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Abstract

Cr-rich spinel is a detrital component within turbidites from the well-exposed, mid-Late Cretaceous Tianba Formation
sequence in the Nieru Valley, southern Tibet. About 5% of the spinels contain melt inclusions, most of which are partly
crystallized. To homogenize the crystallized melt inclusions for subsequent analysis by electron microprobe, spinels were
heated at 1200 °C and 1250 °C for 96 h at controlled oxygen fugacity (FMQ) and quenched. This technique differs significantly
from those previously applied by other investigators to melt inclusions in spinels, in having oxidation fugacity and temperatures
more closely resembling natural conditions. The compositions of the melt inclusions correlate well with those of host spinels.
The geochemistry of the melt inclusions and the Cr-rich spinels in the Tianba Formation turbidites suggests that the source of
the Cr-rich spinels was hotspot basalts. Based on palaco-tectonic reconstructions, presence of mid-Late Cretaceous fossils in the
strata, and the chemical compositions of melt inclusions and detrital spinel, we infer that the volcanics of Rajmahal, which are
associated spatially and temporally with Kerguelen hotspot activity on India about 117 Ma ago, were the likely source of these
Cr-rich spinels.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction sition of the primary melts from which they were

derived, to the point that many characteristics of the

The chemical composition of erupted igneous
rocks may be substantially different than the compo-

* Corresponding author. Tel.: +1 518 442 4466; fax: +1 518 442
5825.
E-mail address: zhub@atmos.albany.edu (B. Zhu).

0012-821X/$ - see front matter © 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.epsl.2005.02.001

primary melt may be obscured by fractional crystal-
lization, magma mixing, hydrothermal alteration,
degassing, and assimilation of wall rocks [1]. Melt
trapped in minerals during crystal growth provides
information about the composition of the magma at
the time of its effective isolation from the influence of
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subsequent fractionation processes [2—5]. Melt inclu-
sions can reveal melt evolution that may not be
recorded in bulk-rock data. Studies of melt inclusions
in the earliest crystallized phenocrysts (e.g., olivine;
Cr-rich spinel) therefore have provided constraints on
the primary melt composition and evolutionary
environments of parental magma [6-17]. Since Cr-
rich spinels may be enriched in some sedimentary
rocks due to their chemical durability against weath-
ering, lack of cleavage, and resistance to low-grade
alteration and mechanical breakdown [18-21], studies
of Cr-rich spinels with melt inclusions in ancient
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Fig. 1. Backscattered electron images of (a) a partly crystallized
melt inclusion in a detrital spinel grain from the Tianba Formation
(scale bar=30 pum); (b) enlargement of the melt inclusion (scale
bar=10 pm) consisting of pyroxene crystals (light grey), residual
glass (dark grey), voids (black), and minor sulfide droplet (bright
spot). Broad beam analysis (1) is shown in Table 1.

— 10 micron

sediments have the potential to give information on
provenance and tectonic evolution in a complex
orogenic system [8,22].

We report chemical compositions of melt inclu-
sions (Fig. 1) trapped in Cr-rich spinels from the
Cretaceous Tianba Formation at the north end of
Nieru Valley (N28° 44/, E89°57"), southern Tibet (Fig.
2), that provide compositional constraints on the
tectonic setting of the original source terrane for these
spinels, thereby strengthening provenance studies of
the sedimentary petrology based on detrital modal
analyses of the sandstones. This is the first study of
melt inclusions in detrital spinels in the Himalaya, the
product of continent—continent collision between Asia
and India.

2. Geologic setting

The Tethyan Himalaya, which are located
between the High Himalayan Crystalline belt to the
south and the Indus—Yarlung—Tsangpo Suture and the
Lhasa block to the north (Fig. 2), consist primarily of
late Paleozoic to early Eocene sedimentary rocks
originally deposited along the northern edge of the
Indian continent. Deposition began with late Paleo-
zoic—Triassic rifting [23-25] during the initial devel-
opment of the Neo-Tethyan Ocean. A wide passive
continental margin subsequently developed along the
north rim of the Indian continent. During the mid-
Cretaceous, northward-directed subduction of the
Neo-Tethyan oceanic crust beneath the southern
margin of Asia resulted in the development of a
magmatic arc and a forearc-related basin (Xigaze
Forearc Basin) along the southern margin of the
Lhasa block [26,27]. With continued subduction, the
India—Asia collision initiated in the early Tertiary,
which gave rise to the Indus—Yarlung—Tsangpo
suture (IYZS). The strata of the Tethyan Himalaya
record the entire depositional history of the northern
Indian passive margin.

In southern Tibet, the Tethyan Himalaya are
divided into two subzones of different lithological
assemblages (Fig. 2) separated by the east—west
trending Gyirong—Kangmar thrust [28]. The northern
zone is dominated by slightly metamorphosed depos-
its of outer shelf, and continental slope and rise, while
the southern zone is characterized by unmetamor-
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Fig. 2. (a) Simplified tectonic map of the east-central Tethyan Himalaya (after [33]). The inset map shows the position of this area in the
Himalayan system. MCT—Main Central Thrust; STDS—southern Tibet detachment system; C—Cholmolungma. (b) Simplified stratigraphic

column of the Tianba section (N28°44’, E89°57"): TB5-TBS8 are four

samples containing spinel. (1) Cherts and mudstones; (2) mica-rich

siltstones; (3) sandstones/siltstones; (4) shales/minor sideritic sandstones. For the detailed stratigraphy, see [29].

phosed, shallow water shelf carbonate and terrigenous
deposits ranging from late Paleozoic to Eocene in age.

This study concentrates on the well-exposed
section of Cretaceous lithic arenites at the northern
end of the Nieru Valley, which belongs to the northern
zone of the Tethyan Himalaya. This lithologic unit,
which we term the Tianba Formation (Tianba Flysch
[29]), is an approximately 220-m-thick turbidite
sequence and consists primarily of well-bedded sand-
stones with less abundant siltstones and shales. The
contact between the Tianba Formation and the under-
lying dark shales and cherts is conformable. The basal
interval of the Formation is characterized by the
abrupt disappearance of black cherts and appearance
of olive-colored argillites and mica-rich siltstones that
coarsen up rapidly into medium to thick-bedded (>1
m) graded sandstones. Individual sandstone beds are
normally graded into siltstones and shales, and
contain abundant sedimentary structures ordered in a
Bouma sequence, indicating a “proximal” turbidite fan
depositional environment for the Tianba Formation.
There is no evidence for storm wave influence in this
stratigraphic unit (reworked bed tops, hummocky
cross-bedding, etc.), nor in those above and below
it; and we reject the idea that they might be “outer
shelf” deposits.

The top of the Tianba Formation is characterized
by a sharp termination of the turbiditic sandstones,

which are conformably overlain by greenish—grey
burrowed shales. These shales also contain a few thin
sideritic sandstone beds in the first 10-15 m, and
some large (up to 1 m in diameter) calcareous nodules
in the interval ~60—70 m above the Formation. One of
the nodules yielded an ammonite, and some belemn-
ites are found in the shales above the Formation.
Preliminary investigation of radiolarian fossils in the
sideritic sandstones indicates deposition sometime
within the mid-Late Cretaceous (N. Shafique, per-
sonal communication, 2002). There are abundant
pelagic fossils (ammonites, belemnites, and bivalves)
of Valanginian—Aptian age (141-125 Ma) in the
shales that conformably underlie the Tianba Forma-
tion [30-33]. Consequently, all the evidence suggests
that the Tianba Formation was deposited during mid
Cretaceous time in a deep-water setting (continental
rise, or lower slope) of the outer Indian passive
margin.

3. Sandstone petrography and framework modes

Sandstones of the Tianba Formation are lithic
wackes characterized by poorly sorted, subangular
quartz with significant lithic content, and generally
abundant matrix (10-30%). Quartz is dominant
(average=62%), and commonly has inclusions of
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feldspar, biotite and zircon. Feldspar comprises 1-6%
of the total grain population. Sedimentary rock frag-
ments (siltstone, shales, micritic limestones) are often
present (2-3%) in medium and coarser sandstones, as
well as metamorphic grains (1-4%). Volcanic clasts
(2-5%) contained in the wackes are both mafic and
silicic in composition, which suggest derivation from
a terrane containing significant volcanic areas.

Samples were crushed, sieved, and the 90-250-pum
fraction separated in the heavy liquid tribromome-
thane (density 2.89 g/cm®) to extract the heavy
minerals from the Tianba Formation. The heavy
mineral suite consists of a low-diversity, zircon-rich
assemblage with varying amounts of tourmaline,
apatite, rutile, magnetite, pyrite, and Cr-rich spinel.
The significant volcanic component of Tianba For-
mation is reflected by the abundance of sharp
euhedral, elongate, colorless zircons in the upper part
of the unit. Four samples (Fig. 2b) from the upper
sandstones of Tianba Formation and the sideritic
sandstones were found to contain Cr-rich spinel,
indicating a significant ultramafic and/or mafic
magmatic source terrane.

4. Sample preparation and analytical methods

Cr-rich spinels dominate the heavy mineral po-
pulation from the sideritic sandstones; some of these
contain melt inclusions. To obtain the original
composition of partially crystallized melt inclusions,
high-temperature experiments on 400 spinel grains
were performed with a 1-atm, gas mixing (CO+CO,)
Deltech furnace. The sample container was a Pt-foil
basket that was suspended on a Pt-wire in the center
of the furnace with a layer 2 mm thick of mantle
olivine (~F092) powder to minimize Fe-loss from the
Cr-rich spinels by being in contact with the Pt-foil.
The oxygen fugacity was controlled at the fayalite+
magnetite+quartz (FMQ) buffer by CO+CO, gas flow
during heating. Following the studies of Roeder and
Reynolds [34], spinels were heated in two separate
experiments at 1200 °C and 1250 °C for 96 h to
approach equilibrium between spinel and melt, and to
homogenize the melt inclusions (Fig. 3a,b). Each
experiment was terminated by electrically cutting the
Pt-wire causing the sample to fall into water, with a
quenching time of <1 s. The sample was kept at the

FMQ buffer up to the instant of quenching. These
spinels were individually mounted in epoxy resin,
polished and analyzed by electron microprobe. Only
19 out of 400 (~5%) of the heated Cr-spinel grains
were found upon polishing to contain melt inclusions,
and of these only 12 contained inclusions large
enough to yield analyses with good totals.

Our homogenization method differed from some
other approaches [8,13,15-17] in two important
characteristics. First, instead of heating the minerals
and inclusions for short times (~15 min) at high
temperatures (1350-1400 °C), our experiments were
performed for 96 h at temperatures of 1200 °C and
1250 °C. Second, instead of surrounding the inclu-
sion-bearing crystals in an inert gas (e.g., He, Ar)
during heating, our crystals were held at a constant
and controlled oxidation state at the FMQ buffer. Our
experiments also involved rapid (<1 s) quenching of
the samples at the end of our experiments that yielded
chemically homogeneous glass, instead of the com-
paratively slow cooling that would have allowed
formation of minute crystallites.

The experimental conditions used during our
homogenization experiments were designed to more
closely simulate natural conditions in a magmatic
system during the entrapment and partial crystalliza-
tion of these melts. Terrestrial basaltic systems
typically occur at temperatures in the range of
1050°-1150 °C, which are closer to our experimental
temperatures than some previous studies (e.g.,
[8,13,15-17]). Since melt inclusions and their host
mineral phases chemically interact in the natural post-
entrapment environment, our experiments allowed for
some partial re-equilibration between the host spinel
and the melt inclusion, whereas other experimental
approaches (e.g., [8,13,15—17]) assume that the melt
inclusions had been chemically inert with respect to
their host-mineral in the post-entrapment environ-
ment. A similar experimental approach to that used in
the present study was employed by Gaetani and
Watson [35] in their study of melt inclusions in
olivine.

While enclosing inclusion-bearing crystals in a
volume that has been purged with commercially
available inert gas is a better environment than air
for heating, it is still more oxidizing an environment
than natural magmatic systems. For example, our
measurements of the oxygen fugacity using a yttria-
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Fig. 3. Backscattered electron images of melt inclusions (darker grey) in Cr spinels from Tianba Formation (scale bars=30 pm). (a)
Homogenized melt inclusion heated 96 h at 1250 C, analysis 11 in Table 1. (b) Homogenized melt inclusion heated 96 h at 1200 C, analysis 9 in
Table 1. (c) Melt inclusions randomly distributed in a Cr-rich spinel (not experimentally heated), analysis 5 in Table 1. (d) Numerous small melt
inclusions form a band parallel with the outline of an euhedral Cr-rich spinel.

doped zirconia sensor with commercially available Ar
flowing through the furnace tube at 1200-1300 °C is
about 1072 bar O, (i.e., highly oxidizing) due to the
presence of molecular oxygen as an impurity in the
commercial product. In contrast, the oxygen fugacities
during our experiments were at 10~ bar (at 1200
°C) and 10~ " bar (at 1250 °C), both of which are
known to be realistic values for terrestrial magmatic
systems. Since our gas-mixing experiments were able
to maintain these conditions (precisions: +2 °C;
+0.05 log-units f O,) throughout the duration of
the heating, equilibrium partitioning between the
enclosed melt and the host crystal could be
approached, which is presumably closer to the natural
conditions under which the melt inclusions were
originally incorporated in the magmatic system.
However, we do not know the actual temperatures

when these melt inclusions became trapped (i.e.,
isolated from the magmatic system). We selected
1200 °C and 1250 °C as temperatures that were (a)
more realistic than some previously published studies
that homogenized partially/completely crystallized
melt inclusions, and (b) that would likely produce
homogeneous, crystal-free melt inclusions within
practical run-times under controlled redox conditions.

All microprobe analyses were performed using a
JEOL 733 Superprobe (fully automated, five wave-
length dispersive spectrometers) in the Department of
Earth and Environmental Sciences at Rensselaer
Polytechnic Institute. Standard procedures (accelerat-
ing voltage 15 keV, a beam current 15 nA, and a beam
diameter of <5 um, using ZAF correction model) were
used to analyze the spinels with natural minerals and
glasses as standards. Melt inclusions were analyzed
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for the elements Si, Ti, Al, Ca, Fe, Mg, Mn, Na, K,
and P; five X-ray spectrometers were tuned and
calibrated for each element. Thirty-second counting
time was used. The VG-2 basaltic glass standard was
analyzed at intervals throughout the probing session to
ensure that calibration did not drift. Na,O was
analyzed first in order to minimize the possible effect
of Na loss during analyses. Backgrounds were
collected for each element on each analysis. Relative
errors were generally less than 1% of the amount
present for major elements (Si, Fe, Al, Mg, Ca), and
less than 5% of the amount present for minor elements
(Ti, Na, K, P), except for Mn (15%).

5. Cr-rich spinel

The detrital spinels in grain mounts (Fig. 1) are in
the 100- to 200-um size range. They are dark brown
to dark reddish—brown in thin section, a typical color
for Cr-rich spinel [20]. While the spinel grains are
opaque in visible light, some grains are weakly
translucent at the edges. Grain margins commonly
show conchoidal fractures, suggestive of mechanical
breakage, but some grains are subhedral to euhedral.

B. Zhu et al. / Earth and Planetary Science Letters 233 (2005) 295-309

Due to this mineral being opaque, melt inclusions
were found by meticulously grinding down into the
spinels, polishing, looking in a reflected light
microscope, and repeating the process if no melt
inclusion was found on that polished surface. This
continued until a melt inclusion was found, or the
spinel was ground away.

The microprobe results indicate that the compo-
sitions of the detrital Cr-rich spinels from Tianba
Formation contain 15-26 wt.% Al,O3, 3645 wt.%
Cr,05, 10-12 wt.% MgO, 20-30 wt.% FeO,, and
1.5-2.0 wt.% TiO,, typical for those of spinel from
Hawaiian basalts [12,36-38]. There is an inverse
relationship between Cr and Al, which may be
indicative of different degrees of partial melting in
the mantle [36]. MnO, NiO, V,0s, and ZnO are
present in low abundances (generally <0.5 wt.%).
Spinel grains showed no detectable zoning in line
scans, which may indicate that most of the parental
lava had undergone little or no magma mixing or
significant crustal assimilation [39]. The relatively
narrow range of chemical composition of these
detrital spinels appears to exclude the possibility of
a volcanic arc source because a wide variation in the
chemical compositions are observed in spinels
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Fig. 4. Major element compositions of spinels on tectonic setting discriminant plot of TiO, vs. Al,O5 (after [12]). Studies of Cr-rich spinel
compositions from different tectonic settings show that TiO, and Al,O; contents of spinel form a linear trend for those from Continental
Flood Basalts (CFB), Ocean Island Basalts (OIB), Disko Island, West Greenland (DI), and Mid-Ocean Ridge Basalts (MORB). Spinels from
Hawaii are from Delano [unpublished data], and spinels from Kerguelen are from [41]. Our data [29] plot in the middle of this trend, mainly

in the OIB field.
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derived from arc complexes and associated accre-
tionary complexes [37].

In a spinel discriminant plot (Fig. 4) the detrital
spinels from Tianba Formation consistently plot in, or
close to, the ocean island basalt (OIB) field. In
agreement with this inference, these detrital spinels
plot within the ‘intra-plate basalts’ field on a Cr/
(Cr+Al) versus TiO, discriminant diagram (not
shown) of Lee [40]. Also shown in Fig. 4 are
compositions of spinel inclusions in olivine from
Hawaii (Delano, unpublished data), and Cr-rich
spinels in Kerguelen plume-derived basalt [41]. The
fact that most Tianba spinels plot in the OIB field
(Fig. 4) suggests that the Tianba Formation detrital
spinels were derived from hotspot-related volcanic
rocks.

6. Melt inclusions

About 5% of the Cr-rich spinels were found to
contain melt inclusions (Fig. 1) in the 5- to 60-pm size
range. Some spinels contain multiple melt inclusions
(Fig. 3c,d). Most of the melt inclusions are sub-
euhedral to sub-round, and they align with the host
spinel crystallographic direction (Fig. 3d). These
features, which allow them to be identified as primary
inclusions, are common for melt inclusions trapped
during the crystallization of Cr-rich spinel [3]. Most
melt inclusions are partially crystallized, and com-
posed of pyroxene crystals, residual glass, and minor
sulfide droplets. The presence of well-crystallized
pyroxene (Fig. 1) suggests a relatively long cooling
history and post-entrapment elemental exchange
between the melt and the host spinel. The four
pyroxene crystals in this inclusion (Fig. 1) have
different abundances of the major-element oxides, as
expected from closed-system crystallization at a
cooling rate too rapid for subsolidus homogenization.
This is consistent with the interpretation that the
pyroxenes are not xenocrysts but true daughter
crystals after entrapment of the melt in the spinel. A
line scan on one unheated spinel with a melt inclusion
shows that there is a significant composition change
of the spinel over an interval of ~10 um at the melt/
spinel interface where Al,O5 increases from 18.0% to
29.2%, while Cr,0O5 decreases from 36.2% to 26.1%.
This is probably due to crystallization of Cr-rich

spinel along the inclusion walls after entrapment of
melt [17].

Representative major-element compositions of the
melt inclusions and host Cr-rich spinels are given in
Table 1 and illustrated in Fig. 5. For comparison,
unheated melt inclusions (i.e., crystal-bearing inclu-
sions) were probed using broad beam analyses (a
beam diameter of 10 um). Among the experimentally
heated inclusions, there is no correlation between the
experimental temperature and melt inclusion compo-
sitions, except for MgO. Melt produced in the 1250
°C experiments had higher MgO abundances (>8%)
than melts generated in the 1200 °C experiments
(<8%). Because the unheated inclusions have a
compositional spread in MgO comparable to both
the 1200 °C and 1250 °C heated results together and
no other elemental abundances are found to be
correlated with the experimental temperatures, we
think this apparent change in MgO composition with
temperature is unlikely to be due to the temperature
differences between the experiments. The fact that all
host spinel grains heated at 1250 °C have higher
abundances of MgO compared to most grains heated
at 1200 °C (Fig. 6) may explain the high MgO in the
“heated 1250 °C” melt inclusions. This issue requires
further studies given the small data set we are able to
report in this paper.

Compositions of melt inclusions (Table 1) are 42—
52 wt.% SiO,, 1.5-4.0 wt.% TiO,, 10.2-18.0 wt.%
Al,O5, 4.66-12.46 wt.% MgO, 9.01-16.67 wt.%
Ca0, 0.21-4.07 wt.% Na,O, 0.1-1.6 wt.% K,0, and
0.6—-1.6 CaO/Al,05. The Na,O content in five
analyses is <1%. To see if these low abundances
were caused by Na mobility under the electron beam,
some glass analyses using a lower current and a
defocused beam were performed, but similar values
were obtained in three separate probe sessions.
Therefore we consider these analyses to be accurate.
Thirteen analyses with Na,O >1.5 wt.% suggest that
the parental magmas for these samples were alkali
rich, which is also consistent with the relative enrich-
ments of incompatible elements (e.g., Ti, P, K) in the
glass analyses (Table 1); the five analyses with Na,O
<1.5 wt.% suggest that some spinels came from
tholeiitic basalts. The alkali-silica diagram [42] also
shows that these melt inclusions were mostly from
alkali basalts with a less abundant tholeiitic source

(Fig. 7).



Table 1
Microprobe analyses of melt inclusions and host spinel from the Tianba Formation

Unheat Unheat Unheat Unheat Unheat Unheat 1200 1200 1200 1200 1250 1250 1250 1250 1250 1250 1250 1250
Glass 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
SiO, 52.25 4939 52.05 46.69 47.86 41.79 46.14 4671 4591 4519 44.17 51.19 4275 46.18 4796 4551 4150 43.72
TiO, 1.85 1.54  1.50 1.79 1.79 2.88  4.02 2,12 1.78 398 319 198  1.68 1.78 1.71 1.93 1.82 3.17
Al,O4 11.03 13.85 1456 14.86 14.79 1798 1576 1538 1331 15.18 13.86 13.67 1519 1238 10.19 1500 11.54 13.67
Cr,05 0.67 0.64 122 1.03 1.01 520 1.06 140 127 1.02 087 1.10 1.22 1.60 0.91 1.40 1.31 0.83
FeO 4.01 10.67 10.39 9.35 9.71 10.59 543 9.06 1222 569 1206 9.09 1131 13.10 10.16 12.18 13.55 12.08
MnO 0.09 0.16 021 0.16 0.14 0.09 0.11 0.13 0.18 0.10 022 020 0.18 0.22 0.13 0.14 0.22 0.20
MgO 11.00 834 674 6.18 6.28 6.79  6.12 466 772 589 8.89 1246 1094 1077 10.24  10.68 9.79 8.78
CaO 14.21 1290 1091 12.00 11.74 1032 1393 1155 11.85 13.84 11.89 896 1238 1233 16.67 13.10 11.66 11.78
Na,O 0.78 0.45 0.55 2.96 2.17 1.69  3.27 324 237 4.07 233 041 222 2.34 0.21 2.72 2.26 2.11
K,0 0.82 0.50  0.29 0.93 0.84 0.60  0.76 1.64 0.66 0.73 1.14  0.14  0.60 0.67 0.09 0.56 0.70 1.17
P,0s5 0.44 031 036 0.34 0.36 035 0.51 024 026 0.52 0.62 0.04 0.20 0.24 0.23 0.20 0.34 0.69
Total 97.16 98.76  98.78 9630  96.68 9828 9722 9626 97.54 96.22 99.23 99.22 98.67 101.59 9871 10341 9470  98.20
CaO/ALL 04 1.29 093 0.75 0.81 0.79 0.57  0.88 0.75 0.89 091 086 0.66 0.82 1.00 1.64 0.87 1.01 0.86
Na,0+K,0 1.60 095 0.84 3.88 3.01 229 4.03 488 3.04 4280 347 054 282 3.01 1.28 3.28 2.96 3.28
Spinel
AlLO3 21.17 1731 17.33 1777 17.77 745 185 18.38 16.86 16.04 21.7 17.53 1685 18.17 16.84 17.68 21.2 22.37
TiO, 1.93 275 138 1.90 1.74 245 275 .71 2.06 2.72 256 1.62 1.66 1.64 1.57 1.96 1.62 2.53
MgO 11.17 12.48 12.48 9.53  10.39 9.55 12.12  10.65 10.72 9.57 12,57 13.52 1297 1248 1285 1256 12.74 13.51
MnO 0.27 024  0.28 0.29 0.21 032 0.20 032 025 027 025 021 0.20 0.26 0.24 0.27 0.29 0.29
FeO 16.62 15.69 14.09 17.72  16.95 17.95 1620 1726 16.73 19.15 1549 13.00 1338 1455 13.73 1440 14.61 1431
Fe,0; 10.99 10.30 12,57 13.09 13.96 1026  9.08 1042 1321 880 1297 11.55 12.02 11.85 1570 11.50 11.66 11.67
NiO 0.25 0.16  0.19 0.15 0.12 0.18  0.05 024 0.18 0.12 027 0.14 0.18 0.17 0.18 0.24 0.23 0.21
V,05 0.12 038 0.32 0.19 0.19 n.a. n.a. 026 0.19 na. 020 022 0.19 0.37 n.a. 0.22 0.32 n.a.
Cr,0; 36.35 41.14 4125 3626  37.38 52.53 40.68 40.86 38.98 41.93 3415 42.07 41.61 4043 39.89 4077 37.58 3541
Total 98.86  100.45 99.89 9691  98.70  100.69 99.59 100.10 99.19 98.60 100.15 99.87 99.05 99.93 101.01 99.61 100.25 100.30
Mg/(Mg+Fe2+)  0.49 0.53  0.54 0.43 0.46 0.44  0.52 047 047 043 052  0.58 0.57 0.54 0.55 0.54 0.54 0.56
Cr/(Cr+Al) 0.54 0.61  0.61 0.58 0.59 0.83  0.60 0.60 0.61 0.64 0.51  0.62 0.62 0.60 0.61 0.61 0.54 0.51

The ferric iron content for spinel was determined by assuming stoichiometry ([37]).
n.a.—Not analyzed.
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The Cr,O; abundances measured by electron
microprobe in melt inclusions (0.6—-5.2%) are signifi-
cantly higher than that in typical basalts [43]. Roeder
and Reynolds [34] demonstrated that Cr solubility in
basaltic melts increases with increasing temperature
and decreasing oxygen fugacity, and that spinels
containing 30-50 wt.% Cr,Oj3 are in equilibrium with
terrestrial basaltic melts having 0.02—0.06 wt.% Cr,O5
at the oxygen fugacity of ~FMQ. Consequently, the
measured Cr,O5 abundances of ~1 wt.% in these melt
inclusions (Table 1) are not likely to be real. In
agreement with Sigurdsson et al. [17] and Roeder and
Reynolds [34], we attribute the high Cr,O5 abundan-
ces to either secondary fluorescence and/or beam
overlap from the host Cr-rich spinel (i.e., analytical
artifact). The implications of this for estimating the
actual compositions of melts associated with their host
Cr-rich spinels are illustrated by tie-lines in Fig. 8 that
connect melt+spinel pairs and project back toward the
original melt composition [44]. If our suggestion of an

Fig. 8. Spinel-melt compositional pairs to extract original melt
composition. Tie-lines connecting spinel and melt compositions
from the 1200 °C and 1250 °C experiments are shown. Since the
melts may have dissolved some of the host spinel during the
experiments, the tie-lines project in the direction of the original melt
compositions. The dashed ellipse in each figure is the location of the
unheated inclusions (for reference). The Hawaiian Reference Suite
(in solid elliptical field) is from [45].
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analytical artifact is correct, the melt analyses in Table
1 may be treated as 0.970-0.975 fraction of the actual
melt and 0.025-0.030 fraction of host spinel. The
compositions of the actual melts would differ from the
analyses in Table 1 in the following ways: lower in
MgO by ~0.2 wt.%; higher in SiO, by ~1.0 wt.%;
higher in TiO, by <0.1 wt.%; lower in Al,O5 by ~0.2
wt.%; lower in total Fe as FeO by ~0.5 wt.%; higher
in CaO by ~0.4 wt.%; higher in Na,O by ~0.1 wt.%.

Kamenetsky et al. [12] observed a strong correla-
tion for TiO, between melt inclusions and hosted
spinel for a range of magma types and tectonic
settings (Fig. 9), indicating that their abundances in
spinels are primarily dependent on the magmatic
TiO,. Similarly, our data, which plot near the OIB

OIB/CFB

10

OIB/CFB

SR

E

o)

'_

©

€ 0.14 ¢ unheated
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Fig. 9. TiO, contents in melt inclusions and host spinels. Data of
this study shown with fields drawn from compositional averages of
Kamentsky et al. ([12]). Enlargement of the upper right portion of
the full plot is shown above.
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Fig. 10. Discriminant function plot of basalts from three tectonic
settings. The compositions of basalt (Si0,:40-55 wt.%) from Arc,
MORB, and hotspot-related basalts [43,45] were used to develop
this plot using linear discriminant function in the Splus software
package. The boundaries of the fields shown are 95% confidence
lines.

D1 = 2.02*log(Si0,/TiO,) — 2.15*%log(Al,03 /TiO, )
— 0.14*l0g(FeO/TiO,) + 0.82*log(Ca0,/TiO,)
+ 0.41*1ogMgO/TiO,) — 1.07*log(K,0/TiO,)
— 0.37*l0g(Na;0/TiOy) + 0.53*log(P,0s /TiO, )

D2 = 1.69*10g(Si0,/TiO,) — 2.88*log(Al,03/TiO,)

— 0.09*log(FeO/TiO;,) + 0.85*log(CaO/TiO)

— 0.49*logMgO/TiO,) — 1.15*l0g(K,0/TiO,)

+ 3.48*log(Na,O/TiO,) — 0.17*log(P,0s5/TiO,)
Note: Due to the constant sum problem for compositional data, we
follow the method of Aitchison [46] to use log ratios as a data
matrix in linear discriminant function analysis (Ida), which is a
classical statistical approach for classifying samples of unknown

classes, based on training samples with known classes. The 1da
function in Splus generates the formula above.

field, show a positive correlation. Our data show no
evidence for Cr-rich spinels in the Tianba Formation
having been derived from arc complexes (Fig. 9).

We have developed a discriminant plot (Fig. 10) to
separate basaltic rocks from hotspot, MORB and arc
assemblages, based on major oxide compositions of
600 basalts [43,45] from well-studied areas. Eleven of
18 analyzed melt inclusions in spinel from Tianba
Formation plot in the hotspot field for this plot, and
there are no points in the arc field. There is a
significant overlap between the observed composi-
tions of the melt inclusions and published Rajmahal
basalt compositions [47,48].
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7. Discussion
7.1. Heating time of homogenization experiment

A key question in this study is whether the re-
homogenized melt inclusions represent the composi-
tion of the parental magma. Most workers heat
crystal-bearing inclusions in Cr-rich spinel for only
10 to 30 min in an attempt to limit re-equilibration
between the melt inclusions and spinel, and/or in situ
crystallization of spinel [8,15,17].

Danyushevsky et al. [10] argued that during
homogenization experiments, the phenocrysts may
control the compositions of melt inclusions due to
their dominant size, and that the composition of a melt
is a function of the physical conditions of the
experiment and the phenocryst composition when
chemical equilibrium is established. In contrast,
during crystallization in natural magma systems, the
melt composition controls the composition of crystal-
lizing phases, i.e., the composition of a phenocryst is a
function of the physical conditions and melt compo-
sition. Therefore they suggested that the melt inclu-
sions should be kept at high temperatures (~1300 °C)
for a minimum possible time (10 min) during an
experiment. However, the history of melt inclusions
trapped in spinels before eruption and quenching is
not known. It seems likely to us that equilibration
occurred between melt inclusions and host spinel in
the parental magma before eruption. This assumption
is consistent with the presence of euhedral crystals
(Fig. 3) in the line scans of Cr-rich spinel grains.
Therefore our experiments were conducted at temper-
ature, time, fO, conditions that more closely
resemble natural magmatic environments.

Crystallization of spinel from the melt inclusion at
the crystal-liquid interface is a common post-entrap-
ment process that may affect the observed composi-
tions of melt inclusions [15—17]. Consistent with this
view of post-entrapment crystallization, microprobe
line scans near the spinel/melt inclusion boundary of
an unheated grain showed compositional zoning of
the spinel. Since no compositional zoning near the
crystal-liquid interface of experimentally heated
spinels was observed, the glasses generated during
those experiments may be approaching those of the
original melts. However, as shown by Gaetani and
Watson [44] in their experimental investigation of

melt inclusions in olivines, diffusive element
exchange can also occur between the magmatic
system and the trapped melt inclusion. A similar
investigation for melts trapped in Cr-rich spinels
would allow better estimates of original melt compo-
sitions to be made than our current understanding
permits.

7.2. Source of the volcanic clastics for Tianba
Formation

The presence of detrital Cr-rich spinels in sedi-
mentary rocks of a basin within and/or adjacent to an
orogenic belt is generally interpreted as an indicator of
derivation from peridotites/ophiolite sequences [18—
20]. Hence, the presence of significant mafic volcanic
clasts and detrital Cr-rich spinels in the Tianba
Formation might be assumed to be of ophiolite
derivation during a Cretaceous ophiolite obduction
event on the northern Indian continental margin.
However, in this scenario, it would be expected that
a wide variation in the chemical compositions of
spinel from arc complexes would be found, because
Cr-spinel from obducted ophiolite and associated
subduction/accretionary materials of arc complexes
have diverse origins. In contrast, the detrital spinels in
the Tianba Formation have a limited range of
chemical compositions, have TiO, content ~2%, and
consistently plot in the discriminant fields of ocean
island (hotspot) basalts (Fig. 4). Since the TiO,
contents in arc spinels are generally <1%, no
significant contribution of spinels from an arc-trench
system to the Tianba Formation has been detected.

Clastic wedges correlative to the Tianba Formation
were deposited elsewhere in the region: from the
Spiti-Zanskar area, where the Giumal sandstones
overlie the well-known Spiti Shale [49], to the Malla
Johar and Thakkhola regions, where two >400-m-
thick lithic wacke sections accumulated during a large
part of the Early-mid-Cretaceous [50-53]. There are
well-developed Hauterivian to Aptian sandstones in
the basins of the East India coast, pointing to
rejuvenation of the craton by lithospheric doming
[49,54]. A large flood-basalt event (Fig. 11) linked to
the activity of the Kerguelen mantle plume took place
at ~117 Ma [55,56], as recorded in the Rajmahal—
Sylhet-Bengal Trap Province of northeast India [57].
We suggest that this provided the volcanic clastic
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Fig. 11. Paleogeography of the Tethys and surrounding continents at
117 Ma, showing the position of the Rajmahal volcanics, and the
depositional sites of the mid-Cretaceous clastic sections now
exposed in Zanskar and Tianba. A northward-directed subduction
zone was probably located near or at the Eurasian margin. Base map
from the Paleogeographic Atlas Project, University of Chicago,
courtesy of David Rowley.

component to mid-Cretaceous turbiditic sandstones
along the north Indian passive margin, which are now
locally preserved in the Tethyan Himalayan sedimen-
tary sections. The volcanic pile produced by the hot
spot is likely to have been large, judging by the
prominent trace it subsequently left of the 90E ridge,
and erosion of the volcanics could have provided
significant amounts of volcanic detritus, including Cr-
rich spinels, for an extended time after the geo-
logically short-lived major eruptive event.

8. Conclusion

Based both on the chemical compositions of the Cr-
rich spinels and the estimated compositions of the melt
inclusions in the ~5% of the spinels that contain them,
the detrital Cr-rich spinels in turbiditic sandstones of
the upper part of mid-Cretaceous Tianba Formation in
the northern Nieru Valley, southern Tibet, were derived
from mafic volcanic rocks produced in a hotspot
setting. When combined with a palaeo-tectonic recon-
struction for the mid-Cretaceous, these geochemical

data suggest that the Rajmahal volcanics, which were
associated spatially and temporally with Kerguelen
hotspot activity on India ~117 Ma ago, were the
probable source for these detrital Cr-rich spinels in the
Tianba Formation. Neither ophiolites nor volcanic arcs
were geochemically detectable as sources of detrital
components in the Tianba Formation.
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