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Abstract Sandstones belonging to the Oligocene Barail
Group and Miocene Surma Group of the Mizoram Foreland
Basin have been studied geochemically to constrain their
provenances, tectonic setting, and other sedimentary pro-
cesses (weathering and mineral sorting etc.). Based on their
mineralogical compositions, these sandstones are classified
as quartzarenite and sublithic-arenite. The sandstones of
Barail and Surma Groups have similar contents of most of
the major elements except for SiO, and Al,O5. The Barail
sandstones are relatively more siliceous and less aluminous
compared to the Surma sandstones. Barail and Surma
sandstones were plotted in a singular array on different
geochemical discrimination diagrams. The CIA and CIW
values of the sandstones of Barail (69 and 77 respectively)
and Surma Groups (68 and 77 respectively) suggest that the
sandstones were derived from moderately weathered
source rocks. In the A-CN-K diagram, the studied samples
plotted along a roughly singular trend that originates from
granodiorite as well as Trans-Himalayan granitoids and
also confined within the field of Siwalik sediments.
Chondrite-normalized REE patterns for the Surma and
Barail sandstones are identical and are similar to upper
continental crust, with moderate to high LREE enrichment
and prominent negative Eu anomalies (Eu/Eu* for both
Barail and Surma sandstone = (0.69), indicating their
derivation from a felsic magmatic source. The values of
Eu/Eu*, (Lan/Luy), La/Sc, La/Co, Th/Sc, Th/Co, and Cr/
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Th ratios of Surma and Barail sandstones are also not
significantly different, and the values are similar to fine-
fractions derived from the weathering of felsic rocks. In the
K,0/Na,O versus SiO,, Th-Sc-Zr/10 and Ti/Zr versus La/
Sc tectonic discrimination diagrams the studied samples of
Barail and Surma sandstones plot within the fields of
greywacke from continental island arcs and active conti-
nental margin. The geochemical characteristics of the
studied sedimentary rocks and their similarity with the
Siwalik foreland sediments thus suggest were sourced from
different felsic magmatic lithounits of Himalaya and were
deposited in an active continental margin.

Keywords Geochemistry - Sandstone - Barail and Surma
Groups - Mizoram Foreland Basin - Northeast India

1 Introduction

Synorogenic clastic sedimentary rocks of foreland basins
are important for understanding their composition, tectonic
history, and provenance with an implication to the origin
and evolution of the orogen(s). Geochemical characteristics
of clastic sedimentary rocks provides clues to decipher
provenance (Floyd et al. 1989; Feng and Kerrich 1990;
Condie 1993; McLennan et al. 1993; Hayashi et al. 1997,
Cullers and Podkovyrov 2002; Bracciali et al. 2007; Wang
et al. 2012), tectonic setting (Bhatia 1983; Bhatia and
Crook 1986; Roser and Korsch 1986; Wang et al. 2012),
weathering indices, and paleoclimatic conditions (Parker
1970; Nesbitt and Young 1982; Cox et al. 1995; Fedo et al.
1995; Clift et al. 2008; Yin et al. 2010). The Mizoram
Foreland Basin (MFB) in the northeastern part of India is
surrounded by Eastern Himalayan Ranges, Naga Hill
Ranges, and Mikir Hills Massif in the north; Shillong
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Plateau in the northwest, and Indo-Burman Ranges in the
east-southeast direction. The basin is filled with sediments
represented by Barail, Surma, and Tipam Groups derived
from Himalaya and other surrounding orogens. MFB can
be considered as a sub-basin of Bengal basin. The Bengal
basin encompasses the entirety of Bangladesh and some
parts of NE India including Assam, Mizoram, Manipur,
and Tripura. The Bengal basin in Bangladesh is divided
into three geological provinces: (1) Northwestern shelf
(NWS, Province 1); (2) Northeastern, or Surma basin
(Province 2); and (3) Southeastern, or Chittagong-Tripura
Folded Belt (CTFB, Province 3) (Reimann 1993; Uddin
and Lundberg 1998; Najman 2006; Najman et al. 2008).
MFB constitutes the eastern extension of CTFB within
Indian Territory. The sedimentary sequences belonging to
Barail and Surma Groups from different geological pro-
vinces of Bengal basin were studied by several workers and
suggested sourced chiefly from different Eastern Hima-
layan felsic lithounits (see e.g. Uddin and Lundberg 1998;
Rahman and Suzuki 2007; Najman et al. 2008; Hossain
et al. 2010; Rahman et al. 2014, 2017). The sediments of
MFB however are very scantily studied and more partic-
ularly in terms of their geochemical characteristics, due to
their difficult terrain condition and remote location. A
recent study, made by Sawant et al. (2017), with samples
collected mainly from the Surma Group of Mizoram basin
have suggested that these sediments were derived from the
Precambrian cratonic crust of Shillong plateau. In the
present paper, we provide the results of the geochemical
study of the sandstones from the Oligocene Barail Group
and Miocene Surma Group of MFB to understand the
provenance, tectonic setting and sedimentary differentia-
tion processes (weathering and hydraulic sorting) for the
sediments.

2 Geological setting

The Mizoram Foreland Basin covers an area of about
21,087 km? within 21°56'N to 24°31'N, and 92°16'E to
93°26'E. The geology and distribution of sediments in the
MEFB are presented in Fig. 1a. The stratigraphic succession
with lithology and thickness (after Karunakaran 1974) are
presented in Fig. 1b. MFB is comprised predominantly of
folded Tertiary clastic sedimentary rocks belonging to the
Surma and Barail Groups with a fold axis oriented along
the N-S direction. The folding in the sediments of MFB is
normally wider in the central part compared to the southern
part and the intensity of folding increases towards the
margin orogen (Dasgupta 1984). The Oligocene Barail
Group, Miocene Surma Group, and Pliocene Tipam Group
of sediments comprise the Tertiary succession of the MFB
from bottom upwards (Fig. 1b). The Tipam Group of rocks

@ Springer

were restricted in a narrow strip in the north-western part of
the basin, while the Barail Group of rocks occur towards
the eastern part of the basin bordering Myanmar (Fig. 1a).
The rest of the basin is occupied predominantly by the
Surma Group of rocks (Fig. la). The Surma Group is
divided into Bhuban and Bokabil Formations (Mathur and
Evans 1964; Nandy 2001). The Bhuban Formation is the
thickest developed lithostratigraphic unit in MFB with a
thickness of about 5000 m, which is divided into Lower,
Middle, and Upper Bhuban units (Dasgupta 1984; Nandy
2001; Tiwari et al. 2006) based on the lithologic charac-
teristics and fossil content. The entire sediment column of
the Bhuban Formation is a repetitive succession of arena-
ceous and argillaceous layers. The Lower Bhuban Forma-
tion is comprised of alternating shale and sandstone layers.
The Middle Bhuban Formation, which represents nearly
50% of the total depository of Surma Group, is comprised
predominantly of argillaceous sequences with subordinate
sandstones. The Upper Bhuban Formation consists of
alternating arenaceous and argillaceous layers of roughly
equal thickness. The rock types of the Surma Group are
sandstone, siltstone, shale, mudstone, and their mixtures in
various proportions. Sandstones are generally grey colored,
fine to medium grained, and often associated with shale
clasts.

Sediments of the Barail Group were deposited under
marine conditions, while those of the Surma Group are
thought to be deposited in shallow marine to transitional
conditions (Tiwari and Mehrotra 2002; Ralte et al. 2011).
The sediments of Tipam Group were deposited in estuarine/
fluvial environments (Sinha and Sastri 1973; Karunakaran
and Ranga Rao 1979). Based on magnetostratigraphic
studies Malsawma et al. (2010) have suggested the Bhuban
Formation was deposited between 12.5 and 8 Ma with a
significant increase in the rate of sedimentation at
~ ca.9.5 Ma.

3 Materials and methods

Thirty fresh sandstone samples (Surma Group = 20; and
Barail Group = 10) were collected for the present study from
outcrops around Aizawl district of Mizoram and along the
road cuts on the National Highway NH-102B (Aizawl-
Champhai; Fig. 1a). Twenty-five thin-sections were pre-
pared following standard techniques, and petrographic
studies were carried out. After the petrographic screening for
minimal alteration, eighteen least altered sandstone samples
(10 samples of Surma Group and 8 samples of Barail Group)
were selected for geochemical studies. The rock samples
selected for geochemical analysis were reduced to a smaller
size (~ 2 cm) to observe any traces of fossils. The chips
were further crushed to yet smaller sizes (~ 2 mm), then
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Fig. 1 a Geological map of the Mizoram Foreland Basin (MFB), Northeast India (after GSI 1974), along with a simplified map of India showing
the distribution of Indian craton and the geological and tectonic units of Himalayan orogen and the rough location of MFB marked as a box
(modified after O’Brien 2001; Mitchell et al. 2007; Webb et al. 2011) and b stratigraphic succession of the Mizoram Basin along with lithology
and thickness (compiled from Karunakaran 1974; Tiwari et al. 2006). The study area is shown as a rectangular box in the Geological map of

MFB

washed with distilled water and sundried. These samples
were then pulverized using an agate mortar at Wadia Institute
of Himalayan Geology (WIHG), Dehradun, India. Major
oxides were determined by X-ray Fluorescence Spectrome-
ter (XRF) on a Siemens SRS-3000 instrument, using pressed
pellet following procedures described in Saini et al. (2000).
Trace elements including rare earth elements were analyzed
by Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) (ELAN-DRC-E), using an open acid digestion tech-
nique. Precision and accuracy were examined with interna-
tional standard reference materials SDO-1, GSS-4, and SO-
1. The error in XRF data ranges from 2 to 5% while that in
ICP-MS is less than 5% (Ahmad et al. 2005; Rao and Rai
2006). The analyses for major oxides, trace elements, and
rare earth elements of the rock samples are presented in
Tables 1 and 2.

4 Results
4.1 Petrography

Microscopic study of representative thin sections of Surma
and Barail sandstones showed that the rocks were medium to
fine-grained, well sorted and sub-rounded to sub-angular in
nature (Fig. 2a—d). The framework grains of the studied
sandstones were composed of quartz (monocrystalline, Qm
and polycrystalline, Qp), K-feldspar, plagioclase, and rock
fragments with very minor presence of mica, chlorite, and

zircon. Quartz dominated feldspar and rock fragments in the
sandstones of both the rock groups. There were no visible
textural characteristic and mineral constituent differences
between the sandstones of either group. The quartz grains
were commonly sub-rounded to subangular in shape. Among
quartz grains, Qm was dominant over Qp. Qm grains were
mostly non-undulatory while a few were undulose in nature.
Quartz grains were observed with concavo-convex contact,
sutured contact, and straight contact boundary.

Feldspars are the second most abundant framework grains
which make up 1-15% of the total grain population. Both
plagioclase and K-feldspars are observed in the thin sections
(Fig. 2a—d). Rock fragments observed in the studied thin
sections are variable in size, angular to sub-angular, with
prominent grain boundaries. They constitute 0-15% of the
rock volume. Among micas, muscovite and biotite are
observed in the thin section which are mostly detrital in
origin but authigenic mica grains are also observed. Among
heavy minerals, the most common is zircon, while in few
samples rutile and sphene are also observed. Matrix is the
common binding material for the framework grains. Matrix
constitutes average 20% of the total rock volume.

4.2 Geochemistry
4.2.1 Major elements

The Barail sandstones are characterized by an average
concentration of 76 wt% SiO,, 11 wt% Al,Os3, 5.5 wt%
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Table 1 Whole-rock major and trace element analysis and Indices of alterations and weathering of sandstones of Barail Group, Mizoram
Foreland Basin, Northeast India

Sample no. SCZ 3 SCZ 4 SCZ 12 SCZ 14 SCT 7 SCT 8 SCT 11 SCT 12 PAAS uccC
Major oxides (wt%)

SiO, 75.81 81.59 74.79 77.67 70.69 74.25 78.34 75.01 62.80 66.00
Al,O4 11.91 7.44 12.41 9.41 12.53 11.52 8.24 11.60 18.90 15.20
Fe,05 4.70 3.72 3.57 4.12 5.32 4.07 4.25 4.14 6.50 5.00
MnO 0.07 0.03 0.07 0.03 0.13 0.07 0.11 0.04 0.1 0.08
MgO 1.11 0.78 1.24 1.29 2.22 1.56 1.04 1.22 2.20 2.20
CaO 0.26 0.18 1.18 0.29 1.06 0.47 0.22 0.58 1.30 4.20
Na,O 1.33 0.91 1.54 1.62 1.66 1.85 1.56 1.64 1.20 3.90
K,0 1.20 0.89 1.74 1.41 1.95 1.74 0.83 1.56 3.70 3.40
TiO, 0.96 0.51 0.65 0.76 0.51 0.51 0.58 0.64 1.00 0.50
P,Os 0.11 0.06 0.08 0.08 0.07 0.07 0.07 0.08 0.20 0.20
LOI 3.28 2.36 2.84 2.04 3.85 2.45 3.07 2.83

Total 100.74 98.47 100.11 98.72 99.99 98.56 98.31 99.34

Si0,/Al,05 6.37 10.97 6.03 8.25 5.64 6.45 9.51 6.47 332 4.34
Al,O05/TiO, 12.41 14.59 19.09 12.38 24.57 22.59 14.21 18.13 18.90 30.40
K,0/Na,O 0.90 0.98 1.13 0.87 1.17 0.94 0.53 0.95 3.08 0.87
Trace elements (ppm)

Sc 8.60 7.60 8.90 8.80 10.80 8.60 7.20 10.00 16.00 13.60
v 86.00 59.00 72.00 75.00 77.00 72.00 65.00 78.00 150.00 60.00
Cr 130.00 94.00 123.00 119.00 121.00 104.00 103.00 92.00 110.00 83.00
Co 60.00 12.00 11.00 12.00 18.00 12.00 79.00 13.00 23.00 17.00
Ni 21.00 28.00 27.00 33.00 61.00 34.00 31.00 25.00 55.00 20.00
Cu 8.00 13.00 7.00 10.00 17.00 10.00 10.00 10.00 50.00 25.00
Zn 45.00 38.00 37.00 38.00 61.00 40.00 38.00 45.00 85.00 71.00
Ga 10.00 9.00 10.00 11.00 12.00 11.00 11.00 13.00 20.00 -

Rb 46.00 34.00 58.00 51.00 77.00 61.00 33.00 61.00 160.00 112.00
Sr 35.00 52.00 71.00 55.00 98.00 85.00 38.00 57.00 200.00 350.00
Y 33.00 13.00 21.00 21.00 19.00 17.00 18.00 23.00 27.00 22.00
Zr 1069.00 147.00 306.00 295.00 147.00 134.00 315.00 305.00 210.00 190.00
Nb 24.00 9.00 13.00 13.00 9.00 7.00 12.00 13.00 19.00 25.00
Ba 324.00 151.00 280.00 220.00 335.00 308.00 182.00 228.00 650.00 550.00
Pb 24.00 22.00 21.00 22.00 21.00 21.00 23.00 22.00 20.00 20.00
Th 22.00 11.00 11.00 12.00 10.00 10.00 11.00 14.00 14.60 10.70
U 3.89 bdl 1.13 2.63 0.81 1.06 1.99 bdl 3.10 2.80
Rare earth elements (ppm)

La 52.94 24.23 42.74 40.49 31.53 23.25 31.51 36.06 38.20 30.00
Ce 178.20 51.40 86.89 82.04 62.90 47.74 62.60 70.96 79.60 64.00
Pr 11.31 541 9.12 8.66 6.88 5.21 6.82 7.62 8.83 7.10
Nd 19.16 23.35 38.55 35.60 294 22.07 29.64 33.40 33.90 26.00
Sm 9.03 4.57 7.35 7.01 5.92 4.38 5.57 6.11 5.60 4.50
Eu 1.55 0.93 1.46 1.39 1.32 0.94 1.07 1.14 1.08 0.88
Gd 6.21 3.17 5.00 4.84 4.32 3.06 3.92 4.11 4.70 3.80
Tb 1.07 0.56 0.88 0.85 0.80 0.53 0.71 0.76 0.77 0.64
Dy 5.15 2.62 4.20 4.00 3.87 2.69 342 3.87 4.68 3.50
Ho 0.95 0.48 0.76 0.73 0.73 0.47 0.66 0.72 0.99 0.80
Er 2.55 1.30 2.05 1.95 1.94 1.29 1.76 2.02 2.85 2.30
Tm 0.37 0.19 0.29 0.28 0.28 0.18 0.25 0.30 0.41 0.33
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Table 1 continued

Sample no. SCZ 3 SCZ 4 SCZ 12 SCZ 14 SCT 7 SCT 8 SCT 11 SCT 12 PAAS ucc
Yb 1.99 1.05 1.52 1.47 1.48 0.94 1.38 1.57 2.82 2.20
Lu 0.28 0.15 0.21 0.20 0.21 0.13 0.19 0.23 0.43 0.32
~REE 290.76 119.41 201.02 189.51 151.58 112.88 149.50 168.87 184.86 146.37
Eu/Eu* 0.60 0.71 0.70 0.69 0.76 0.75 0.67 0.66 0.64 0.63
Weathering indices

CIA 75 73 72 67 65 67 68 68 69 46
CIwW 82 80 81 75 73 75 74 76 81 52

PAAS (Post Archaean Australian Shale) and UCC (Upper Continental Crust) values are from Taylor and McLennan (1985)

Eu/Eux = 2 x Eun/(Smy + Gdy)

LOI loss on ignition, bdl below detection limit, CIA chemical index of alteration, CIW chemical index of weathering

(Fe,05 + MgO), 0.64 wt% TiO,, 1.5 wt% Na,O, 1.4 wt%
K50, and 0.41 wt% CaQO. Surma sandstones also do not
differ much from the Barail sandstone and have average
concentrations of 69 wt% SiO,, 14 wt% Al,O3, 6.5 wt%
(Fe,0O5 + MgO), 0.61 wt% TiO,, 1.6 wt% Na,O, 2.3 wt%
K,0, and 1.3 wt% CaO. The SiO,, Al,O; and Fe,Os3
concentrations of the Barail and Surma sandstones are
similar to that of Upper Continental Crust (UCC) (Taylor
and McLennan 1985). TiO, contents of both Surma and
Barail sandstones are higher, whereas CaO, Na,O, K,O,
and P,Os contents of the sandstones are significantly lower,
than UCC (Taylor and McLennan 1985). Concentration of
MnO in Surma sandstone is much higher than UCC, while
Barail sandstones have lower contents of MnO compared to
UCC.

Clastic sedimentary rocks are generally composed of
variable contents of aluminous clays (Al,O3) and quartz
(Si0,) and display typical negative correlation trends.
Sediments with higher proportions of quartz plot at the
highest SiO, and lowest Al,O3 concentrations, while those
with higher proportions of clay minerals, e.g. illite, mus-
covite, chlorite etc. plot at the highest Al,O; and lowest
Si0,. Barail and Surma sandstones define a singular linear
negative correlation trend in the SiO, versus Al,O5 plot
(Fig. 3), in which common minerals of clastic sedimentary
rocks like K-feldspar, illite, and quartz are also plotted
following Raza et al. (2012a, b) to contrast the chemical
nature of the sediments. Both the Barail and Surma sand-
stones plotted in the intermediate position in the linear
array in the diagram suggesting a mixture of quartz and
illite end members (Fig. 3) or limited weathering condition
of the sediments. In order to assess the control of clay
minerals on the overall major elemental variations, K,O,
TiO,, Na,O, MgO, CaO, Fe,O; of both Barail and Surma,
sandstones are plotted on Harker variation diagram against
Al,O3 (Fig. 4). The variation diagrams display strong

positive correlation for K,O, TiO, and MgO against Al,O3
for both Barail and Surma sandstones. The positive corre-
lation between Al,O5 and K,O in the sandstones indicates
the control of clay minerals such as illite, and/or presence
of alkali feldspar. Positive correlation between Al,O3 and
TiO, indicates the association of TiO,-bearing phases with
the clay fraction or presence of fine-grained Ti-bearing
heavy minerals in the sandstones. Na,O and CaO contents
of both Barail and Surma samples, however, display poor
correlation with Al,O3 (Fig. 4). In the Fe,O3/K,0 versus
Si0,/Al,05 chemical classification diagram of Herron
(1988), the studied samples plot around wackes field with
certain variability (Fig. 5a). In the SiO,/Al,03 versus
Na,O/K,O0 classification diagram of Pettijohn et al. (1972)
(Fig. 5b) the studied sandstones plot confined within the
litharenite field while few Surma samples plot within the
field of greywacke as well.

4.2.2 Trace element geochemistry

Barail and Surma sandstones have lower Large Ion
Lithophile Elements (LILE) (Rb, Sr, Ba) and transition
elements (Sc, V, Ni, Cu, Zn) concentrations compared to
UCC (Taylor and McLennan 1985) and Post Archean
Australian Shale (PAAS) (Taylor and McLennan 1985).
However, Cr and Zr show higher concentrations than the
standards (Tables 1, 2). Surma sandstones are character-
ized by higher concentrations of Rb (avg. 94 ppm), Sr
(88 ppm), Ba (349 ppm), and Cr (162 ppm) compared to
Barail sandstones (Rb = 53 ppm; Sr = 61 ppm; Ba = 254
ppm; Cr =111 ppm). Barail sandstones however have
higher Zr (average 340 ppm) concentration compared to
Surma sandstones (Zr average = 202 ppm). Surma and
Barail sandstones bear similar concentrations of immobile
High Field Strength Elements (HFSE) (Nb, Y, Th, U)
(Tables 1, 2). While plotted against Al,Os, certain trace
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Table 2 Whole-rock major and trace element analysis and Indices of alterations and weathering of sandstones of Surma Group, Mizoram
Foreland Basin, Northeast India

Sample no. SAR 5 SAS 5 SAT 2 SAZ 3 SBD 7 SCT 23 SCT 57 SCT 60 SCT 62 SvC 7
Major oxides (wt%)

SiO, 61.98 61.62 75.00 74.59 77.13 71.22 68.88 68.25 72.11 61.40
Al,O4 17.40 17.18 10.78 11.13 9.91 12.58 13.33 15.53 14.01 19.35
Fe, 05 5.02 5.05 4.27 3.84 3.67 4.13 3.75 4.86 4.04 6.41
MnO 0.13 0.30 0.05 0.03 0.09 0.16 0.08 0.06 0.05 0.17
MgO 2.23 2.32 1.58 1.46 0.80 241 2.29 2.68 2.34 2.22
CaO 2.78 3.32 0.69 0.31 0.35 0.98 241 0.95 0.42 0.60
Na,O 1.35 1.26 1.81 1.68 1.44 1.60 1.53 1.69 2.07 1.23
K,0 3.03 2.53 1.99 1.93 1.50 1.87 227 2.53 222 3.38
TiO, 0.65 0.71 0.48 0.65 0.63 0.64 0.52 0.64 0.46 0.68
P,Os 0.12 0.12 0.11 0.08 0.09 0.09 0.11 0.10 0.07 0.12
LOI 5.52 5.52 343 241 3.32 4.04 4.76 3.49 3.02 5.22
Total 100.21 99.93 100.19 98.11 98.93 99.72 99.93 100.78 100.81 100.78
Si0,/Al,05 3.56 3.59 6.96 6.70 7.78 5.66 5.17 4.39 5.15 3.17
Al,O05/TiO, 26.77 24.20 22.46 17.12 15.73 19.66 25.63 24.27 30.46 28.46
K,0/Na,O 2.24 2.01 1.10 1.15 1.04 1.17 1.48 1.50 1.07 2.75
Trace elements (ppm)

Sc 12.70 13.00 8.70 9.70 8.50 9.23 9.40 10.80 7.40 14.70
v 92.00 89.00 68.00 74.00 66.00 71.00 65.00 85.00 64.00 112.00
Cr 302.00 118.00 265.00 180.00 119.00 107.00 119.00 181.00 89.00 144.00
Co 16.00 36.00 11.00 11.00 10.00 63.00 51.00 16.00 67.00 19.00
Ni 46.00 43.00 32.00 25.00 27.00 29.00 42.00 49.00 42.00 46.00
Cu 20.00 16.00 8.00 8.00 9.00 11.00 10.00 14.00 12.00 30.00
Zn 64.00 65.00 32.00 41.00 35.00 44.00 46.00 58.00 43.00 84.00
Ga 15.00 15.00 11.00 12.00 12.00 12.00 12.00 14.00 12.00 19.00
Rb 141.00 106.00 73.00 71.00 54.00 68.00 86.00 106.00 79.00 160.00
Sr 109.00 152.00 105.00 58.00 57.00 57.00 76.00 85.00 83.00 95.00
Y 29.00 26.00 21.00 23.00 24.00 20.00 22.00 26.00 18.00 34.00
Zr 203.00 168.00 200.00 333.00 157.00 245.00 158.00 222.00 125.00 207.00
Nb 11.00 11.00 9.00 12.00 11.00 12.00 8.00 11.00 8.00 12.00
Ba 427.00 347.00 298.00 310.00 313.00 288.00 297.00 358.00 354.00 495.00
Pb 23.00 22.00 22.00 22.00 22.00 22.00 21.00 22.00 21.00 28.00
Th 14.00 10.00 12.00 15.00 13.00 12.00 9.00 12.00 10.00 17.00
U 0.83 1.76 bdl 1.57 243 1.88 bdl 4.19 1.66 2.40
Rare earth elements (ppm)

La 43.55 30.54 30.51 48.40 42.75 28.44 25.20 37.69 30.93 30.93
Ce 84.32 59.49 60.48 95.89 84.37 55.94 47.94 73.91 60.56 63.98
Pr 9.07 6.44 6.64 9.95 9.18 5.96 547 7.88 6.55 6.52
Nd 38.19 27.44 26.83 41.05 39.02 25.70 23.76 33.06 27.21 26.68
Sm 7.25 5.49 5.34 7.79 7.98 4.69 4.70 6.43 5.25 5.36
Eu 1.41 1.18 1.01 1.45 1.65 0.89 0.96 1.22 1.08 1.11
Gd 4.99 3.99 3.86 5.43 5.86 3.16 3.51 4.37 3.54 3.95
Tb 0.88 0.77 0.68 0.96 1.06 0.57 0.68 0.80 0.65 0.69
Dy 4.25 3.78 3.34 4.48 5.22 2.78 3.71 4.14 3.36 341
Ho 0.78 0.71 0.61 0.82 0.97 0.53 0.70 0.78 0.63 0.66
Er 2.16 1.95 1.74 2.19 2.54 1.44 1.92 2.13 1.76 1.83
Tm 0.31 0.27 0.25 0.31 0.35 0.21 0.27 0.31 0.26 0.26
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Table 2 continued

Sample no. SAR 5 SAS 5 SAT 2 SAZ 3 SBD 7 SCT 23 SCT 57 SCT 60 SCT 62 SvC 7
Yb 1.64 1.44 1.36 1.61 1.91 1.14 1.42 1.63 1.41 1.40
Lu 0.23 0.20 0.19 0.23 0.27 0.16 0.20 0.23 0.20 0.20
~REE 199.03 143.69 142.84 220.56 203.13 131.61 120.44 174.58 143.39 146.98
Eu/Eu* 0.68 0.74 0.65 0.65 0.71 0.67 0.70 0.67 0.73 0.70
Weathering indices

CIA 68 71 63 67 68 66 65 68 68 74
CIW 77 81 72 77 77 74 72 78 77 86

CIA chemical index of alteration, CIW chemical index of weathering, bdl below detection limit

Fig. 2 Photomicrographs of representative sandstones from Barail (a, b) and Surma Groups (¢, d) showing the textural characteristics and
different minerals and rock fragments present. Qm, monocrystalline quartz; Qp, polycrystalline quartz; K, K-feldspar; P, plagioclase; L, lithic
grains; Ch, chlorite; Zr, zircon; M, Muscovite; B, Biotite. The framework mineral grains of both Barail and Surma sandstones are medium to
coarse-grained, sub-angular to sub-rounded and are moderately well sorted. There are dominances of monocrystalline quartz over polycrystalline

variety in the sandstones of both the rock groups

elements like Rb, Sr, Ba, Th, Ni, V, and Y of the studied
sandstones of Barail and Surma Groups displayed moderate
positive correlations (Fig. 6a, b) and few other trace ele-
ments like Zr, Cr, Co, and Nb of the studied sandstones
showed poor correlation (Fig. 6a, b). The total Rare Earth

Element contents (XREE) of Surma sandstone showed poor
correlation with Al,O3, however Barail sandstones shows
weak positive correlations between (XREE) and Al,O3
(Fig. 6a). On intense chemical weathering of a source rock,
the immobile elements show strong and positive
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Fig. 3 Al Oj; versus SiO; plot of Barail and Surma Group sandstones
from Mizoram Foreland Basin, Northeast India. Stars are the common
minerals of clastic sedimentary rocks e.g. Illite, K-feldspar and Quartz
(as plotted by Raza et al. 2012a, b)

correlation with Al,O3 (Young and Nesbitt 1998). The
observed geochemical characteristics therefore indicate
that the sediments were derived from a source which had
undergone limited chemical weathering.
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4.2.3 Rare earth element geochemistry

Total REE (XREE) concentrations in the Surma sandstones
(ranges from 120 to 221 ppm; average 163 ppm) were
similar to those observed in Barail sandstone (ranges from
113 to 291 ppm; average 173 ppm). The studied sand-
stones had higher REE abundances compared to UCC but
had lower REE abundances than PAAS (values after Taylor
and McLennan 1985). Chondrite normalized rare earth
elements patterns for Surma and Barail sandstones dis-
played enrichment of Light Rare Earth elements (LREE:
La-Gd), fractionated Heavy Rare Earth Elements (HREE:
Tb-Lu), and negative Eu anomaly (average Eu/Eu* =
0.69) (Fig. 7a, b). The REE patterns of the sandstones
were uniform and relatively similar to UCC. The highly
fractionated REE patterns for the sandstones [Surma: (La/
Lu)y = 13.35-22.04; Barail: (La/Lu)y = 15.59-21.13],
therefore, suggest that the detritus were probably derived
from an igneous rocks of Upper Continental Crust.
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Fig. 4 Bivariate diagram for oxides of major element versus Al,O3 for the sandstones from Barail and Surma Groups
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Fig. 5 Chemical classification of Barail and Surma sandstones based
on a log(SiO,/Al,05) versus log(Fe,05/K,0) diagram of Herron
(1988) and b log(SiO,/Al,05) versus log(Na,O/K,0) diagram of
Pettijohn et al. (1972)

5 Discussion
5.1 Paleoweathering and sediment recycling

In order to evaluate qualitatively and quantitatively the
paleoclimatic conditions and the degree of source rock
weathering, Chemical Index of Alteration (CIA; Nesbitt
and Young 1982) [CIA = Al,O3/(Al,0; + CaO* + Na,.
O + K,0) x 100], Chemical Index of Weathering (CIW;
Harnois 1988) [CIW = Al,O3/(Al,03 4+ CaO* + Na,.
0)] x 100], etc. have long been used (Armstrong-Altrin
et al. 2004; Nagarajan et al. 2007; Bhuiyan et al. 2011; Sun
et al. 2012; Ramachandran et al. 2016). CaO" indicates Ca
incorporated from the silicate bearing minerals and it was
calculated using following assumptions: a) if the CaO
content was less or equal to the Na,O content, then the CaO
value was considered same as CaO* value and b) if the
CaO content was higher than Na,O, then Na,O value was

considered as CaO* value (Bock et al. 1998; Gallet et al.
1998; Roddaz et al. 2006). Fresh and un-weathered igneous
rocks are characterized by CIA values of 50 or less,
whereas intense weathering produces residual clay with
kaolinite and gibbsite in the residual clay and results in
CIA values close to 100. CIA values of 70 to 75 indicate
moderate chemical weathering and the formation of mus-
covite, illite, and smectite during weathering of the source.
The CIA value for Surma sandstone varies from 63 to 74
and averages 68, and the Barail sandstone ranges from 65
to 75 and averages 69, suggesting the sediments for both
Surma and Barail Groups might have been derived from a
moderately weathered source as compared to the average
shale (CIA: 70-75, Taylor and McLennan 1985). Previous
studies on the Surma and Barail sandstones of Bengal basin
also provide similar CIA values (see e.g., Rahman and
Suzuki 2007; Hossain et al. 2010; Rahman et al. 2014) and
are interpreted to have been derived from a mild to mod-
erately weathered source. Although CIA is considered as
one of the important indices to measure the extent of
weathering, but remobilization of K during the sedimen-
tation and metamorphic processes can produce spurious
CIA values. Harnois (1988) proposed the use of Chemical
Index of Weathering (CIW) as an alternative index which
excludes potassium in the formula of CIA. The CIW values
for the Surma sandstones varies from 72 to 86, and that of
Barail sandstones varies from 73 to 82, indicating that the
Surma and Barail sediments were derived from a moder-
ately weathered source.

Large sedimentary basins are subjected to several cycles
of sedimentation; the detritus of each cycle were produced
by variable intensities of weathering. The geochemical
composition of the clastic sedimentary rocks thus bears the
imprints of several previous weathering conditions. It
therefore becomes imperative to analyze the sediment
recycling in order to decipher whether the geochemical
composition of the sediments was modified during the
sedimentary transport from the source to the basin or it
reflects source characteristics. The average CIA (Barail:
69; Surma: 68) and CIW (both Barail and Surma: 77)
values of the studied sandstones imply that their precursor
sediments did not suffer from strong chemical weathering
conditions. In this regard, Rb/Sr and Th/U ratios are gen-
erally quite helpful to understand the effects of sediment
recycling. Sr is a mobile element under certain conditions.
Weathering can therefore result in an obvious increase of
the Rb/Sr ratio of sedimentary rocks. An Rb/Sr ratio of
> (0.5 suggests strong weathering and sedimentary recy-
cling (McLennan et al. 1993). The average Rb/Sr ratios of
the Barail and Surma Group samples were 0.89 and 1.11
respectively and therefore suggest the sediments were
affected by recycling up to certain degrees. Besides,
increase in the intensity of weathering of source rocks,
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«Fig. 6 Bivariate diagrams for a incompatible trace elements versus
Al,O5 and b transition elements versus Al,O5 for the sandstones from
Barail and Surma Groups
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Fig. 7 Chondrite-normalized (values after Taylor and McLennan
1985) Rare Earth Element patterns for a Barail sandstones and
b Surma sandstones. UCC composition (values after Taylor and
McLennan 1985) is plotted with the sandstone data for comparison

results in an increase of Th/U ratio (McLennan 2001). Th/
U ratio above the upper crustal values (Th/U = 3.5-4,
McLennan et al. 1993) indicates certain degrees of recy-
cling of sediments. The Th/U ratios of the studied sand-
stones average 7.88 for Barail Group and 7.48 for Surma
Group, which are higher than the average Th/U ratio of the
upper crust, suggests certain degrees of recycling of sedi-
ments over the transport and sedimentary processes. Lim-
ited scale of recycling of the precursor sediments for the
Barail sandstones in particular, is also manifested in the
Th/Sc versus Zr/Sc diagram of McLennan et al. 1993
(Fig. 9; discussed later in Sect. 5.2). Zr/Sc ratio is

considered as an index of heavy mineral enrichment
including zircon which increases significantly during sed-
iment recycling (McLennan 1989). Barail and Surma
sandstones show moderately variable Zr/Sc ratios (Surma:
12.92-34.33; Barail: 13.61-124.30) at more or less uniform
Th/Sc ratios (Surma: 0.77-1.55; Barail: 0.93-2.56). A
majority of the studied samples plot on the left of the
magmatic compositional variation trend of rocks in the Th/
Sc versus Zr/Sc diagram (Fig. 9), except few Barail sam-
ples, which plot to the right of the compositional trend with
higher Zr/Sc ratios suggesting zircon enrichment during
recycling.

Besides the zircon enrichment during sedimentary
sorting, enrichment of some other accessory minerals, like
apatite, would also have an effect on the bulk rock geo-
chemical compositions (Wang and Zhou 2013). Sorting
and enrichment of common heavy minerals, such as zircon,
apatite, and monazite, may erratically affect REE patterns
of bulk-rock samples due to their different partition coef-
ficients for LREE and HREE (Wang and Zhou 2013 and
references therein). Poor correlation between (La/Yb)y and
P,Os5 (wt%), (figure not shown) of the Barail and Surma
sandstones suggests that the bulk chemical composition
including the REE pattern of the studied rocks is not
affected by sorting of monazite and/or apatite.

5.2 Provenance

Geochemical data of clastic sediments has long been used
for determining provenance (see e.g. Floyd and Leveridge
1987; Cullers 1995; Armstrong-Altrin et al. 2004 and
2013). Al,03/TiO, ratios in the sedimentary rocks offer an
important clue to decipher the types of source rocks
(Garcia et al. 1994; Hayashi et al. 1997; Andersson et al.
2004). During weathering of source rocks, Al and Ti
remain essentially immobile, and therefore the values of
Al,O5/TiO; ratios of residual detritus can be considered as
source characteristics. In magmatic rocks, Al occurs mostly
in feldspars and Ti in mafic minerals (e.g. pyroxene,
hornblende, biotite, rutile, ilmenite). Therefore, the Al,O5/
TiO, and SiO, increase sympathetically in magmatic rocks
(Hayashi et al. 1997). Sediments which are sourced from
mafic rocks, have Al,O3/TiO, ratio value < 14, and those
which sourced from felsic rocks, have Al,O5/TiO, ratio
value in the range of 19-28 (Hayashi et al. 1997). Al,O5/
TiO, ratios in the Surma sandstones vary from 15.73 to
30.46 (Table 2) while the Barail sandstones show the ratios
ranging from 12.41 to 24.57 (Table 1) suggesting the
sediments were derived predominantly from felsic sources.

In order to estimate the bulk source rock composition, a
molecular proportion of Al,03-CaO + Na,0-K,O (A-
CN-K) ternary plot of Nesbitt and Young (1984) was used
(Fig. 8). Experimental and observational evidences suggest
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sediments derived from less weathered source rocks follow
trend parallel to the A—CN line originating from granodi-
orite or UCC (Fig. 8). Intense weathering leaches CaO and
Na,O totally and transforms the feldspars into illite, and the
sediment’s composition plots closer to the A—K join and
the illite composition in the A—-CN-K space (Nesbitt and
Young 1984; Fig. 8). Extreme weathering of the source
rocks produces kaolinite and curves the weathering trend
towards the Al,O5; apex when approaching the A-K join
(Nesbitt and Young 1984). The studied samples plot along
the ideal weathering line for granodiorite in the A—-CN-K
diagram (Fig. 8). Data for probable Himalayan source
rocks as well as the field of coeval Siwalik sediments (after
Roy and Roser 2013, and references therein) are also
plotted in the diagram. Barail and Surma sediments plot
confined within the field of Siwalik sediments in the A—
CN-K diagram and collinear with Surma sandstone data
falling at the lower end of the distribution along the trend
which appears originate from a source in close proximity
with the composition of Trans-Himalayan granitoids
(Fig. 8). Similar observations have also been made by Roy
and Roser (2013), while working with the Tertiary NW
shelf sandstones of Bengal basin.

Th/Sc versus Zr/Sc plot (Fig. 9) is very popularly used
for provenance study of clastic sedimentary rocks in
addition to assess sediment recycling (McLennan et al.
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Fig. 8 A-CN-K ternary diagram (after Nesbitt and Young 1984) for
Surma and Barail sandstones of Mizoram Foreland Basin. A = Al,Os,
CN = CaO + Na,0, K = K,O (molecular proportions), Ka = kaolin-
ite, Chl = chlorite, Gi = gibbsite, Mu = muscovite, Plag = plagio-
clase, K-sp = K-feldspar, Sm = smectite. Data for tonalite (To),
granodiorite (Gd) and granite (Gr) are from Condie (1993). Arrows
parallel to the A—CN edge are the weathering trends of To, Gd and Gr.
Symbols are as in Fig. 5. Data for probable Himalayan source rocks
are plotted as numbers in circles: (1) Cretaceous granitoids (Trans-
Himalaya-Ladakh; Sharma et al. 2011); (2) Trans-Himalayan bath-
oliths (Galy and France-Lanord 2001); (3) Tertiary leucogranite
(Higher Himalaya; Sharma et al. 2011); (4) Palaeozoic granitoids
(Lesser Himalaya, Mandi-granite; Sharma et al. 2011). Field for the
Siwalik Group, NW Himalaya, India (Ranjan and Banerjee 2009) is
also plotted (after Roy and Roser 2013) for comparison
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1993). Th is an incompatible element and is enriched in
silicic rocks, while Sc is a compatible element and is
enriched in basic rocks. Tthe ratio is not much affected
during sedimentary recycling processes (McLennan et al.
1993; Cullers 1994a). The studied sandstones form a rel-
atively tight group, which is slightly inclined to the com-
positional trend defined by volcanic rocks ranging from
basalt to rhyolite (data after Taylor 1965, 1969). The
studied samples plot clustered around Tonalite-Trond-
hjemite—Granodiorite (TTG) composition and also plot
confined within the field of Siwalik sediments (after Roy
and Roser 2013) (Fig. 9), suggesting the provenance for
both the Surma and Barail sandstones was largely singular.
Certain other elemental ratios e.g. Eu/Eu*, Lay/Luy, La/
Sc, La/Co, Th/Sc, Th/Co, and Cr/Th are also widely used
for assessing the source rock composition of clastic sedi-
mentary rocks (see e.g. Armstrong-Altrin et al. 2004;
Armstrong-Altrin 2009; Cullers 2000, 2002; Tijani et al.
2010; Konstantopoulos and Zelilidis 2012). The values of
EuwEu*, (Lan/Luy), La/Sc, La/Co, Th/Sc, Th/Co, and Cr/
Th ratios of the studied rocks are presented in Table 3
along with those from the UCC, PAAS, and from sedi-
ments derived from mafic and felsic rocks. The value of
these elemental ratios in the studied rocks match well with
the sediments derived from felsic rocks.

The REE patterns and size of Eu anomaly in the sedi-
mentary rocks have also been utilized to infer the nature of
source rocks (Taylor and Mclennan 1985; Armstrong-
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Fig. 9 Th/Sc versus Zr/Sc plot for the sandstones of Surma, Barail
Groups of Mizoram Foreland Basin (after McLennan et al. 1993).
Stars: basalt, andesite and rhyolite are average volcanic rock
compositions (as plotted by Roser and Korsch 1999). Solid arrow is
the compositional trend; dashed arrow indicates trends expected for
zircon concentration. Field: Siwalik Group, NW Himalaya, India (as
plotted by Roy and Roser 2013 with data from Ranjan and Banerjee
2009)
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Table 3 Range of certain Trace Elemental ratio  Barail group®  Surma group®  Felsic sources® Mafic sources® UCC® PAAS®

and REE elemental ratios of

sandstones in this study La/Sc 2.70-6.16 2.10-5.03 2.50-16.3 0.43-0.86 221 239

compared (o the ratios in similar )0, 0.40-3.89 045440  1.80-13.8 0.14-0.38 176 1.66

fractions in sediments derived

from felsic rocks, mafic rocks,  Th/Sc 0.93-2.56 0.77-155  0.84-20.5 0.05-0.22 079 091

UCC and PAAS Th/Co 0.14-1.08 0.15-1.36 0.67-19.4 0.04-1.40 0.63 0.63
Cr/Th 5.91-12.10 8.47-22.08 4.00-15.0 25-500 7.76 7.53
Eu/Eu* 0.60-0.76 0.65-0.74 0.40-0.94 0.71-0.95 0.63 0.64
Lan/Luy 15.59-21.13 13.35-22.04 3.00-27.0 1.10-7.00 9.73 9.22

“This study; Felsic and Mafic Sources: Cullers (19944, b, 2002), Cullers and Podkovyrov (2002), “Taylor

and McLennan (1985)

Altrin 2009; Madhavaraju and Lee 2010; Armstrong-Altrin
et al. 2013). Felsic rocks, in general, show a higher LREE/
HREE ratio and exhibit negative Eu anomalies, while
mafic rocks show a low LREE/HREE ratio with or without
Eu anomalies (Cullers et al. 1987; Cullers 1994a, b). The
studied Surma and Barail samples display fractionated
chondrite-normalized REE patterns, negative Eu anomalies
(Eu/Eu*: Barail = 0.60-0.76; average 0.69 and Surma =
0.65-0.74; average 0.69; Table 3), LREE enriched, and
flat HREE patterns (Fig. 7a, b). Such REE patterns suggest
that the sediments were probably derived from an evolved
crustal source.

Surma samples additionally display MnO contents one
order of magnitude higher than Barail samples (Tables 1,
2). Besides, the Sc, V, Co, and Ni contents of the Surma
sandstones are also slightly higher than those of Barail
sandstones (Tables 1, 2). These features point towards a
certain quantity of mafic detrital input in Surma sediments.
In the Co/Th versus La/Sc diagram of Gu et al. (2002)
(Fig. 10) despite their compositional variability, few Surma
samples plot closer to andesite values (Condie 1993) than
those of the Barail Group samples, suggesting certain
degree of influence of mafic sources on the detritus of the
Surma sandstones.
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Fig. 10 La/Sc versus Co/Th plot for Surma and Barail sediments
(after Gu et al. 2002). Stars are average basalt, andesite, granite and
felsic igneous rock with data from Condie (1993)

There are several coeval Himalayan foreland basins in
which Cenozoic sediments were deposited and their
provenance has been deciphered e.g. Assam Basin by Cina
et al. (2009); Bengal Basin by Najman et al. (2008), Indo-
Burman Ranges (IBR) by Allen et al. (2008); Central
Myanmar Basin by Robinson et al. (2014). The synoro-
genic Cenozoic sediments were derived by erosion of
multiple sources including cratonic India, Neoproterozoic-
Cambrian to Eocene Tethyan Himalayan Sequence (THS),
Neoproterozoic to Cambrian Higher Himalayan Crystalli-
nes (HHC), Gangdese arc and the Late Cretaceous-Eocene
eastern Trans-Himalayan batholiths (ETB) and other east-
ern Himalayan lithotectonic units in different proportions
(Vadlamani et al. 2015; and references therein). Although
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Fig. 11 Map showing a probable paleo-course of Brahmaputra River
during early Miocene (modified after Uddin and Lundberg 1999) in
red dotted line in the east of Shillong Plateau along with the present
day course of river Brahmaputra flowing north of Shillong plateau
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there are no U-Pb detrital zircon age data available on the
sediments of MFB. However, the coeval Cenozoic sedi-
ments of adjacent Assam Foreland Basin (AFB) which
were geochronologicaly studied by Vadlamani et al. (2015)
can be correlated. The U-Pb ages of detrital zircons from
the Oligocene Barail Group of Assam foreland basin were
probably sourced from the Gangdese batholiths and Cre-
taceous ETB sources (detrital zircons with younger peaks
< 300 Ma) as well from THS and HHC (detrital zircons
with older peaks > 450 Ma) (Vadlamani et al. 2015).
Furthermore, the detrital zircon age spectra from Bhuban

Formation of Surma Group of Assam foreland basin dis-
play major peaks centered around 550 Ma with younger
peaks range between 27 and 123 Ma. The 550 Ma zircons
were probably sourced from the THS with subordinate
contributions from metamorphic rocks of the HHC and the
LHS and the younger set of 27-123 Ma-aged zircons was
due to the arc rocks of the Gangdese and ETB granitoids
(Vadlamani et al. 2015). The U-Pb detrital zircon age data
of Vadlamani et al. (2015) on the Barail and Surma sedi-

ments of AFB suggest the sediments were sourced from
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eastern Trans-Himalayan granitoids/Gangdese batholiths
and not from the Shillong plateau.

Shillong Plateau is comprised dominantly of
~ ¢a.1750-1600 Ma granitoid gneisses and ~ ca.500 Ma
granitoids (Chatterjee et al. 2008; Yin et al. 2010; Chat-
terjee and Ghose 2011) of Pan-African affinity and lies to
the east of MFB (Fig. 1a). Sawant et al. (2017) suggested
the MFB sediments were derived from the Shillong pla-
teau. In this context, the paleo course of the river
Brahmaputra also appears crucial. In many previous studies
including Uddin and Lundberg (1999), it was suggested
that river Brahmaputra flowed from near the eastern
Himalayan Syntaxis and apparently drained through the
upper Assam valley and flowed through Mizoram Foreland
Basin in the far east of the Shillong plateau and eventually
drained to the Bay of Bengal (Fig. 11)

5.3 Tectonic settings

The tectonic setting for deposition of sedimentary strata is
inferred based on the assumption that the nature of the
source area is intimately related to the tectonic processes
that control the origin and evolution of an adjacently lying
sedimentary basin (Bhatia and Crook 1986). Variations in
geochemical data on clastic sediments reflect distinct
provenance types and associated tectonic settings for
deposition of sedimentary sequences (Bhatia 1983; Bhatia
and Crook 1986; Roser and Korsch 1986; Armstrong-Al-
trin and Verma 2005). In the SiO, versus K,O/Na,O dia-
gram of Roser and Korsch (1986) and Ti/Zr versus La/Sc
diagrams of Bhatia and Crook (1986), the studied samples
plot within the field for Active Continental Margin (ACM)
settings (Fig. 12a, b). In the ternary Th—Sc—Zr/10 diagram
of Bhatia and Crook (1986) all the samples plot within the
field for Continental Island Arc settings except one Barail
sample (SCZ 3) that plot within the field for Passive margin
settings due to its very high Zr content (Fig. 12c). We
therefore suggest that the sediments were deposited in an
Active Continental Margin setting and were derived chiefly
from the felsic lithounits of Himalaya.

6 Conclusions

The whole rock geochemical study of Tertiary Surma and
Barail sandstones of Mizoram Foreland Basin was con-
ducted to better constrain their source rock weathering,
provenance, and tectonic settings. The results are summa-
rized as:

1. Sandstones of the Barail and Surma Groups were
classified as Quartzarenite and Sublithic-arenite based
on the dominance of quartz and feldspar over a minor

presence of lithic clastics. Geochemical characteristics
of the rock Groups were almost similar and plot in a
singular array in various discrimination diagrams
suggesting derivation of their precursor sediments
from a singular source.

2. The weathering indices like CIA, CIW for the Barail
and Surma sandstones suggest the precursor sediments
were derived from a moderately weathered source.

3. In the A-CN-K diagram the Surma and Barail
sandstones plotted along the regular weathering line
originating from Granodioritic sources and were
confined within the field for coeval Siwalik foreland
sediments. Himalayan granitoids also plotted in the A—
CN-K space close to the granodiorites. Integrating
these, it appears that the sediments for the sandstones
were probably derived from Himalayan granitoids.

4. Values of various trace element ratios including REE

ratios and chondrite-normalized REE patterns for the
Surma and Barail sandstones suggest a felsic magmatic
source for both the Groups of rock.

5. On the basis of their plots in different tectonic
discrimination diagrams it appears that the sediments
were deposited in an active continental margin, and/or
continental island arc tectonic settings sourced from
Trans-Himalayan granitoids and Gangdese batholiths.
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