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ABSTRACT

The chemical compositions of growth zones of magmatic zircon provide
powerful insight into evolving magma compositions due to their ability to record
both time and the local chemical environment. In situ U-Pb and Hf isotope
analyses of zircon rims from Tertiary leucogranites of the Bhutan Himalaya
reveal, for the first time, an evolution in melt composition between 32-12 Ma.
The data indicate a broadly stable melt source from 32 Ma to 17 Ma, and the
progressive addition of an older source component to the melt from at least ~17
Ma, and possibly from as early as 21 Ma. Age-corrected eHf ratios decrease from
between -10 to -15 down to values as low as -23 by 12 Ma. Complementary
whole-rock Nd isotope data corroborate the Hf data, with a progressive decrease
in eNd(t) from ~18 to 12 Ma. Published zircon and whole-rock Nd data from
different lithotectonic units in the Himalaya suggest a chemical distinction
between the younger Greater Himalayan Series (GHS) and the older Lesser
Himalaya Series (LHS). The time-dependent isotopic evolution shown in the
leucogranites demonstrates a progressive increase in melt contribution from
older lithologies, indicative of increasing LHS involvement in Himalayan melting
over time. The time-resolved data therefore are consistent with a model
wherein LHS material was incorporated into the base of the hanging wall of the
Main Central thrust from ~17 Ma. Exhumation of this hanging wall material
along the thrust triggered decompression melting under fluid-absent conditions

during the later stages of orogenesis.
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INTRODUCTION

Crustal melting is a fundamental process both for chemical differentiation
and for facilitating ductile deformation of the Earth’s continental crust. In the
Himalaya, Late Oligocene-Miocene leucogranites provide a well-documented
example of crustal melting induced by continental collision. Oxygen and hafnium
isotope data from Himalayan leucogranite zircon rims demonstrate that these
granites are examples of pure crustal melting with no detectable mantle input
(Hopkinson et al., 2017). The timeframe across which melting has occurred along
the Himalaya orogen ranges from at least 25 Ma to 9 Ma (Guo and Wilson, 2012),
although granites as old as 39 Ma has been identified in the western Himalaya
(Prince et al., 2001). Despite this extensive period of regional anatexis, no time-
dependant change in the magmatic source has been recognised thus far. The
evolving thermal regime during collisional orogenesis should lead to migration
of melt source regions, and involvement of sources from different crustal levels.
In the case of the Himalayan leucogranites it is possible that the apparent
absence of time-dependent trends results from the lack of chronological
resolution using traditional whole-rock isotopic data. The importance of
recognising the temporal evolution of melt zones lies in better constraining
models of thermal and structural evolution of the continental crust during
orogenesis. Here we evaluate the Hf isotope composition of zircon sampled from
leucogranites in Bhutan (Eastern Himalaya), along with new whole-rock Nd
isotope data. The temporal changes observed in isotopic composition provides,
for the first time, direct evidence for a time-dependant change in the mid-crustal

material undergoing melting during Himalayan crustal thickening.
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REGIONAL SETTING

We have analysed the isotopic composition of zircon from peraluminous
Oligocene to Miocene leucogranites exposed in the eastern Himalayan orogen in
Bhutan (Fig.1). The granites represent a range of mineralogical types, including
seven two-mica (1G03, 3A03, 4D01, 1247, 1251, CWB16 and CWB23), two
tourmaline-bearing (1G02, 1215), two garnet-bearing (1D01, 3A02) and one
pegmatitic two-mica (1G01) leucogranite. Across the orogen, such granites
intrude upper amphibolite-facies metasediments of primarily Neoproterozoic
source age, the Greater Himalayan Sequence (GHS; Ahmad et al.,, 2000; Gehrels et
al, 2011). In Bhutan, the leucogranites are emplaced in the uppermost
lithologies of the GHS, close to or crossing the tectonic boundary with the
Tethyan sediments (Greenwood et al,, 2016) as is evident from Fig. 1.
Structurally below the GHS, and underthrust along the Main Central thrust
(MCT), is the Lesser Himalayan Sequence (LHS), a primarily Paleoproterozoic-
sourced stack of metasediments (Ahmad et al., 2000; Gehrels et al., 2011). Both
the GHS and LHS comprise a mix of pelitic, orthogneiss, carbonate and quartzite
compositions. The pelitic assemblages are significantly the most melt-fertile, and
therefore provide appropriate source materials for anatectic melts at
temperatures below ~7602C (at pressures equivalent to melting in the mid to

lower crust; Patifio Douce and Johnston, 1991).
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90  Figure 1. Geological map of western and central Bhutan, adapted from Greenwood et
91 al (2016), showing sample localities. STD = South Tibetan Detachment, MCT =
92 Main Central Thrust, MBT = Main Boundary Thrust, MF'T = Main Frontal Thrust.
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Whole-rock isotope geochemical data from equivalent High Himalayan
leucogranites exposed across the Himalayan orogen suggest that they formed
largely by partial melting of the pelitic lithologies of the GHS into which the
granites intrude (Le Fort et al., 1987; Harris and Massey, 1994; Hopkinson et al,,
2017). However, a whole-rock Sr-Nd isotope study has suggested that a small
contribution from LHS-derived fluids has also contributed to some leucogranite
melts (Guo and Wilson, 2012). Critically, there is no observed temporal control
on the proposed inputs from the LHS. Our new zircon rim U-Pb and age-
corrected eHf isotope analyses coupled with whole-rock Nd isotope data show
that, at least in Bhutan, there is progressive increase in melt contribution from

the LHS after ~17 Ma.

METHODS

Zircon U-Pb and Lu-Hf isotope methods and data were previously reported
in Hopkinson et al. (2017). Whole-rock Sm-Nd isotope analyses were obtained at
the Open University (UK) by thermal ionization mass spectrometry. Further
methodological details and the full dataset is provided in the supplementary

information.

RESULTS

Zircon from all twelve samples provided rims of Tertiary age ranging from
34 to 11 Ma (Fig. 2, Table DR1), and the majority have inherited cores of Early
Paleozoic or Proterozoic age. The complete dataset is presented in Hopkinson et
al. (2017). Zircon from individual samples record growth over protracted

periods, with spans in individual zircon ages ranging from 0.9 to 15.5 Ma (Fig. 2).
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This spread of ages from individual hand-samples is typical of Himalayan and
other S-type granites (Lederer et al., 2013), and the apparent longevity of melt
formation has been ascribed to protracted timescales of zircon crystallisation
and long magma residence times (Farina et al.,, 2018) and more specifically in the

Himalaya to episodic pulse melting of 1-2 Ma duration (Lederer et al., 2013).
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Figure 2. Zircon rim U-Pb age versus eHfr. Data from Hopkinson et al. (2017) and
Table DRI. Error bars are 20. Inset shows U-Pb age versus eNd ). Data from Table

DR2.

Hafnium isotopic compositions are plotted against their corresponding
zircon age in Fig. 2. Age corrected isotope ratios (eHf(r)) range from -8.4 to -29.8.
Some granite samples preserve large differences in the Hf isotopic composition

of the zircon rims (e.g. samples 1G03 and 1247). This is likely a result of the lack
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of homogenisation in the evolving magma, a characteristic that has been
documented in whole-rock studies of Himalayan leucogranites (Deniel et al.,
1987) and may be attributed to high melt viscosities of low-temperature, H20-
undersaturated siliceous magmas (Harris et al., 2000). Variability in Hf isotope
compositions at the hand-sample scale can also be linked to disequilibrium
melting and different mineral phases hosting different reservoirs of radiogenic
Hf (Farina et al,, 2014; Tang et al., 2014).

Our data show a distinct secular change in eHf(t) values, with increasingly
lower values in younger samples. Specifically, the zircon compositions show a
change in source, or in the balance between contributing sources, that is initiated
between 21 and 17 Ma. We note that the marked change occurs after 17 Ma, but
outlying data (sample 1247) suggest hints of earlier change at 21 Ma. After 17
Ma, the population of all but one sample (1215) decreases to eHft) <-16. In
terms of two-stage model ages for these zircons, zircon rims older than 17 Ma
have model ages of 1520 to 2000 Ma, whereas those after 17 Ma range from
2000 to 2620 Ma.

Whole-rock eNdr) ratios range from -7.4 to -20.9 (Fig. 2 inset). There is a
general decreasing trend through time across eleven of the twelve samples. This
trend broadly correlates with the in-situ zircon eHf data, except for sample
CWB23 that has a low €Nd ratio. Assuming that the whole-rock data comprises a
complete dissolution of all minerals, and because the eHf data fitthe broad array
exhibited by all samples, this sample points to a sample-specific disequilibrium

behaviour in the Sm-Nd system.

DISCUSSION
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An Evolving Magma Source

Previous studies implicate the GHS as the dominant source for Himalayan
leucogranite melts (Harris and Massey, 1994; Guo and Wilson, 2017; Hopkinson
et al.,, 2017). To address the possible cause of the evolving isotopic signature of
the Bhutanese leucogranites in terms of source rocks, we compare our new
zircon-derived data with existing whole-rock Nd and Hf isotope data from the
Himalayan metasedimentary formations. Previous studies have described a clear
distinction between GHS and LHS units in terms of their isotopic signature, for
example, whole-rock Nd data taken from across the MCT in Sikkim (Mottram et
al,, 2014), indicates eNd values of -12.1 to -18.3 in the GHS (hanging wall), and -
23.4 to -27.7 in the LHS (footwall). These overlap directly with the ranges
obtained from metasedimentary formations in Bhutan of eNd -12.1 to -17.6 for
the GHS and -25.9 to -32.3 for the LHS (Richards et al., 2006). Whole-rock Nd
isotope data for the samples in this study (Fig. 2, inset) have values of eNdr)
ranging from -7.4 to -20.9, thus, the entire data array can broadly be generated
from GHS source rocks, but the lower values are compatible with an increasing
LHS component. The recognition of multiple sources for long-duration anatectic
melts is well established in previous zircon studies (Farina et al., 2018).

A plot of our in-situ zircon Hf isotope data vs. age is shown in Fig. 3 against
data compiled from across the GHS and LHS (Spencer et al., 2018). The compiled
data show that the GHS yields a broad range in €Hf(17) values, from -8 to -30, with
a dominant population between -8 to -18. The LHS mainly falls between gHf(17) -
21 and -35. A boundary between GHS and LHS could be inferred around €Hf(17 -

22. As with the Nd isotope data, the leucogranite data can be generated by



182  derivation from a GHS source, but also indicate an increasing LHS (or at least

183  older) source through time.
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186  Figure 3. Zircon rim U-Pb-Hf data from Figure 2 shown with Kernel Density

187  Estimates of GHS and LHS detrital zircon data, recalculated at 17 Ma, based on the
188  compilation of Spencer et al. (2018).
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In addition, the dataset of Hopkinson et al. (2017) shows that samples with
1800-1900 Ma zircon cores are only found in samples with younger zircon rims
(Table DR2; Fig. DR2). This Paleoproterozoic orogenic event uniquely affected
the LHS (Ahmad et al., 2000; Kohn et al., 2010), given that the GHS was not
deposited until the Neoproterozoic (Richards et al., 2006; Spencer et al., 2012).
Taken together, the isotopic evidence from zircon rims and whole-rock data, and
the age of zircon cores, strongly suggest that an increasing component of older
and more radiogenic material was being melted during the period of anatexis
from 17 Ma and possibly from as early as 21 Ma.

Given that the available melt-fertile (i.e. pelitic) source material is restricted to
two Himalayan formations (LHS and GHS) and that the GHS into which the granites
are emplaced is underthrust by the LHS (Heim and Gansser, 1939), then the results
from this study provide clear evidence for a GHS-sourced melt zone in the Oligocene,
and subsequent tectonic or thermal evolution to allow some melting of the LHS
during the early Miocene (since 17 Ma, and possibly 21 Ma). Direct evidence of
melting in the LHS is yet to be recognised from exposed lithologies in the MCT zone,
but kyanite-grade LHS schists have been identified that have reached temperatures of

~640°C, sufficient for melting to occur in fertile lithologies (Caddick et al., 2007).

Tectonic Implications

The key finding of this study is that increasing components of older material
are incorporated into the anatectic melt from at least 17 Ma. Whilst the data
presented here do not define a unique tectonic model for the evolution of the
Himalaya, they do require that the pelitic sediments of the LHS are subjected to

melting from the early Miocene during a period of rapid exhumation. For

11
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exhumation to cause melting, the melt reaction must be characterised by a
positive gradient of the granite solidus, which in turn requires fluid-absent
melting (Harris and Massey, 1994). The Himalayan leucogranites provide a
classic example of fluid-absent muscovite melting, as indicated by their trace-
element geochemistry (Inger and Harris, 1993); more recently, some examples
of fluid-present melting have also been documented in the Himalaya (Gao et al.,
2017; Huang et al., 2017). The trace-element characteristics of the granites in
this study are indicative of fluid-absent melting (Fig. 4). There is no perceptible
systematic difference in either element chemistry (Table DR3) or mineralogy
between granites with older or younger source regions; each group includes
both peraluminous two-mica and tourmaline-bearing assemblages. These
observations, coupled with empirical thermobarometric evidence for
exhumation of the GHS in the eastern Himalaya at the time of melt formation
(~16 Ma) at arate of 2+1 mm yr! (Harris et al,, 2004), suggest that melting in

Bhutan was induced by decompression during exhumation.
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Figure 4. Leucogranite Rb/Sr versus Ba plot. Samples are split by their weighted
mean eHfr) values. Modelled trends are shown for fluid-absent and fluid-present

melting (Inger and Harris, 1993).

A recent geochemical study of the ~5 km thick MCT zone in Sikkim argued
for progressive tectonic accretion of Lesser Himalayan material from the
footwall to the hanging wall of the MCT as it progressively cut structurally
downwards from ~17 Ma (Mottram et al,, 2015; their Fig. 12), a scenario based
on the kinematic model of Bollinger et al. (2006). Metamorphism in the MCT
zone developed as heat advected downward from the overriding GHS
material. Following such accretion, exhumation along the hanging wall of the
thrust could have led to decompression melting of both GHS and accreted LHS
material. The introduction of LHS-sourced material into the melt zone may
therefore mark the initiation of accretion of the LHS into the hanging wall of the
thrust. It is probable that, irrespective of the precise cause of a changing melt
source around the MCT, melting will have enabled continued movement along
this key Himalayan structure through reducing the mechanical strength of

anatectic rocks around the thrust zone.

CONCLUSIONS

In-situ LA-ICP-MS analyses of zircon rims from Himalayan leucogranites
provide the first evidence for secular compositional change of melts generated
by protracted anatexis during the late Oligocene to mid Miocene. Increasing

components from older source regions from 21-17 Ma to 12 Ma requires
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increased melting of LHS material during this period. Rapid exhumation of the
hanging wall of the MCT is well documented through the Miocene, and the
granites from the eastern Himalaya provide trace-element characteristics
indicative of fluid-absent melting. A tectonic model that is consistent with all
observations is one in which older LHS material was accreted to the hanging wall
of the MCT, and thus the base of the GHS, during the progressive evolution of the

structure.
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