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Quartz and calcite veins are omnipresent in the Indus basin sedimentary rocks (IBSRs) of the Indus
Tsangpo suture zone (ITSZ) which were formed by the accumulation of sediments derived from both
sides of the tectonic plate. These veins appear to have formed just after the sediment diagenesis and
were deformed together with the IBSR. The veins were studied for their rare earth elemental and isotopic
geochemistry (C–O–Sr–Pb). The light rare earth element/mid rare earth element with an Eu/Eu* ratio
of the veins (quartz and calcite) is >1 for the northern side (Tibetan side) and <1 for the southern
side, indicating a mantle/magmatic and marine-related fluid source, respectively. The carbon, oxygen
and strontium isotopes range from −140/00 to −10/00 VPDB, +5.70/00 to +24.90/00 Vienna standard mean
ocean water and 0.7056 to 0.7099, respectively. The Sr–O mixing model points towards the mantle-
enriched fluid on the northern side of the IBSR, whereas on the southern side, the fluid was nearly
marine. The intermixing of the fluid took place in the middle part of the Indus basin sediments
comprising a mixed litho-unit succession. Similar characteristics of vein fluids with the host rocks
indicate the derivation of fluids from the associated host IBSR, further substantiated by the lead isotopic
systematics.

Keywords. Fluids; Indus Tsangpo suture zone; Ladakh; C–O–Sr–Pb isotopes; NW Himalayas.

1. Introduction

The Indus basin sedimentary rocks (IBSRs) were
developed in the Ladakh magmatic forearc setup,
within the Indus Tsangpo suture zone (ITSZ)
due to the India–Asia collision during the Mid-
dle Eocene era (Searle 1986; Garzanti et al. 1987;

Henderson et al. 2010a, b). The IBSR consists
of sediments derived from both sides of the tec-
tonic plate. The subduction zone plays a crucial
role in the global geochemical cycle, transferring
chemical components into the mantle which are
returned to the crust (and atmosphere) through
arc volcanism. Most of the fluids get trapped either
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within the hydrous minerals or as pore water in
the oceanic crust and superjacent sediments. The
role of fluids during metamorphism and exhuma-
tion of the suture zone remains ambiguous in the
ITSZ. Fluid flow in the subduction zone is driven
mainly by the expulsion of sediment pore (for-
mation) waters during the burial, diagenetic and
prograde metamorphism of sedimentary rocks and
the dehydration of the subducting slab.

The vein-forming fluids were introduced into the
sedimentary units of the IBSR immediately after
the deposition and the subsequent burial phase.
The quartz–calcite veins are omnipresent in the
mud/silt stone units of the IBSR. To understand
the source and mechanism of vein formation of
the ITSZ, two transverse sections of the IBSR,
namely, Nimmu–Chilling (NC) and Lato–Miru–
Upshi (LMU), were selected. The sections are alike
in terms of lithologies and sedimentation processes
and are bounded by the Indus thrust in the north
and the Zanskar thrust in the south. The Indus
basin sediments were deposited until the Early
Miocene era (Brookfield and Andrews-Speed 1984;

Van Haver 1984; Garzanti and Van Haver 1988;
Searle et al. 1990; Clift et al. 2000; Sinclair and Jaf-
fey 2001; Clift et al. 2002a; Henderson et al. 2011);
after that, the veins were developed. This study is
focused on the sources of the vein fluids and their
emplacement mechanism during the terminal phase
of the Himalayan orogeny, across the ITSZ.

2. Geological setting

The Cenozoic IBSRs including the Indus Molasse,
Indus formation or Kargil formation (Shah et al.
1976; Frank 1977; Gansser 1977; Thakur 1981;
Searle et al. 1990; Clift et al. 2001; Wu et al. 2007)
were deposited as a succession of clastic and car-
bonate sedimentary rocks within the ITSZ. The
IBSRs are well exposed along the ITSZ in the fore-
arc setup of the Ladakh magmatic arc (LMA),
consisting of sediments derived from both sides
of the Indian plate (i.e., Zanskar platform or the
Tethyan Himalayas) and the active Asian mar-
gin (AAM) (figure 1A). The northern margin of

Figure 1. Geological map of the study area: (A) geological map of the NW Himalayas adopted from Thakur and Rawat
(1992); (B) geological map of the NC section (Henderson et al. 2010b) and (C) location of the LMU section (Henderson
et al. 2011).
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Figure 1. (Continued.)

the IBSR is demarcated by the LMA, whereas
the southern margin, by the Zanskar platform or
the Tethyan Himalayas (figure 1A). The eastern
and western margins of the ITSZ are bounded by
ophiolite and ophiolitic mélange of Zildat and Sher-
gol, respectively (figure 1A). The IBSR mainly
comprises clasts, which are folded and thrusted,
are unconformably overlain by the Lamayuru for-
mation and underlain by the Ladakh batholith in
the southern and northern margins, respectively
(Tonarini et al. 1993; Clift et al. 2001) (figure 1A).
The Ladakh batholith, developed to the north of
the IBSR prior to the India–Asia continental colli-
sion between 49 and 61 Ma (Weinberg 1997), is also
known as the AAM. The southern margin of the
IBSR overlies the upper Cretaceous–Palaeogene
forearc basin of the Asian margin.

The IBSRs comprise the Tar Group and the
Indus Group of sediments. The Tar Group of

sediments comprise the Jurutze, Sumda and
Chogdo formations. The oldest lithological unit is
known as the Jurutze formation, which was devel-
oped prior to the continental collision (Garzanti
and Van Haver 1988; Clift et al. 2001). The Jurutze
formation of the Late Albian (Garzanti and Van
Haver 1988) to the earliest Eocene age com-
prises grey shales and siltstones, grey phyllites and
fine- to medium-grained black-grey-green sand-
stones with black limestones. The Jurutze forma-
tion is overlain by the Sumda formation (figure 1B)
which consists of brown–silver–grey, thinly lami-
nated phyllites and fine- to coarse-grained sand-
stones. The Jurutze and Sumdo formations are
marine, having foraminifera of the Maastrichtian
age (Clift et al. 1999), and are overlain by the
Chogdo formation which comprises sand/silt stones
and mud stones (figure 1B). The Chogdo formation
is overlain by a dark blackish coloured Nummulitic
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limestone of the late Palaeocene age (Clift et al.
1999). The Jurutze, Sumdo, Chogdo and Num-
mulitic limestone formations from the Zanskar
Gorge (figure 1B) are much similar to the Miru for-
mation (figure 1C) (Henderson et al. 2011) of the
LMU section and also jointly referred to as the Tar
Group in this study. The shale-bearing lacustrine
coarse grain sediments of the Nurla formation were
deposited over the Nummulitic limestone (Garzanti
and Van Haver 1988) of the Tar Group. The Nurla
formation is overlain by the basal conglomerate
and alluvial sediments (red shale and sand/silt
stones) of the Choksti formation (Clift et al. 2001).
The Choksti formation is overlain by the Nimmu
formation (Garzanti and Van Haver 1988). The
Nurla, Choksti and Nimmu formations of the Zan-
skar Gorge (figure 1B) are similar to the Gunmaru
La, Artsa, Rong, Umlung and Upshi formations
(figure 1C) (Henderson et al. 2011) of the LMU sec-
tion and are jointly referred to as the Indus Group
in this study. The geological settings of the studied
sections are comparatively summarised in table 1.

The deposition age of the marine sediments
of the Nurla and Tar Group is >46.1 Ma (Clift
et al. 2001; Henderson et al. 2010a, b). The Chok-
sti formation is nearly equivalent to the Gunmaru
La and Artsa formations showing mixed signa-
ture of marine and terrestrial deposition at ∼46.1
Ma (Searle 1986; Garzanti et al. 1987; Hender-
son et al. 2010a, b). The alluvial sediments of the
Indus Group from the northern side of IBSRs
were deposited between 23.7 and 6.11 ± 2.3 Ma
(Clift et al. 2002a; Henderson et al. 2010a, b).
Based on the nature of the sediments deposited,
IBSRs are subdivided into three types in the
present study. (i) Type-I rocks: formed by the
alluvial sediments derived from the Ladakh
batholith in the Indus group; (ii) Type-II rocks:
formed by marine and alluvial sediments, which
covered half of the Choksti formation at the base,
Gunmaru La and Artsa formations and (iii) Type-
III rocks: marine in nature represented by the Tar
group of rocks. It was observed in the study area
that siliceous and calcareous deformed veins are
omnipresent in the IBSRs of ITSZ (see figure 2).

3. Vein morphology and petrography

Very thin to thick (2 mm to a few centimetres)
veins of quartz and calcite are ubiquitously present
in the ITSZ. The veins show random dissemina-
tion and are classified into three categories on the

basis of the mode of occurrence: (i) bounding-neck
veins, (ii) network veins and (iii) fault-filling
veins.

The bounding-neck veins are crosscut by fault-
related deformation structures. These veins were
formed prior to the development of the fault
zone (Yamaguchi et al. 2012). The network and
the fault filling veins are mutually cross-cutting
(figure 2). Several previous studies also suggested
similar sets of crosscutting extensional and shear
cracks, interpreted to have formed in response to
fluctuations in fluid pressure during seismic cycles
(i.e., fault-valve behaviour (Sibson et al. 1988)).
The majority (≥90%) of the fault-filling veins were
noticed in the study area. These fault/fracture fill-
ing veins were developed along the weak planes
such as fault, fracture and bedding plane, sug-
gesting rapid invasion along the weak planes
(fault, fracture and bedding plane). It also reveals
that the fault/fracture filling veins may have
formed during the collapse process of dilatational
run within a system (Sibson 1986; Cox 1995; Yam-
aguchi et al. 2012). These veins are deformed
and oriented along the associated host rocks (mud/
silt stone). The orientation and deformation pat-
tern of the veins are very similar to the associ-
ated host rocks suggesting that veins may have
deformed along with the IBSR and formed prior
to the deformation of the study area. The field
relation suggests that the vein forming fluid may
have leached out from the associated host
rocks due to diagenesis and metamorphism of
the IBSRs. These vein forming fluids may have
intruded into the weak planes of the IBSRs and
formed a fault-filling network and sigmoidal veins.
The minor faults and vein displacement due to
the faulting were also observed in the field. These
fault-filling calcite veins preserve the evidence of
their source and fluid composition which migrates
through the weak plane (Dietrich et al. 1983;
Gao et al. 1992). The occurrence of network
and bounding-neck veins are very less (<5%) or
negligible.

The microstructure of quartz and calcite is an
indicator of the deformation temperature (Ver-
non 1981; Stipp et al. 2002, 2010; Ferrill et al.
2004). The calcite twinning shows variations in
width from very thin to thick (figure 3A–C), with
curved and oval shapes, indicating the deforma-
tion temperature in the range from 170◦ to 200◦C
(Burkhard 1993; Ferrill et al. 2004). Thin twins of
calcite are transformed into the tabular thick twin-
ning with increasing temperature up to ∼250◦C
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Table 1. Stratigraphical succession of NC (figure 1B) and LMU (figure 1C) sections
according to (Henderson et al. 2010b, 2011) and Kharya (2015).

Stratigraphica 

Age
Group

NC Section

(Figure 1b)

(Henderson et al., 2010b)

LMU Section

(Figure 1c)

(Henderson et al., 

2011)

North South

Asian 

Margin
Early Tertiary Ladakh Plutonic Complex

msirp
yranoitercca

hkada
L

htuo
S

M
io

ce
ne

In
du

s 
G

ro
up

N
im

u Upper Nimu Upshi

Rong
Lower Nimu

Umlung

C
ho

ks
ti

Upper 

Sandstone

M
id

 E
oc

en
e

–

L
at

e 
O

lig
oc

en
e

Middle 

Sandstone
Artsa

St
ra

tig
ra

ph
ic

al
ly

 

ab
se

ntRed Shale

Gunmaru LaBasal 

Conglomerate

Nurla

MiruE
ar

ly
 

E
oc

en
e

(Y
pr

es
ia

n)
)

Ta
r 

G
ro

up

Nummulitic Limestone

Chogdo

Sumdo

Mid Cretaceuous–

Early Eocene
Jurutze

nigra
M

naidn I

Mid Cretaceous Khalsi Limestone
Stratigraphically 

absent

Cretaceous Nindam Lato

Triassic–Jurassic Lamayuru

(Burkhard 1993; Ferrill et al. 2004). The calcite
twinning gets curved to an oval shape with a nar-
row end towards the grain boundary due to an
increase in the strain rate at about 300◦C (Vernon
1981). Similarly, the microstructures observed in
the quartz grains show a bulging phenomenon, sub-
grain development and grain boundary migration
in this study. The sub-grains are developed along
the large grain boundary due to the micro-crack
arrays between 250◦ and 300◦C (Tullis and Yund
1985). Bulging is observed along the sutured grain
boundary with triple junction (figure 3D), sug-
gesting a temperature range of 300–350◦C (Stipp
et al. 2002, 2010). With the increasing tempera-
ture, the grain boundary migration is developed in
quartz grains at about 350–400◦C. The sub-grains

were also noticed at >400◦C within the quartz
grains (figure 3F) (Stipp et al. 2002, 2010). The
microstructures of the quartz and calcite veins
revealed their deformation temperatures between
170◦ and 400◦C (figure 3A–F) (Vernon 1981; Tullis
and Yund 1985; Burkhard 1993; Stipp et al. 2002;
Ferrill et al. 2004, 2010).

4. Analytical techniques

4.1 Trace elemental abundances

The trace elemental abundances in the calcite and
quartz phases were measured in the solution mode
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Figure 2. Field photographs of quartz and calcite veins from the NC and the LMU sections of ITSZ. (A and B), Fault-filling
veins; (C–E) network veins; (F) sigmoidal veins. The vein thickness is between a few millimetres and 2 cm.

from pure mineral separates using quadrupole
inductively coupled plasma mass spectrometry
(Q-ICP-MS) at Wadia Institute of Himalayan
Geology (WIHG), Dehradun, India. International
standards were used for calibration, and for
QA/QC purposes, SGR-1 and JDo-1, for calcite/
carbonate and JG-2, GH and MAG-1 were used
for the quartz samples. The physical parameters
and analytical protocols described by Ahmad et al.
(2008); Khanna et al. (2009) and Mukherjee et al.
(2014) were adopted in this study. The raindrop
size distribution of REE and trace elements is
approximately 3%.

4.2 Stable isotopic analysis

Stable isotopic analysis (δ13C and δ18O ratios)
of calcite was carried out in the stable isotope

laboratory at WIHG, Dehradun, India, using a gas
source, continuous flow-isotope ratio mass spec-
trometer (CF-IRMS) of Thermo Fisher Scientific,
Delta V plus model through gas bench II, using
the protocol given by Paul and Skrzypek (2007).
The accuracy and precision of the standardiza-
tion technique for the analysis of the carbon and
oxygen isotopes in this study were determined by
analysing the isotopic ratio of standards from dif-
ferent laboratories (WIHG and IIT Kharagpur)
and the international carbonate standard of the
International Atomic Energy Agency, NBS-18 (car-
bonatite). The precision of the carbon and oxygen
isotope ratio measurements in the carbonate phase
is ±0.10/00 for both δ13C and δ18O. The δ13C value
is presented in Vienna PeeDee belemnite (VPDB)
and the δ18O value, in Vienna standard mean ocean
water (VSMOW).
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Figure 3. Microphotographs of quartz and calcite veins present in the study area. (A–C) Calcite showing thin-to-thick
twinning pattern, (D) triple junction in quartz, (E) bulging in quartz, and (F) sub-grains developed within the quartz
grains.

4.3 Strontium (Sr) isotopic analysis

Strontium (Sr) isotopic analysis in calcite minerals
was carried out at the Physical Research Labo-
ratory (PRL), Ahmedabad, India, using Neptune
MC–ICPMS of Thermo Fisher Scientific. The iso-
topic ratios were measured on unspiked leached
calcite vein samples. The chemical process for the
separation of Sr from the samples was adopted
from Rai and Singh (2007). In this procedure,
0.1 g powdered calcite vein samples were dissolved
in 5% acetic acid. The leached samples were dried
at 110◦C (open digestion) and separated from the
residual. Residuals were dissolved in 250 μl of
3 N HNO3. Prior to loading the sample, Sr-specific
resin of Eichrom R© was preconditioned by passing
3 N HNO3. The dissolved residual was passed
through the pre-conditioned Eichrom R© Sr-specific

resin. The Eichrom R© Sr-specific resin has the
capacity to hold Sr only; therefore, the other ele-
ments can easily be removed from the resin by
passing 1.5 ml (0.5 ml three times) of 3 N HNO3.
Pure Sr fraction was collected in a Savillex R© Teflon
vial after the addition of Milli-Q water as the eluent
to the column. This Sr fraction was dried at 110◦C
(open digestion) and redissolved in 0.4 N HNO3

for isotopic measurements by MC-ICPMS under
standard instrumental conditions. The Sr isotopic
composition of the calcite veins was determined by
the following procedure as described by Goswami
et al. (2012). The Sr isotopic ratio was mea-
sured by using Neptune MC-ICP-MS at the PRL
using the static multi-collection mode (Goswami
et al. 2012). Instrumental mass fractionation was
corrected using an exponential law with 0.1194
for 86Sr/88Sr. The Rb contribution was corrected
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by the natural abundance of 85Rb/87Rb, though
the amount of 85Rb was negligible in all samples.
SRM987 standard was run with every set of sam-
ples which yielded an 87Sr/86Sr ratio of 0.710270
± 0.000018 (1σ, n = 7). The procedural blank
for Sr during measurement was less than 1 ng and
the total Sr analysed for the samples by Q-ICPMS
was always 3–4 orders of magnitude higher than
the blank. The internal precision (2σμ) of these
measurements was better than 0.002%.

4.4 The lead (Pb) isotopic analysis

The lead (Pb) isotopic analysis has been carried
out at the Department of Geological Sciences, Uni-
versity of Cape Town, Rondebosch, South Africa,
using Nu instruments of NuPlasma HR. The chem-
ical procedures given by Folling et al. (2000) were
used for Pb isotopic determination. One gram pow-
dered calcite vein sample was dissolved in 1 N
acetic acid by adding 3–5 ml in multiple steps
until a slight stoichiometric excess (ca. 20 ml)
was reached. The dissolved samples were kept for
open digestion at 30–50◦C for about 48 hr until
the reaction was accomplished. The residue frac-
tions were washed and centrifuged three times with
Milli-Q (deionised) water to separate the carbon-
ate fraction. The separated carbonate fractions
were dried and redissolved in a 4:1::HF:HNO3 mix-
ture and placed on a hot plate at 70◦C for 2–4
weeks for close digestion. The redissolved (with a
4:1::HF:HNO3 mixture) separated carbonate frac-
tion was dried. This dried fraction was again dis-
solved in 5 ml of 6.2 M HCl to prepare an unspiked
aliquot of the carbonate sample. The unspiked
aliquots were again dried and taken up in 0.5
M HBr. The unspiked aliquots were passed twice
through 2.5 ml Teflon ion exchange columns con-
taining 0.5 ml anion exchange resin of BioRad R©
AG 1-X8 to extract Pb, which was eluted with
0.5 M HNO3. The extracted Pb was analysed with
MC-ICPMS. Pb was loaded on single Re filaments
with silica gel 10 ml phosphoric acid (H3PO4) and
run under static mode on a multi-collector mass
spectrometer. The Pb isotopic ratio was corrected
for Hg interference and mass fractionation (Will
et al. 2010). The correction for instrumental mass
fractionation was carried out using the exponential
law and a 205Tl/203Tl value of 2.3889 (Thirlwall
2002). The Pb isotopes were analysed interspersed
with the NIST SRM981 standard. All Pb isotopic
measurements are reported here within an error
of 2σ. Most of the Pb was run for 200 ratios in

blocks of 20 single measurements with stable beam
intensities.

5. Results

5.1 REE geochemistry

REE geochemistry of quartz and calcite minerals
was carried out on pure mineral separated from
the veins. The REE patterns of quartz and cal-
cite minerals from the studied sections show high
light rare earth element (LREE) and low heavy
rare earth element (HREE) or nearly a flat REE
pattern with positive (+ve) Eu anomaly (figure 4).

Figure 4. Co-paired quartz and calcite vein of REE plots of
IBSRs. (A) REE plots of veins present in type I (terrestrial)
rocks, (B) REE plots of veins present in type II (terrestrial
+ marine) rocks, and (C) REE plots of veins present in type
III (marine) rocks.



J. Earth Syst. Sci. (2019) 128:138 Page 9 of 17 138

Table 2. Distribution coefficient (KD CC/Qtz) of REEs between calcite and quartz.

Average distribution coefficient for REEs (calcite/quartz)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

48 46 62 64 131 102 93 123 103 95 88 52 61 54

LREE MREE HREE

Table 3. Various isotopic distributions of calcite veins in the study area.

South                                                                          North

Veins hosted by 

Marine sediments Mixed sediments Terrestrial sediments

(Type-III) (Type-II) (Type-I)

δ13C‰ (VPDB)

SD: ±0.1‰
−9.9 to −1.0 −14.3 to −3.8 −12.8 to −0.8

δ18O‰ (VSMOW)

SD: ±0.1‰

17.3–24.9 11.1–17.1 5.7–14.3

87Sr/86Sr

(±2σ) 

0.7071–0.7081 0.7062–0.7099 0.7056–0.7062

208Pb/204Pb

(±2σ)

38.9894 38.8309–38.9921 38.9428–39.0374

207Pb/204Pb

(±2σ) 

15.6649 15.6402–15.6709 15.6694–15.6816

206Pb/204Pb

(±2σ) 

18.6444 18.5776–18.6924 18.6066–18.6627

The REE of the coexisting quartz and calcite
minerals were compared on a pair basis; it shows
a high distribution coefficient (>40) of REEs for
calcite/quartz, irrespective of the net REE budget
of the initial hydrothermal solution. The partition
coefficients for CC/Qtz (calcite/quartz) are much
higher for MREEs as compared to the HREEs and
LREEs (table 2).

5.2 C and O stable isotope data

The C and O stable isotope data of carbonate
veins are summarised in table 3 and shown in
figure 5, excluding outliers and the detailed data
set in the Appendix. The δ13C values of calcite
veins hosted by the terrestrial sediments (Type-
I) are in the range of −12.80/00 to −0.80/00 VPDB
(with some outliers) and δ18O values from +5.70/00
to +14.30/00 VSMOW. The δ13C and δ18O val-
ues of veins hosted by mixed (terrestrial and
marine or Type-II) sediments are in the range of
−14.30/00 to −3.80/00 VPDB (with some outliers)

and +11.10/00 to +17.40/00 VSMOW, respectively.
The veins hosted by marine (Type-III) sediments
are enriched in the δ13C and δ18O ratio ranging
from −9.90/00 to 1.00/00 VPDB with an outlier of
−13.30/00 VPDB and +17.30/00 to +24.90/00
VSMOW, respectively. The δ13C values of Type-
I veins are depleted. The δ13C and δ18O ratios
of veins hosted by Type-II rocks are scattered
between mantle/magmatic and ophicarbonate
fields and lies within the mixing mantle–marine
hyperbola (Nummulitic limestone). The δ13C and
δ18O values of Type-III veins are near the marine
field.

5.3 Sr isotopic composition

The Sr isotopic composition of the samples from
the studied sections is summarised in table 3 with
2σ standard deviation (SD). The Sr isotopic ratios
(87Sr/86Sr) of calcite veins hosted by the terres-
trial (Type-I) sediments are in the range from
0.7056 to 0.7062 (figure 6). The Sr isotope ratio
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Figure 5. Correlation plot of δ13C0/00 (V-PDB) vs. δ18O0/00 (V-SMOW) from the two sections of the IBSR. Data source for
the mantle carbonate field (Taylor et al. 1967), primary carbonatite field (Ray and Ramesh 2006), Ophicarbonates (Perkins
et al. 2006), subducted/alpine tethys carbonate (Menegatti et al. 1998).

Figure 6. Mixing model between two end members (mantle and marine) of 87Sr/86Sr and δ18O indicates the mixing of the
subducted sediments with mantle fluid. SrM = strontium in mantle and SrC = strontium in marine. Mantle value is taken
from Hart (1984, 1988), White and Hofmann (1982) and Ray and Ramesh (2006). Marine value is taken from Menegatti
et al. (1998).

(87Sr/86Sr) of the calcite veins present in the
mixture of terrestrial and marine (Type-II) sed-
iments varies from 0.7062 to 0.7099 (figure 6),
and that of the calcite veins hosted by marine
(Type-III) sedimentary rocks are in the range from
0.7071 to 0.7081 (figure 6). The Sr isotopic compo-
sition of Type-III veins hosted by marine sediments

indicates the age (Sr isotope stratigraphy) of veins
between 55 and 27 Ma (McArthur et al. 2012).

5.4 Ranges of various lead (Pb) isotopic ratios

The ranges of various lead (Pb) isotopic ratios
are presented in table 3. The bivariant plots
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Figure 7. Correlation plots and mixing model between end
members (MORB and EM II) of (A) 208Pb/204Pb vs.
206Pb/204Pb and (B) 207Pb/204Pb vs. 206Pb/204Pb, from
the study area. Data sources for MORB and EM II (Enrich
Mantle II) are taken from Hart (1988).

208Pb/204Pb vs. 206Pb/204Pb and 207Pb/204Pb vs.
206Pb/204Pb are shown in figure 7(A and B),
respectively.

6. Discussion

Calcite veins were formed in the low-grade meta-
morphosed (up to lower greenschist facies) sedi-
ments of IBSRs in the Indus Tsangpo suture zone.
The compositional changes recorded in trace ele-
ments and REEs were considered as a proxy for
tracking fluid sources during the terminal stages of
the India–Asia collision. The geochemical results
reveal two types of fluids involved in the forma-
tion of veins: (i) marine fluid and (ii) magmatic
fluid. The marine fluid possibly sourced from (i)
the marine carbonate of Tethyan Himalayas and
(ii) leached out from associated Type-I rocks.
Whereas the mantle/magmatic fluids were
probably derived from the (i) upper mantle, (ii)
mineral dehydration from the oceanic crust

(mafic and ultramafic rocks of oceanic plate)/
ophicarbonates and (iii) leached out from the asso-
ciated Type-III rocks.

The aforesaid alternatives of fluid sources are
tested and appropriately explained in the following
sections.

6.1 The REE geochemistry

The REE geochemistry of veins hosted by
Type-I rocks and few Type-II rocks in IBSRs shows
positive (+ve) Eu anomaly indicating a relatively
reducing environment (Martinez-Ruiz et al. 1999)
of fluid source (i.e., mantle/magmatic system). The
Eu2+ is more readily incorporated in calcite as
compared to other REEs in +3 state, giving rise
to +ve Eu anomaly. Veins of Type-II and Type-
III lithounits show −ve Ce anomaly, indicating its
marine affinity to the fluid source.

The LREE/MREE is a function of the extent
of REE fractionation and their origin (crustal vs.
mantle/magmatic). Similarly, Eu/Eu* is also an
indicator of the source – plagioclase-free (mantle/
magmatic; for Eu+ve anomaly) or plagioclase-
bearing (crustal) fluid source with or without posi-
tive Eu-anomaly, respectively (Castor and Hedrick
2006). The LREE/MREE (La/Gd) with Eu/Eu*
is >1 in the veins of Type-I and Type-II lithounits
suggesting mantle or magmatic fluid nature. How-
ever, a few vein samples from Type-II and Type-III
lithounits have anomaly as <1 points towards
marine-related sources. The REE geochemistry
indicates veins with characteristics similar to those
of lithounits and therefore appears to be con-
trolled by the element exchange with the lithounits
of IBSRs. The data indicate that vein fluid was
leached out from the associated host rocks, rather
than the other external sources. The pattern of
REEs of Type-I veins advocates a magmatic source
of fluid, whereas the pattern of REEs of Type-
III veins suggests the marine fluid source.
The host rock for Type-I vein fluid is terres-
trial siliciclastics derived from the Ladakh mag-
matic arc, which is magmatic in nature and the
Type-III veins are hosted by the Tethyan
sedimentary sequence with distinct protoliths
deposited under marine conditions, whereas, Type-
II veins were formed in the mixed (terrestrial
and marine) sedimentary sequence, showing sim-
ilar characteristics of the host lithounit. There-
fore, the REE geochemistry indicates that fluids
were probably generated from the associated host
rocks.
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6.2 Stable isotope

Stable isotope values of calcite veins are
presented in figure 5. The δ13C and δ18O values
of veins for Type-I rocks of IBSRs lie mostly in
the primary carbonatite/ophicarbonate field, indi-
cating the possibility of mantle/magmatic fluid
sources of veins. The depleted δ13C of Type-I
veins may be due to the complete recrystallisa-
tion of carbonate rocks, which is evident from
the presence of microstructures (figure 3). The
occurrence of Type-II veins within the mixing
mantle–marine hyperbola (Nummulitic limestone)
indicates the enrichment of δ13C and δ18O values
due to marine/subducted carbonates. The mantle–
marine mixing hyperbola of stable isotopic end
members indicates a mantle contribution of ∼70%
and marine ∼30% in the Type-II veins. The sta-
ble isotopic values of Type-III veins are akin to
the marine field and are also influenced by the
magmatic fluid (∼40% in few samples). The veins
of Type-III are hosted by the marine sediments
(Type-III rocks) and may have formed by the leach-
ing of carbonate from the host rocks and depletion
in δ13C values due to the recrystallisation of the
carbonates. The mantle–marine mixing hyperbola
for δ13C and δ18O is drawn using the equation
given by Faure (1977), where the end member value
for marine carbonate is 1.80/00 VPDB, and 20.70/00
VSMOW for δ13C and δ18O, respectively, from
the Nummulitic limestone of the study area. The
end member values of the mantle/magmatic field
for δ18O are 50/00 and 150/00 VSMOW, and −90/00
VPDB for δ13C (Ray and Ramesh 2006).

6.3 The strontium isotope (87Sr/86Sr) ratio

The strontium isotope (87Sr/86Sr) ratio of calcite
veins indicates genetic sources of fluid. These data
(table 3) show remarkable variation in various sed-
imentary packages (Type-I to Type-III rocks) from
the north to the south. The Sr isotopic ratios of
veins are enriched in the marine sedimentary pack-
age (Type-III rocks, south margin) as compared
to the terrestrial sediments (Type-I rocks, north-
ern margin). The Sr isotopic ratios (0.7056–0.7065)
of Type-I veins are very similar to the adjacent
Ladakh magmatic arc or host rocks 0.7036–0.7077
(Honegger et al. 1982; Weinberg and Dunlap 2000).
The Sr isotopic composition of Type-II veins varies
from 0.706 to 0.710, suggesting that the fluids were
derived from Type-II rocks having mixed magmatic
(Type-I) and marine (Type-III) sediments. The

Sr isotopic composition of Type-III veins varies
between 0.707 and 0.708, close to the value 0.709
of the Nummulitic limestone of the study area.
The distribution of veins for their 87Sr/86Sr vs.
δ18O ratio can be explained by the two-component
mixing model (figure 6), for which end members
are: (i) Ladakh magmatic arc/magmatic and (ii)
marine sediments of the study area, where SrM and
SrC refer to the Sr in the magmatic fluid/Ladakh
magmatic arc and the marine sediments, respec-
tively. The f(x) = SrM/SrC is a ratio between Sr
in magmatic and marine sediments. The SrM/SrC
ratio of >1 suggests Sr enriched mantle-like derived
fluid, and the SrM/SrC ratio of <1 indicates a Sr-
depleted mantle-like derived fluid or marine fluid.
The 87Sr/86Sr and δ18O values for magmatic fluid
0.705 (87Sr/86Sr) are taken from the Ladakh mag-
matic arc and 50/00 VSMOW of primary carbonatite
(Ray and Ramesh 2006), respectively, whereas
87Sr/86Sr and δ18O values for the marine sediment
are taken as 0.71000/00 and 280/00 VSMOW (an aver-
age of Alpine tethys carbonate) from Menegatti
et al. (1998), respectively. The 87Sr/86Sr and δ18O
values of calcite veins from different lithounits are
plotted in the two-component model as shown
in figure 6. The Type-I veins plot mostly in the
Sr-enriched mantle hyperbola (f(x) = 1–15), with
an outlier (2σ) that has >60% of fluid from a
mantle-like source as contribution. The enrichment
in an oxygen isotope may be due to the defor-
mation or recrystallisation of the veins. Whereas
the veins of Type-III rocks lie within the hyper-
bola defined by f(x) = 1 to 0.01, with 50–60%
contribution from a marine-like fluid. The Type-
II veins show a wide distribution from 0.01 to
3 in their SrM/SrC ratios with 50–70% mantle-
like fluid, with some outliers. The wide variation
of the SrM/SrC ratio in Type-II veins is due to
the veins hosted by both mixed (terrestrial and
marine) sediments and hence preserves both the
signatures.

6.4 The lead (Pb) isotope

The lead (Pb) isotope systematics also helps in
understanding the fluid provenance and discrimi-
nation between different mantle end members. The
Pb isotopic results are presented in figure 7. All
vein samples are plotted with the Pb isotope ratios
of various lithounits of the study area. The Pb iso-
tope ratios, used as a reference here, for various
lithounits were obtained from Clift et al. (2002b).
The Pb isotopic results of the vein sample lie
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within the field of existing lithounits and suggest
the derivation of the vein-forming fluid from the
associated host rocks.

6.5 Geodynamic implications

The isotope systematics of the veins reveals the
nature of the fluid involved in the process of
the formation of IBSRs. The formation of veins
in the IBSRs is controlled by the lithology of
the area. The isotopic composition of veins also
varies with the lithology. The marine sediments
are dominant at the southern side, separated by
the Zanskar thrust from the Lamayuru formation.
The northern side of IBSR comprises the terres-
trial sediments, tectonically controlled by the Indus
thrust and separated from the LMA. These sedi-
ments were intermixed in the middle of the studied
area. The veins of the northern side (Type-I)
have mantle/magmatic isotopic signature, simi-
lar to the host rock, whereas the southern side
(Type-III) veins are marine in nature, and mixed
(Type-II) veins are present between the mixed
lithounits. These veins were probably formed by
the diagenesis and metamorphism of associated
host rock sediments prior to the deformation of the
IBSRs.

Appendix

7. Conclusions

Based on this study, the following conclusions may
be drawn:

(i) The field relation indicates that the veins of
IBSRs were deformed along with the host
rocks and were formed prior to the deforma-
tion of the study area.

(ii) Quartz and calcite veins were formed dur-
ing or immediately after the compaction/
sedimentation of the host rocks.

(iii) The REEs and isotope geochemistry suggest
that veins are lithologically controlled.

(iv) The vein-forming fluids were sourced from the
host rocks.
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Table A1. Stable and radiogenic isotopic data set of carbonate veins hosted by various lithounits of the IBSRs.

Stable isotope

Sr isotope
Pb isotope (SD: 2σ)

(SD: ±0.10/00)

(SD: 2σ)

Veins hosted by

Sample

no.

δ13C

(VPDB)

δ18O

(VSMOW) 87Sr/86Sr 208Pb/204Pb 207Pb/204Pb 206Pb/204Pb

Terrestrial sediments NC12/54 − 8.7 5.7

Terrestrial sediments NC12/51 − 13.1 6 39.0098 15.6742 18.657

Terrestrial sediments NC12/53 − 7.4 8.2

Terrestrial sediments NC12/52 − 15.3 8.4 0.7056

Terrestrial sediments NC12/47 − 9.2 8.6 0.7061 38.9428 15.6694 18.6066

Terrestrial sediments LMU13/5 − 8.3 8.8

Terrestrial sediments NC12/48 − 9.9 8.8 0.7062 39.0374 15.6816 18.6627

Terrestrial sediments LMU12/45 − 7.7 9.1

Terrestrial sediments NC12/49 − 11.2 9.1 0.7062

Terrestrial sediments LMU12/46 − 7.8 9.2

Terrestrial sediments LMU13/4 − 8 9.7

Terrestrial sediments LMU13/3 − 7.1 9.8

Terrestrial sediments LMU13/2 − 8 9.9

Terrestrial sediments LMU12/44 − 8.9 9.9

Terrestrial sediments LMU12/21 − 8.9 10.3

Terrestrial sediments LMU12/47 − 7.2 10.4
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Table A1. (Continued.)

Stable isotope

Sr isotope
Pb isotope (SD: 2σ)

(SD: ±0.10/00)

(SD: 2σ)

Veins hosted by

Sample

no.

δ13C

(VPDB)

δ18O

(VSMOW) 87Sr/86Sr 208Pb/204Pb 207Pb/204Pb 206Pb/204Pb

Terrestrial sediments NC12/40 − 11.9 14.3 0.7056

Terrestrial sediments NC13/1 − 0.8 11.5

Terrestrial sediments NC13/1 − 0.8 11.5

Terrestrial sediments LMU12/40 − 7 11.6

Terrestrial sediments LMU12/22 − 7.5 11.6

Terrestrial sediments LMU12/43 − 10.5 11.7

Terrestrial sediments NC12/45 − 9.1 13.8 0.7056

Terrestrial sediments NC12/39 − 12.3 13 0.7056

Terrestrial sediments LMU12/41 − 6.9 12.1

Terrestrial sediments LMU12/25 − 10.3 12.1 0.7061

Terrestrial sediments NC13/3 − 0.8 12.3

Terrestrial sediments NC13/3 − 0.8 12.3

Terrestrial sediments NC12/38 − 12.8 13.5

Terrestrial sediments LMU12/17 − 9 12.3

Terrestrial sediments NC13/4 − 1.6 12.4

Terrestrial sediments NC13/4 − 1.6 12.4

Terrestrial sediments LMU12/28 0.7061

Terrestrial sediments NC13/2 − 1.1 12.5

Terrestrial sediments NC13/2 − 1.1 12.5

Mixed sediments LMU12/11 − 10.5 12.5

Mixed sediments NC12/37 − 11.1 12.5

Mixed sediments LMU12/24 − 8.6 12.6 0.7069 38.9725 15.6709 18.6924

Mixed sediments NC12/35 − 14.3 12.6 0.708

Mixed sediments NC12/13 − 8.4 12.9

Mixed sediments LMU12/15 − 11.7 13

Mixed sediments NC12/20 − 7.6 11.1 0.7092

Mixed sediments NC12/8 − 5.8 13.1

Mixed sediments LMU12/23 − 10.7 13.2

Mixed sediments LMU12/16 − 8.5 13.3

Mixed sediments NC12/9 − 5.9 12.1 0.7092

Mixed sediments NC12/33 − 13 13.5

Mixed sediments NC12/36 − 17 13.7

Mixed sediments NC12/31 − 17.4 13.7 0.7094

Mixed sediments NC12/19 − 6 12.1 0.7092

Mixed sediments LMU12/2 − 6.2 14 0.7099

Mixed sediments LMU12/12 − 9.7 14.1 0.7077

Mixed sediments LMU12/18 − 11 14.1 0.7081

Mixed sediments NC12/34 − 13.4 14.1

Mixed sediments LMU12/1 − 6.3 14.3 0.7099

Mixed sediments LMU12/14 − 8.4 12.3 0.7081

Mixed sediments LMU12/19 − 10.6 14.4

Mixed sediments LMU12/26 − 10.4 14.7

Mixed sediments LMU12/39 − 12.2 14.8 0.7067

Mixed sediments NC12/43 − 11.2 14.9 0.7064

Mixed sediments NC12/17 − 5.5 15.7 0.7098

Mixed sediments NC12/18 − 9.3 16

Mixed sediments LMU12/8 − 8.9 16.4 0.7064

Mixed sediments LMU12/7 − 9.1 16.4 0.7068

Mixed sediments NC12/29 − 3.8 16.5 0.7068 38.8309 15.6402 18.5776
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Table A1. (Continued.)

Stable isotope

Sr isotope
Pb isotope (SD: 2σ)

(SD: ±0.10/00)

(SD: 2σ)

Veins hosted by

Sample

no.

δ13C

(VPDB)

δ18O

(VSMOW) 87Sr/86Sr 208Pb/204Pb 207Pb/204Pb 206Pb/204Pb

Mixed sediments LMU12/32 − 9.5 17.4 0.7062 38.9921 15.6656 18.6681

Marine sediments LMU12/27 − 13.3 17.3 0.7076 38.9894 15.6649 18.6444

Marine sediments LMU12/34 − 9.1 17.6 0.7081

Marine sediments NC12/28 − 2.5 17.7 0.7071

Marine sediments LMU12/13 − 6.8 17.8 0.708

Marine sediments NC12/25 − 3.9 17.9

Marine sediments LMU13/1 − 7.7 17.9

Marine sediments NC12/21 1 18.8

Marine sediments LMU12/38 − 9.9 18.8

Marine sediments LMU12/36 − 9.8 18.9

Marine sediments NC12/23 − 1 19

Marine sediments LMU12/35 − 9.1 19

Marine sediments NC12/26 − 4.3 19.6

Marine sediments LMU12/33 − 9.5 20.4

Marine sediments LMU12/37 − 5.7 24.9

Marine sediments LMU12/31 0.7077
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