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a b s t r a c t
Two distinctive modes of post-collisional magmatism are evident along a transect through the eastern
Himalaya at ca. 92°E. The ﬁrst comprises Eocene igneous complexes emplaced into the central Tethyan
Himalaya Series (THS) (Dala granitoids, 44.1 ± 1.2 Ma) and the core of the Yala-Xiangbo dome (YalaXiangbo granitoids, 42 ± 5 Ma). Trace element characteristics and Rb–Sr and Sm–Nd isotopes indicate
that the Dala granitoids formed from sub-equal mixtures of Gangdese-type magmas and rocks of the
Greater Himalayan Crystallines and/or THS. The Yala-Xiangbo granitoids are geochemically complex
but interpreted to be evolved equivalents of the Dala granitoid suite. The undeformed Dala plutons constrain the timing of deformation of THS metasediments to be >44 Ma and their compositions indicates
that components of the Indian foreland sequences had been accreted to the hanging wall of the main
Himalayan decollement by that time. The second magmatic mode comprises Miocene intrusions (Arunachal- and Tsona-types) similar in most respects to the High Himalayan Leucogranites documented
throughout the range. Although ﬂuid-absent melting of metapelites appears to be the dominant origin
of Miocene Himalaya leucogranites, thermometry and trace element data for the Arunachal-type intrusions suggest that they formed under ﬂuid-present conditions. Sr and Nd-isotopes indicate that Lesser
Himalayan metasediments were involved during the partial melting that produced the Arunachal-type
leucogranites.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
The Himalayan orogen is broadly characterized by two belts of
Miocene granitoids oriented sub-parallel to the trace of the main
Himalayan arc: the High Himalayan Leucogranites (HHLs) and
the North Himalayan Granites (NHG) (e.g. LeFort, 1996) (Fig. 1).
Studies of Himalayan magmatism have generally focused on Miocene HHL in the central Himalayan arc (e.g. LeFort et al., 1987; England et al., 1992; Harris and Massey, 1994; Davidson et al., 1997;
Harrison et al., 1997, 1998a,b). The NHG show a wider range of
dominantly Miocene ages (Chen et al., 1990; Harrison et al.,
1997; Lee et al., 2000, 2004; Zhang et al., 2004a,b; Quigley et al.,
2006, 2008; King et al., 2011) but include rare, Eocene granitoid
plutons (Ding et al., 2005; Aikman et al., 2008; Aikman and Harrison, 2011; Pullen et al., 2011; Zeng et al., 2011).
At least ﬁve suites of Tertiary granitoids crop out along a N–S
transect through the eastern Himalaya and southern Tibet at ca.
92°E (Fig. 2). From north to south, the Gangdese Batholith (GB) is
an Andean Cretaceous-Tertiary volcanoplutonic complex north of
the Indus-Tsangpo Suture (ITS) (Debon et al., 1986; Harrison
et al., 2000); the Yala-Xiangbo granitoids and associated pelites
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are part of a 42 ± 5 Ma igneous-metamorphic complex (Aikman
and Harrison, 2011); the Dala granitoids are undeformed
44.1 ± 1.2 Ma plutons emplaced into deformed sub-greenschist facies metasediments of the Tethyan Himalaya (Aikman et al., 2008;
Zeng et al., 2011), 50 km south of the Yala complex; the Tsona
leucogranites are sill- and dyke-like bodies adjacent to the normal-slip South Tibetan Detachment (STD); and the Arunachal leucogranites are sill-like bodies emplaced into the Arunachal
crystallines, between the Main Central Thrust (MCT) and STD (Aikman, 2007).
The emplacement style and structural position of the Tsona leucogranites and Arunachal leucogranites is similar to most HHL (see
review in Yin and Harrison, 2000). The Yala-Xiangbo granitoids are
structurally more similar to the North Himalayan Granites (NHGs)
(Aikman et al., 2012, Fig. 1), although they contain notably older
ages than typical for the NHG (Chen et al., 1990; Lee et al., 2000,
2004; Zhang et al., 2004a,b; Quigley et al., 2006, 2008; King
et al., 2011) that are not well-explained by Himalayan tectonomagmatic models (e.g., LeFort et al., 1987; Pinet and Jaupart,
1987; England et al., 1992; Inger and Harris, 1993; Harris and Massey, 1994; Davidson et al., 1997; Harrison et al., 1997, 1998a,b;
Beaumont et al., 2001, 2004).
The distribution and timing of Himalayan granitic magmatism
reﬂects the thermal budget and locus of tectonic activity within
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Fig. 1. Regional geological map of the Himalaya (after Yin, 2006). MBT – Main Boundary Thrust; MCT – Main Central Thrust; STD – South Tibetan Detachment; GCT – Great
Counter Thrust; red box shows location of Fig. 2. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

the orogen (e.g. LeFort et al., 1987; Yin and Harrison, 2000), while
knowledge of granitoid geochemistry can help identify the distribution of protolith materials (e.g., Deniel et al., 1987; Inger and
Harris, 1993). Thus in this paper we document major and trace element and Sr–Nd isotopic data on a well-dated (Aikman and Harrison, 2011) sample suite collected along a N–S traverse at ca. 92°E.
Our results suggest magmatism is due to a broader range of processes than typically thought for the Himalaya and challenge existing evolutionary models (e.g., LeFort, 1975; Harrison et al.,
1998a,b; Beaumont et al., 2004).
2. Analytical methods
2.1. Sample selection
This study utilized the samples documented in Aikman and
Harrison (2011) as well as 15 maﬁc rock samples from exposures
along the ITS and throughout the Tethyan Himalaya, chosen to test
for a genetic relationship with Himalayan granitoids. Table 1 summarizes the U–Pb ages of the granitoid and pelitic rocks (Aikman
and Harrison, 2011); no zircons were recovered from the maﬁc
units. Large, fresh samples were crushed in a mechanical jaw
crusher and processed to powder in a tungsten carbide mill, taking
considerable care to avoid contamination.
2.2. Bulk rock geochemistry
Major elements were analyzed in lithium borate discs by X-ray
ﬂuorescence (XRF) using a Phillips PW2400 spectrometer. Trace
elements were analyzed on glass discs using an Agilent 7500S
quadrupole inductively-coupled plasma mass spectrometer (ICP–
MS) coupled to a 193 nm ArF excimer laser with an 80 lm spot.
For LA–ICP–MS analyses, each unknown was measured three or
four times and a weighted average of the results taken. Data reduction and limit-of-detection calculations are described in Longerich
et al. (1996). Analytical precision and accuracy of LA–ICP–MS measurements were monitored through multiple ablations of BCR-2G

and results reproduced the published values (Norman et al.,
1998) to within 10% percent in virtually all cases, and typically
to within 5%.
2.3. Rb–Sr and Sm–Nd isotopic analysis
Rb–Sr and Sm–Nd isotopic measurements were undertaken
using the methods of Gingele and De Deckker (2005) with the
exception that samples were digested in Teﬂon bombs after spiking for isotope dilution. We calculated the Rb concentrations for
the Yala-Xiangbo granitoids and Dala granitoids sample suites
from trace element analyses using a method (Aikman, 2007) tested
on data from the Arunachal leucogranites and Tsona leucogranites
suites, for which isotope dilution 87Rb/86Sr ratios were obtained
(the methods reproduced within uncertainty).
3. Results
Bulk-rock geochemical data for 41 samples, and Rb–Sr and Sm–
Nd isotopic data from 28 samples, are given in six tables in the
Supplementary Online Material (SOM). As a reference, we compare
our results to published data from the Gangdese Batholith granitoids, particularly those close to the Tibetan town of Zedong north
of our study area (Debon et al., 1986; Harrison et al., 2000), which
are probably representative of concomitant arc magmatism along
the southern margin of Eurasia.
3.1. Major elements
The granitoid samples have a relatively restricted range of SiO2
(70–75%). The Dala granitoids (SOM Table 2) form a tight cluster
within the granodiorite ﬁeld (Streckeisen and Le Maitre, 1979),
although one more maﬁc outlier plots within the quartz-monzodiorite ﬁeld (Aikman, 2007). The Arunachal leucogranites, Tsona
leucogranites and Yala-Xiangbo granitoids (SOM Tables 1 and 3)
are more compositionally heterogeneous, scattering among the
granodiorite, monzo-granite and quartz-monzonite ﬁelds (Aikman,
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Fig. 2. Schematic geological map of the eastern Himalaya showing the principal tectonic features and sample locations. Map compiled from Yin et al., 1994; Harrison et al.,
2000; Pan et al., 2004; Yin, 2006; Aikman, 2007; Aikman et al., 2008.
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Table 1
Details of sample suites analyzed for bulk geochemical and isotopic composition. Age data derived from zircon U–Pb geochronology (Aikman et al., 2008, 2012), sample locations
as shown in Fig. 2. The ages of the Tethyan maﬁc bodies are unknown as U–Pb dating proved unsuccessful (no zircons were found). Analyses conducted: major element XRF (M),
trace element LA-ICPMS (T), TIMS Rb–Sr & Sm–Nd isotopes (I).
Sample

Lithology

Analysis

Age/notes

Arunachal leucogranites
602,008
602,009
602,010

Leucogranite

MTI

Crystallization at 20.2 ± 2.0 Ma

Tsona leucogranites
2004T263
2004T264
2004T265

Leucogranite

MTI

Crystallization at 18.8 ± 1.2 Ma

MTI

Recrystallized ca. 20 Ma; inferred Eocene cryst.
Crystallization 42.3 ± 4.9 Ma
Recrystallized ca. 20 Ma; inferred Eocene cryst.
Crystallization 42.3 ± 4.9 Ma

MTI

Emplacement and crystallization at 44.1 ± 1.2 Ma

MTI

Dominantly proterozoic detrital ages
Protolith ca. 824 Ma
Protolith ca. 824 Ma

Yala-Xiangbo leucogranites
310,019
310,021
310,037
310,038
Data granitoids
405,008
405,011
405,013
410,007
410,008
410,009
410,010
410,012
Arunachal crystallines
602,005
602,011
602,012
Yala-Xiangbo pelites
310,008
310,013
310,015
310,029
310,034
310,039
Tethyan maﬁcs
410,004
410,019
410,024
410,026
410,027
410,028
410,033
410,036
410,037
410,041
405,005
410,005
410,084
410,086
310,014

Leucogranite

Granodiorite
Granodiorite
Granodiorite
Monzodiorite
Granodiorite
Granodiorite
Granodiorite
Granodiorite
Pelite
Metagranite
Orthogneiss

Pelite

Maﬁc

Inferred triassic depositional age
Inferred triassic depositional age
Triassic and older detrital ages
Triassic and older detrital ages
Dominantly ordovician detrital ages
Ordovician and older detrital ages

MTI

MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MTI

2007). The two granitic Arunachal crystallines samples (0602011
and 0602012) plot close to the Tsona leucogranites in the monzo-granite ﬁeld (Zhimithang gneiss) and are distinct from all other
sample suites in the alkali-feldspar granite ﬁeld. The granitoid
samples plot predominantly along the high-K calc-alkaline series
trend (SOM Fig. 1a), with all but the Yala and Tsona granitoids in
the magnesian ﬁeld of an Fe diagram (Frost et al., 2001; SOM
Fig. 1b). All the suites show relatively high alkali contents (SOM
Fig. 3a) with Na/K close to unity (SOM Tables 1–4). None of the four
suites shows signiﬁcant correlation between major elements and
silica content (Aikman, 2007).
Most of the granitoid samples analyzed in this study are peraluminous, whereas the Gangdese granitoids are almost exclusively
metaluminous (Fig. 3). The Dala granitoids, Arunachal leucogranites, Tsona leucogranites, Yala-Xiangbo granitoids, and Gangdese
granitoids plot collectively along a calc-alkaline trend in an AFM
diagram (SOM Fig. 3). All but one of the Dala granitoids samples

Unknown age

is consistent with minimum melt compositions at high water
activities and a range of pressures (Fig. 4). The Arunachal and Tsona leucogranites and Yala-Xiangbo granitoids do not cluster
around minimum melt compositions (Fig. 4), reﬂecting greater variability in major phase abundance.

3.2. Rare earth elements
Rare earth element (REE) patterns, normalized to average C1
chondrites (McDonough and Sun, 1995), are generally consistent
within groups. The Gangdese granitoids (Zedong) are consistently
LREE enriched (LaN = 150–250) and show negatively sloping trends
((La/Yb)N = 19–45, (La/Sm)N = 4.4–8.3) with no discernible Eu
anomaly; HREE are typically ﬂat or slightly decreasing
(YbN = 5.3–8.7, (Gd/Yb)N = 1.9–3.3) (Fig. 5a). The Dala granitoid
REE patterns are almost indistinguishable; the only notable
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Fig. 3. Alumina Saturation Index diagram for the major-element composition of the
Gangdese Batholith granitiods (GB; Debon et al., 1986; Harrison et al., 2000), YalaXiangbo granitoids, Dala granitoids (DGs) and Tethyan maﬁc bodies (TM).

Fig. 4. Ternary phase diagram in the system Quartz–Albite–Orthoclase ± H2O ± Anorthite showing major element compositions of Gangdese Batholith granitiods (GB; Debon et al., 1986; Harrison et al., 2000), Yala-Xiangbo
granitoids, Dala granitoids (DGs) and Tethyan maﬁc bodies (TM).

difference being their slightly lower HREE enrichment (YbN = 2.9–4.9)
(Fig. 5a).
The Arunachal and Tsona leucogranites (Fig. 5b) show more variable REE patterns with uniformly decreasing trends (Arunachal
leucogranites (La/Yb)N = 16.7–24.9, Tsona leucogranites (La/
Yb)N = 6.6–22.2) and negative Eu anomalies, but are generally similar to the HHL (e.g., Inger and Harris, 1993; Zhang et al., 2004a).
The Yala-Xiangbo granitoids (Fig. 5c) are depleted in LREE with respect to other granitoid samples (LaN = 10.3–35.9) and show two
trends: the ﬁrst similar to Tsona leucogranites, with large Eu
anomalies, and the second is comparatively enriched in HREE
(YbN = 6.7–31.8).
The maﬁc samples (Fig. 5d; SOM Tables 4 and 5) exhibit a range
of REE patterns varying from horizontal to slightly positive or
slight negative slopes ((La/Yb)N = 0.3–6.3). Excluding a single
anomalous trend, which is derived from an altered ultramaﬁc
cumulate that plots below chondrite, they show depleted LREE
(LaN = 1–125) and enriched HREE (YbN = 5–45) with respect to
the Gangdese Batholith.
3.3. Trace elements
Granitoids from all sample suites show trace element patterns
characterized by incompatible element (LILE) enrichment relative
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to High Field Strength (HFSE) and REE elements (Fig. 6 normalized
to primitive mantle concentrations of McDonough and Sun, 1995;
see SOM Tables 1–5). All samples show limited Nb-Ta fractionation
almost certainly reﬂecting Ta contamination during sample preparation using a tungsten carbide mill. The Gangdese granitoids (Harrison et al., 2000) are characterized by tightly bunching trends
showing LILE and LREE enrichment, positive Pb anomalies and negative Ba, Nb, Ta, P, Sm and Ti anomalies; Th/U ratios range from 0.9
to 2.2 (ThN = 170–450, UN = 150–450). Samples of the Dala granitoids (Fig. 6a) show trace element patterns that are almost indistinguishable from those of the Gangdese granitoids. Pb is slightly
higher and the Ba and Sr are slightly lower than the Gangdese
granitoids. Trace element patterns from the maﬁc samples are
highly variable (Fig. 6d). They do not show the characteristic LILE
enrichment that is present in the Gangdese granitoids and are unlikely to be related. Metamorphosed samples of that suite are not
distinguishable from their igneous counterparts in terms of trace
element composition.
The Arunachal and Tsona leucogranites and Yala-Xiangbo granitoids (Fig. 6b and c) display signiﬁcantly more inter-sample heterogeneity than either the Dala or Gangdese granitoids, with similar
trace element patterns distinguishable by relatively stronger
depletion in Ba, Sr, Zr, Ti and LREE, and a more pronounced positive
spike in Pb with respect to the Dala and Gangdese granitoid trends.
The trace element patterns are very similar to those of other HHL
and NHG (Inger and Harris, 1993; Zhang et al., 2004a).
Crystalline samples from the Arunachal Himalaya (numbered in
Fig. 6b) show typical upper crustal trace element patterns. Gneiss
sample 0602005 has a high SiO2 content, is depleted in K and enriched in Zr and Hf, consistent with a detrital sediment rich in
quartz and zircon. Sample 0602011 shows distinctive strongly negative Sr and P anomalies. Sample 0602012 shows smaller Ba and Pb
excursions and ﬂatter HREE patterns. Overall, these samples are
characteristic of the GHC (Inger and Harris, 1993). The Yala-Xiangbo pelites (YPs) trace element patterns (Fig. 6c) are similar to those
of other North Himalayan Crystallines (NHCs gneiss and schist,
Fig. 6h) and the GHC (Fig. 6g). The comparison between the trace
element patterns of the leucogranite and crystalline samples provides some evidence for the trace element redistribution during
partial melting. The leucogranites are enriched in Pb, Rb and K,
and depleted in Sr and Ba, with respect to the crystalline samples.
Generally, LREE, Zr, and Ti are depleted in the leucogranites.

3.4. Rb–Sr and Sm–Nd isotopic analysis
Rb–Sr and Sm–Nd isotopic analyses (Fig. 7; SOM Table 6) reveal
a smaller range of initial 143Nd/144Nd (0.51178–0.51293) relative
to 87Sr/86Sr (0.70803–0.87676). Initial Nd isotopic ratios for the
Arunachal leucogranites and Tsona leucogranites show consistently negative eNd ( 13 to 15) with variable eSr (+750 to
+1700). The range of eNd values for the Yala-Xiangbo granitoids is
slightly greater ( 8 to 13) while eSr is relatively primitive (+150
to +350). The Dala granitoids show a restricted range of eNd ( 10
to 13) with relatively primitive eSr (+115 to +170). High-grade
Arunachal lithologies have similar eNd to Arunachal and Tsona leucogranites ( 12 to 16), but a notably greater range of eSr (+670 to
>2500). Pelitic units from the core of the Yala-Xiangbo dome typically show eNd in the range 6 to 8, although one sample
(0310034) has a signiﬁcantly more negative value of ca. 13. The
calculated eSr from the pelitic samples is also relatively primitive
(+150 to +350), excluding the anomalous sample.
Rb/Sr ratios in the Arunachal leucogranites are 1.5, comparable to two samples of the Arunachal crystallines (0602005,
0602012). Rb/Sr ratios in the Tsona leucogranites are higher (6–
12) and nearly overlap the Yala-Xiangbo granitoids and pelites
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Fig. 5. Chondrite normalized REE diagrams for: (a) Dala granitoids; (b) Arunachal and tsona leucogranites; (c) Yala-Xiangbo granitoids and pelites; (d) Tethyan maﬁc bodies;
(e) Arunachal crystallines. Gandese batholith trends (labeled Zedong; Harrison et al., 2000) are shown for comparison; (f) Shows discrimination diagram plotting expected
ﬁelds for samples containing cumulus feldspar or feldspar in the residue, and xenocrystic garnet or garnet in the residue.

(1–9 and 0.7–4, respectively). Rb/Sr ratios for the Dala granitoids
are consistently 0.2–0.5.
4. Discussion
The major element geochemistry of eastern Himalayan granitoids broadly distinguishes them into two groups. The Dala and
Gangdese granitoids are typically calcic-alkalic metaluminous to
weakly peraluminous, show broad variations in major elements
with SiO2 consistent with a generalized differentiation trend, and
plot at pressure-dependent eutectic compositions. The Arunachal
and Tsona leucogranites form a second group that is more variable
in terms of major elements. They show no appreciable correlation
between major elements and SiO2, have variable alkali contents,
are moderately to strongly peraluminous and have bulk compositions not necessarily consistent with minimum melt compositions.
The Yala-Xiangbo granitoids appear superﬁcially similar to the
Arunachal and Tsona leucogranites, but their possibly more complex origins are discussed in more detail below.

4.1. Petrogenesis of the dala granitoids
The Dala granitoids plot, along with those from the Gangdese
Batholith, in the volcanic-arc granite ﬁeld of the trace element discrimination diagram of Pearce et al. (1984). Field relations indicate
emplacement at shallow crustal levels (Aikman et al., 2008), consistent with crystallization at water-saturated conditions between
1 and 3 kbar (Fig. 4). The Dala granitoids crystallized at
44.1 ± 1.2 Ma (Aikman et al., 2008; Zeng et al., 2011), concomitant
with widespread magmatic activity in the Gangdese Batholith (Debon et al., 1986; Harrison et al., 2000). The coincidence and geochemical similarities between the Dala granitoids and Gangdese
Batholith samples suggests a petrogenetic link. Although the major
element characteristics of the Dala and Gangdese granitoids are
consistent with magma differentiation along a liquid line of descent towards the water-saturated granite eutectic, the absence of
a pronounced Eu anomaly (Fig. 5a) suggests they formed by mixing
of maﬁc and crustally-derived material (e.g., Debon et al., 1986; Mo
et al., 2006). Maﬁc magmas formed in association with north-dip-
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Fig. 6. Primitive mantle normalized spider diagrams for all sample suites, shown with published data from the Gandese Batholith (labeled Zedong; Harrison et al., 2000): (a)
Dala granitoids; (b) Arunachal and Tsona leucogranites; (c) Yala-Xiangbo granitoids and pelites; (d) Tethyan maﬁc bodies; (e–h) show data for the High Himalayan
Leucogranites, North Himalayan Granites, Greater Himalayan Crystallines and North Himalayan Crystallines (Inger and Harris, 1992; Zhang et al., 2004a).

ping oblique subduction of Neotethyan oceanic crust, whereas the
felsic component was probably young crustal-material derived
from the accretionary wedge (Debon et al., 1986; Mo et al.,
2006). The bulk geochemical characteristics of the Dala granitoids
are consistent with such processes, and their Sr isotopes support a
relatively primitive source. However, the Dala granitoids also show
comparatively negative eNd, pointing to a component of more
evolved and quite old crustal material. This suggests the felsic

component in the Dala granitoids might be derived from partial
melts of crystalline basement.
We constructed isotopic mixing-models between various maﬁc
and crustal end-members in order to assess the suitability of potential source materials for the Dala granitoids. Fig. 8 shows
time-corrected (44 Ma) mixing grids, constructed between the inferred isotopic range of the eastern Gangdese Batholith (Mo et al.,
2006), and the median isotopic composition of various crustal
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Fig. 7. Rb–Sr and Nd–Sr isotope diagrams: (a) Rb–Sr diagram showing data from
the Arunachal and Tsona leucogranites (Arunachal leucogranites, Tsona leucogranites), Dala and Yala-Xiangbo granitoids (DGs, Yala-Xiangbo granitoids), Arunachal
crystallines (ACs) and Yala-Xiangbo Pelites (YPs); (b) Nd–Sr diagram showing data
from this study and inferred range of isotopic compositions of the GHC, HHL and
Lhasa Terrane; (K) denotes ﬁelds after Kapp et al. (2005) and (Z) denotes ﬁelds after
Zhang et al. (2004a,b).

end-members. Samples of maﬁc bodies from the Tethyan Himalaya
(see above) bear no obvious geochemical similarity to either the
Dala granitoids or Gangdese Batholith, and their ﬁeld relations suggest they pre-date Himalayan orogenesis (Aikman, 2007).
Fig. 7a and b shows the possible range of isotopic compositions
produced by mixing between Gangdese Batholith and Yala-Xiangbo pelites, and Gangdese Batholith and THS end-members. Mixtures of Gangdese granitoids and Yala-Xiangbo pelites cannot
fully account for the observed range of Dala granitoids isotopic
compositions. Fig. 7c and d shows mixing grids constructed,
respectively, between the Gangdese Batholith and GHC, and the
Gangdese Batholith and Inner Lesser Himalaya (ILH; Richards
et al., 2005). The isotopic compositions of the Dala granitoids samples lie within the range predicted for mixing between Gangdese
Batholith-type maﬁc magmas and either of the GHC or ILH crustal
end-members.
The GHC is widely cited as the basement to the Tethyan Himalaya, whereas the LH series is exposed in the frontal parts of the
range (LeFort, 1996; Yin, 2006). While high pressure Eohimalayan
GHC metamorphism may have occurred as early as 45 Ma (see LeFort, 1996), post-collisional metamorphism of the Lesser Himalaya
is largely associated with Miocene and younger movement on the

MCT (LeFort, 1996). Thus, roughly equal parts of GHC and Gangdese material are the most likely source for the Dala granitoids. The
one caveat is that since parts of the THS sequence are isotopically
indistinguishable from the GHC (Ahmad et al., 2000; Myrow et al.,
2003; Richards et al., 2005), a contribution from these units is also
possible. We also note the ages of inherited zircons from the Dala
granitoids span from 300 to 1800 Ma, with a marked peak at
500 Ma (Aikman et al., 2008). The same peak at 500 Ma is also
present in the Tsona leucogranites and granites of the Yala-Xiangbo dome (Aikman, 2007), indicating that all these felsic intrusions
involve at least partly a similar crystalline source. It has been recently proposed, based on trace element and isotope data, that
the Dala granites might represent partial melts of a thickened maﬁc lower crust (Zeng et al., 2011). However, the widespread presence of inherited zircons in the Dala granites, their relatively
high K2O contents and the absence of trondhjemites and tonalites
in the granite are difﬁcult to reconcile with this hypothesis.
The recognition of Eocene Gangdese-type magmatism in the
central Tethyan Himalaya places new constraints on the structural
evolution of the Himalayan fold and thrust Belt – for example in
terms of the distribution of source and host materials and the latter’s subsequent history – and indeed for Himalayan evolutionary
models generally. Emplacement of these bodies was concomitant
with upper-amphibolite facies metamorphism and formation of
the Yala-Xiangbo granitoids (Aikman et al., 2012; Zeng et al.,
2011), and a major phase of mantle-derived magmatism in the
Gangdese Batholith 120 km to the north (Debon et al., 1986; Harrison et al., 2000; Mo et al., 2006). Aikman et al. (2012) argued that
an extension of the Ninety East Ridge may have been responsible
for Eocene high heat-ﬂow beneath the eastern Himalaya and explain the localization of magmatism there at ca. 44 Ma. Their argument is supported by the presence of fractionated Eocene basaltic
volcanics in the Siang window in the frontal Himalaya (Sengupta
et al., 1996).
4.2. Petrogenesis of the Arunachal and Tsona leucogranites, and YalaXiangbo granitoids
The geochemistry of HHL from northern Nepal, and several NHG
from southern Tibet, have led previous workers to argue that both
granitoid belts formed by melting of the underlying GHC pelitic
lithologies during Neohimalayan metamorphism (LeFort et al.,
1987; Harris and Inger, 1992; Inger and Harris, 1993; Guillot and
LeFort, 1995; Harrison et al., 1997; Yin and Harrison, 2000; Zhang
et al., 2004a). The Arunachal leucogranites and Tsona leucogranites
geochemistry strongly support their inferred origin as anatectic
melts, as they show incompatible element enrichments, high Alumina Saturation Index (ASI), radiogenic enrichments, and relative
HFSE depletions that are characteristic of intracrustally-derived
granitoids (Harris et al., 1986). The Tsona leucograinte samples
are relatively homogeneous, and local variations in pressure and
ﬂuid availability during melting can account for their compositional variability (Fig. 4). Extensive fractional crystallization is
not favored for the HHL due to mechanical and petrographic arguments (see Inger and Harris, 1993), thus incorporation of cumulus
phases in any of the felsic granitoid samples is unlikely. Incomplete
magma-crystal separation and limited entrainment of restitic
phases are possible, but, in the case of the Arunachal leucogranites,
extensive incorporation of either restitic/cumulus feldspar, or
xenocrystic garnet, is ruled out by the moderate to strongly negative Eu anomalies (cumulus feldspar would likely produce a positive anomaly) and decreasing normalized HREE patterns shown
by all samples (xenocrystic garnet would likely lead to HREE
enrichment). Thus, we conclude the Arunachal samples are probably broadly representative of melt compositions, and the observed
compositional range of these bodies likely reﬂects differences in
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source-rock compositions (Nabelek et al., 1992; Inger and Harris,
1993), degree of melting and water pressure (Patino Douce and
Beard, 1996; Patino Douce and Harris, 1998), together with possible mixing between melts in at least one sample (see below).
The geochemistry of Yala-Xiangbo granitoids is broadly consistent with derivation from crustally-derived melts, and such intracrustal melting has been widely proposed for other NHG (e.g.
Harrison et al., 2007; Yin and Harrison, 2000; Zhang et al., 2004a,
and references therein). However, because they are isochoronous
with the nearby Dala granitoids and granitoids from the Gangdese
Batholith, and because amphibolites and maﬁc enclaves have been
documented in the core of the Yala-Xiangbo dome (Aikman, 2007),
we consider a hybrid origin for the Yala-Xiangbo granitoids equally
plausible. Indeed, it is possible that central parts of the Yala-Xiangbo complex represent fractionated equivalents of the Dala granitoid suite, while some sill and dyke networks around its fringes
(Aikman, 2007) constitute partial melts of nearby sediments.
4.3. Source characteristics
We used the isotopic compositions of the Arunachal and Tsona
leucogranites and Yala-Xiangbo granitoids to assess possible
source regions. GHC sequences of the central and western Himalaya typically plot along a Rb–Sr isochron of ca. 480 Ma (Fig. 7a),
and show eNd of ca. 15 and eSr in the order of 500–2000 (Deniel
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et al., 1987; Ahmad et al., 2000; Myrow et al., 2003; Richards
et al., 2005; Fig. 8a). The HHL typically plot along a ca. 20 Ma
Rb–Sr isochron that intersects the GHC ﬁeld close to initial values
(Deniel et al., 1987; Inger and Harris, 1993; Miller et al., 2001;
Stern et al., 1989; Ahmad et al., 2000; Zhang et al., 2004a;
Fig. 7b). Measured eNd for the HHL is typically 10 to 15; eSr is
also comparable to the GHC (Fig. 7b).
Zhang et al. (2004a,b) suggested that Cambrian orthogneisses,
exposed in the cores of several North Himalayan Domes, are isotopically indistinguishable from upper parts of the GHC sequence.
These workers found that the isotopic compositions of several
NHG are similar to the HHL. They therefore argued the GHC sequence extends beneath the North Himalaya and fostered both
granitoid belts. Our data do not exclude this possibility, but we
caution that since parts of the THS are isotopically similar to the
GHC (Ahmad et al., 2000; Myrow et al., 2003; Richards et al.,
2005), this interpretation is ambiguous.
The Tsona leucogranites lie along a 20 Ma Rb–Sr isochron and
fall within the documented isotopic range of other HHL on an
eSr–eNd plot (Fig. 7b). They are therefore consistent with a source
material that is isotopically akin to both the mica-schists of the
central Himalayan GHC sequence (Inger and Harris, 1993) and
components of the Tethyan Himalaya, which are in places isotopically indistinguishable. Aikman et al. (2012) found Tertiary inherited zircon cores in the Tsona leucogranites, suggesting a Tethyan
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Himalayan source. These few grains, however, could equally well
have been acquired by assimilation. Given their structural position
close to the STD, and geochemical similarity to other HHL, we suggest a GHC source for the Tsona leucogranites.
The Arunachal leucogranites show generally lower 87Rb/86Sr
and higher 87Sr/86Sr than the Tsona leucogranites and fall outside
the documented range of other HHL (Fig. 7a). Together with the
Arunachal crystallines, they lie roughly along an 1800 Ma Rb–r isochron—notably older than the GHC isochron. Indeed, the Arunachal
leucogranites are isotopically more similar to the Inner Lesser
Himalaya (e.g., Ahmad et al., 2000; Myrow et al., 2003; Richards
et al., 2005).
Excluding sample 0602011 (an atypical 800 Ma Arunachal
meta-granitoid), the Arunachal crystalline sample with the highest
(most ILH-like) 87Sr/86Sr comes from just above the MCT (Aikman
and Harrison, 2011; Fig. 2, sample 0602005). Sample 0602012,
from the top of the Arunachal crystallines (Zhimithang gneiss)
plots within the established GHC ﬁeld (Fig. 7a). These data support
footwall accretion of material from the Lesser Himalaya, across the
MCT; material which subsequently became involved in partial
melting to produce leucogranites with similar bulk composition
to the central Himalayan HHL. Given the expected behavior of
thrust faults to cut up and down section (Suppe et al., 1992), it is
not surprising that some material transfer between the footwall
and hangingwall of the MCT should occur (Bollinger et al., 2004,
2006). A potential caveat to the footwall-accretion hypothesis is
that the presence of <1.8 Ga detrital zircons in the Arunachal crystalline samples (Aikman, 2007) and their eNd isotopic composition
(Fig. 7b) could preclude them as components of the ILH (Ahmad
et al., 2000; Richards et al., 2005). However, since the isotope-deﬁned stratigraphy of the Himalaya sequences is still debated
(e.g., Myrow et al., 2003) and recent structural studies have suggested important differences between the Arunachal Lesser Himalaya and that described elsewhere (Yin et al., 2009), such concerns
cannot yet be tested.
Samples from the Yala-Xiangbo Dome are isotopically heterogeneous. The data cover an isotopic range that encompasses many
other Himalayan units (Fig. 7). Two of the four Yala-Xiangbo granitoid samples are isotopically similar to the YP, with 87Sr/86Sr of ca.
0.716 and eNd of ca. 10, while the others show higher 87Rb/86Sr ratios and 87Sr/86Sr closer to the HHL. One anomalous sample from
the YP has a signiﬁcantly more evolved 87Sr/86Sr ratio closer to
the Cambrian Orthogneiss ﬁeld of Zhang et al. (2004a). Unfortunately, the isotope-stratigraphy of the THS is insufﬁciently constrained to deﬁnitively identify a source for the Yala-Xiangbo
granitoids. However, based on available data and the presence of
Triassic inherited-zircon cores (Aikman et al., 2012), the YalaXiangbo granitoids probably formed by melting or assimilation of
nearby metasedimentary units. The Yala-Xiangbo granitoids appear geochemically distinct from both the Dala granitoids and
the various maﬁc units analyzed, although we cannot exclude
the possibility that fractionated equivalents of the Dala granitoid
suite are exposed in or buried beneath the inaccessible core of
the dome, which includes a ca. 8000 m peak.

ﬂuid-absent biotite melting begins between 760 °C and 830 °C
(Le Breton and Thompson, 1988; Koester et al., 2002), subject to
pressure, bulk composition and oxygen fugacity. Methods to assess
processeses of granitoid formation mechanisms are generally
either thermometric or compositional. Thermometric techniques
(e.g., Harrison and Watson, 1983; Watson and Harrison, 1983,
2005; Rapp and Watson, 1986; Montel, 1993; Watson et al.,
2006) infer reactive process by constraining the temperatures of
melt formation. Compositional approaches (e.g., Harris and Inger,
1992; Harris et al., 1995; Ayres and Harris, 1997) focus on elemental relationships that are unique to one or more melting reaction.
4.4.1. LILE co-variance
In granites, Rb, Sr and Ba reside in modal phases (micas and
feldspars) and thus knowledge of their partition behavior can be
used to gain insight into melting reactions (e.g., Inger and Harris,
1993). In the case of ﬂuid-present melting, Harris and Inger
(1992) argued that since restite is depleted in feldspar (main host
of Sr), the corresponding liquid should be characterized by low Rb/
Sr and high Sr/Ba ratios. Fluid-absent melting of muscovite (main
host of Rb) will instead increase the proportion of feldspar in the
restite resulting in a liquid characterized by high Rb/Sr and low
Sr/Ba ratios (Harris and Inger, 1992). Incongruent, ﬂuid-absent

4.4. Melting mechanisms
Himalayan petrogenetic models employ a range of mechanisms
to produce anatexis (LeFort et al., 1987; Inger and Harris, 1993;
Harrison et al., 1998a,b; Beaumont et al., 2001); thus, identifying
melting processes can distinguish between these hypotheses.
Fluid-present melting of pelites at 5–10 kbar starts at 620–
630 °C, whereas under ﬂuid-absent conditions, and equivalent
pressures, incongruent muscovite breakdown in ‘‘average’’ pelites
begins at ca. 750 °C (Patino Douce and Harris, 1998; cf.
720–760 °C, Peto, 1976; 680–730 °C, Spear, 1995). Incongruent

Fig. 9. LILE covariance diagrams showing the Arunachal and Tsona leucogranites
(ALs, Tsona leucogranites) and the Yala-Xiangbo granitoids (Yala-Xiangbo granitoids), plotted with published data from the High Himalayan Leucogranites and
Greater Himalayan Crystallines (HHL, GHCs; Inger and Harris, 1993; Zhang et al.,
2004a). Black vectors show partial melting reactions; gray vectors show 10%
crystallization of phases (after Inger and Harris, 1993): (a) Rb/Sr vs. Sr; (b) Rb/Sr vs.
Ba.
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4.4.2. Saturation melting temperatures
Zhang et al. (2004a,b) used the LILE co-variance to argue that
ﬂuid-absent muscovite melting also produced several of the
sat
NHG. They also calculated zircon (Tsat
zir ) and monazite (Tmz ) saturation temperatures (after Watson and Harrison, 1983; Harrison and
Watson, 1983; Rapp and Watson, 1986; Montel, 1993) from bulk
geochemistry. Despite many of the temperatures being lower than
720 °C, they concluded that ﬂuid-absent melting had dominated.
Fig. 10a shows zircon and monazite saturation melting temperatures for the Arunachal leucogranites, Tsona leucogranites and
Yala-Xiangbo granitoids (this study), and the HHL and NHG (Inger
and Harris, 1993; Zhang et al., 2004a). The data appear to deﬁne
two populations, roughly separated by the muscovite ﬂuid-absent
melting reaction at 5–10 kbar. The Tsona leucogranites and YalaXiangbo granitoids fall in the 6720 °C population whereas the
Arunachal leucogranites plot with a smaller group between
720 °C and 780 °C.
Even during rapid pelite melting, Zr and LREE contents of melt
attain apparent equilibrium with residual zircon and monazite
sat
(Acosta-Vigil et al., 2010), thus Tsat
zir and Tmz can be used to distinguish between ﬂuid-present melting and muscovite dehydration
melting. However, the calculation of a saturation temperature is
only feasible as long as zircon and monazite are present in the
melted protholith and are accessible for dissolution in the melt.
If this is not the case, the resulting temperature represents only a
minimum value (Watson and Harrison, 1983). On the other hand,
bulk-rock analyses over-estimate the Zr and REE contents of the
melt if abundant inherited zircon and monazite are present. Consequently calculated temperatures in such cases overestimate the
temperature of melt formation.
In the case of crustal melts, Tsat
mz is arguably more reliable than
sat
Tzir , since monazite inheritance is less common (Harrison et al.,
2002). But the monazite thermometer is susceptible to additional
uncertainty in the H2O content of the melt: the Tsat
mz given by Zhang
et al. (2004a; their Table 1), for example, are only reproducible
assuming a nominal water content ([H2O]) of ca. 3%, which may
well be too low (all temperatures in Fig. 10 assume [H2O] = 8%,
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melting of both muscovite and biotite (i.e., a mica-free restite) is
expected to lead to even stronger Rb enrichment.
Fig. 9 shows LILE covariance diagrams for the Arunachal and
Tsona leucogranites, Yala-Xiangbo granitoids, HHL, GHC and
Arunachal crystallines, plotted with vectors determined by Harris
and Inger (1992) for the three melting reactions mentioned above.
Note that the HHL appear to deﬁne a trend parallel to muscovite
ﬂuid-absent melting vector, which has led several previous studies
to conclude that they formed by ﬂuid-absent melting of the underlying GHC mica-schists (Harris and Inger, 1992; Inger and Harris,
1993; Zhang et al., 2004a). The Tsona leucogranites plot amongst
other HHL, and also follow the ﬂuid-absent melting trend. However, the Arunachal leucogranites have lower Rb/Sr ratios, suggestive of ﬂuid-present melting (Fig. 9). The Yala-Xiangbo granitoids
plot amongst other HHL, but do not deﬁne a clear trend.
The distinction between ﬂuid-present and ﬂuid-absent melting
is also dependent on source composition (i.e., the feldspar to mica
ratio) and the amount of water available and thus probably only
detectable at high melt fractions (Harris and Inger, 1992). At lower
melt fractions, muscovite LILE partitioning must also be considered
(cf. Harris and Inger, 1992; Inger and Harris, 1993) and peritectic
K-feldspar is likely to inﬂuence the LILE systematics of the partial
melts (Fig. 9). Thus it is not unambiguously possible to identify
the main melting mechanism from LILE covariance diagrams alone.
However, the hypothesis that the Arunachal leucogranites were
generated by ﬂuid-present melting can be tested with the thermometric data.
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Fig. 10. Zircon and monazite saturation melting temperatures calculated for the
Arunachal and Tsona leucogranites (ALs, Tsona leucogranites), and the YalaXiangbo and Dala granitoids (Yala-Xiangbo granitoids, DGs). Data from this study
are plotted with results calculated for published data from the High Himalayan
Leucogranites (HHLs; Inger and Harris, 1993; Zhang et al., 2004a), North Himalayan
Granites (Zhang et al., 2004a), and the Gangdese Batholith (Harrison et al., 2000).
Monazite saturation melting temperatures assume [H2O] of 8%. (a) AL, TL, YXG,
HHL, NHG; (b) DG, GB.

although any value in the range of 5–11% is probably reasonable;
e.g., Holtz et al., 2001).
The saturation temperatures shown in Fig. 10 suggest that
many Himalayan granitoids are consistent with formation by
ﬂuid-present melting. All HHL and NHG studied to date contain
inherited zircon (Harrison et al., 1997 and references therein),
and most contain inherited monazite (e.g., Harrison et al., 1995,
1999); thus calculated temperatures are maximum values. Moreover, Harrison et al. (2007) showed that in fractionating plutonic
rocks cooling from high-temperature, Tsat
zir will underestimate the
temperature at which zircon begins to crystallize. Hence even this
upper-limit may not be robust. Given the aforesaid caveats, we
conclude that neither of the methods described above consistently
and reliably distinguishes the processes of grantoid formation.
However, coupling the Ti-in-zircon thermometer (TTi, Watson
and Harrison, 2005; Watson et al., 2006) with U–Th–Pb dating permits age and crystallization temperature within individual zircon
grains to be determined and thus bears on this issue.

4.4.3. Ti-in-zircon thermometry
Ti-in-zircon temperatures for the four investigated suites were
reported in Aikman (2007) and Aikman et al. (2012). Here we
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discuss the temperature distributions of zircon domains that
yielded Alpine ages. The Arunachal and Tsona leucogranite zircons
deﬁne offset TTi peaks centered, respectively, at ca. 660 °C and ca.
730 °C (i.e., the reverse of that determined using saturation thermometry; Aikman, 2007; Aikman et al., 2012). In considering
whether the apparent TTi peak offset is robust, we ﬁrst note that
the co-existing rutile in these samples constrains aTiO2 = 1 and thus
underestimation of temperature due to sub-unitiy activites is unlikely. Electron imaging and ion microprobe dating (Aikman et al.,
2012) show that the Arunachal leucogranite samples contain signiﬁcantly more inherited zircon than the Tsona leucogranites, so
the apparent offset between the Arunachal leucogranites and Tsona leucogranites Tsat
zir is due to the high Arunachal leucogranites
bulk [Zr]. We estimate that the Arunachal leucogranites samples
contain roughly one-third neoformed zircon, compared to at least
two thirds in the Tsona leucogranite samples. Hence, the corrected
Tsat
zir for both the Arunachal leucogranites and Tsona leucogranites
are within error of each other (in the range 650–680 °C). Indeed,
we note that the Arunachal leucogranites Tsat
zir could plausibly be
lower than the Tsona leucogranites if the proportion of inherited
zircon is underestimated.
The form of the Tsona leucogranites TTi distribution (Aikman,
2007; Aikman et al., 2012) conforms to simple theory (Harrison
et al., 2007) and the largest TTi peak in these Zr-saturated magmas
should accurately record the temperature of melt formation (Harrison et al., 2007). The obtained temperature peak at 720 °C coincides with the inferred position of muscovite breakdown and
hence we ascribe Tsona leucogranite formation to ﬂuid-absent
muscovite melting (i.e., consistent with inferences from the LILE
plots; Fig. 9).
The Yala-Xiangbo zircon TTi distribution is probably not a reliable indicator of the temperature of melt formation (Aikman,
2007; Aikman et al., 2012). However other lines of evidence, such
as the low saturation temperatures and abundance of tourmaline
and pegmatite (Aikman, 2007), suggest at least some parts of the
complex formed by ﬂuid-present melting.
The Arunachal leucogranite TTi distribution is broader than for
the Tsona leucogranites, with a dominant peak at ca. 660 °C, and
a small shoulder at ca. 730 °C (Aikman, 2007; Aikman et al.,
2012). Taken together with the evidence from LILE covariance
(Fig. 9), zircon saturation arguments, and the presence of co-existing rutile, we interpret these granitoids to have formed by ﬂuidpresent melting close to or at minimum melting conditions. As
noted earlier, isotopic data indicate the Arunachal leucogranites
were derived from metasediments probably including the Lesser
Himalayan sequences. Unlike the GHC, the exposed Lesser Himalayan sequences did not experience widespread Eohimalayan metamorphism (LeFort, 1996; Yin and Harrison, 2000; Celerier, 2007),
and thus did not experience previous dehydration reactions.
Hence, ﬂuid-present melting appears plausible and likely. It is
worth pointing out here that, to our knowledge, the TTi distribution
derived from Alpine-age Arunachal leucogranite zircons (i.e., the
peak at ca. 660 °C) is unique among granitoids investigated to date.
The zircon temperature spectrum it mostly closely resembles is
that for Hadean igneous zircons (with a peak at 680 °C) for which
a similar minimum melting origin has been proposed (see Harrison, 2009).
The inference of Lesser Himalayan material within lower parts
of the Arunachal Crystalline sequence is consistent with models
predicting footwall accretion during movement on the MCT (e.g.,
Bollinger et al., 2004, 2006). Furthermore, melting of fertile Lesser
Himalayan metasediments explains the occurrence of leucogranites at the base of the Arunachal Crystalline sequence (Yin,
2006; this study), directly above the MCT (cf. in Nepal, where large
leucogranites have only been found near the top of the GHC sequence). Melting has been documented in Sikkim (Dasgupta

et al., 2009), 200 km to the west of the Arunachal leucogranites,
in MCT zone rocks believed to be part of the Lesser Himalaya. In
that prograde metamorphic sequence, both ﬂuid-present and
ﬂuid-absent melting reactions are observed. The shoulder on the
high-temperature side of the Arunachal leucogranite zircon TTi
peak may reﬂect zircons formed during ﬂuid-absent melting within the Arunachal GHC sequences proper. Support for this argument
is provided by the positions of the dominant TTi peaks for individual Arunachal leucogranite samples, which increase proportional
to increasing structural level (Aikman, 2007; Aikman et al.,
2012), as would be expected in an inverted temperature gradient.
These data may record a unique snapshot of that inverted gradient
– in time, temperature and space – in contrast to a simple metamorphic ﬁeld gradient.
4.5. Implications
4.5.1. Conditions for ﬂuid-present anatexis
Earlier studies have proposed ﬂuid-present melting of the GHC
sequences (not the Lesser Himalayan) to explain formation of the
Miocene HHL (e.g. LeFort et al., 1987). Although this model is locally supported by data from NW India (Prince et al., 2001), it
has not been favored by workers in the central Himalayan region
(Harris and Inger, 1992; Inger and Harris, 1993; Harrison et al.,
1997, 1998a,b). Thermal diffusion during MCT slip at a wide variety of rates rapidly yields sigmoidal isotherms (e.g. Harrison
et al., 1998a,b; Beaumont et al., 2001; Bollinger et al., 2004).
Although early studies struggled to produce sufﬁcient heat to induce anatexis (England et al., 1992), this issue is transcended if slip
occurs on a shallowly-dipping or ﬂat ramp that later steepens to
form the present-day MCT (Harrison et al., 1998a,b; Beaumont
et al., 2001).
Although most dehydration reactions occur during greenschist
and lower amphibolite facies metamorphism, continuous H2O-producing reactions occur up to the onset of anatexis (Spear, 1995).
Hence, in the vast majority of scenarios where crustal isotherms
close to the ‘‘wet’’ solidus are inverted, the lower temperature portion of the sigmoid can release ﬂuid into the hotter, overlying
material, and initiate melting (LeFort, 1975). Furthermore, since
the ratio of under- to over-thrusting during MCT motion may have
been as high as 3:1 (Bollinger et al., 2004, 2006), development of a
persistent inverted geotherm is possible. The supply of fertile
material to the melt-zone probably greatly outpaced the rate at
which accumulating melt was removed. Since the proportion of
melt generated is primarily limited by ﬂuid availability, any such
ﬂuid migrating (e.g., by dilatancy pumping, Brown, 1994; McCaig
et al., 2000) could locally produce sufﬁciently high melt-fractions
to allow melt migration upon entering the upper plate.
4.5.2. Regional tectonics
Aikman et al. (2008) showed that the principal phase of crustal
thickening in the eastern Tethyan Himalaya had terminated by
44.1 ± 1.2 Ma, and our data require a Gangdese-type source beneath Indian Tethyan Himalaya during the Eocene. It is unlikely
that the Indian foreland was far-removed from Eurasia during
the early Tertiary. While our data do not preclude the presence
of a back-arc basin or multiple subduction zones, their simplest
explanation places the Tethyan sediments in the hanging-wall of
the main Himalayan decollement at ca. 45 Ma, and prevents significant underthrusting of Indian lithosphere at that time (e.g. Replumaz et al., 2004).
Early Himalayan crustal thickening created a north-dipping
Tethyan fold and thrust belt (Ratschbacher et al., 1992; Aikman
et al., 2008) while arc-magmatism continued in the Gangdese
Batholith (e.g., Mo et al., 2006). The Dala granitoids provide the evidence of Eohimalayan arc-like magmatism south of the Indus-
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Tsangpo Suture (Aikman et al., 2008; Aikman et al., 2012; Zeng
et al., 2011) during amphibolite-grade metamorphism and anatexis at Yala-Xiangbo. Thus the Eohimalayan thermal event extended
at least in a N–S direction. Thermochronologic data preclude significant cooling of either the Dala granitoids or the Yala-Xiangbo
complex between ca. 45–15 Ma indicating that the eastern Tethyan
Himalaya was tectonically quiescent during this interval (Aikman
et al., 2012).
To a ﬁrst order, the Neohimalayan tectonics of the eastern
Himalaya appears broadly similar to those described elsewhere:
the dominant structural boundaries (MCT, STD, GCT, and various
frontal thrusts) controlled the principal movements of heat and
mass within the orogen, and magmatism was intimately associated
with deformation. Our data suggest that both ﬂuid-absent muscovite dehydration melting of the GHC metasediments, and ﬂuidpresent melting of the Lesser Himalayan sequences contributed
to the formation of east-Himalayan leucogranites, and that ‘‘wet’’
melting may be a more important mechanism of granite formation
there than presently thought.
The apparent spatial and temporal proximity of magmatism
with rapid exhumation in several North Himalayan Domes has
led some workers to propose a genetic link (Lee et al., 2000,
2004; Beaumont et al., 2001, 2004; Zhang et al., 2004a). However,
in the Yala-Xiangbo dome magmatism preceded exhumation by
ca. 20 million years, favoring a structural control - probably Miocene north-directed motion on the GCT (Aikman et al., 2012). Associated burial and de-watering of fertile sediments, such as burial of
the Xigaze fore-arc sequences that are absent in the eastern Himalaya (Pan et al., 2004), may explain the 20 Ma ﬂuid-mitigated
recrystallization event documented at Yala-Xiangbo (Aikman
et al., 2012).

5. Conclusions
Post-collisional magmatism along a transect through the eastern Himalaya at ca. 92°E occurred in two modes. The ﬁrst is represented by Eocene igneous complexes exposed, respectively, in the
central Tethyan Himalaya (the Dala granitoids) and in the core of
the Yala-Xiangbo dome. The Dala granitoids formed from Gangdese-type magmas that assimilated approximately 50% crustal
material from the Greater Himalayan Crystalline (GHC) and/or
Tethylan Himalayan Series (THS) sequences during ascent and
emplacement at shallow crustal levels. The Yala-Xiangbo granitoids are leucocratic sills, dykes and small plutons that, although
structurally similar to the North Himalayan Granites (NHGs), were
emplaced ca. 20 m.y. earlier. The second group is represented by
anatectic granitoids that are similar to the High Himalayan Leucogranites (HHLs) and NHG. The Miocene Arunachal and Tsona
leucogranites crop out, respectively, within the Arunachal GHC
adjacent to the South Tibetan Detachment. The Tsona leucogranites appear to have formed by ﬂuid-absent melting of nearby
units while the Arunachal leucogranites formed by a combination
of both ﬂuid-absent muscovite melting and ﬂuid-present melting
of the Lesser Himalayan series. By 45 Ma, the thickened THS
metasediments were already in the hanging wall of the main
Himalayan decollement. During the Eohimalayan episode, the
eastern Himalaya experienced amphibolite-grade metamorphism
and localized, Gangdese-type granitic magmatism; the episode
was followed by a period of tectonic quiescence in the north Himalaya, whilst shortening presumably continued further south. The
Neohimalayan history of the eastern Himalaya is similar to other
parts of the range. Deformation and magmatism were intimately
associated in the frontal Himalaya, while exhumation occurred
in the North Himalaya due to thrusting along the Indus Tsangpo
Suture.
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