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Abstract The petrology and timing of crustal melting has

been investigated in the migmatites of the Higher Hima-

layan Crystalline (HHC) exposed in Sikkim, India. The

metapelites underwent pervasive partial melting through

hydrous as well as dehydration melting reactions involving

muscovite and biotite to produce a main assemblage of

quartz, K-feldspar, plagioclase, biotite, garnet ± sillima-

nite. Peak metamorphic conditions were 8–9 kbar

and *800 �C. Monazite and zircon crystals in several

migmatites collected along a N–S transect show multiple

growth domains. The domains were analyzed by micro-

beam techniques for age (SHRIMP) and trace element

composition (LA-ICP-MS) to relate ages to conditions of

formation. Monazite preserves the best record of meta-

morphism with domains that have different zoning pattern,

composition and age. Zircon was generally less reactive

than monazite, with metamorphic growth zones preserved

in only a few samples. The growth of accessory minerals in

the presence of melt was episodic in the interval between

31 and 17 Ma, but widespread and diachronous across

samples. Systematic variations in the chemical composition

of the dated mineral zones (HREE content and negative Eu

anomaly) are related to the variation in garnet and

K-feldspar abundances, respectively, and thus to meta-

morphic reactions and P–T stages. In turn, this allows

prograde versus decompressional and retrograde melt

production to be timed. A hierarchy of timescales charac-

terizes melting which occurred over a period of *15 Ma

(31–17 Ma): a given block within this region traversed the

field of melting in 5–7 Ma, whereas individual melting

reactions lasted for time durations below, or approaching,

the resolution of microbeam dating techniques (*0.6 Ma).

An older *36 Ma high-grade event is recorded in an al-

locthonous relict related to mafic lenses. We identify two

sections of the HHC in Sikkim that traversed similar P–T

conditions at different times, separated by a tectonic dis-

continuity. The higher structural levels reached melting

and peak conditions later (*26–23 Ma) than the lower

structural levels (*31–27 Ma). Diachronicity across the

HHC cannot be reconciled with channel flow models in

their simplest form, as it requires two similar high-grade

sections to move independently during collision.

Keywords U–Pb geochronology � Migmatites �
Trace elements � Himalaya � Melting reactions

Introduction

The dynamics of crustal melting (timing, duration and

productivity) in collisional settings has major implications

for the evolution of the overriding orogen. It has, for

example, the capacity to change the rheology of the

thickened crust and trigger exhumation (e.g., Faccenda
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et al. 2008). Melting in felsic rocks and metapelites, as

commonly found in mountain belts, occurs by a variety of

reactions that occur with increasing temperature—from

fluid-induced melting to muscovite dehydration melting

and biotite dehydration melting (Spear et al. 1999; White

et al. 2003; Dasgupta et al. 2009). The productivity of the

melting process (amount of melt produced over time per

unit mass of rock) depends on which melting reactions are

reached during the P–T–time evolution, the availability of

fluids and the bulk rock composition. The latter can be

reasonably estimated from the observed composition. The

P–T evolution of migmatites can be established using

conventional thermobarometry and thermodynamic mod-

eling (e.g., White et al. 2003; Harris et al. 2004; Dasgupta

et al. 2009).

Determining the time that a rock unit spends in the

melting field is not trivial. For this, the stage (during P–T

evolution) at which datable minerals crystallized needs to

be identified by a combination of thermodynamic model-

ing, study of structural and microtextural controls, and

interpretation of microchemical indicators. Successful

studies have used U–Pb dating of accessory minerals that

crystallized from the melts at different points along the P–T

path (Oliver et al. 1999; Rubatto et al. 2001; Williams

2001; Hermann and Rubatto 2003; Viskupic et al. 2005;

Rubatto et al. 2009; Liu et al. 2010; Imayama et al. 2012).

In sub-solidus metamorphic environments, accessory min-

erals either recrystallize or form as a result of solid-state

reactions, for example through reactions between allanite

and monazite (see Spear and Pyle 2002; Janots et al. 2008;

Spear 2010). In melt-present conditions, the under-

saturation/saturation of the melt in specific components

controls dissolution or precipitation of accessory minerals

such as zircon and monazite. The details of such dissolu-

tion/precipitation may depend on many factors in addition

to intensive thermodynamic variables (e.g., P, T, fH2O),

such as the abundance and local distribution of melts. The

latter can depend in turn on processes such as deformation.

Given that multiple melting and crystallization reactions

occur during the P–T evolution of a rock, all of these

factors evolve continually and may result in multiple epi-

sodes of dissolution/precipitation during a single P–T

cycle. Consideration of the stratigraphy of zoning and

cross-cutting relations within an accessory mineral grain

allows a relative sequence of events to be constructed;

consideration of trace element signatures in these zones

may allow the formation of a zone to be related to variation

in modal abundances of major mineral phases. The latter,

in turn, is connected to metamorphic reactions (Foster et al.

2000; Pyle and Spear 2003; Rubatto et al. 2006). Therefore,

simultaneous consideration of zoning, trace element dis-

tribution and isotopic dating may allow different stages in

the P–T evolution of a rock to be delineated.

The Higher Himalayan Crystallines (HHC) provide an

excellent natural laboratory for studying the course of

melting in pelitic rocks during orogenesis because all

observations of Himalayan age can be attributed to a

single, known orogenic process—the ongoing collision of

India with Asia. The rocks are recent and no overprinting

by a later orogenic event has occurred. The HHC is a

thick sequence of high-grade rocks that crops out along

the entire Himalayan chain and has traditionally been

mapped as one unit, although local regional divisions have

been discussed along various transects. Here, we present a

detailed study of zircon and monazites from the HHC,

which exposes large areas of migmatites. The geochro-

nology of accessory minerals aims to investigate the

timing of melting, and more specifically of melting reac-

tions, and the presence of any regional diachronism or

synchronicity in melting across a *40-km section

exposed in Sikkim (NE India).

Monazite has been the preferred chronometer for

Himalayan metamorphic rocks given (i) the reactivity of

monazite during Barrovian metamorphism, even at med-

ium grade and in sub-solidus conditions, (ii) the abundance

of monazite in most Himalayan metapelites and, of course,

(iii) the robustness of the U–Pb system at high tempera-

tures. Monazite has often been dated in its textural context

(e.g., Harrison et al. 1997; Catlos et al. 2002; Catlos et al.

2004; Kohn et al. 2005; Martin et al. 2007), and the

composition and internal zoning of monazite has been

utilized to interpret the ages (Foster et al. 2000; Kohn et al.

2005; Viskupic et al. 2005; Carosi et al. 2010; Kellett et al.

2010). However, the robustness of monazite ages and their

interpretation in terms of metamorphic conditions remain

disputed in many cases (Kohn et al. 2005; Martin et al.

2007).

The use of zircon geochronology in addressing Hima-

layan metamorphism is scarce (Imayama et al. 2012) and is

generally limited to granites and melt mobilisates (Visku-

pic et al. 2005; Cottle et al. 2009b). The limited formation

of metamorphic zircon during sub-solidus metamorphism

(Rubatto et al. 2001) is one reason for the paucity of zircon

geochronology. In partially molten rocks, however, the

combination of zircon and monazite geochronology can

deliver complementary information, as has been shown in

case studies (Rubatto et al. 2001; Rubatto et al. 2006) or

predicted by modeling (Kelsey et al. 2008).

The area of Sikkim where we investigate the HHC

exposes a spectacular variety of migmatites for which

metamorphic evolution and melting reactions are reason-

ably well known, but geochronology is practically absent.

In this study, we have linked the U–Pb ages obtained from

specific growth zones of zircon and monazite to melting

reactions predicted by thermodynamic grids or pseudo-

sections using microtextures and variations in the trace

350 Contrib Mineral Petrol (2013) 165:349–372

123



element composition of the dated minerals. The informa-

tion obtained from the two accessory minerals from nine

samples within a single section allows us to relate ages to

melting reactions and coexisting assemblages and evaluate

whether the section is continuous. In addition, issues of

tectonic and regional significance are also addressed

through such a study. For example: Is the distribution of

ages homogenous across the HHC belt in an area, or are

there patterns of age distribution? How long did melting

last, and what was the chronological evolution (i.e., timing

and duration) of melting across the belt? Answers to these

questions are necessary in order to address the larger tec-

tonic issues such as whether melting may have provided

enough buoyancy to trigger exhumation, what the extent of

compression/convergence was, and if channel flow (Ja-

mieson et al. 2004), or other kinds of tectonic processes

were (are!) operative.

Geology of the Sikkim region

The Himalaya is a 2,500-km-long orogenic zone (inset in

Fig. 1) resulting from the collision of India with Eurasia

beginning at about 55 Ma. The Sikkim region in eastern

Himalaya exposes a complete section of the Himalayan

edifice, from the sediments of the foreland to the Tethyan

sequence (Fig. 1). The main tectonic boundaries and geo-

logical units within this section are from south to north: 1)

the Main Boundary Thrust that juxtaposes the Mio-Plio-

cene molasses of the Siwalik Group with the lesser

Himalayan (LH) belt, which exposes a window of low-

grade sediments of the Gondwana Group within the thick

metasedimentary package of the Daling Group; 2) the Main

Central Thrust (MCT) marks the boundary between the

‘‘inverted metamorphic sequence’’ of the LH with the high-

grade rocks and migmatites of the HHC; 3) in the far north,

the HHC is truncated by a series of north-dipping normal

faults constituting the South Tibetan Detachment (STDS).

At the hanging wall of this detachment are the fossiliferous

sediments of the Tibetan sequence.

The lesser Himalayan sequence preserves a complete

inverted Barrovian zone from chlorite to sillimanite—

K-feldspar grade, where higher metamorphic grades lie

successively at higher structural levels from south to north

(Fig. 1; Dasgupta et al. 2004; Dasgupta et al. 2009).

Muscovite is completely eliminated in the sillimanite—

K-feldspar zone. Maximum P–T conditions recorded at the

top of the LH sequence are *7.5 kbar, 700 �C (Dasgupta

et al. 2004). Melt production in the LH metapelites is

ascribed to a series of melting reactions with increasing

temperature (Dasgupta et al. 2009), starting from parago-

nite melting in the kyanite-zone (mineral abbreviations

according to Kretz 1983)
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Fig. 1 a An overview of the major lithological and structural units of

Himalaya and location of the study area. b Geological map of Sikkim

Himalaya with sample location, compiled and modified by Mukhopad-

hyay and others (in preparation) after Ghosh (1956), Acharryya and Ray

(1977), Lal et al. (1981) and Ray (2000). MBT main boundary thrust, MCT
main central thrust, STDS South Tibetan detachment system

Contrib Mineral Petrol (2013) 165:349–372 351

123



Pgþ Abþ Qtzþ H2O ¼ melt� Grt ð1Þ

to dehydration melting of muscovite

Msþ Qtz� Pl ¼ Grtþ Sil� Kfsþmelt ð2Þ

and, finally to dehydration melting of biotite

Btþ Silþ Qtzþ Pl ¼ Grt� Kfsþmelt ð3Þ

The LH sequence is separated from the HHC by the

Main Central Thrust just north of Chungthang (Fig. 1),

which also coincides with the occurrence of an orthogneiss

of granitic composition (Chungthang Granite in Fig. 1).

The present investigation is concerned with the mi-

gmatites of the HHC, which are dominated by metapelitic

rocks. These are intercalated with minor quartzites and

calc-silicates, and with small bodies of mafic rocks (Faak

et al. 2012) and orthogneisses. Metapelitic migmatites are

in the biotite-melting interval with continued stability of

the mineral along with sillimanite, K-feldspar, plagioclase,

quartz, garnet, ilmenite, rutile, zircon, monazite, and

locally, cordierite and spinel. There is no apparent P–T

gradient in the sequence with peak P–T conditions reach-

ing *10 kbar, 800 �C (Ganguly et al. 2000; Sorcar et al. in

preparation). The migmatites evolved through a two-stage

retrogression: an initial steep decompression to *5 kbar

was followed by cooling down to 600 �C with little change

in pressure. The retrograde P–T trajectory has been

constrained with the help of both phase equilibria consid-

erations and diffusional modeling of compositional zoning

in garnet (Ganguly et al. 2000; Sorcar et al. in preparation).

Samples

Eight samples of metapelitic migmatites were collected

along a N–S transect in north Sikkim, from Chungthang in

the south to somewhat North of Thangu, close to the India-

China border, in the north (Fig. 1; Table 1). Sample names

refer to three segments of the transect: Chungthang to

Lachen (CLN), Lachen to Thangu (LNT) and north of

Thangu (TG). An additional sample (141/01) is from East

Sikkim from a location to the east of Lingtam.

All the samples have clear migmatitic structure (Sup-

plementary Fig. 1), generally with layers or pods of leu-

cosome (quartzo-feldspatic portion representing former

melt) at the cm-scale, interbanded with mesosome portions.

In most outcrops, different generations of leucosome from

layer-parallel to cross cutting are present. Some samples

are particularly rich in leucosome (LNT5B and LNT2A),

and one sample represents a segregated dm-thick leuco-

some (TG9A). All the samples along the N–S transect are

derived from metapelites, as indicated by their Al-rich

composition (sillimanite and garnet bearing) and detrital

zircon population. Notably, metapelite LNT5B is directly

Table 1 Sample location and mineral assemblages

Label Locality GPS

coordinates

Rock type Main minerals Minor Retrogression

CLN5B N–S transect,

Chungthang-Lachen

27� 42.560

88� 33.561

Migmatitic metapelite Qtz. Pl, Kfs, Bt,

Grt, Sil

Ap, Mus Spl ? Qtz corona,

Mus, green Bt, Chl

CLN6D N–S transect,

Chungthang-Lachen

27� 42.247

88� 33.727

Migmatitic metapelite Qtz. Pl, Kfs, Bt,

Grt, Sil

Ap, Ilm Chl, sericite

CLN8A N–S transect,

Chungthang-Lachen

27� 40.957

88� 35.286

Migmatitic metapelite Qtz. Pl, Kfs, Bt,

Grt, Sil

Ap, Ilm

LNT2A N–S transect, Lachen-

Thangu

27� 45.966

88� 32.550

Migmatitic metapelite rich

in leucosome

Qtz. Pl, Kfs, Bt,

Grt

Ap, Ilm Crd ? Bt symplectite,

Chl, Mus, sericite, Bt

LNT5B N–S transect, Lachen-

Thangu

27� 50.266

88� 33.042

Migmatitic metapelite rich

in leucosome

Qtz. Pl, Kfs, Bt,

Grt

Ap, Ilm green Bt, sericite

TG8C N–S transect, Thangu 27� 58.702

88� 35.120

Migmatitic metapelite Qtz. Pl, Kfs, Bt,

Grt, Sil

Ky Spl ? Qtz symplectite

TG9C N–S transect, Thangu 27� 57.093

88� 34.424

Migmatitic metapelite Qtz. Pl, Kfs, Bt,

Grt, Sil

Ilm Spl ? Qtz symplectite

TG9A N–S transect, Thangu 27� 57.093

88� 34.424

Leucosome Qtz. Pl, Kfs, Bt,

Grt, Sil

Ky, Ap, Ilm Spl ? Qtz symplectite

141/01 SE Sikkim, Rangpo-

Lingtam

27� 14.501

88� 46.031

Migmatitic orthogneiss Qtz. Pl, Kfs, Bt,

Grt, Sil

Ap green Bt

Mineral abbreviations according to Kretz (1983)

352 Contrib Mineral Petrol (2013) 165:349–372

123



in contact with an amphibolite pod that records different

metamorphic conditions (9–12 kbar and 800 �C) than the

metapelitic sequence (Faak et al. 2012).

Sample 141/01 from the east has a more felsic compo-

sition. Quartz and feldspars make up more than 70 % of the

rock and garnet is rare. The inherited zircon population in

this sample is peculiar in that it yields a single age group

suggesting a magmatic protolith. Therefore, this sample is

referred to as a migmatitic orthogneiss.

The samples investigated preserve a fresh HT assem-

blage comprising of quartz, K-feldspar, plagioclase, biotite,

garnet ± sillimanite in variable proportions (Table 1;

Fig. 2). Garnet varies in abundance from being dominating

in the mesosome (CLN5B, CLN6D, CLN8A, LNT2A,

TG8C and TG9C) to rare in more leucocratic samples (141/

01, LNT5B and TG9A). Garnet crystals are rarely euhe-

dral, and they either display low temperature retrogression

(e.g., chlorite replacement along fractures, Fig. 2d) or,

more commonly, replacement by sillimanite and bio-

tite ± plagioclase and quartz (Fig. 2a, c, e), This replace-

ment texture represents the reverse of reaction (3) above

and occurred at high temperatures in the melt field. In a few

samples (LNT5A and 141/01), garnet commonly occurs as

skeletal or rounded grains associated with quartz and

feldspars (Fig. 2b), which suggest its formation as a peri-

tectic phase during melting [reaction (3) above].

Sillimanite is present in all but two samples (LNT2A

and LNT5B), as fibrolite and/or as prismatic crystals

(Fig. 2a, e, f). Kyanite is present as relict in the northern-

most samples (TG8C and TG9A), which also contain

abundant prismatic sillimanite (Fig. 2e). Kyanite is inter-

preted as a relict formed during the prograde path

(\700 �C) before anatexis. In sample CLN5B, rare white

mica laths occur that are distinct from the retrograde fine-

grained mica and sericite that formed during retrogression

(Fig. 2d). Apatite and ilmenite are minor (\5 % in volume)

components of most samples.

Cordierite ? biotite (LNT2A) or, in the TG samples,

spinel ? plagioclase symplectites (Fig. 2g) are found asso-

ciated with garnet. Both of these indicate decompression at

relatively high temperatures (Sorcar et al. in preparation).

Other retrograde, low temperature minerals are green biotite,

chlorite and fine-grained muscovite or sericite. Low T ret-

rogression is particularly strong in the LNT samples

(Fig. 2d), whereas it is minimal in the other samples.

Methods

Zircon and monazite crystals were separated after rock

crushing using conventional heavy liquid and magnetic

properties. The grains were mounted in epoxy resin and

polished down to expose the near equatorial section.

Cathodoluminescence (CL) on zircons was performed with

a HITACHI S2250N scanning electron microscope supplied

with an ellipsoidal mirror for CL. Operating conditions for

the SEM were 15-kV, 60-lA and 20-mm working distance.

Monazite back scattered images were produced with a

Cambridge S360 scanning electron microscope working at

15 kV, *2nA and a working distance of *17 mm.

Trace element analyses of zircon and monazite were

performed on the grain mount with a Laser Ablation—ICP-

MS at ANU, using a pulsed 193-nm ArF Excimer laser

with 100 mJ energy at a repetition rate of 5 Hz (Eggins

et al. 1998) coupled to an Agilent 7500 quadrupole ICP-

MS. External calibration was performed relative to NIST

612 glass, and internal standardization was based on stoi-

chiometry of SiO2 for zircon (32.45 wt%) and Ce for

monazite (23.6 wt%). Accuracy and precision of the

analyses were evaluated with a BCR-2G secondary glass

standard and are always better than 10 % combined. Most

LA-ICPMS analyses were performed on the 2-lm-deep

U–Pb SHRIMP pit.

U, Th and Pb analyses were obtained with the sensitive

high-resolution ion microprobes (SHRIMP II and SHRIMP

RG) at ANU. Instrumental conditions and data acquisition

were generally described by Williams (1998). The data

were collected in sets of six scans throughout the masses,

and a reference material was analyzed as every fourth

analysis. For zircon, the measured 206Pb/238U ratio was

corrected using reference zircon from the Temora grano-

diorite (417 Ma, Black et al. 2003), whereas for monazite,

the adopted standard was Delaware 44069 (425 Ma, Alei-

nikoff et al. 2006). U–Pb data were collected over

numerous sessions using the same standard, with the dif-

ferent analytical sessions having calibration errors between

1.4 and 2.7 % (2 sigma), which was propagated to single

analyses. The analyses were corrected for common Pb

based on the measured 207Pb/206Pb and assuming concor-

dance, as described in Williams (1998). Reported ages are

always 206Pb/238U unless otherwise indicated. The com-

mon Pb composition was assumed to be that predicted by

the Stacey and Kramers (1975) model. It must be noted that

the small percent of common Pb present in the analyses

used for average age calculations (always \5 or 2 %, most

commonly \1 or 0.5 % in zircon and monazite, respec-

tively) ensures that any variation in Pb composition would

not affect the results within the uncertainty given. Data

evaluation and age calculation were done using the soft-

ware Squid 1 and Isoplot/Ex (Ludwig 2003), respectively.

Average 206Pb/238U ages are quoted at 95 % confidence

level (c.l.). We concentrate our interpretation on average

age of statistically consistent populations of analyses. Little

significance is attached to isolated or scattered ages that, in

such complex samples, can result from analytical mixing

between different domains despite the caution used in
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identifying growth zones on the basis of CL and BSE

images and in spite of the small penetration of the ion beam

(*2 microns).

In leucosome TG9A, the analyzed zircon rims have high U

contents (2,200–5,200 ppm) that correlated with the calcu-

lated 206Pb/238U age. This confirms the presence of a matrix

effect that has been observed to affect SHRIMP zircon

analyses with [2,500 ppm U (Butera et al. 2004; Hermann

et al. 2006). For this sample, an age correction was made

based on the linear regression between age and U ppm (slope

of 0.00066). This amounts to a correction of *-3 % for

each 1,000 ppm of U above 2,500 ppm, which is comparable

to what has been reported in other cases (Butera et al. 2004;

Hermann et al. 2006).

For monazite analysis, energy filtering was applied

(Rubatto et al. 2001) in order to eliminate the interference on
204Pb and reduce the high counts on the ThO peak. Energy

filtering is also expected to reduce any matrix effect, and

indeed, a correlation between isotopic ratios and composi-

tion, as reported by Fletcher et al. (2010), was never observed.

Excess 206Pb from the decay of 230Th is a known prob-

lem in monazite dating (Schärer 1984), particularly in

Himalayan leucogranites where the melt may be rich in
230Th. However, the presence of excess 206Pb has not been

documented in Himalayan migmatites, even in young

samples where age resolution would be sufficient to detect

excess of even a few %. In the present samples, no corre-

lation was observed between apparent U–Pb age and Th/U

or 208Pb/206Pb. In our samples, Th–Pb ages are generally in

agreement with U–Pb ages within 2 sigma. The SHRIMP

was set up to measure with multipliers only, which are best

suited for the lower count rates of Pb, but are unreliable for

the measurement of very high count rates such as those for

Th in monazite. For the above reasons, we consider U–Pb

ages more accurate and we prefer them to Th–Pb ages.

Age and composition of monazite and zircon

Samples are described from south to north in the order of

increasing distance from the MCT. Sample 141/01, which

comes from eastern Sikkim, is an exception and it is

described last. With the exception of leucosome TG9A, the

crushed samples were a mixture of leucosome and meso-

some. All samples contain both monazite and zircon, with

the latter mineral not always recording Himalayan ages.

The accessory minerals are disseminated across the matrix

and are only rarely included in garnet. Therefore, the tex-

tural context is not particularly relevant for these samples.

Mineral inclusions in Himalayan zircons and monazites

mainly consist of quartz, apatite, and plagioclase, minerals

that are present in the matrix and were equally abundant

during melting or prograde metamorphism. Notably,

inclusions of K-feldspar were also found in monazite from

sample CLN6D, and the petrological significance of this

mineral is discussed in the section on data interpretation.

The internal zoning of monazite and zircon is shown in

Figs. 3 and 4. In describing the internal zoning of mona-

zite, the core–rim terminology is used in sensu latu, to

contrast structurally older domains (cores) that are mostly,

but not exclusively, located at the center of grains, versus

texturally younger domain (rims) that surround and/or

truncate the cores.

Nearly all samples yield multiple date components,

which are generally presented according to internal zoning

(supplementary Table 1–2). The complexity of the spec-

trum necessarily results in a scattering of dates, despite the

fact that caution was used to analyze domains wide enough

to host the SHRIMP pit. U–Pb analyses and calculated

dates are presented in probability diagrams and Tera-

Wasserburg plots in supplementary Figs. 2 and 3. When-

ever a statistically consistent group of analysis is present,

an average date is reported with the relative number of

analyses averaged over the total number of analyses (e.g.,

N 7/10). In a few samples, the dispersion of the data is well

above the analytical uncertainty (MSWD [ 2) and pre-

vents calculation of an average date; in these cases, a range

of dates is reported.

In this section, we also report the noteworthy features of

the trace element composition of dated monazite and zircon

(Figs. 5, 6; supplementary Table 3–4) with particular

emphasis on the features distinguishing different domains.

Ages, relevant REE signatures and Ti-in-zircon tempera-

tures are summarized in Table 2.

In metapelite CLN5B, monazite is dominated by weak

zoning organized in sectors or regular bands (cores).

Occasionally, an irregular rim lacking any zoning is pres-

ent; its texture suggests recrystallization of the original

crystal rather than new growth (see ‘‘Discussion’’). The two

domains yield distinct dates and chemistry. The cores are

richer in U, have a higher Th/U (2–10) and yield dates of

30–28 Ma with most analyses in a group at 28.7 ± 0.3 Ma

(MSWD 1.4, N 11/14). The cross-cutting rims have sys-

tematically younger dates, mostly in the range 27–24 Ma.

Fig. 2 Photomicrographs of thin sections of investigated samples.

a Typical HT assemblage with fibrolite and prismatic sillimanite.

b Skeletrical garnet indicating peritectic growth during melting.

c Replacement of garnet by biotite ? sillimanite ? quartz ± plagio-

clase during retrogression. d Typical hydrous retrogression in LNT

samples with abundant white mica and sericite and/or chlorite

replacing garnet, biotite and K-feldspar. Crossed polarizer. e Replace-

ment of garnet by biotite ? sillimanite during retrogression. f Large

K-feldspar in leucosome TG9A with relicts of sillimanite and biotite

according to melting reaction (3). Crossed polarizer. g Spinel and

plagioclase replacing sillimanite. h Large plagioclase crystals with

twinning and wormy intergrowth of quartz and plagioclase in

migmatitic orthogneiss 141/01. Note the large euhedral zircon.

Crossed polarizer

b

Contrib Mineral Petrol (2013) 165:349–372 355

123



356 Contrib Mineral Petrol (2013) 165:349–372

123



Zircon crystals consist of cores with oscillatory zoning,

which are occasionally surrounded by unzoned rims. The

rims contain little Th and have low Th/U, but are not

exclusively Himalayan in age (oldest rim *860 Ma,

youngest 32 Ma). The scatter of dates is likely the result of

physical mixing between thin rims of different ages, and

thus, an age for the Himalayan event cannot be determined.

Monazites in metapelite CLN6D have two domains that

are distinct in zoning, chemistry and age. Unzoned to weak

oscillatory domains (cores) yielded dates between 29 and

27 Ma that define a broad peak at 27.8 ± 0.3 Ma (MSWD

2.3, N 13/15). In numerous grains, the cores are cross cut

by rims with patchy, irregular zoning that yield younger

dates between *25.3 and 22.5 Ma. Chemically, the cross-

cutting rims are distinctly higher in HREE and Y contents

and have a slightly stronger Eu anomaly (Fig. 5). Notably,

a few monazite cores contain either K-feldspar or K-feld-

spar ? quartz inclusions.

Zircons in this sample are largely constituted of detrital

cores that only rarely have a thin unzoned rim, the size of

which was, however, too small for SHRIMP analysis.

In metapelite CLN8A, zircons are dominated by unzoned

metamorphic rims that overgrow small detrital cores. The

inner rim is darker in CL and directly overgrows the cores.

An external, thinner and CL-brighter rim is present in most

crystals. The external rim is richer in Th, poorer in U and

has a stronger Eu anomaly than the inner rim. Inner rim

dates are systematically older between 31.4 and 28.6 Ma

with a major peak at 30.7 ± 0.4 Ma (MSWD 1.7, N 9/12).

Analyses of external rims were more difficult due to their

smaller size and dates scatter between *21.4 and 16.6 Ma

with a group of 4 analyses at 20.0 ± 0.6 Ma (MSWD 1.7).

Monazite shows little internal zoning with occasional

patchy domains. A few analyses on unzoned monazite

confirmed the date obtained for the inner zircon rim

(31.2 ± 0.4, MSWD 0.99, N 4/6).

Monazite in metapelite LNT2A has small cores that are

irregular in shape and vary in BSE from bright to dark. The

rims are unzoned and volumetrically dominant, generally

euhedral and, unlike in other samples, patchy, cross-cutting

domains are rare. Core and rim are distinct in date but similar

in chemistry. Most core analyses yielded an average date of

23.6 ± 0.4 Ma (MSWD 0.6, N 4/5). Notably a core with a

distinct zoning and a significantly higher Y and HREE con-

tent is *30 Ma old. Monazite rims yielded dates from 21 to

19 Ma, but with a major peak at 20.7 ± 3 Ma (MSWD 1.2, N

11/17) and some additional scatter to younger dates. The

monazite REE composition of rims and the 23.6 ± 0.4 Ma

cores is overlapping and characterized by a strong HREE

depletion (LuN = 10–100).

Zircons in LNT2A are dominated by euhedral weakly

zoned rims that overgrow rounded detrital cores. The cores

have variable CL zoning and are mostly discordant; their
207Pb/206Pb date scatter between *2.5 and 0.5 Ga. Two

distinct rims can be recognized on the basis of CL,

chemistry and date. The inner rim is CL-darker, more

abundant and yielded dates between 21.3 and 19.6 Ma

(average 20.6 ± 0.3 Ma, N15/15, with a MSWD of 4.0 that

denotes significant scatter). The external rim is brighter in

CL and significantly younger at 18.4 ± 0.2 Ma (MSWD

1.7, N 13/13). Both rims have a flat HREE pattern and a

strong Eu anomaly. The internal rim is, however, more

strongly depleted in HREE (Lu–Gd *1 vs. Lu/Gd 2–5 in

the external rim) and has a marginally weaker Eu anomaly

(Eu/Eu* of 0.08–0.11 vs. 0.07–0.08 in the external rim).

Notably, two zircon domains directly overgrowing the

detrital cores returned older dates of *24 and 32 Ma and

are chemically distinct from inner and outer rims: they

contain much less trace elements, are virtually Th-free and

are strongly depleted in L–MREE with respect to the rims.

Even though their age is not well constrained, the distinct

chemistry suggests initial formation of zircon at or befor-

e *24 Ma (cf. monazite core) in a ‘‘reactive’’ bulk dif-

ferent from the ones where the younger rims formed.

Banded metapelite LNT5B contains monazite grains that

show a particularly complex internal zoning and age pro-

file. Oscillatory domains, homogeneous crystals and

homogeneous rims on variably zoned cores are all present.

Patchy zoning that either cuts across the oscillatory-zoned

domains or affects entire crystals is common. The dates

reflect this complex zoning and show a large spread

between *39 and 16 Ma. In this distribution, the only

significant peak is at 36.4 ± 0.3 Ma (MSWD 1.6) and is

defined by 12 analyses, mostly on cores. The chemistry of

LNT5B monazites is variable and overlaps between dif-

ferent age groups, but the youngest domains generally have

the lowest HREE content and strongest negative Eu

anomaly.

Zircons in sample LNT5B are dominated by large

inherited cores with complex zoning. A small percent of

crystals shows unzoned rims, but the ages of these are,

however, not necessarily Himalayan (as old as *500 Ma).

Himalayan dates scatter in a similar range to that found

from monazites, that is from 37 to 17 Ma, without any

significant clustering.

Monazite in metapelite TG9C has variably zoned cores

that are surrounded by euhedral, unzoned rims. Domains

with mosaic zoning are only occasionally present. The

distribution of dates shows a tight peak at 24.0 ± 0.3 Ma

(MSWD 1.6, N 7), which included only core analyses.

Fig. 3 Back-scattered electron images of selected monazite crystals

that are representative of the crystals dated. Circles indicate the

location of the SHRIMP analyses and are 25 lm in diameter.

Numbers indicate 206Pb/238U ages in Ma. Errors on individual ages

are between 1 and 2 % and thus *0.25–0.6 Ma (supplementary

Table 1)

b

Contrib Mineral Petrol (2013) 165:349–372 357

123



Younger ages down to 22 Ma were measured in six other

cores. The oldest rims analyzed define a group at

21.4 ± 0.3 Ma (MSWD 1.4, N 8/13 rims) with a tail to

17 Ma. If the youngest cores are considered within this age

cluster, then the average date does not change but the

scatter increases significantly (21.7 ± 0.4 Ma, MSWD 2.7,

N 11). Monazite cores have a distinct chemical composi-

tion from the rims, with higher U contents (mostly

4,600–7,200 ppm vs. 1,400–2,600 ppm in rims) and a

weaker negative Eu anomaly (Eu/Eu* *0.3 vs. *0.05 in

rims). There is an increase in HREE between the monazite

cores and some of the rims.

Zircons in this sample are mainly made of detrital,

rounded cores, around which a thin, unzoned rim is occa-

sionally present. Notably, the rims are themselves rounded

in shape suggesting that they were resorbed. Six analyses

on the largest rims yielded dates scattering between 27 and

21 Ma.

Leucosome TG9A was collected in the same outcrop as

metapelite TG9C. Monazite grains are either homogeneous

or display a core-rim texture. Cores preserve older ages

with a cluster at 22.9 ± 0.4 Ma (MSWD 2.4, N 7/10 cores)

and a tail to 21 Ma. Rims are systematically younger with

most analyses forming a tight cluster at 16.7 ± 0.2 Ma

(MSWD 0.66, N 7/9 rims). As for TG9C, monazite rims are

richer in HREE than some cores.

Zircons have cores with a complex zoning including a

peculiar mosaic zoning, as often observed in metamict or

recrystallized zircons. A few analyses on cores yielded ages

of *450–520 Ma. Two distinct euhedral and weakly zoned

or unzoned rims are present. The inner rim is volumetrically

dominant and CL-dark and yielded an average age of

21.7 ± 0.2 Ma (MSWD 1.8, N 15/19), after matrix correc-

tion for U content (see ‘‘Methods’’). The external rim is CL-

bright and generally too thin for SHRIMP analyses. A single

analysis on the external rim did not return an age because of

the high percent of common Pb (55 %). The trace element

composition of the dated rims is remarkably homogeneous

with a flat HREE pattern and a notably weak Eu anomaly.

Metapelite TG8C contains monazites that are mainly

homogeneous in BSE images. In a few crystals cores with

patchy or faint zoning are visible. The two age peaks at

25.8 ± 0.3 Ma (MSWD 1.1, N 6) and 23.8 ± 0.3 Ma

(MSWD 0.7, N 7) comprise analyses on cores and homoge-

neous crystals. Rims are younger and scatter in age

(22–18 Ma).

The zircons in this sample have rounded detrital cores

with variable zoning and are overgrown by a rounded,

unzoned rim. The rim ages spread from 24.6 to 15.5 Ma.

The probability diagram shows two distinct peaks at

20.2 ± 0.5 Ma (MSWD 2.2, N 7) and at 17.5 ± 0.5 Ma

(MSWD 2.3, N 6). The chemistry shows no trace element

difference between older and younger zircon rims, but a

slight increase in Eu anomaly with decrease in age.

Sample 141/01 comes from Eastern Sikkim and contains

particularly complex monazite and zircon populations. The

internal zoning of monazite varies greatly and includes

patchy cores or crystals, BSE-bright cores with homoge-

nous rims, and crystals that lack any zoning. Most of the

core analyses fall within a cluster at 27.1 ± 0.3 Ma

(MSWD 2.7, N 8). The age distribution shows two other

tight peaks at 21.1 ± 0.2 (MSWD 0.41, N 7) and at

18.9 ± 0.2 Ma (MSWD 1.5, N7), which do not correspond

to any particular zoning type.

Zircons are different from the previous samples in that

they are large, euhedral crystals with oscillatory zoning.

Zircon domains that are unzoned and dark in CL form

embayments and rims, and surround inclusions, always

crosscutting the oscillatory zoning. The oscillatory-zoned

cores yielded ages spreading from 519 to 467 ± 5 Ma.

They have a chemical composition typical of magmatic

zircon with high Th contents and Th/U (0.1–1.0), a REE

pattern enriched in HREE and with a strong Eu anomaly.

Fig. 4 Cathodoluminescence images of selected zircon crystals that

are representative of the crystals dated. Circles indicate the location

of the SHRIMP analyses and are 25 lm in diameter. Numbers
indicate 206Pb/238U ages in Ma. Errors on Himalayan ages are

typically ±0.3 Ma (supplementary Table 2)
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The uniformity of the zoning, the trace element composi-

tion and the lack of any older age component suggest that

the zircon cores are not detrital in origin, and the rock has a

magmatic protolith of Late-Cambrian—Ordovician age.

The dark domains, despite the lack of zoning, have a wide

range of ages from 37 to 20 Ma. This is in line with an

ample variation in HREE patterns that does not, however,

correlate with age.
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variable 21.1 Ma
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Fig. 5 Chondrite normalized diagrams of the REE composition of dated monazites. The arrows highlight relevant changes in REE between

different growth zoned. Normalizing values from McDonough and Sun (1995)
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Discussion

Himalayan ages in the dated monazite and zircon spread

from 36 to 17 Ma, testifying to a long-lasting metamor-

phism in this area (Fig. 7). If high temperatures were

preserved and melting occurred over such a long period of

time, new growth as well as dissolution and (re)precipita-

tion of individual monazite and zircon grains could have

occurred at any time. Additionally, any metamorphic and

melting reaction may occur over a P–T range and time

interval during which monazite crystallization could start,

reach a peak and then tail off. In such a scenario, it is not

141/01 zircon ~450 Ma cores

LNT2A zircon

TG8C zircon

CLN8A zircon inherited cores

rims 18.4 Ma
rims 20.6 Ma
rims >24 Ma

rims 25.0 Ma
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Fig. 6 Chondrite normalized diagrams of the REE composition of dated zircons. The arrows highlight relevant changes in REE between

different growth zones. Normalizing values from McDonough and Sun (1995)
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surprising that in some cases, monazite and zircon age pop-

ulations are smeared out and that scattered dates are frequent,

that is ages have a ‘‘geological scatter’’. Despite this, pre-

served domains in the monazite and zircon crystals in most

samples still yield statistically consistent age clusters. This

indicates that even in the most adverse conditions, the growth

of accessory minerals proceeds in episodic fashion and within

a short period of time that is below the resolution of our dating

technique (typically ±0.3 Ma).

A rigorous interpretation of monazite and zircon ages

requires that the formation of the different accessory mineral

domains yielding Himalayan ages be related to specific

metamorphic stages and, ideally, to specific reactions. Par-

ticularly important is to determine whether these accessory

minerals formed during prograde metamorphism, melting at

or around peak temperature, or during retrograde overprint at

super- or sub-solidus conditions. This is chiefly relevant for

monazite that, during regional metamorphism of metapelites,

can readily form at sub-solidus conditions (e.g., Rubatto et al.

2001; Wing et al. 2003).

Conditions of monazite (re)crystallization

Sikkim monazites do not preserve inherited, pre-Himala-

yan ages. This indicates that any detrital monazite that may

have been present did not survive metamorphism and all

ages measured are pertinent to Himalayan metamorphism.

It is still possible that monazite formed during prograde,

sub-solidus metamorphism and survived anatexis. A rough

estimate of the possible retention of prograde monazite in

these rocks can be done considering the solubility of LREE

in a granitic melt, with the assumption that monazite hosts

the entire LREE of the bulk rock. The Sikkim metapelites

contain *200–250 ppm of LREE (RLa-Sm), whereas the

leucosome only have *30–70 ppm of LREE (Chakr-

aborty, unpublished data; Neogi et al. in preparation). The

latest monazite solubility data of Stepanov et al. (2012) at

10 kbar and 750–800 �C indicate that a granitic melt can

dissolve *200–350 ppm of LREE. Therefore, leucosomes

(100 % melt) should not preserve any inherited monazite,

and monazite preservation in the mesosome will depend on

the melt/monazite ratio at the local scale. The model of

Kelsey et al. (2008) also shows that if the first melt

(*20 % of total melt) is lost, the LREE content of the rock

will decrease and monazite dissolution will occur rapidly

with increasing temperature. Therefore, solubility data

suggest that in the Sikkim metapelites, prograde monazite

was entirely dissolved in leucosome melts (like TG9A).

Some sub-solidus monazite may have been preserved

despite partial melting in mesosomes.

However, textural observations do not support the

preservation of sub-solidus monazite. In the Sikkim

sequence (Catlos et al. 2004) and in other amphibolite-

facies metapelites (Rubatto et al. 2001; Wing et al. 2003),

sub-solidus prograde monazite is generally small in size

(\50 lm) and unzoned. However, monazite grains sepa-

rated from the Sikkim migmatites are large ([100 lm) and

show a complex internal zoning, including oscillatory

bands and sectors that are most common in melt-related

monazite. Additionally, the euhedral shape of most mon-

azite grains (e.g., Fig. 3) in TG samples also suggests free

growth in a melt.

The inclusion of K-feldspar in monazite from sample

CLN6D dated at 28–25 Ma is further indication of for-

mation in the presence of melt. In fact, thermodynamic

considerations indicate that the modal abundance of

K-feldspar would have increased significantly upon melt-

ing in the Sikkim metapelites (Fig. 8).

In summary, whereas it cannot be excluded that some

sub-solidus monazite is still present in these samples, such

prograde relicts should be in the form of small cores.

Particularly in the samples that are rich in leucosome

(LNT2A, LNT5B, TG9A, 141/01), LREE solubility,

together with monazite size and internal zoning, suggests

that the observed monazite formed from a melt. An

exception may occur for the oldest Himalayan age

(36.4 ± 0.3 Ma) that was measured in the monazite cores

of sample LNT5B. This is older than the age of any melt-

related zircon. On the other hand, such old monazite cores

show oscillatory zoning (Fig. 3i) that is consistent with

growth in a melt. This sample is in contact with an

amphibolite. As documented by Faak et al. (2012), am-

phibolites and their immediately associated metapelites

within the HHC as well as the LH differ in their appear-

ance, assemblage and recorded P–T history from those of

the far field regional metapelites. Specifically, based on

petrological reasoning, Faak et al. (2012) argue for a pro-

tracted metamorphic history of these rocks that is different

from that of the surrounding regional metapelites. The

observation of 36 Ma monazite cores, and a diffuse age

spectrum spreading to *16 Ma, is consistent with this

expectation. Given the anomalous, allochthonous stature of

these rocks within the regional setting, these ages should

not be interpreted in the context of regional melting events.

If the 36 Ma signature dates a melting event, that would be

an event that occurred at the source region of these

amphibolite ? metapelite package.

Retrogression is weak or absent in most samples with

the exclusion of LNT samples where intense hydration

occurred during retrogression. Retrograde, sub-solidus

monazite formation may be possible in samples that show

intense fluid alteration. According to the previous studies

and experimental work (Townsend et al. 2000; Williams

et al. 2011), fluid alteration of monazite leads to patchy and

convolute zoning, similar to what is observed in some of

the monazite grains in CLN and LNT samples (Fig. 3d, e,
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h, i). In these samples, patchy zoned domains cross cut the

regular zoning of the monazite cores that ascribed to

growth during melting. The ages of the cross-cutting

domains often scatter and are not amenable to average age

calculation (CLN6D and LNT5B). Notably, in some cases,

patchy cross-cutting domains have the same apparent age

as the oscillatory-zoned cores (e.g., Fig. 3i). Such patchy

zoning could have been produced by melt or fluids released

upon melt crystallization as well, and these may not nec-

essarily indicate low temperature retrogression. Overall, it

is possible that in samples such as CLN5B, CLN6D and

LNT5B, the late, cross-cutting domains with patchy zoning

record sub-solidus recrystallization and fluid interaction

rather then new growth in a melt. In Fig. 7, ages related to

cross-cutting patchy domains are indicated with the prefix

‘‘Rx’’ and used with caution when reconstructing the tim-

ing of melting.

Zircon growth during melting

During the metamorphism of metapelites, zircon is gener-

ally not reactive before the onset of melting: that is sub-

solidus zircon growth is unlikely (Rubatto et al. 2001).

Whenever sub-solidus zircon formation is documented

(most commonly in high-pressure samples), it has diag-

nostic features (e.g., Hoskin and Black 2000; Rubatto and

Gebauer 2000; Corfu et al. 2003; Tomaschek et al. 2003;

Rubatto et al. 2008): patchy, convolute zoning or lack of

zoning, irregular shapes cross-cutting magmatic zoning and

very low REE content. None of these features is present in

CLN6D

LNT2A

LNT5B
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monazite and zircon ages for
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quoted at 95 % c.l. C core,

R rim, Rx recrystallized domain.

See text for discussion
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the dated zircon rims, which grow around rounded detrital

crystals, has a euhedral shape, show weak regular zoning

and has a REE pattern consistent with growth in a melt.

Similar features have been reported for zircon in migma-

tites in numerous terranes worldwide (e.g., Vavra et al.

1999; Rubatto et al. 2001; Cottle et al. 2009b; Rubatto et al.

2009; Liu et al. 2010; Imayama et al. 2012). Alteration of

zircon during retrogression is also excluded as such

occurrences are rare, and again, can be recognized by

texture and composition. Therefore, the zircon rims of

Himalayan age are interpreted as having grown during

anatexis between *31 and 17 Ma, the same period during

which the growth of most monazite occurred.

Support for zircon growth during melting comes from

Ti-in-zircon thermometry (Watson et al. 2006). Assuming

a TiO2 activity of 0.5 (ilmenite present), the temperatures

range from 670 to 760 �C (Table 2 and supplementary

Fig. 4). The calculation is affected by some uncertainty

about the activity of TiO2, which cannot be exactly

determined in a dynamic melting environment. Despite

such uncertainty, the obtained temperatures are in the

range expected for melting. According to the calculation

and modeling of Socar et al. (in preparation), the Sikkim

metapelites underwent fluid-induced and muscovite

dehydration melting at *700–750 �C (P of 7–8 kbar),

followed by biotite melting initiated at *750 �C. The

spread of Ti content within a single zircon population, the

uncertainty in TiO2 activity and the errors associated with

the Ti-in-zircon thermometer prevent determining whether

outer and inner zircon rims within the same sample

(CLN8A, LNT2A, TG8C) formed at different

temperatures.

Chemical indicators for different melting reactions

The comprehensive data set presented here allows assess-

ing whether, during the extended period of melting

(*31–17 Ma), it is possible to time the different reactions

or stages of melting. Whereas zircon composition may fail

to vary significantly when in equilibrium with melts pro-

duced by different reactions, in an anatectic environment,

zircon and monazite may reflect the appearance and dis-

appearance of other trace element-bearing phases like

garnet for Y and HREE, and feldspars for Eu (Schaltegger

et al. 1999; Foster et al. 2002; Rubatto 2002).

Garnet is ubiquitous in the investigated samples

(Figs. 2, 7a): it forms during prograde sub-solidus meta-

morphism and survives as restitic phase during melting and

can even be a peritectic phase. The amount of garnet

present drops sharply during decompression (i.e., garnet

breaks down, forming corona assemblages involving pha-

ses such as cordierite, spinel, plagioclase, with/without

production of new melt) and initial cooling at lower

pressures. This behavior is expected from petrogenetic

grids (Spear et al. 1999) and observed in thin section

(Fig. 2a–d).

Because garnet is the main host for HREE in these

metapelites, variations in the HREE content of monazite or

zircon within a sample (Figs. 5, 6; supplementary

Table 3–4) will depend on the amount of garnet present in

the rock. The variation in the volume of garnet in two

representative samples is modeled in Fig. 8b, c: garnet

increases in volume during the prograde path and decreases

drastically during isothermal decompression and then

cooling. Monazites in two samples (LNT2A and LNT5B)

show a sharp to moderate decrease in HREE from core to

rim (Fig. 5; Table 2). Zircon in sample CLN8 also shows

decrease in HREE from the inner to the outer rims. These

chemical variations, thus, time the increased garnet growth

during prograde to peak metamorphism, namely from

28–30 to 25 Ma in CLN samples and 30–23.6 Ma in

LNT2A.

Garnet consumption during decompression liberates

HREE and in turn leads to increased HREE content in

accessory minerals. A marked increased in HREE is pres-

ent in sample CLN6D from the *27.8 monazite cores to

25–23 Ma rims, and in LNT2A, from the inner *20.6 Ma

rims to the outer *18.4 Ma zircon rims. Similar variations

are present in TG9A and TG9C monazites between 24 and

23 Ma cores and 21–17 Ma rims. Breakdown of garnet

during decompression and initial cooling is also docu-

mented by the HREE composition of zircon in migmatites

of the HHC in eastern Nepal (Tamor-Ghunsa sec-

tion), *50 km west of Sikkim (Imayama et al. 2012).

Because of garnet resorption and retrogression in the

investigated samples, garnet rims that formed at peak

conditions are not present anymore. Limited diffusion of

REE in zircon (Cherniak 2010) as well as garnet would

prevent zircon from equilibrating with newly exposed

garnet rims. This complexity prevents the use of zircon/

garnet equilibrium partitioning to correlate monazite and

zircon REE compositions with a specific garnet zone

(Hermann and Rubatto 2003).

Negative Eu anomaly (Eu/Eu*) can be similarly used as

indicator of feldspar production. In these rock types, only

feldspars are capable of fractionating Eu from the REE.

Among the feldspars, K-feldspar has a stronger positive Eu

anomaly than plagioclase (Bea et al. 1994) and produces a

stronger negative Eu anomaly in coexisting phases (see

garnet in Buick et al. 2010). In this bulk rock composition,

K-feldspar is not present until melting begins and the

modal volume of K-feldspar increases rapidly

at *760–780 �C upon biotite melting (Fig. 8d, e). The

presence of K-feldspar inclusions in monazite domains

dated 28–25 Ma in sample CLN6D is thus direct indication

of the presence of melt at that time. In all metapelitic
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samples, there is a general trend to a stronger negative Eu

anomaly (decrease in EuN/EuN* values in Fig. 9) at

younger ages. This correlation is particularly strong in

CLN8A and TG8C zircons, and TG9A and TG9C mona-

zite. Whereas there can be a bulk compositional control on

the amount of feldspar produced, the Eu anomaly–age

trend suggests that, after initial melting, biotite melting and

K-feldspar production was dominant at around 23–21 Ma.

Therefore, based on the evolution of the abundances of

major phases that affect the REE content of monazite and

zircon, the P–T history of Sikkim pelitic migmatites can be

divided into three segments (Fig. 8):

1. T increasing—garnet increases, K-feldspar increases

2. T constant, P drops—garnet decreases, K-feldspar is

roughly constant

3. T decreases at low P—garnet decreases slightly,

K-feldspar decreases.

The last stage may not be recorded in accessory phases

such as monazite or zircon because temperatures may be

too low for the growth of these phases. The different

groups of metapelitic migmatites (CLN 5B, 6D, 8A; TG

9C, 9A, 8C and LNT 2A) studied in this work record these

stages, as discussed below.

Regional age trend and distinct migmatite types

In the age summary of Fig. 7, there is a jump in zircon and

monazite ages from CLN (ages of populations

between *32 and 22 Ma) to TG samples (ages between 26

and 17 Ma). Main phase petrology together with age and

chemical signature of zircons and monazites (Table 2) are

combined to reconstruct the P–T–time evolution of the two

units (Fig. 8a), which is summarized below.

CLN sequence

*31–28 Ma, monazite starts to form during prograde

metamorphism, possibly as early as paragonite melting

(*580 �C) and proceeding into muscovite dehydration

melting. Low volume of K-feldspar and garnet would have

been present at this stage as monazite has small negative

Eu anomaly (CLN8A) and relatively high HREE content

(LNT2A). Monazite in CLN8A, first zircon rim in CLN8A,

and monazite cores in CLN5B and LNT2A record this

stage. From 28 to 25 Ma, zircon and monazite grow during

abundant melting close to the peak of metamorphism.

K-feldspar increases significantly by biotite melting (K-

feldspar inclusion and increase in negative Eu anomaly in

CLN6D monazite) and garnet is a dominant phase (low

HREE content in CLN6D monazite cores and the outer

zircon rim in CLN8A). Toward the end of decompression

and during cooling (*25 Ma and after), significant garnet

dissolution leads to an increase of HREE in the system.

This stage is mainly recorded in CLN6D monazite rims.

TG sequence

The same chemical signatures as observed in the CLN

samples are present in the TG samples but at later times. At

26–23 Ma, monazite and zircon crystallize during the

prograde path, in a garnet-rich assemblage (low HREE

contents in monazite cores of TG9 samples and in zircon

rims). Melting is limited as signatures due to the presence

of K-feldspar are virtually absent. Between 23 and 20 Ma,

there is significant zircon growth during increasing melt

production (increasing Eu anomaly) at peak. Zircon and

monazite rims in TG9 and TG8 grew during this stage.

After 20 Ma, toward the end of decompression, decrease in

T produced retrogression of garnet and a second rim in

accessory minerals (higher HREE in TG monazite rims and

LNT2A zircon) until *17 Ma.

Despite the similarities in P–T evolution, the P–T–time

paths of the two sequences reveal some important features:

1) the southern CLN unit reached peak metamorphism

significantly earlier than the TG unit; 2), the duration of

decompression in any given rock in the two units is similar

(*3 Ma); 3) the two units came together at the end of

decompression during cooling, after they reached mid to

upper crustal conditions (*5 kbar). Diachronicity of

melting and different heating/exhumation rates between

different portions of the HHC have important implications

for understanding the tectonics of this region (see ‘‘Dis-

cussion’’ below). A similar diachronous metamorphism

across the HHC has been recently reported in nearby

eastern Nepal (Imayama et al. 2012). In that area however,

the sample at a higher structural level and metamorphic

grade recorded earlier metamorphism (33–23 Ma) than the

southern, lower grade sample (21–16 Ma). This trend is

opposite to the one we document in the Sikkim area

between the CLN (structurally lower, older) and the TG

sections (structurally higher, younger). A similar age trend,

with younger metamorphic rocks thrusted over older rocks,

has been reported in NW Buthan (Warren et al. 2011), but

that evolution is younger than in Sikkim (13–15 Ma in the

north and 17–21 in the south).

We suggest that the younging trend in Sikkim is due to

decoupling between the northern and southern part of the

HHC in Sikkim during their evolution. This implies a

tectonic discontinuity north of Lachen (*27�450 N,

Fig. 1). Field and petrographic observations support this

scenario. The section between Lachen and Thangu is

strongly deformed and characterized by hydrous retro-

gression (e.g., sillimanite not preserved, retrograde chlorite

replacing garnet, sericite and fine-grained white mica
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replacing K-feldspar, and green biotite ? ilmenite replac-

ing HT biotite). Patchy zoning indicative of fluid alteration

(Townsend et al. 2000; Williams et al. 2011) is particularly

abundant in monazites from the LNT samples. Most

notably, the CLN and TG samples have different cooling

histories (Sorcar et al. in preparation). These observations

now help to place metapelite LNT2A that occurs between

these two blocks, in context. The hybrid nature (LNT2A

has old monazite cores as in CLN, but most of accessory

mineral growth occurs simultaneously with TG samples)

and higher retrogression and deformation indicates that

LNT marks a region of discontinuity and ductile faulting

between CLN and TG.

In addition to the regional trend, individual samples from

the same unit or even outcrop may record zircon and

monazite crystallization from melt at slightly different

times (compare TG8 with TG9). These age differences

could arise from differences in ‘‘reactive’’ bulk inducing

LREE and Zr saturation at different times (Kelsey et al.

2008) and/or sample following a slightly different P–T

evolution and thus melting history. As for the other Tertiary

collisional belts (Rubatto et al. 2009), the young age and

good precision allow resolving these slight age differences

in the Himalayan migmatites, which can be missed in older

terranes. These data highlight the risk of attributing the age

of anatexis by dating only one or a few samples.

Sample 141/01 in SE Sikkim records zircon and mon-

azite formation over an extended period of time that

overlaps with both portions along the N–S transect. This

chronology confirms that metamorphism in eastern Sikkim

was roughly synchronous with rest of the HHC in the

region. The limited data for this area, as well as different

nature of the protolith (an orthogneiss rather than a pelitic

migmatite), do not allow evaluating whether the same
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individual monazite (a, b) and

zircon (c, d) ages versus Eu
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values normalized to chondrite]

as proxy for K-feldspar growth.

Plots a and c show all samples,

whereas plot b and d show

selected samples where the
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strong. Only metapelitic

samples and related leucosomes

are plotted. See text for

discussion

Fig. 8 P–T-time path for the Sikkim migmatites. a Pseudosection

and thermobarometric results calculated by Sorcar et al. (in prepa-

ration) for rocks from the same region and outcrops. The pseudosec-

tions were calculated in the system MnNCKFMASH using Holland

and Powell (2001) database and the Perplex software for a typical

migmatite bulk composition from North Sikkim. The peak

(*800 �C) and retrograde (*600 �C) metamorphic P–T conditions

obtained by kinetically constrained individual thermobarometry are

superposed on the topology of the phase diagram. The CLN and TG

samples follow similar P–T paths, with the CLN samples attaining

slightly lower pressures of metamorphism. The prograde P–T path is

poorly constrained and is drawn to indicate an increasing P–T trend

that may be expected in a collisional setting. The isothermal

decompression and isobaric cooling segments of the paths are well

constrained by reaction textures and thermobarometry. Association of

isotopic dates to different segments of the P–T paths is based on the

discussion in the text. M melt, other mineral abbreviations according

to Kretz (1983). Contouring the stability fields with modal abun-

dances allows the evolution of abundance of individual minerals (or

melt) along a P–T path to be constructed. b The evolution of

abundance of garnet in two rock samples as a function of relative time

as a rock traverses the P–T path, in c the same data are illustrated as a

function of temperature evolution along the P–T path. d,e the

evolution of K-feldspar abundance at the same stages of evolution of

the rocks. See b and c for legend

b
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discontinuity that is present in the N–S section also occurs

in the eastern flank of the Sikkim structure. However, the

protracted monazite and zircon record in orthogneiss

141/01 with respect to individual metapelitic samples in the

north raises the possibility of different protolith behaviors

or different thermal evolutions between the HHC in the

north and on the flank of the Sikkim structure.

Geochronology of Himalayan HT metamorphism—a

hierarchy of timescales

Age constraints on metamorphism within the HHC are

particularly abundant for the central part of the Himalayan

chain (Tibet and Nepal) and around the Everest region (see

a review in Jessup et al. 2008), whereas only a couple of

works refer to the region of Sikkim (Catlos et al. 2004;

Harris et al. 2004). The majority of Himalayan geochro-

nology has, however, targeted the various tectonic dis-

continuities with the aim of timing the tectonic movements.

Systematic investigation of continuous metamorphic

sequences or large uniform provinces is limited to a few

studies (Cottle et al. 2009b; Warren et al. 2011; Imayama

et al. 2012).

Despite uncertainties in the interpretation of some ages,

a general picture emerges for the overall evolution of the

Himalayan chain. The early stages of metamorphism have

been dated at between *44 and 36 Ma in various parts of

the chain: greenschist facies metamorphism and garnet

growth at 44–36 Ma in Nanga Parbat (Foster et al. 2000);

early garnet growth at *43 Ma, and kyanite–garnet

metamorphism at *39 Ma in the Dolpo region, Western

Nepal (Carosi et al. 2010), prograde metamorphism in the

Everest region at *39 Ma (Cottle et al. 2009a). An age of

peak metamorphism of *32 Ma has been proposed for the

Everest region (Simpson et al. 2000). Evidence of melting

in these early stage of metamorphism are rare: melting at

relatively high pressures in the kyanite field is documented

in the MCT Zone of E Nepal and dated at *31 Ma

(Groppo et al. 2010) and possibly at *35 ± 3 Ma in

central Nepal (Godin et al. 2001). Temperatures consistent

with melting have recently been reported in central Nepal,

Annapurna region, where high temperature titanite ranges

in age from 37 to 20 Ma (Kohn and Corrie 2012). A

number of workers refer to this first stage as ‘‘Eohima-

layan’’ M1 metamorphism (Vance and Harris 1999;

Simpson et al. 2000; Godin et al. 2001), to distinguish it

from a later phase at lower pressure in the sillimanite sta-

bility field.

Abundant geological constraints across the central and

eastern part of the Himalaya (Simpson et al. 2000;

Viskupic et al. 2005; Jessup et al. 2008; Kellett et al. 2010)

indicate that sillimanite-garnet grade metamorphism

occurred broadly in the period 26–20 Ma, and possibly as

early as 28 Ma (Cottle et al. 2009b). At the higher struc-

tural levels (MCT Zone and HHC), pervasive partial

melting occurred from *23 Ma (Viskupic et al. 2005;

Warren et al. 2011) until the Middle Miocene together with

widespread granite emplacement across the Himalayan

chain. A single study just west of Sikkim reported mig-

matisation from early Oligocene and that extended over a

period of time that is similar to the interval that we doc-

ument (33–16 Ma, Imayama et al. 2012).

Little of this evolution has been documented in the Si-

kkim region where geochronology was limited. Dating of

garnet in a leucosome in west Sikkim returned imprecise

ages at 23.0 ± 2.6 Ma for the core and 16.1 ± 2.4 for the

rim, which were interpreted as dating prograde-peak

metamorphism and decompressional melting (Harris et al.

2004). A geochronologic study of monazites (Catlos et al.

2004) had a structural scope (time of movement along the

MCT Zone) and, in that study no information was sought in

the internal structure and composition of monazites. Such

an approach likely resulted in the mixing of different age

components and could not possibly resolve any P–T stages

represented by multiple monazite domains.

Our data set indicates that melting in the HHC was

already occurring by 31 Ma (the age of the oldest zircon

overgrowth) and lasted until *17 Ma, the age of the

youngest zircon and monazite rims. This longer time span

covers both the time of peak metamorphism and HP

melting in the kyanite field (Godin et al. 2001; Groppo

et al. 2010) and that of HT melting and granite emplace-

ment (Viskupic et al. 2005; Cottle et al. 2009a). There is no

time gap between these events that were previously con-

sidered distinct, leading to the conclusion that the

Eo-Himalayan and Meso-Himalayan distinction cannot be

applied to Sikkim. The same applies to the HHC in eastern

Nepal (Imayama et al. 2012), and it may be necessary to

reconsider the distinction for other regions where earlier

signs of high temperature melting are documented (Cottle

et al. 2009b).

The combination of textural, geochemical and petro-

logical criteria with isotopic dates in this study reveals a

picture of subtle complexity involving diachroneity and a

hierarchy of timescales of melting in the HHC in this

region: Melting over the entire HHC occurred over a period

of about 15 million years (31–17 Ma). However, this

melting occurred in different blocks at different times (e.g.,

CLN vs. TG) with discontinuities between these blocks

(e.g., LNT). A given block traversed the P–T region of

melting within 5–7 million years. Within a block, specific

melting reactions may have been intersected at slightly

different times by different pieces (e.g., different samples

of CLN or TG), leading to a real, geological scatter in the

age spectrum of a given accessory mineral (with a given

trace element signature and texture), in addition to
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analytical uncertainties. Furthermore, it could be shown

that allochthonous blocks or different protoliths, recording

a different evolutionary history, could be embedded within

the regional stratigraphy (sample LNT5B), and therefore,

the dating of single, isolated samples could be misleading.

The implications of these results for the calculation of

cooling and exhumation rates may now be considered. The

timescales of 5–7 Ma for traversing the P–T field or

melting ([700 �C, up to *10 kbar, decompression to mid-

crustal depths for about 5 kbar followed by cooling

below *700 �C) match the duration obtained from geo-

dynamic modeling (Faccenda et al. 2008). Such a timescale

is also consistent with geospeedometric constraints (Sorcar

et al. in preparation). These results are not consistent with a

duration of ca. 7 Ma (23–16 Ma) for decompression alone

that has been inferred based on somewhat uncertain dates

of garnets (Harris et al. 2004), or slow cooling rates of

15–40 �C/Ma that have been inferred by combining zircon

dates with FT ages (Imayama et al. 2012).

Implications for Himalaya tectonics

The presence of early, [25 Ma old melting during pro-

grade metamorphism, as well as diachronicity between

different portions of the HHC, has important implications

for tectonic models. First of all, the association of dates to

different segments of the P–T paths (Fig. 8a) shows that

melting occurred before decompression and, therefore,

drop in density and exhumation may be the consequence of

melting rather than the other way around (e.g., Harris et al.

2004). This inference is similar to that of Viskupic et al.

(2005) and Groppo et al. (2010).

Channel flow has been proposed as a major process to

explain the tectonics, P–T paths and timing of the Hima-

layan orogen (e.g., Beaumont et al. 2004; Jamieson et al.

2004; Godin et al. 2006). Application of a typical thermo-

mechanical numerical model to the HHC successfully

reproduced the shape of the P–T paths observed across the

region (Jamieson et al. 2004), including the isothermal

decompression that characterized the Sikkim HHC granu-

lites (Ganguly et al. 2000; Sorcar et al. in preparation). One

of the main features of a channel flow model is the syn-

chronous evolution of different parts of the sequence, with

lower and higher structural levels reaching peak T and P at

the same time (see Fig. 4 in Jamieson et al. 2004). Unlike

absolute timing, synchronicity is a necessary condition of

the models in their present form, and this feature does not

depend on the initial radiogenic heat flow, plate velocity or

properties of the crustal layers chosen for the model. The

P–T–time data presented here, in particular the diachro-

nicity between CLN and TG units, cannot be reconciled

with simple channel flow models. It is noteworthy that,

without the time information, the two segments of the HHC

identified here would show very similar P–T path and be in

line with synchronous evolution across the HHC. As shown

elsewhere, single ages of HHC samples would not be suffi-

cient to resolve diachronicity and would still be compatible

with channel flow (see an example in Kellett et al. 2010).

Simultaneous movement along the MCT and the STDS

during the Miocene (*24–16 Ma) has been widely pro-

posed as playing a major role in the exhumation of the

HHC (Godin et al. 2006). The P–T–time history of the

Sikkim migmatites (Fig. 8) indicates that (i) in the region

between the MCT and the STDS, different rock units

underwent exhumation at different time and rates, with a

further discontinuity between them and that (ii) in the unit

closer to the MCT, significant exhumation was already

occurring from *27 Ma. Future studies will have to

explore the possibility that the two main tectonic discon-

tinuities acted separately and carried distinct rock pack-

ages. The identification of this additional discontinuity

within the HHC alters the equations for balancing the

extent of convergence, compression and exhumation.

A structural discontinuity within the HHC has been

reported in central Nepal (Martin et al. 2010) as well as in

western Nepal (Toijen shear zone, Carosi et al. 2010), and

its initial activity has been dated at *26 Ma, before the

onset of movement so far detected along the MCT. A break

in grade and age of metamorphism marked by a tectonic

discontinuity has also been identified in NW Bhutan

(Warren et al. 2011; Grujic et al. 2011), but interestingly, in

that section, the age of decompression from granulite facies

along the thrust is as young as 15–13 Ma. The LNT section

of the Sikkim migmatites could represent a similar shear

zone and determining the timing of movement on it, and its

nature is crucial for future tectonic models of the HHC.

Conclusions

Determination of age using zircon and monazite in nine

samples of migmatites indicates that within one meta-

morphic cycle, these minerals may record different stages/

reactions. This results in a complex distribution of dates

that can only be correctly resolved and interpreted by

dating of multiple domains, paying attention to their rela-

tive sequence, and combination of geochronology with P–T

paths, reaction sequences and related trace element chan-

ges in accessory minerals.

With this multidisciplinary approach, U–Pb ages from

the Sikkim migmatites can be related to metamorphic

stages within a complex tectonic setting. Monazite and

zircon growth zones record a protracted melting and HT

history in the HHC of Sikkim from *31 to 17 Ma. An

older *36 Ma high-grade event is recorded in an allo-

cthonous relict related to mafic lenses.
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The variation of trace element composition of the dated

growth zones is indicative of changes in the coexisting

assemblages and, in turn, melting reactions. Changes in

HREE and negative Eu anomaly record garnet growth

during prograde metamorphism, biotite dehydration melt-

ing with the production of K-feldspar and garnet resorption

during decompression and cooling. These metamorphic

stages did not occur at the same point of time in different

segments of the HHC in Sikkim along a N–S transect.

Such combined analysis of texture (i.e., core vs. rim, or

cross-cutting relations, yielding relative sequence of

events), trace element geochemistry and isotopic dates

reveals a hierarchy of timescales during the crustal melting

in a region: while melting lasted about 15 Ma across the

HHC (an event), any given block traversed the melting

field in 5–7 Ma, and within the blocks, individual rock

samples may have experienced the same reactions that

lasted much shorter, at slightly different times (episodes).

The age distribution across the N–S transect, combined

with field and petrographic observations, suggests a

decoupling between the northern portion at higher struc-

tural levels and the southern portion of the HHC. The two

units record a similar, but not simultaneous, metamorphic

path: high-grade metamorphism and melting started earlier,

from 31 Ma, in the southern portion (Chungthang to La-

chen, CLN), which then underwent earlier decompression

with respect to the northern portion (north of Thangu, TG).

The two units became coupled only at the onset of cooling

after 20 Ma.

Diachronous metamorphism and different cooling rates

of units within the HHC cannot be reconciled with a

channel flow model in its most basic form, which requires

synchronous evolution across the HHC. The region is an

amalgamation of at least two units that were mobile at

different points in time and were eventually juxtaposed.

Absolute and relative timing of metamorphism also

demand the presence of a regional tectonic discontinuity

within the core of the HHC that was active before the

currently recorded periods of movements along the MCT.

This requires that models of compression, convergence and

exhumation consider the role of such discontinuities in

reconstructing the tectonic evolution of the orogen. The

heterogeneity of spatial and temporal distribution of

melting makes it a challenge to estimate the amount of melt

present at a given point of time and its influence on

exhumation and tectonics.
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