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Partial melting is thought to profoundly impact the rheology and deformation behavior of the middle
crust. Consequently, investigations of the pressure-temperature conditions of metamorphism, rates of
heating, and durations of anatexis can provide unique constraints on tectonic processes. The Greater
Himalayan Sequence (GHS), in the metamorphic core of the Himalayan orogen, is commonly considered
to represent exhumed, anatectic, mid-crust. Here, we present detailed petrological and geochronological
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analysis of anatectic pelitic schist and felsic paragneiss from the uppermost structural level of the GHS
Keywords: to understand the timing and conditions of Himalayan anatexis. Petrologic analysis indicates that these
monazite rocks experienced high-grade metamorphism and partial melting up to peak conditions of ca. 720-745°C

zircon and ca. 9.6-10 kbar. Melt volumes of ca. 3% increased slightly during exhumation with nearly constant
petrochronology or slightly decreasing temperature, then decreased as rocks cooled, ultimate crossing the solidus at ca.

P-T Pth 5.5 kbar and 700°C. Well-correlated U-Th-Pb ages and trace element data (HREE, Y, and Eu/Eu*) for
;‘;::;;‘;a monazite and zircon require prograde metamorphism and initial partial melting of GHS rocks at ca. 50

and 42-40 Ma, respectively, and crystallization of melts at ca. 24-18 Ma. These data indicate a long-lived
(ca. 22-24 Myr) partially molten mid-crust in the eastern Himalayan orogen that formed as much as
10 Myr earlier and lasted 10 Myr longer than numerical models of viscous flow have predicted. Thermal
buffering and melt stagnation may reflect feedbacks between thermal structure and shear stress. The
change from thermal and mechanical stasis to rapid exhumation and cooling at ca. 24 Ma corresponds
with an orogen-wide shift in deformation patterns, and may reflect arrival of mainland India.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Partial melting of middle to lower crust in an orogen results
in the formation of melt, which lowers the crustal viscosity and
weakens the crust and strongly affects the architecture and behav-
ior of mountain belts, including shaping orogenic plateaus, nucle-
ating convergent and divergent structures, and fostering the for-
mation of gneiss domes (e.g., Teyssier and Whitney, 2002; Cook
and Royden, 2008; Jamieson et al., 2011). Thus, the timing and
duration of crustal melting in an orogen are of fundamental impor-
tance to its thermal and structural evolution. Exposed Himalayan
rocks record widespread partial melting (see summary of Wein-
berg, 2016), while geophysical investigations indicate that the mid-
dle crust of the Tibetan Plateau is partially molten today (Nelson et
al., 1996). Because of such extensive evidence for partial melting,
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both in the past and today, the Himalaya is commonly considered
as the type example of hot orogens (Beaumont et al., 2006).

Widespread exposures of migmatitic Greater Himalayan Se-
quence (GHS) rocks are the principal basis for inferring past par-
tial melts in the Himalaya. These rocks represent a thick (up to
>20 km), laterally extensive (up to 2000 km) composite sheet of
middle crust, which was assembled along one or several thrusts
and shear zones within the GHS starting by at least 25 Ma (e.g.,
Kohn et al.,, 2004; Goscombe et al., 2006; Montomoli et al., 2015;
Larson et al., 2015; Carosi et al., 2018). At the orogen-scale, the
persistence of these rocks along- and across-strike has given rise
to models that depend on protracted viscous flow (e.g., channel
flow; Beaumont et al., 2001). The generation of these widespread
melts, and timing of their formation, have also been used to il-
luminate mechanisms by which granite belts form (Le Fort, 1975;
Harrison et al., 1998; Weinberg, 2016). Thus, the GHS offers an
excellent opportunity to study the interplay between melting and
orogenic processes.
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Fig. 1. (a) Schematic geological map of the Himalayan orogen (modified after Yin
and Harrison, 2000; Guillot et al., 2008), showing overall geology and general lo-
cation of the Cona area near the boundary between GHS and THS rocks (upper
structural level of the Greater Himalayan Sequence) in the eastern Himalaya; (b) Ge-
ological map of the Cona area, China, showing approximate sampling sites and
location of cross section (blue dashed line); (c) Cross section in the Cona area. (For
interpretation of the colors in the figure(s), the reader is referred to the web version
of this article.)

In this paper, we investigate schist and paragneiss from the up-
per GHS in the Cona area, eastern Himalaya, China (Fig. 1) to bet-
ter understand the P-T conditions, timing, and duration of partial
melting in the uppermost levels of the Himalayan metamorphic
core in the region. We first characterize the petrology of metapelite
and felsic gneiss. In addition to key textures and chemical sys-
tematics, we determine peak P-T conditions and construct a P-T
path. We then document coupled U-Th-Pb ages and trace ele-
ment data of monazite and zircon in these rocks. While Ding et al.
(2017) have reported basic petrologic data and cooling ages for the
orthogneiss in the study area, we now provide extensive new mod-
els, trace element data, geochronologic data, and interpretations
of the initiation age of prograde metamorphism, timing of partial
melting, and timing of melt crystallization. Finally, we explore the
implications of these long-lived partial melts for orogen-scale tec-
tonic models.

2. Geological setting

The Himalaya formed as a result of collision between India and
Asia at ca. 60-50 Ma (e.g., Najman et al., 2010; Hu et al., 2015;
Kapp and DeCelles, 2019 and references therein), which is bounded
by the Indus-Yarlung Tsangpo Suture zone to the north and the
Main Frontal Thrust (MFT) to the south. Rocks of the Himalaya are
commonly divided into four roughly parallel, laterally continuous,
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litho-tectonic units. From north to south, these are the: Tethyan
Himalayan Sequence (THS), Greater Himalayan Sequence (GHS),
Lesser Himalayan Sequence (LHS), and Sub-Himalayan Sequence
(SHS) (Fig. 1a; Yin and Harrison, 2000). These units are separated
by the South Tibetan Detachment System (STDS; THS-GHS), Main
Central Thrust (MCT; GHS-LHS) and Main Boundary Thrust (MBT;
LHS-SHS) (Fig. 1a; Yin and Harrison, 2000). Focusing on the GHS,
additional thrusts and shear zones have been proposed within it,
notably, the Higher Himalayan Discontinuity (HHD; e.g., Kohn et
al.,, 2004; Goscombe et al., 2006; Cottle et al., 2015; Montomoli et
al.,, 2015; Carosi et al., 2018). Thrust-sense displacement along the
HHD (or its locally-named shear zone) is interpreted to have oc-
curred as early as ca. 25 Ma, while movement on the MCT may
have initiated as late as ca. 17 Ma (see summary of Carosi et al.,
2018).

The GHS represents the metamorphic core of the orogen and
consists of amphibolite- to granulite-facies metamorphic rocks and
leucogranites. Metasedimentary rocks of the lower GHS record
an inverted, Barrovian-type, metamorphic field gradient, such
that metamorphic grade increases from kyanite to sillimanite +
K-feldspar structurally upward toward the hinterland (Le Fort,
1975; Kohn, 2014). In addition to metapelitic rocks, subordinate
quartzite, calc-silicate and marble also occur in this subunit. The
upper portion of the GHS consists mainly of orthogneiss and minor
kyanite/sillimanite migmatite, intruded by Miocene leucogranites
(Le Fort, 1975).

The Cona area, eastern Himalaya, exposes rocks of the upper
GHS (Fig. 1b, c) including granitic orthogneiss with a Neoprotero-
zoic to Late Cambrian protolith age (Ding and Zhang, 2016) and
kyanite- and sillimanite-bearing pelitic schists and paragneisses
(Fig. 1c). These rocks are cut by minor leucocratic dikes and sills,
and their foliation dips gently to NNE (20-30°N) (Fig. 1b). The
STDS and a leucogranite intrusion crop out immediately to the
north and northeast, respectively (Fig. 1b), of our sample locali-
ties, but the structural relationship of the leucogranite to the STDS
is unknown.

The GHS is now commonly interpreted as an in-sequence thrust
dominated unit that experienced thickening prior to movement on
the MCT (Carosi et al., 2018 and references therein). Because the
Cona rocks now occupy the structurally highest level of the GHS
in the region, they may represent rocks that were metamorphosed
farther to the north and earlier than structurally lower GHS. Thus,
the Cona rocks provide an opportunity to examine relatively early
stages of internal thickening and metamorphism of the GHS.

3. Petrology

The pelitic schists (samples 44-3, 111-1, and 117-1) and felsic
paragneiss (sample 62-2) that we studied were collected from the
uppermost structural level of the GHS in the Cona area; faults or
shear zones do not apparently separate these samples (Fig. 1b, c).
The schists and paragneiss are foliated with sparse 1-5 cm-scale
leucocratic segregations that are parallel to the foliation (Appendix
Fig. 1a, b). Leucosome in both schist and paragneiss consists of pla-
gioclase and quartz. Distinct whole-rock compositions (Appendix
Table 1) and differences in the progress of reactions at high-T and
during cooling affect mineral textures and assemblages. Analytical
methods of bulk rock compositions and mineral compositions are
presented in Appendix A. Characteristic textures and assemblages
for each sample are as follows:

Sample 44-3. This Grt-Sil schist contains garnet, K-feldspar, mus-
covite, sillimanite, biotite, plagioclase, quartz as well as minor il-
menite and rutile (Fig. 2a, b). Oriented mica laths, sillimanite nee-
dles, and ribbons of plagioclase and quartz define the foliation. The
subhedral and poikiloblastic garnet contains abundant inclusions
of plagioclase, biotite, quartz and muscovite, and is partly replaced
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Fig. 2. Photomicrographs of the studied schists and gneiss. (a) Grt-Sil schist (sample 44-3), containing garnet, K-feldspar, muscovite, sillimanite, biotite, plagioclase, quartz,
ilmenite and rutile; (b) Myrmekite consisting of plagioclase and quartz surrounding large plagioclase grains (sample 44-3), representing the crystallized former melt; (c and d)
Grt-Sil schist (sample 111-1), consisting of garnet, staurolite, muscovite, sillimanite, biotite, plagioclase, quartz and ilmenite. Note that the staurolite occurs only as inclusions
within garnet, and the garnet rim is partly replaced by biotite, sillimanite and plagioclase; (e) Grt-Ky schist (sample 117-1), consisting of garnet, muscovite, sillimanite,
kyanite, biotite, plagioclase, quartz and ilmenite. Note that the garnet is partly replaced by biotite and plagioclase, and some biotite is partly replaced by sillimanite; (f) Grt-
bearing gneiss (sample 62-2), containing garnet, sillimanite, muscovite, biotite, plagioclase, quartz, ilmenite and tourmaline. The red lines crossing garnet grains in (a), (c)
and (f) refer to the locations of compositional profiles and one in (c) is shown in Fig. 3. The mineral abbreviations used in this paper are as follows: Ab=albite, Alm=
almandine, Amp=amphibole, And=andalusite, Bt=biotite, Crd=cordierite, Grs=grossular, Grt=garnet, IIm=ilmenite, Ky=Kkyanite, Lig=melt, Mnz=monazite, Ms=muscovite,
Pl=plagioclase, Prp=pyrope, Qtz=quartz, Rt=rutile, Sil=sillimanite, Spe=spessartine, St=staurolite and Zrn=zircon.
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by biotite, sillimanite and plagioclase along its edges and by biotite
along the fractures (Fig. 2a). Vermicular intergrowths of plagioclase
and quartz around subhedral plagioclase crystal are present in the
matrix (Fig. 2b).

Sample 111-1. This Grt-Sil schist contains a matrix assemblage
of garnet, muscovite, sillimanite, biotite, plagioclase, quartz and il-
menite with a distinct schistosity defined by oriented biotite and
sillimanite and by elongated plagioclase and quartz (Fig. 2c). The
poikiloblastic garnets have inclusion-rich core and inclusion-poor
rim. The inclusions in garnet are quartz, plagioclase, biotite, mus-
covite, chlorite and, notably, staurolite (Fig. 2¢, d). The rim is partly
replaced by biotite, sillimanite and plagioclase (Fig. 2c, d). No
paragonite is observed, which is relevant to our interpretation of
pseudosections and the prograde P-T path.

Sample 117-1. This Grt-Ky schist contains a matrix assemblage
of garnet, muscovite, sillimanite, biotite, plagioclase, quartz and
ilmenite (Fig. 2e). Kyanite also occurs as sparse inclusions in pla-
gioclase (Fig. 2e). The garnet is partly replaced by biotite and pla-
gioclase, while sillimanite partly replaces biotite.

Sample 62-2. This Grt-bearing gneiss contains a matrix assem-
blage of garnet, sillimanite, muscovite, biotite, plagioclase, quartz
and minor ilmenite and tourmaline (Fig. 2f). Poikiloblastic garnet
has inclusions of plagioclase and quartz, and is partly replaced by
biotite along edges and fractures.

Three generations of mineral assemblages can be distinguished
for the schists based on textures and replacing relationships among
minerals. A prograde assemblage (M1) is represented by garnet
cores and their mineral inclusions: Grt (core) + Pl + Bt + Ms +
Qtz + St (in sample 111-1 only). The maximum pressure assem-
blage (M2) is Grt (mantle) + Pl + Bt + Ms + Qtz + Ky (in sample
117-1 only) + Ilm + Rt (in sample 44-3 only). The retrograde as-
semblage (M3) is characterized by the appearance of sillimanite
that replaces garnet edges and biotite. For the gneiss, all minerals
except late sillimanite coexist in chemical equilibrium, and its peak
mineral assemblage is Grt + Pl + Bt + Ms + Qtz + IIm.

Mineral chemical compositions of the two schists (sample 111-
1 and 44-3) and the gneiss (sample 62-2) are presented in Ap-
pendix Tables 2-4. Key compositional characteristics include:

Plagioclase (Appendix Table 2). Matrix plagioclase compositions
have Xan = 0.24-0.30 (sample 111-1) and 0.22-0.24 (sample 44-
3), whereas plagioclase inclusions (sample 111-1) have relatively
high Xan = 0.27-0.38. For the gneiss (sample 62-2), two analyses
of matrix plagioclase have Xa, = 0.19.

Biotite (Appendix Table 3). Biotite in all rocks has compositions
with average Fe/(Fe+Mg) = 0.63 (schist 44-3), 0.61 (schist 111-1
inclusions in garnet) to 0.69 (schist 111-1 matrix), and 0.64 (gneiss
62-2), and average TiO, content of 2.80 wt% (sample 44-3), 2.70
wt% (sample 111-1 inclusions) to 3.11 wt% (sample 111-1 matrix),
and 2.94 wt% (sample 62-2).

Muscovite (Appendix Table 3). Matrix muscovite compositions
vary slightly among all rocks, with average of Si = 3.09, 3.14,
3.10 cations per formula unit and average of Fe/(Fe+Mg) = 0.59,
0.63, 0.55 for samples 44-3, 111-1, and 62-2, respectively. Inclusion
muscovite in sample 111-1 has a slightly higher Si = 3.20 cations,
but similar Fe/(Fe+Mg) = 0.58.

Staurolite (Appendix Table 3). The staurolite inclusion in the
garnet from schist sample 111-1 has Fe/(Fe+Mg) = 0.84.

Garnet (Appendix Table 4). Compositional zoning across garnet
from all samples shows slightly decreasing spessartine and con-
stant almandine contents from the core towards the rim, and a
sharp increase in spessartine at the rim (Fig. 3). Grossular content
increases slightly from the core towards the rim in samples 44-
3 and 111-1, and shows a slight decrease close to garnet rims in
sample 111-1 with a small increase at the outmost rim on one side
of the garnet. Grossular content is generally invariable throughout
garnet in sample 62-2. Garnet next to the staurolite inclusion has
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Fig. 3. Garnet compositional profile (sample 111-1), representing rim-to-rim anal-
yses through garnet porphyroblast. Pyrope component increases slightly from core
toward mantle, then decreases at rim; grossular on right-hand rim shows small os-
cillation. Spessartine component shows small decrease towards rim, then increases
at rim. This compositional zoning is consistent with diffusionally-modified prograde
garnet growth (core-towards rim), followed by garnet resorption plus reequilibra-
tion (rim zoning).

similar spessartine content (0.05) to the core of the garnet in sam-
ple 111-1.

4. Metamorphic conditions and P-T path

Metamorphic P-T conditions of sample 111-1 were constrained
by phase equilibria modeling and garnet-plagioclase-sillimanite-
quartz barometry (Koziol, 1989); analytical and computational
methods are presented in Appendix A. A P-T pseudosection
(Fig. 4a) was constructed based on the measured bulk rock com-
position (Appendix Table 1) over a P-T range of 3-12 kbar and
400-800°C. In the calculated P-T range, garnet is always present
(Fig. 4c), but its mode is small at low pressures (blue field). Plagio-
clase is stable except for the upper left corner (Fig. 4d). Staurolite
is stable within a narrow field of T < 650°C and P < 7.5 kbar
(the thick yellow line in Fig. 4a, b). Kyanite is stable over a wide
range of P-T conditions of above 3 kbar and 440°C and 10 kbar
and 800°C. The solidus of the system is located at 680-725°C.

The early prograde assemblage (M1) in this rock, observed via
inclusions (Grt + Pl + Bt + Ms + Qtz + St), is stable over a P-
T range of T = 400-650°C and P = 3-7.5 kbar (Fig. 4a), which
represents the prograde nucleation and early growth conditions
of the garnet. The decreasing spessartine from core to mantle of
the garnet (Fig. 3) is generally consistent with growth zoning, but
the relatively flat profiles suggest substantial diffusional homoge-
nization, likely near the peak of metamorphism. Because original
garnet (and likely staurolite) compositions are not preserved, we
cannot pin down the P-T conditions of this assemblage more pre-
cisely.

The reversals in spessartine and pyrope zoning between the
mantle and rim are consistent with back reaction and diffusional
modification of the garnet rim during cooling. Therefore, the man-
tle of the garnet should most closely approximate compositions
that formed at the peak condition. Because the anorthite content of
plagioclase decreases as garnet grows (e.g., Spear et al., 1991), pla-
gioclase with the lowest Xa, is commonly regarded as most closely
approximating conditions at maximum garnet mode. Furthermore,
biotite develops higher Ti content with increasing T (e.g., Henry et
al., 2005), so biotite with the highest Ti content is commonly in-
terpreted to have formed at the peak temperature. Based on these
rationales, we interpret the garnet mantle with troughs in Xspe,
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Fig. 4. P-T pseudosection (a and b), and isomodes of garnet (c) and plagioclase (d) of the studied metapelite (sample 111-1). The yellow line represents the staurolite-
in line. The thin full red line represents the solidus of the system, and the thin red dashed lines are the melt isomodes (in vol.%). The thick red line with arrow is the
inferred P-T path. The larger circle filled with the yellow color represents peak P-T condition constrained by compositional isopleths of garnet [Xc, = Ca/(Fe?t + Mg +
Ca + Mn)], plagioclase [Xan = Ca/(Na + Ca + K)] and biotite [X1; = Ti]. The semi-transparent small circle filled with the yellow color represents retrograde P-T condition
calculated using geobarometry. The red numbers in (c) and (d) are mineral abundances. The tiny white ellipses in (d) are the locations where monazite and zircon contents
are calculated (see Fig. 9). Note that near-solidus plagioclase contours are densely-distributed and with larger contour value towards the solidus.

plagioclase with the lowest Xa,, and biotite with the highest Xrj
as best representing compositions at the metamorphic peak.

For estimating maximum pressure M2 metamorphic conditions,
we note that: 1) the grossular component in garnet is asymmet-
rically zoned, with values of 0.04 to 0.05 in the mantle region,
2) the mole fraction of anorthite (from plagioclase inclusions) is
higher in the garnet core (Any7_3g) than in the matrix (Anys_3p),
and 3) the TiO, content of biotite increases from inclusions in the
garnet (2.70 wt.%) to matrix grains (3.11 wt.%). Contours for the
lowest value for Xan (0.24), and highest Ti content for matrix bi-
otite (Ti = 0.23 pfu) intersect at a P-T condition of ca. 720-745°C
and ca. 9.6-10 kbar (the upper yellow or pink circle in Fig. 4),
which likely approximates the peak P-T conditions of the studied
rocks. The intersection point corresponds with X¢rs = 0.04, which
is common throughout the mantle region of the garnet, and im-
plies a small amount of melt (ca. 3%; Fig. 4a), consistent with the
small proportion of leucosomes we observe in the studied samples
(Appendix Fig. 1). Our models also indicate that kyanite was stable.
Although kyanite is not observed in this rock, a high abundance of
sillimanite may mark its destabilization. For example, nearby sam-
ple 111-7 contains abundant sillimanite, but only a single relict

grain of kyanite (Fig. 2e). This texturally latest, sillimanite-bearing,
M3 assemblage is stable over a wide P-T field of T = 550-800°C
and P = 3-10 kbar.

Although we cannot pin down the P-T condition at which sil-
limanite first formed, more definite P-T conditions of later melt
crystallization can be estimated by barometry estimates from Grt-
PI-Sil-Qtz with the (nearly temperature-invariant) solidus. Assum-
ing that the rim composition in the garnet has reequilibrated dur-
ing exhumation and cooling, rim compositions for all matrix min-
erals (Xgrs = 0.03-0.04, Xan, = 0.28-0.30, assuming Xap increased
during garnet dissolution to maintain Ca mass balance), suggests
a final recorded P-T condition of ca. 700 and 5.5 + 1 kbar. Con-
necting this result with peak P-T conditions implies over 4 kbar
exhumation with cooling <50°C. Such a P-T path is consistent
with a high Ti-content of matrix biotite and the production of
abundant sillimanite at the expense of garnet. If the interpretation
is correct, isothermal exhumation would increase melt content by
only a few percent, reaching a maximum melt content of ca. 5%
(Fig. 4a).

Overall, these data suggest a clockwise P-T path characterized
by an increase in both P and T to a maximum pressure of ca.
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(a) Monazite

Fig. 5. Back-scattered electron (BSE) images of monazite (a) and cathodolumines-
cence (CL) images of zircon (b) from the studied rocks, showing the analyzed spot
locations and relevant ages (in Ma, yellow number) and Y content (in ppm, red
number). The scale bars are 100 pm.

10 kbar (at 720-745°C) with a melt content of ca. 3%, followed
by quasi-isothermal exhumation to a P-T condition of ca. 5.5 kbar
and 700°C with a melt content of ca. 5 vol.%.

5. Monazite and zircon geochronology and trace element
compositions

Our interpretations of the timing of melting, reaction progress
at high temperature, and timing of melt crystallization depend
closely on the geochronology and trace element compositions of
monazite and zircon. Chronologic reproducibilities on standards
were ca. 1% (20) so counting statistics errors of ca. 5% dominate
uncertainties. Errors on trace element concentrations are gener-
ally below 1%. Detailed analytical and computational methods for
geochronologic and trace element data collection and interpreta-
tion are presented in Appendix A.

The locations of representative monazite and zircon U-Th-Pb
dates for samples 111-1, 44-3 and 62-2 are shown in Fig. 5 and
Appendix Fig. 2, and the isotope data, ages, and trace element data
are presented in Appendix Tables 5 and 6, Appendix Figs. 3 and 4,
and Fig. 6. As described next, age and geochemical data for mon-
azite (section 5.1) and zircon (section 5.2) can be divided into two
groups corresponding to ages >40 Ma, and ages <40 Ma.

5.1. Monazite
Monazite ages were determined from in situ analyses both in

separated grains and in thin section. Grains in thin section mostly
occur as inclusions in biotite and plagioclase, although a few are
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found in garnet (Appendix Table 5). The ages for inclusions in bi-
otite and plagioclase span nearly the entire age range, whereas the
small number of grains in garnet cluster towards younger ages.
Most monazite is irregularly zoned and exhibits BSE-bright and
-dark domains (Fig. 5a; Appendix Fig. 2), although some are un-
zoned.

For any one monazite grain, the BSE-dark domains tend to
have relatively high Y, low Ca and U, and young Th-Pb ages,
whereas the BSE-bright domains have relatively low Y, high Ca
and U, and old Th-Pb ages (Fig. 5a; Appendix Fig. 2). Unzoned
monazite commonly has similar characteristics to the BSE-dark
domains. All of the analytical spots yield concordant or nearly
concordant 298pp/232Th - 206ph/238y ages ranging from 46.2 Ma
to 13.3 Ma (Appendix Fig. 3, Appendix Table 5). The BSE-bright
domains with ages of ca. 40-46 Ma have distinctively low concen-
trations of heavy rare earth elements (HREE, 6.60-352 ppm except
two spots with 438 and 683 ppm) and Y (160-8943 ppm) that
decrease with decreasing age. Eu/Eu* shows moderate to high val-
ues (0.36-0.62) that increase with decreasing age. Domains with
ages of 39-13 Ma show the opposite trend: concentrations of HREE
(154-2656 ppm) and Y (2485-25364 ppm) markedly increase with
decreasing age, while Eu/Eu* decreases (0.11-0.60; Fig. 6a-c). No-
tably, Eu/Eu* sharply decreases between 22 Ma to 13 Ma (Fig. 6¢),
and a 7-point running average of Y illustrates the reversal in Y
trend at ca. 41 Ma (Fig. 7).

5.2. Zircon

Zircon was analyzed only as separated grains. Most zircon
grains show core-mantle-rim structure in Cathodoluminescence
(CL) images (Fig. 5b). Textural cores have variable size, shape, and
zoning, and are interpreted to be inherited. Mantles show weak
patchy zoning with lower CL intensity. Rims exhibit more pro-
nounced patchy zoning with higher CL intensity (Fig. 5b). Only a
few rims are sufficiently wide to collect LA-ICP-MS U-Pb ages and
trace element compositions.

The mantles and rims of zircons show low and variable Th/U
values (0.005-0.022) and REE contents (21.5-1014 ppm) and
weakly fractionated to flat HREE patterns with negative Eu anoma-
lies (Appendix Fig. 4; Appendix Table 6). All U-Pb ages are con-
cordant and range from 49.7 Ma to 18.1 Ma (Appendix Fig. 4;
Appendix Table 6). The domains with ages of ca. 40-50 Ma
have very low concentrations of HREE (4.89-49.5 ppm) and Y
(25.6-110 ppm) and high and variable Eu/Eu*(0.19-0.54), whereas
domains with ages of 39-18 Ma show increasing concentrations
of HREE (9.02-906 ppm) and Y (48.6-1083 ppm) and decreasing
Eu/Eu* (0.10-0.86) with decreasing ages (Fig. 6d-e; Appendix Ta-
ble 6).

Combined age data for monazite and zircon show a nonuniform
age distribution with peaks at ca. 41 Ma and 19 Ma (Fig. 7).

6. Discussion
6.1. Initiation and duration of partial melting of Himalayan middle crust

Nearly all studies of the initiation and duration of anatexis in
the GHS correspond with the central and western Himalaya of
Nepal and India, not the eastern sector of the Himalaya (e.g., Wein-
berg, 2016). Whereas Ding et al. (2017) reported briefly on the
timing (27-11 Ma) of cooling at Cona, they did not constrain the
timing of partial melting, which is key to this study. Many re-
searchers view partial melting of GHS rocks to have been restricted
to 25-15 Ma (see summary of Weinberg, 2016). However, our data
as well as other studies (e.g., Carosi et al., 2015) suggest the GHS
reached partial melting conditions much earlier and resided much
longer in the partial melt field.
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Fig. 6. Diagrams of HREE, Y, Eu/Eu* vs. age of monazite (a—c) and zircon (d-f) of the studied rocks. The analyzed domains can be divided into two group based on the
opposite geochemical features. The domains with ages >40 Ma have low HREE and Y content and show gradual decreases in HREE (a) and Y (b) and increases in Eu/Eu*
(c) with decreasing age, indicating garnet growth and feldspar breakdown, respectively, during the pre-melting stage. The domains with ages <40 Ma have high HREE and Y
contents and progressive increases in HREE (a and d) and Y (b and e) and decreases in Eu/Eu* (c and f) with decreasing age, indicating they grew during garnet breakdown
and feldspar consumption. The reversal in compositional trends ca. 42-40 Ma can be regarded as the timing of initiation of the partial melting. See also Fig. 7 for Y trends.

Decreasing HREE and Y with decreasing age to 40-42 Ma for
the oldest monazite in 111-1 (Fig. 6a, b; Appendix Table 5) is
consistent with progressive depletion of the matrix in these com-
ponents as garnet grew (e.g., Rubatto, 2002; Pyle and Spear, 2003;
Rubatto et al., 2013). If so, ages for monazite and zircon as high as
50 Ma should approach the age of garnet nucleation (Fig. 8). This
interpretation accords with other studies indicating metamorphism
of the GHS initiating as early as ca. 48 Ma (Ding et al.,, 2016).
Increasing Eu/Eu* for sample 111-1 (Fig. 6¢) is consistent with pla-
gioclase breakdown (Rubatto et al., 2013; Wang et al.,, 2015). For
the studied rocks, K-feldspar is negligible (occurs only in sample
44-3), so Eu/Eu* trends are likely related to growth and consump-
tion of plagioclase rather than K-feldspar. Whereas the early trends
towards decreasing HREE and Y, and increasing Eu/Eu* for sample
111-1 (Fig. 6a-c) are less well defined, they accord with pseudo-
section models that predict growth of garnet and consumption of
plagioclase (Fig. 4c, d).

With decreasing age, HREE and Y reverse from decreasing
to increasing while Eu/Eu* reverse from increasing to decreasing
(Figs. 6, 7). Both reversals occur at 40-42 Ma and mark a switch

from garnet growth to garnet breakdown, and from plagioclase
breakdown to plagioclase growth (Rubatto, 2002). Petrologically,
this switch occurs at the partial melting reaction at ca. 700°C
(Fig. 4c, d). Thus, the changes in the HREE, Y, and Eu/Eu* trends
at 40-42 Ma mark the onset of partial melting at ca. 700 °C in
these rocks (Fig. 8). In the east-central Himalaya, leucogranites are
as old as ca. 44 Ma (Aikman et al., 2008) and Eocene (41-36 Ma)
anatectic melt inclusions have been found in garnet of the GHS
(Carosi et al., 2015). Although we find no evidence for extraction
of melts as early as 44 Ma in the study area, these data imply par-
tial melting in the Himalaya at least as early as we infer in the
Cona area.

Increasing HREE and Y, and decreasing Eu/Eu* between 40 and
at least 18 Ma (zircon), possibly as young as 13 Ma (monazite),
suggest progressive consumption of garnet and growth of plagio-
clase. Either prograde melting or exhumation (or both) could drive
plagioclase growth and garnet consumption (Fig. 4c, d), but most
empirical studies and modelling indicate that monazite and zir-
con in anatectic rocks commonly dissolve during partial melting
and grow during cooling and melt crystallization (Fig. 9; Pyle and
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eral assemblages for melt crystallization stage (24-18 Ma) is Grt + Bt + Pl + Sil or
Ky + Qtz + Ilm + melt.

Spear, 2003; Kohn et al., 2005; Kelsey et al., 2008). The age proba-
bility diagram shows an increase in the number of ages commenc-
ing at ca. 24 Ma (Fig. 7) and a smaller number of ages ranging
from 41 to 24 Ma. In parallel with previous studies (Pyle and
Spear, 2003; Kohn et al.,, 2005; Kelsey et al., 2008), we interpret
the peak that begins at ca. 24 Ma to represent melt crystallization.
The ages between 41 and 24 Ma then bracket the timing of ana-
texis (Fig. 8). The sharp Eu/Eu* drop in monazite with ages of ca.
22-13 Ma (Fig. 6¢) and densely-distributed contours of plagioclase
abundance near the solidus (Fig. 4d) suggest a close approach to
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the solidus by 22 Ma (Fig. 8). Monazite can be especially suscepti-
ble to growth or alteration from an aqueous fluid (Kirkland et al.,
2009; Harlov et al.,, 2011), and monazite inclusions can reequili-
brate to younger ages along cracks (Martin et al., 2007). At least
one of the monazite inclusions is adjacent to a crack in the stud-
ied rocks (Appendix Fig. 5), so we take the youngest zircon age
(18 Ma) as the best estimate of final crystallization of in situ melts
(Fig. 8). In addition, the growth of abundant zircon and monazite
with ages of ca. 22-18 Ma (Fig. 7) accords with models that sug-
gest a pulse of monazite and zircon growth at the very end of
melt crystallization (Fig. 9; Kelsey et al.,, 2008). The short dura-
tion of entire melt crystallization (24-18 Ma) is also consistent
with other studies of anatectic rocks in the Himalaya that indi-
cate cooling from peak temperatures to the solidus in <7 Ma (e.g.,
Rubatto et al., 2013; laccarino et al., 2015). As expected, all zircon
and monazite crystallization ages exceed 49Ar/3?Ar muscovite and
biotite cooling ages of 8-12 Ma in GHS gneisses ca. 20 km to the
SSW (Yin et al.,, 2010).

In sum, garnet nucleation, partial melting, and melt crystalliza-
tion of the studied rocks each initiated at ca. 50 Ma, 40-42 Ma and
ca. 24 Ma, respectively. Melt crystallization ended at ca. 18 Ma,
pointing to a surprisingly long-time span (ca. 22-24 Myr) for the
persistence of partially molten middle crust as represented in the
upper GHS. Relatively long durations (15 Myr to >20 Myr) at tem-
peratures above the solidus of metapelites are also indicated in the
mid- to upper GHS in central Nepal and southern China (Kohn and
Corrie, 2011; Zhang et al,, 2015; Wang et al., 2015; Walters and
Kohn, 2017).

6.2. Partial melting, weakening, and flow of the GHS

Even small amounts of melt could play an important role in
the rheologic behavior of crustal rocks. Experimental studies (e.g.,
Rosenberg and Handy, 2005) indicate that 5% melt, as modelled
for the upper GHS, could decrease the viscosity of the crust by
nearly an order of magnitude. Such a large decrease in viscosity
could permit enhanced flow of Himalayan middle crust (Beau-
mont et al., 2001; Jamieson et al., 2004, 2011). However, Rosenberg
and Handy (2005) advocate caution in extrapolating high strain-
rate experiments to natural systems. In their experiments, small
melt fractions formed interconnected networks that favored slid-
ing along grain boundaries. In contrast, felsic melts tend to pool at
grain boundary intersections (Jurewicz and Watson, 1985), leaving
a stronger interconnected framework of crystals. If melts do not
wet grain boundaries, small amounts of melt might not induce the
dramatic weakening that high strain-rate experiments imply.

High temperatures and the presence of partial melts are
thought to weaken the mid- to lower crust sufficiently to induce
lateral and upward flow, strongly influencing orogen dynamics
(e.g., Beaumont et al., 2001; Teyssier and Whitney, 2002; Cook
and Royden, 2008; Jamieson et al., 2004, 2011). For example, lat-
eral flow has been proposed to explain exposure of migmatitic
GHS rocks via south-directed flow towards the Himalayan front
(“channel flow”; Beaumont et al., 2001), topographic rise of both
the Tibetan Plateau and southeast Asia via north- and east-directed
flow (e.g., Cook and Royden, 2008), and formation of gneiss domes
via upward flow in southern Tibet (Beaumont et al., 2001; Teyssier
and Whitney, 2002). In several respects, the P-T-t evolution of the
Cona rocks resembles predictions of south-directed channel flow
(Jamieson et al., 2004). Both indicate protracted heating above the
solidus, rapid cooling at low pressure, and a clockwise P-T path.
However, the metamorphic record and models differ in two impor-
tant ways.

First, channel-flow models imply that south-directed flow of
the GHS should produce much flatter P-T paths for rocks that
reach ~720°C, with quasi-isobaric heating between 500 and 700°C
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Fig. 9. Calculated amounts of monazite (a) and zircon (b) relative to amounts at the solidus versus the melt content for a metapelite with composition corresponding to
sample 111-1 along the calculated P-T path (Fig. 4). These models indicate that the dissolution of monazite and zircon during partial melting (melt increase) and growth
upon cooling (melt decrease) are concentrated near the solidus. Calculations are based on Kelsey et al. (2008) with the LREE and Zr contents of 318.6 ppm and 85.0 ppm,
respectively (corresponding to sample 111-1). Fig. 4d shows the locations of the calculated points (shown as numbers) where the melt content and mineral modes were

calculated.

(Jamieson et al., 2004), while observed P-T paths show heating
and loading (Fig. 8). Second, for peak temperatures similar to the
Cona rocks, an age of partial melting is predicted to occur at least
30 Myr after the initiation of collision, or <30 Ma (Jamieson et
al., 2004). In contrast, our work shows much earlier initial melt-
ing at 42-40 Ma, similar to data from central Nepal that show
temperatures above ca. 700°C by 40 Ma (Kohn and Corrie, 2011;
Carosi et al.,, 2015; Walters and Kohn, 2017). Reconciling T-t paths
with south-directed flow between 40 and 20 Ma would require
that GHS rocks were much hotter when they accreted, permitting
flow as much as 10 Myr earlier (by ca. 40 Ma) and lasting 10 Myr
longer than typically assumed. This hypothesis would imply initial
south-directed thrusting within the GHS (Carosi et al.,, 2018 and
references therein) and (in most models) north-directed extension
along structures such as the STDS as early as 40 Ma. Insofar as
we know, no petrochronologically-supported ages as yet indicate
such early movement. In addition, if extension along the STDS con-
tributed to the rapid exhumation recorded by the Cona rocks, most
extension would have occurred after 24 Ma, consistent with a ma-
jority of estimates of the timing of STDS initiation (see Kapp and
DeCelles, 2019 and references therein).

6.3. How shear heating and anatexis may regulate thermal structure

Maximum P-T conditions for the upper GHS are well within
the partial melting field defined by muscovite dehydration-melting
(Fig. 4a). However, because overthrusting cools hanging walls, and
because prior subduction should have preconditioned the overrid-
ing crust to relatively low temperatures (Kapp and DeCelles, 2019),
it is not completely clear how GHS rocks reached these tempera-
tures so early. Consequently, one or more factors must have pro-
moted high temperatures and partial melting.

Many studies have investigated the causes of partial melting,
including analytical solutions to the heat flow equation (e.g., Eng-
land et al., 1992), and numerical models of mid- to lower crustal
thrust-sense shear zones (Nabelek et al., 2010). Based on Hi-
malayan boundary conditions, shear heating is viewed as an im-
portant source of heat for the GHS and could have raised temper-
atures in the region of the shear zone by >200°C (England et al.,
1992; Nabelek et al., 2010). Prior to collision, models predict rela-
tively low temperatures at the base of the crust (<600°C; England
et al,, 1992; Beaumont et al., 2001, 2006; Jamieson et al., 2004;
Nabelek et al., 2010) even assuming high radioactive heat produc-
tion (5 yW/m3) in some models (Faccenda et al., 2008). Cenozoic

ages for Himalayan metamorphism are all less than the timing of
collision, so rocks were not close to melting before thickening (also
indicated by our calculated P-T path; Fig. 4). To produce melts so
soon after initial burial, another source of heat - likely shear heat-
ing — must have contributed to the GHS thermal evolution and
generation of migmatites.

While England et al. (1992) and Nabelek et al. (2010) show that
shear heating can cause partial melting on short time scales, they
do not explain how partial melts are maintained on long time
scales. Nabelek et al. (2010) hypothesize that rocks could cycle
between partial melting, extraction of melts, increased tempera-
ture, and partial melting. But, besides the fact that there is no
evidence for this process in our rocks (or, for the period 60-25 Ma,
for any other section of the GHS that we know of), shear stresses
drop dramatically with melt fraction (Rosenberg and Handy, 2005).
Consequently, it is unclear how rocks would sustain sufficient
shear stress to reach the high temperatures needed to produce
extractable melt and sustain the cycle. Instead, we propose that
shear heating might drive a feedback among rock strength, melt
fraction, and temperature that self-regulates temperature close to
the solidus of a rock.

Low temperatures (no melt) correspond with greater rock
strength such that shearing can potentially produce heat up to ca.
20 yW/m? (equivalent to 60 mW/m? for a 3 km-thick shear zone
at 700°C with a displacement rate of upper and lower bounds of
3 cm/yr; Nabelek et al, 2010). The consequent increase in tem-
perature would then promote melting that would weaken rocks,
produce less heat, and retard any further temperature increase.
The lower limit of heat production is difficult to quantify, but
for the weakest flow laws could be essentially 0 (Nabelek et al.,
2010). That is, shear heating provides a dynamic range of ca.
20 pW/m? of heat production (ca. 60 mW/m? of heat flux) that
could regulate temperature, melt fraction, and rock strength. A
negative feedback, in which strong rocks heat and become weaker,
whereas weak rocks cool and become stronger, should converge
on a condition such that melt fraction was high enough to pro-
mote some melt-weakening, but not so high as to eliminate shear
heating, e.g., perhaps 5-10 pW/m? of heat production distributed
over a 3 km-thick shear zone (15-30 mW/m?) with a few percent
partial melt. We note that the viscosity of high-Si melts could in-
hibit large-scale melt segregation and migration such that melts
might not drain from host rocks, although penetrative deformation
could form small, foliation-parallel leucosomes as we see in the
studied rocks (Appendix Fig. 1). Shearing could occur either ho-
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mogeneously through a several km-thick section or along discrete
shears and still produce comparable heat (Nabelek et al., 2010). Be-
cause the process is self-regulating, small amounts of melt might
persist for millions to tens of millions of years. The amount of
melt that permits self-regulation is unknown. At extreme strain
rates (107>/s) at 800°C, rock strength decreases from >800 MPa
at 0% melt fraction to ca. 100 MPa at ca. 5% melt fraction and 10
MPa at 20% melt fraction (Rosenberg and Handy, 2005). These ex-
perimental results would imply that a melt fraction up to a few
tens of percent might be sustainable. However, extrapolation of
experiments to geologically plausible strain rates is not yet possi-
ble.

Long lasting flat subduction of thinned Indian lithosphere as
proposed by Kapp and DeCelles (2019) (Fig. 10a) would drive
thrust sense shearing beneath the overriding accretionary wedge
of GHS and THS rocks. Shearing at the base of the GHS would
have begun at ca. 50-60 Ma during initial collision between THS-
GHS rocks and Asia. While temperatures would have been too low
to initiate melting at this time, burial and heating of GHS rocks
combined with shear heating would drive prograde metamorphism
and garnet growth. With continued shearing and radioactive decay,
temperatures would eventually exceed the solidus, and melt frac-
tion would steadily increase (Fig. 10b). An increase in melt fraction
would decrease rock shear strength, the magnitude of shear heat-
ing, and the rate of temperature rise. Eventually the system would
reach a steady state in which the amount of shear heating plus ra-
dioactive decay would balance heat loss via conduction to maintain
a constant temperature (Fig. 10b) and melt fraction (Fig. 10c). Any
perturbations to the system would be self-correcting. For example,
any melt loss would increase rock strength and shear heating until
a similar melt fraction was restored.

6.4. Rapid exhumation and cooling: the arrival of mainland India?

The period 20-25 Ma records a dramatic change in Himalayan
deformation and metamorphism, with the development of intra-
GHS thrust-sense shear zones such as the HHD, intrusion of nu-
merous Himalayan leucogranites, and initiation of the STDS (Yin
and Harrison, 2000; Weinberg, 2016; Carosi et al., 2018; Kapp and
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DeCelles, 2019). Subsequent deformation and metamorphism were
pervasive throughout the Himalayan orogenic wedge, including the
formation of numerous major thrust systems such as the MCT,
Ramgarh/Munisari thrust, and Lesser Himalayan duplex, metamor-
phism of the Lesser Himalayan Sequence, and continued intrusion
of leucogranites (e.g., Yin and Harrison, 2000; Kohn, 2014). It is
during the 18-24 Ma window that upper GHS rocks from Cona
show a rapid decrease in pressure, followed by cooling. Possibly,
starting ~24 Ma, a sheet of migmatitic middle crust started to
stack along the HHD and perhaps other intra-GHS shear zones (e.g.,
Carosi et al., 2018) to begin creating the thick GHS sequence that
is observed today. While no intra-GHS ductile shear zone has been
mapped in the Cona region, such features can be cryptic, and less
structural analysis has been conducted immediately to the south.
Erosion plus thinning along the STDS could have led to the early
rapid exhumation and cooling of the Cona rocks.

van Hinsbergen et al. (2012) argue that the period from
20-25 Ma represents a transition from so-called “soft” collision of
either oceanic or thinned continental lithosphere (subduction of ei-
ther Greater India or the Greater Indian basins) to “hard” collision
of thick continental (mainland) Indian lithosphere. Although our
data may be viewed as consistent with the Greater India (basins)
hypothesis, they do not uniquely distinguish it from other hy-
potheses. Alternative tectonic hypotheses for the P-T-t history of
the studied rocks are difficult to reconcile with shortening esti-
mates. If mainland India was not converging with (accreted) GHS
between 40 and 25 Ma, approximately 2000 km of convergence
must have been accommodated elsewhere in the orogen. Struc-
tural assessments do not identify sufficient shortening along older
structures to explain this transport discrepancy, but perhaps older
shear zones were active within the GHS since 40 Ma (see Carosi et
al.,, 2018). If so, future research investigating the internal architec-
ture of the GHS might reduce the inferred size of Greater India.

7. Conclusions
Metapelite and felsic gneiss exposed in the Cona area, eastern

Himalaya, experienced peak metamorphism with conditions of ca.
720-745°C and ca. 9.6-10 kbar, within the field of partial melting.
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A reversal in monazite chemistry at 42-40 Ma is interpreted to
represent the timing of initial melting, while systematic trends in
monazite and zircon chemistry indicate that partial melts persisted
until ca. 18 Ma in the upper GHS. Exhumation to ca. 5.5 kbar with
slight cooling preceded final melt crystallization.

The mechanism(s) by which melts could form so early and per-
sist for ca. 22-24 Myr are enigmatic. Possibly, feedbacks among
shear stress, temperature, melt fraction, and rock strength might
self-regulate to sustain a constant melt fraction up to a few tens
of Myr. A change from thermal and mechanical stasis to rapid
exhumation and cooling at ca. 24 Ma corresponds with an orogen-
wide transition to thrusting, leucogranite intrusion, and formation
of the STDS and the HHD, and may reflect arrival of mainland In-
dia.
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