Zr, Nb, Y, Sc, and Co have also been utilized in the

discrimination of tectonic settings of sediments. Significant

amongst them are the bivariate plots and ternary plots of

Bhatia and Crook 1986 and Cullers 1995. The plot of Sc/Cr

versus La/Y (Fig. 11D; after Bhatia and Crook 1986)

suggests a passive margin tectonic setting of deposition of

the Neogene sediments. The tectonic environments of

sedimentation can also be inferred based on the REE dis-

tribution in clastic sediments (Bhatia 1985; McLennan and

Taylor 1991; McLennan et al. 1993). Bhatia (1985) docu-

mented that Passive Margin settings are typically charac-

terized by uniform REE patterns similar to average UCC

(Rudnick and Gao 2003) with pronounced negative Eu

anomaly, while sediments from Active Continental Margin

display fractionated REE patterns with a wide range of

negative Eu anomaly. In the present study, the DF and SF

samples show enrichment of LREE with pronounced neg-

ative Eu anomalies (Eu/Eu* = 0.6–0.9 for DF and 0.5–0.9

for SF) and relatively flat HREE patterns (Fig. 6C, D),

which is suggestive of a Passive Margin tectonic setting for

the Neogene (Dafla and Subansiri formation) sediments.

Thus a Passive Margin with subordinate active margin

setup is inferred from the various plots of major and trace

elements which also points to the rocks of a pre-collision

continental margin (Kundu et al. 2016).

The sandstones of the present area are also compared

with the study of Siwalik sediments carried out in Western

Himalaya by Sinha et al. (2007) and in Eastern Himalaya

by Kundu et al. (2016), differentiate the different tectonic

settings and rock types. The ternary plot of La-Th-Sc

(Fig. 11E; after Bhatia and Crook 1986; Cullers 1995) in

the present study show granite-gneiss and metabasic mixed

source rocks which is in similarity with conclusions on the

provenance of sediments in Western Himalaya (Sinha et al.

2007) and Eastern Himalaya (Kundu et al. 2016).

6 Conclusions

The geochemical analysis of the Neogene sandstones of

Dafla and Subansiri Formation was undertaken to study the

lithology, paleoweathering, provenance, and tectonic set-

tings. The main conclusions are summarized as:

1. Sandstones of the Dafla and Subansiri Formation were

classified as greywacke and litharenite based on the

b Fig. 11 Bivariate tectonic plot of A K2O/Na2O versus SiO2/Al2O3

(after Maynard et al. 1982); B (K2O/Na2O) versus SiO2 (after Roser

and Korsch 1986); C Discriminant-function multi-dimensional dia-

gram for high-silica clastic sediments (after Verma and Armstrong-

Altrin 2013); D La/Y versus Sc/Cr (after Bhatia and Crook 1986) and

E Ternary plot of La–Th–Sc for differentiation of tectonic setting and

rock types (after Bhatia and Crook 1986; Cullers 1995). Note the

samples of the present study, from Punjab (Sinha et al. 2007) and Lish

valley, West Bengal (Kundu et al. 2016) show granite-gneiss and

metabasic mixed provenance
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dominance of quartz and lithic fragments over the

minor presence of feldspar.

2. The weathering indices like CIA, CIW indicate that the

source rock was affected by moderate to intense

chemical weathering probably in a humid climatic

condition.

3. The ratios of various trace elements including REE,

chondrite-normalized REE patterns, and petrographic

results collectively suggest that the sandstones of Dafla

and Subansiri Formation were derived dominantly

from felsic igneous rocks in an upper continental

crustal setting.

4. The geochemical signatures as well as thin-section

petrography of the sandstones belonging to the Dafla

and Subansiri Formation occurring in the East and

West Siang Districts of Arunachal Pradesh, India

indicates a mixed provenance comprising of granite-

gneiss and/or recycled sedimentary and metasedimen-

tary rocks. The Bomdila Gneiss and Lumla / Dirang

Formations of the Lesser Himalayas, as well as

formations belonging to the Higher Himalayan

sequences lying to the north of the study area, must

have been significant contributors to Neogene sedi-

mentation in the region.
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