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Abstract
Despite melt inclusions in migmatites and granulites provide a wealth of information on crustal anatexis in different geologi-
cal scenarios, a complete compositional study (including trace elements and  H2O) is yet to be made for the Himalayan rocks. 
In this contribution, we focus on nanogranitoids occurring in peritectic garnet of migmatites from Kali Gandaki valley in 
central Nepal (Greater Himalayan Sequence, GHS). The microstructural position of the nanogranitoids proves that these melts 
were produced at 650–720 °C and 1.0–1.1 GPa, during the Eohimalayan prograde metamorphism (41–36 Ma) associated 
with crustal thickening. Nanogranitoid compositions (mostly granodiorites, tonalities and trondhjemites) resemble those of 
experimental melts produced during  H2O-present melting of meta-sedimentary rocks. They have variable  H2O concentrations 
(6.5–14.4 wt%), which are similar to the expected minimum and maximum values for crustal melts produced at the inferred 
P–T conditions. These compositional signatures suggest that melt formation occurred in the proximity of the  H2O-saturated 
solidus, in a rock-buffered system. The low-to-very low contents of Zr (3–8 ppm), Th (0.1–1.2 ppm) and LREE (4–11 ppm) 
along with the weak-to-moderate positive Eu anomalies (Eu/Eu* = 1.2–3.3), the high B concentrations (200–3400 ppm) and 
the high U/Th ratio (up to 21) point to the lack of equilibration between melt and accessory minerals and are consistent with 
melting of plagioclase at low temperature. Kali Gandaki nanogranitoids record the beginning of melting in a  H2O-present 
system that, in other GHS localities, may have produced voluminous crustal melts. We demonstrate that compositional 
comparison with nanogranitoids may be useful to reconstruct the petrogenesis of Eohimalayan granitoids.

Keywords Nanogranitoids · Greater Himalayan Sequence · Low-T crustal melts · H2O-present melting

Introduction

The Himalaya mountain belt is the largest active collisional 
orogen on our planet and is an ideal natural laboratory for 
investigating orogenic processes (Kohn 2014). This moun-
tain chain has resulted from collision between India and Asia 
at c. 54–50 Ma (Hodges 2000) or at c. 59 Ma (Hu et al. 
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2016). The structural and metamorphic evolution of this oro-
genic belt is divided into two main phases (Hodges 2000): 
an Eocene-Late Oligocene Eohimalayan phase during which 
crustal thickening occurred and most metamorphic rocks 
reached peak conditions in the kyanite stability field, and an 
Early Miocene to present Neohimalayan phase characterized 
by formation of sillimanite-bearing rocks and leucogranites 
which intruded the higher portions of the Himalayan belt—
the so called “Himalayan leucogranites”—whose largest 
plutons formed at c. 21 Ma (Harrison 2006).

Himalayan leucogranites and the associated Miocene 
migmatites have been investigated for decades (Weinberg 
2016 and references therein). A number of works have 
established that Miocene anatexis and leucogranite forma-
tion occurred by fluid-absent melting of muscovite during 
decompression (e.g., Inger and Harris 1992; Pognante and 
Benna 1993; Harris et al. 1995; Harris and Massey 1994; 
Davidson et al. 1997). Recently, some works have argued 
that decompression was a consequence rather than a cause 
of melting (e.g., Rubatto et al. 2013) and the recent review 
paper by Weinberg (2016) has demonstrated the complex-
ity of Neohimalayan anatexis which records differences 
in P–T–XH2O conditions, timing and duration across the 
Himalayas.

Much fewer constraints are available on anatexis during 
crustal thickening (i.e., the Eohimalayan anatexis), partly 
because of pervasive Miocene thermal overprint. Where 
evidence exists, the majority of works have dealt with the 
age and P–T conditions of high-grade metamorphic pro-
cesses (e.g. Hodges et al. 1996; Godin et al. 2001; Groppo 
et al. 2010; Zhang et al. 2010, 2015, 2017; Guilmette et al. 
2011; Rubatto et al. 2013; Palin et al. 2014; Wang et al. 
2013, 2015; Iaccarino et al. 2017), without shedding light 
on the composition of crustal melts which, in turn, may 
provide important, and otherwise impossible to retrieve, 
information on melting mechanisms (e.g., Acosta-Vigil 
et al. 2010, 2012a, 2017; Sawyer 2010, Carvalho et al. 2016, 
2017, 2019; Weinberg and Hasalová 2015a). For instance, 
an unusual Ca-rich leucogranite of Late Oligocene age 
(c. 27.5 Ma) was considered to provide a rare insight into 
the pre-Miocene melting associated to crustal thickening 
(Zhang et al. 2004).

In this contribution, we present for the first time the 
trace element and  H2O contents of melt inclusions (i.e., 
nanogranitoid inclusions or simply nanogranitoids; Cesare 
et al. 2015; Bartoli et al. 2013a, 2016a; Ferrero and Angel 
2018) from the Himalaya mountain belt. Nanogranitoids 
come from the Greater Himalayan Sequence—which con-
stitutes the high-grade crystalline core of the orogen—and 
are present in a microstructural position that clearly proves 
an Eohimalayan origin for these droplets of crustal melt 
(Carosi et al. 2015).

Geological background and sampling

From south to north, the Himalayan belt is divided into four 
tectonic units—Sub-Himalayan molasses, Lesser Hima-
layan Sequence, Greater Himalayan Sequence (GHS) and 
Tethyan Himalayan Sequence (THS)—which are separated 
by important tectonic structures, i.e. Main Boundary Thrust, 
Main Central Thrust (MCT) and South Tibetan Detachment 
System (Hodges 2000 and references therein; Fig. 1a). The 
GHS is a 20–30 km thick sequence of medium-to-high-grade 
metamorphic rocks and represents the metamorphic core of 
the Himalaya (Searle and Godin 2003). Several levels of 
tectono-metamorphic discontinuities were identified within 
the GHS (Carosi et al. 2018).

The sample under investigation comes from the N–S 
trending Kali Gandaki valley of central Nepal (Fig. 1b), one 
of the most classic study areas of the Himalaya (see Carosi 
et al. 2014 and references therein). Here, GHS reaches a 
structural thickness of 10–15 km (Godin 2003), shows a 
NE-dipping prominent high-grade foliation with SW-verging 
isoclinal folds (Brown and Nazarchuk 1993; Godin 2003; 
Kellett and Godin 2009; Searle 2010) and can be subdivided 

Fig. 1  Geological sketch map of the Kali Gandaki valley (redrawn 
from Carosi et  al. 2015). 1, alluvial debris; 2, Tethyan Sedimentary 
Sequence (TSS); 3, orthogneiss (GHS); 4, metapelite (GHS); 5, calc-
silicate and marble (GHS); 6, kyanite-gneiss (GHS); 7, quartzite 
(Lesser Himalaya)
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in three units (Searle and Godin 2003; Searle 2010): the 
lowest Unit 1 is represented by kyanite-bearing gneisses and 
migmatites, the Unit 2 consists of clinopyroxene-garnet-
amphibole-bearing calcsilicate gneisses, whereas Unit 3 is 
made of orthogneisses and minor metapelites.

The nanogranitoid-bearing garnet crystal selected for 
this study has been collected from the debris at the base of 
an outcrop of kyanite-bearing migmatitic paragneiss (lower 
part of Unit 1), located close to Titar village (North of Dana 
village, Fig. 1b). In this outcrop, gneisses have a porphyrob-
lastic texture and contain quartz + plagioclase + biotite + gar-
net + kyanite + white mica (Fig. 2a). Monazite, xenotime, 
apatite, zircon, tourmaline, rutile, ilmenite and pyrite are 
present as accessory minerals. Ilmenite is present in the 
matrix, whereas rutile occurs only as relict cores in the for-
mer mineral and within garnet and kyanite. Microscale shear 
bands and sigma-type porphyroclasts indicate a top-to-the S 
sense of shear (additional information in Carosi et al. 2015 
and Iaccarino et al. 2015). Tonalitic leucosomes, mainly 
made of quartz + plagioclase + kyanite, occur parallel to the 
main foliation defined by biotite and white mica (Fig. 2a). 
In places, leucosomes form tight to isoclinal folds with axial 
planes parallel to the main foliation  (Sp, Iaccarino et al. 
2015). Melanosome mostly contains garnet, biotite, white 
mica and kyanite. Garnet crystals both in the rock matrix and 
collected at the base of the outcrop contain similar mineral 
and melt inclusions and show exactly similar compositional 

features (Carosi et al. 2015; Iaccarino et al. 2015), indicat-
ing that the dispersed investigated garnet comes from the 
adjacent Ky-bearing migmatites.

Phase equilibria modeling of migmatitic paragneisses 
indicates peak conditions of 710–720  °C and 1.0–1.1 
GPa, whereas the application of Zr-in-rutile thermometer 
yielded temperatures of ≈ 650–720 °C (at P = 1.1 GPa), 
interpreted as prograde temperatures (Fig. 2b; Iaccarino 
et al. 2015). These rocks underwent anatexis with the sub-
sequent formation of leucosomes’ close-to-peak condi-
tions, and then decompression and cooling to 650–670 °C 
and 0.7–0.8 GPa (Iaccarino et al. 2015). The calculated 
amount of melt generated at peak conditions is ≈ 7.5 vol% 
(Fig.  2b), approaching the critical threshold for melt 
interconnection and migration (≈ 7 vol%; Rosenberg and 
Handy 2005). As a matter of fact, melt accumulation is 
observed in leucosomes and in dilational structures, whose 
total volume is far more than the predicted amount of melt 
at peak conditions (Fig. 2a) (see Iaccarino et al. 2015).

In situ U–Th–Pb geochronology of monazite grains 
hosted in diverse minerals including melt inclusion-bear-
ing garnet has constrained the timing of nanogranitoids 
formation at c. 41–36 Ma (Carosi et al. 2015). Iaccarino 
et al. (2015) performed further in situ dating of monazite 
from Ky-bearing migmatitic gneisses from the same area 
and found that monazites included in peritectic garnet, as 
well as cores of monazite grains in the rock matrix and in 

Fig. 2  a Representative hand specimen of the anatectic paragneisses. 
b Phase equilibria modeling and P–T path of Ky-bearing gneisses 
from Kali Gandaki valley (redrawn from Iaccarino et  al. 2015). 
After diverse calculations, the bulk  H2O content was arbitrary fixed 

at 2  wt%. Too low  H2O amounts stabilize K-feldspar, which is not 
observed in Kali Gandaki gneisses. Green rectangle: temperature 
range from the thermometer based on Zr content in rutile (data from 
Iaccarino et al. 2015)
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kyanite, are characterized by medium Y contents (Mnz 
I) and yield ages of c. 43–36 Ma. Conversely, ages of c. 
29 Ma are recorded in the mantle of matrix monazite and 
in the mantle of grains within kyanite (Mnz II). These 
monazites have low HREE and Y contents. The two popu-
lations were interpreted to date the prograde upper-amphi-
bolite facies metamorphism (Mnz I) and “the growth from 
a melt where garnet was part of the peritectic assemblage” 
(Mnz II). On the basis of these and previous geochrono-
logical constraints, crustal anatexis in the kyanite stability 
field in Kali Gandaki valley, and in general, in central and 
eastern Nepal, was ascribed to the underthrusting of the 
GHS beneath THS following continental collision (Carosi 
et al. 2015).

Nanogranitoid inclusions

The investigated garnet is 10 mm in diameter and contains 
hundreds of nanogranitoid inclusions showing a systematic 
distribution in an annulus located in an intermediate posi-
tion between core and rim (Fig. 3a, b). Nanogranitoids are 
10–20 μm in size, often show an irregular shape and coexist 

with tiny single mineral inclusions of ilmenite, rutile, apa-
tite, zircon and monazite (Fig. 3c–f). These minerals also 
appear within melt inclusions (Fig. 3f) and represent acci-
dental trapped phases, as suggested by their relative large 
size compared with the size of the inclusions, by their low 
solubility in crustal melts and by the presence of indenta-
tions within the inclusion walls (e.g., Cesare and Maineri 
1999; Barich et al. 2014). Kyanite is not present as min-
eral inclusions within the investigated garnet, as already 
observed for other garnet porphyroblasts occurring in 
Ky-bearing migmatites from this area (Carosi et al. 2015). 
Cryptocrystalline aggregates of quartz + plagioclase + mus-
covite + chlorite ± biotite commonly constitute nanograni-
toids (Fig. 3c–f; see also Carosi et al. 2015), suggesting 
the former presence of a Si- and Al-rich melt. Analysis by 
EMP of the nanogranitoids that were re-homogenized in the 
piston cylinder apparatus at 820 °C (see details in Bartoli 
et al. 2013b) has confirmed the granitoid and peraluminous 
composition of the trapped melt  (SiO2 > 65 wt%, FeO ≈ 2 to 
3 wt%, CaO ≈ 1 to 4 wt%,  Na2O ≈ 1 to 4 wt%,  K2O ≈ 0.3 to 
2,  P2O5 ≈ 0.2 wt% ASI ≥ 1.3) (see supplementary Table 1).

Fig. 3  Melt inclusions in garnet from Kali Gandaki. a Plane-polar-
ized photomicrograph of the equatorial section of the investigated 
garnet. Dashed white lines define the annulus containing nanograni-
toid inclusions (redrawn after Cesare et al. 2015). b Plane-polarized 

photomicrograph showing a cluster of polycrystalline inclusions. 
c–f SEM-BSE images of nanogranitoids. Red arrows: decrepitation 
cracks. Yellow arrows: micro-to-nano-porosity. Scale bar 5 μm
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Analytical methods

Trace elements in unexposed and not experimentally re-
homogenized inclusions beneath the garnet surface (Table 1) 
have been analyzed at the Department of Earth Sciences, 
ETH Zürich by laser ablation inductively coupled plasma 
mass spectrometry (LA-ICPMS) using a GeoLas system for 
ablation coupled to an Element XR (Thermo Fisher, Ger-
many). The glass NIST SRM 610 was employed as external 
standard. The acquired time-resolved signals were processed 
using the software SILLS (Guillong et al. 2008). Owing to 
the small size of nanogranitoids, also part of the host garnet 
has been ablated along with target inclusions. Therefore, the 
deconvolution of the resulting mixed garnet-glass signal was 
applied following the procedure of Halter et al. (2002). The 
 Na2O and FeO contents determined by EMP were used as 
reference standards for inclusion and garnet, respectively. 
For elements enriched in the inclusion, the concentrations 
are accurate within 20–40%. Elements which are strongly 
compatible in the host garnet (HREE, Y) are normally 
not detectable in the inclusions due to the dominance of 
the host signal and were not collected. Gd, V, Zn and Sc 
show substantially higher contents in the host garnet than in 
nanogranitoids (Table 1). Therefore, the amount of these ele-
ments cannot be reliably estimated in the inclusions. Some 
inclusions show anomalous very high concentrations of Zr, 
Th, U, Hf and Nb, suggesting the occurrence of accidental 
trapped phases (e.g., zircon, monazite, rutile and ilmen-
ite). For these inclusions, contents of Li, B, Rb, Sr, Ba are 
reported in Table 1 and discussed in the text.

The  H2O measurements of experimentally re-homoge-
nized melt (i.e., glassy) inclusions (Table 2) were performed 
using the Cameca Nano Secondary Ion Mass Spectrometry 
50 (NanoSIMS) installed at Muséum National d’Histoire 
Naturelle (Paris). Polished experimental capsules with 
glassy inclusions exposed on the garnet surface and standard 
glasses were mounted in indium (Aubaud et al. 2007). Inclu-
sions were identified by collecting secondary ion images of 
Si, Al, K and Fe. For each analysis location, a pre-sputtering 
step on a 3 × 3 µm2 surface area was first done for 2 min with 
a 360 pA primary  Cs+ beam to remove the gold coating, 
surface contamination and to reach a steady state sputter-
ing regime (Thomen et al. 2014). Then, a primary beam of 
60 pA was used for data acquisition. Data were acquired by 
rastering a 3 × 3 µm2 surface area and collecting ions only 
from the inner 1 × 1 µm2 (using the beam blanking mode) to 
reduce surface and redeposition contamination. The beam 
size was, therefore, sufficiently small to analyze solely the 
melt inclusions. To compensate for charging effects, the 
electron gun was used while pre-sputtering and during the 
collecting time. Each analysis is a stack of 200 cycles, a 
cycle being 1.024 s long. 16OH− (used as a proxy for  H2O), 

28Si−, 39K16O− and 56Fe16O− were recorded simultaneously 
in multicollection mode. We checked that 16OH−/28Si− ratio 
was stable during analyses. Secondary ions were collected 
by electron multipliers with a dead time of 44 ns. Mass reso-
lution was set to 8000, enough to resolve isobaric interfer-
ence on 16OH−. For NanoSIMS calibration, we used granitic 
glasses with different  H2O contents (for details on calibra-
tion procedure and correction curve see Bartoli et al. 2014). 
Data corrections, using the aforementioned calibration, and 
error calculations were performed using the R program. 
Errors combine counting statistics and uncertainty of the 
calibration curve. However, the errors reported in Table 2 
are dominated by the uncertainty of the calibration curve. 
This uncertainty was calculated by considering a prediction 
interval, e.g. the range of values that predicts the value of a 
new observation in the regression analysis of the measure-
ments of the standards that were performed to determine 
the calibration curve. In the present paper, we considered a 
68% prediction interval (that can be considered equivalent 
to 1σ error). During the session, the vacuum in the analysis 
chamber remained between 2.5 and 5 × 10−10 Torr.

Results

Melt inclusions show highly variable concentrations of 
typical incompatible elements such as Li (40–400 ppm), 
B (200–3400 ppm), Rb (40–400 ppm), Sr (5–100) and Ba 
(30–900 ppm) (Table 1). The contents of elements typically 
controlled by the dissolution of accessory minerals are very 
low (Zr = 3–8 ppm; Th = 0.1–1.2 ppm; LREE = 4–11 ppm). 
U ranges from 1 to 8 ppm. The Nb/Ta and U/Th ratios are 
3–15 and 3–21, respectively. Nanogranitoids also contain 
appreciable amounts of Sc (3–76 ppm), V (0.4–20 ppm) 
and Zn (14–92 ppm), though these concentrations might 
be affected by contamination from the host (see above and 
Fig. 4a). When compared with the composition of the upper 
continental crust (Rudnick and Gao 2014), nanogranitoids 
from Kali Gandaki are enriched in Pb, Li and B, and depleted 
in Ba, Th, Nb, LREE, MREE, Sr, Zr and Hf (Fig. 4a). On the 
other hand, Rb, U and Ta show variable degrees of enrich-
ment and depletion. In the chondrite-normalized diagram, 
melt inclusions show weak-to-moderate positive Eu anoma-
lies (Eu/Eu* = 1.2–3.3) (Fig. 4b).

The  H2O concentrations of the re-homogenized nanogra-
nitoids determined by NanoSIMS span a relatively wide 
range of values from 6.5 to 10.5 wt%, with one single value 
up to 14.4 wt% (mean value of 8.9 ± 1.8 wt%; Fig. 5 and 
Table 2). Melt inclusions were too small to perform repli-
cated analyses within a single inclusion. However, the dis-
tribution of  H2O is expected to be quite homogeneous in 
glassy inclusions obtained from remelting experiments (Bar-
toli et al. 2014; Acosta-Vigil et al. 2016).  H2O estimated by 
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difference of electron microprobe totals from 100% yielded 
similar mean content (9.6 ± 1.4 wt%) compared to the Nano-
SIMS mean data (Fig. 5).

Figure 6 shows zircon and monazite saturation tempera-
tures (TZrn and TMnz, respectively) for investigated melt 
inclusions, calculated following methods proposed by Wat-
son and Harrison (1984), Montel (1993) and Stepanov et al. 

Table 2  H2O concentrations 
measured in nanogranitoids by 
NanoSIMS

Sample Water 
content 
(wt%)

1σ error

KGD_1 14.4 0.1
KGD_2 10.5 0.1
KGD_3 10.1 0.1
KGD_4 10.0 0.1
KGD_5 7.7 0.1
KGD_6 8.1 0.1
KGD_7 8.1 0.1
KGD_8 6.9 0.1
KGD_9 9.5 0.1
KGD_10 6.5 0.1
KGD_11 8.8 0.1
KGD_12 8.9 0.1
KGD_13 8.4 0.1
KGD_14 7.3 0.1
KGD_15 8.7 0.1
KGD_16 8.0 0.1

Fig. 4  Trace element and REE 
composition of nanogranitoid 
inclusions (NG) and host garnet. 
a Values normalized to the 
average upper continental crust 
(UCC) composition (data from 
Rudnick and Gao 2014). b REE 
patterns. Values normalized 
to the chondrite C1 (Sun and 
McDonough 1989)

Fig. 5  H2O concentrations of nanogranitoid inclusions determined 
by NanoSIMS. The error associated to these values is smaller than 
the symbol (see Table 2). White symbols: average contents. The aver-
age  H2O content estimated by EMP-difference is from Cesare et  al. 
(2015). Horizontal bars are two standard deviations on average val-
ues. The number of analyses is indicated next to horizontal bars
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(2012). We carefully avoided determining TZrn and TMnz 
from nanogranitoids containing trapped mineral inclusions 
such as zircon or monazite (see above). TZrn values vary 
from 541 to 594 °C. The two different calibrations for the 
TMnz thermometer provide different temperature ranges such 
as 544–650 °C (Montel 1993) and 412–533 °C (Stepanov 
et al. 2012).

Phase equilibria modeling

Migmatites from Kali Gandaki valley have been already 
investigated by means of phase equilibria modeling (Fig. 2b; 
Iaccarino et al. 2015). In this contribution, this approach was 
instead applied considering the average bulk composition of 
remelted nanogranitoids to compare the predicted subsolidus 
mineral assemblages with those observed within the inclu-
sions. The average  H2O content used was that estimated by 
difference from the EMP data, which is consistent with the 
NanoSIMS values (Fig. 5). Calculations were performed in 
the  Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O (NCKF-
MASH) chemical system, using Perple_x software version 
6.8.3. Considering the pitfalls and uncertainties related to 
phase equilibria approach (White et al. 2011; Bartoli et al. 
2013c, 2016b; Forshaw et al. 2019), two P–T sections were 
calculated for the same bulk composition, one using the 
internally consistent dataset hp04ver (Holland and Powell 
2003) and the older activity–composition (a–x) models, 
and another calculated using dataset hp11ver (Holland and 

Powell 2011) and the re-parameterized a–x models. The 
following a–x relations were selected: for hp11ver: melt, 
garnet, chlorite, orthopyroxene, muscovite, biotite and 
cordierite from White et al. (2014), ilmenite from White 
et al. (2000), plagioclase and K-feldspar from Holland and 
Powell (2003). For hp04ver: melt from White et al. (2007), 
garnet, orthopyroxene and chlorite from Holland and Powell 
(1998), biotite from Tajčmanová et al. (2009), white mica 
from Coggon and Holland (2002), plagioclase from New-
ton et al. (1980) and K-feldspar from Thompson and Hovis 
(1979). An ideal model was used for cordierite and ilmen-
ite. In all calculations, pure phases included quartz, rutile, 
kyanite, sillimanite, andalusite and aqueous fluid.

The overall topology of the two P–T sections appears 
somewhat different, but there are no important variations in 
terms of phase assemblages (Fig. 7). Modeling of the bulk 
composition for the nanogranitoids investigated shows the 
appearance of melt at T > 680–690 °C (Fig. 7). The sub-
solidus field is occupied by various mineral assemblages 
which are mainly characterized by the presence of chlo-
rite, biotite, muscovite, paragonite, garnet, plagioclase and 
quartz. At < 500 °C and < 0.4 GPa, the predicted Grt-absent 
stable mineral assemblages are quartz + plagioclase + mus-
covite + chlorite + biotite and quartz + plagioclase + musco-
vite + chlorite (Fig. 7). These assemblages resemble those 
observed in many nanogranitoid inclusions (see above). 
Some pores observed during SEM analysis (Fig. 3) likely 
reflect the former presence of volatiles (in particular  H2O) 
in excess to the amounts used by phyllosilicates, and there-
fore, exsolved during crystallization of the melt (see Bartoli 
et al. 2013a), in agreement with free  H2O predicted by the 
model at subsolidus conditions (Fig. 7). In addition, both 
models indicate that chlorite is likely to be a phase formed in 
the subsolidus during cooling, whose origin did not require 
infiltration of external fluids (i.e., the presence of chlorite 
in nanogranitoids does not imply that melt inclusions have 
been modified by late stage fluid alteration). This finding is 
also consistent with the coexistence of chlorite and unaltered 
biotite in nanogranitoids from Ivrea Zone (Carvalho et al. 
2019).

Discussion

Nanogranitoids may provide useful information on melting 
mechanisms and conditions (Acosta-Vigil et al. 2010, 2012a, 
2017), and they may shed light on processes which shape 
the final composition of upper crustal melts (Bartoli et al. 
2016a). For Kali Gandaki nanogranitoids, the first point to 
consider is when they have formed. Next, the constraints on 
melting conditions and mechanisms are considered, inves-
tigating even the probable processes responsible for the 
observed compositional variability. Finally, a comparative 

Fig. 6  Monazite and zircon saturation temperatures calculated for the 
investigated melt inclusions. Black dots: TMnz calibration of Montel 
(1993). White dots: TMnz calibration of Stepanov et  al. (2012). TZrn 
from Watson and Harrison (1984). Grey field: anatectic temperatures 
estimated for Kali Gandaki gneisses by Iaccarino et al. (2015)
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study between nanogranitoids and Himalayan granites is 
presented.

Are the nanogranitoids primary prograde 
Eohimalayan crustal melts?

Their microstructural distribution, together with the experi-
mental re-homogenization, major and trace element com-
positions and  H2O contents, and results from phase equilib-
ria modeling (Carosi et al. 2015; Iaccarino et al. 2015; this 
work) confirm that these polycrystalline inclusions represent 
former primary melt droplets that have crystallized into a 
cryptocrystalline aggregate; that is, they are nanogranitoids 
(Cesare et al. 2015; Bartoli et al. 2016a). Their systematic 
distribution in an annulus around the garnet core points to 
a primary origin (Roedder 1979), implying that they were 
trapped by garnet during growth of the annulus. These 
microstructural relationships imply that the nanogranitoids 
represent samples of primary melt present in the partially 
melted rock at a time when garnet was crystallizing, at or 
close to the garnet-melt interface. The size of garnet and 
location of the nanogranitoids imply that the analyzed sam-
ples of melt, if they were coeval, were physically separated 

from a few tens–hundreds of micrometers to 1 or a few mil-
limeters (Fig. 3a, b).

The annulus of garnet containing melt inclusions cer-
tainly formed in the presence of an anatectic melt during 
incongruent melting (i.e., indicating that this portion has 
a peritectic origin; Cesare et al. 2015). This is consistent 
with the increase of garnet mode (5–9 vol%; Iaccarino et al. 
2015) predicted by the modeling at the temperature of melt-
ing (Fig. 2b). The formation of peritectic garnet at ≤ 700 °C 
was already documented in Ronda metatexites (S Spain), 
where it was interpreted as the consequence of a continuous 
melting reaction that consume biotite (Bartoli et al. 2013c). 
Also, a geochemical signature typical of muscovite break-
down melting was found in melt inclusions hosted in peri-
tectic garnet from El Hoyazo anatectic enclaves (SE Spain), 
indicating that this peritectic mineral likely grew (and 
trapped melt droplets) through melting reactions consuming 
Fe-bearing muscovite at around 700–750 °C (Acosta-Vigil 
et al. 2010). Sola et al. (2017) and Schwindinger et al. (2019) 
demonstrated by means of phase equilibria modeling that 
small quantities of free  H2O stabilize anhydrous peritectic 
minerals at lower temperatures. For example, at 1 GPa, the 
first appearance of garnet is at 760 °C under dry conditions, 
whereas it occurs at 720 and 680 °C with 1 and 1.5 wt% 

Fig. 7  Comparative P–T sections for nanogranitoid inclusions cal-
culated in the NCKFMASH system with two internally consistent 
datasets: hp04ver for (a) and hp11ver for (b). The bulk composition 
(mol%) used for calculation is indicated in the upper right inset and 

represents the average composition obtained by EMP. The average 
 H2O content was estimated by EMP difference and is consistent with 
the NanoSIMS values
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 H2O added, respectively (cf. Fig. 7a in Schwindinger et al. 
2019). These results are consistent with the formation of 
peritectic garnet very close to the  H2O-saturated solidus of 
Ronda metatexites (Bartoli et al. 2013c).

The investigated garnet was collected at the base of a rock 
wall made of Ky-bearing, partially melted gneiss. Rocks 
from this outcrop have been intensively studied in the recent 
years. On the basis of thermodynamic modeling, peritectic 
garnet likely grew in the presence of a melt phase during 
white mica breakdown, from 650 to 720 °C, at 1.0–1.1 GPa 
(Fig. 2b; Iaccarino et al. 2015). In situ U–Th–Pb dating of 
monazite grains included in melt inclusion-bearing garnets 
indicates the beginning of anatexis at c. 41–36 Ma (Carosi 
et al. 2015; Iaccarino et al. 2015). Near peak-pressure melt-
ing has been dated at c. 36–28 Ma (Iaccarino et al. 2015). 
These geochronological constraints are in agreement with 
the age of c. 35 Ma obtained by U–Pb monazite and zircon 
dating of a Ky-bearing leucosome collected close to Taglung 
(Godin et al. 2001), 10–12 km from the Titar village where 
the investigated nanogranitoids come from.

Considering their primary origin and the geochronologi-
cal constraints reported above, it is reasonable to interpret 
that the investigated nanogranitoids reflect primary anatectic 
melts produced during the Eocene-Early Oligocene (Eohim-
alayan) prograde metamorphism associated to crustal thick-
ening during the early stages of the India–Asia collision.

Conditions and mechanisms of Eohimalayan 
anatexis in Kali Gandaki

Most re-homogenized nanogranitoids from Kali Gandaki 
valley are granodiorites, tonalites and trondhjemites, and 
minor granites, showing low  K2O (< 2.5 wt%) and high 
CaO (up to 4 wt%) contents, and moderate–to-very high 
 Na2O/K2O ratios (1.1–14.1). In the Qtz–Or–Ab normative 
diagram, the available major element analyses plot away 
from the  H2O-saturated haplogranite eutectics, defining an 
elongated trend parallel to the Qtz-Ab sideline, with large 
Qtz/feldspars and relatively narrow Or/Ab ratios (Fig. 8). 
Notably, leucosomes in Kali Gandaki gneisses exhibit a 
tonalitic composition (Iaccarino et al. 2015), even though 
this composition could reflect cumulus phenomena which 
are well documented in leucosomes of migmatites (Brown 
et al. 2016).

The peculiar major element compositions (see supple-
mentary Table 1) resemble those of experimental melts 
produced during  H2O-present melting of meta-sedimentary 
rocks (Fig. 8). For instance, Patiño Douce and Harris (1998) 
experimentally remelted two GHS schists from the hang-
ing wall of the Main Central Thrust. Melts produced by 
dehydration melting of mica at > 750 °C (0.6–1.0 GPa) are 
granitic in compositions  (Na2O/K2O = 0.7–0.9, one value 
up to 1.4). Instead, near-solidus melts formed at < 750 °C 

by  H2O-present melting of muscovite correspond to trond-
hjemites  (Na2O/K2O = 1.4–3.9, one value of 0.9). The  Na2O/
K2O > 1 of melt has been ascribed to the decreasing tem-
perature of quartz + plagioclase solidus with increasing  H2O 
amount (Patiño Douce and Harris 1998; García-Casco et al. 
2003). The weak-to-moderate positive Eu anomaly of Kali 
Gandaki nanogranitoids (Fig. 4b) would support the role of 
plagioclase in melting reaction (Gao et al. 2017). Therefore, 
based on the major element compositions of re-homogenized 
nanogranitoids, the presence of an aqueous fluid phase dur-
ing the associated anatexis could be proposed, even though 
it needs more evidence. Indeed, the sole occurrence of trond-
hjemitic melts is not diagnostic of a  H2O-present scenario, 
because pressure and source rock composition may play an 
important role in forming Ab-rich melts (Schwindinger et al. 
2019).

The peculiar Na-rich composition of Kali Gandaki 
nanogranitoids with respect to classic granitic s.s. anatectic 
melts cannot be the result of melt-garnet interaction during 
experimental remelting at temperature (820 °C) higher than 
that of entrapment (650–720 °C), because the host mineral 
is virtually Na free. Rather, this discrepancy is likely to be 
related to kinetics (see below).

Re-homogenized nanogranitoids have high  H2O concen-
trations (6.5–10.5, one value up to 14.4 wt%; Fig. 5). This 
range approximates the expected minimum and maximum 
 H2O contents for anatectic melts produced at these P–T 
conditions (≈ 6.5 to 15 wt%; Holtz et al. 2001). The  H2O 
content approaching the maximum solubility value (≈ 15 

Fig. 8  Qtz–Ab–Or diagram showing the normative compositions of 
Kali Gandaki nanogranitoids (square represents the average value). 
Compositions of experimental glasses (PDH98: Patiño Douce and 
Harris 1998; GC03: García-Casco et al. 2003) and Eohimalayan gran-
ites (P2001: Prince et al. 2001) are plotted for comparison
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wt% at the pressure of interest of 1.1 GPa) was found in 
a single nanogranitoid inclusion and it would be consist-
ent with partial melting under fluid-present conditions at 
the  H2O-saturated solidus. The lower  H2O concentrations 
may reflect different processes. (1) Weinberg and Hasalová 
(2015b) argue that in the case of a rock-buffered system 
(i.e., a system characterized by a high rock/fluid ratio), the 
 H2O-fluxed melting would produce  H2O-undersaturated 
melts and that the  H2O contents would range between the 
minimum and maximum values. (2) Alternatively, differ-
ent buffering assemblages at the microscale may be respon-
sible for variable melt  H2O content. Bartoli et al. (2014) 
documented that melt inclusions trapped in different garnet 
crystals in Ronda migmatites (Spain) showed variable  H2O 
content and interpreted these heterogeneities as the result of 
melt formation under conditions of “mosaic equilibrium” 
affecting the activity of  H2O in the coexisting fluid phase 
and/or the solid assemblages. This explanation seems to be 
improbable for the Kali Gandaki sample where the distance 
among analyzed nanogranitoids is in the order of a few 
tens–hundreds of µm to a few mm. (3) The loss of  H2O after 
melt inclusion entrapment and/or during remelting experi-
ments cannot be excluded a priori, considering the presence 
of cracks in some inclusions (Fig. 3c). However, a systematic 
loss of  H2O from nanogranitoids during subsolidus retro-
grade history is expected to result in a larger variability of 
the melt  H2O contents, with compositions approaching dry 
values. This is not the case here, where melt  H2O contents 
do not go below 6.5 wt% (Fig. 5).

One could argue that  H2O loss after the melt inclusion 
was trapped could partly explain the discrepancy between 
the trapping temperature and the temperature at which 
nanogranitoids were experimentally remelted (820  °C, 
Carosi et al. 2015). In fact,  H2O loss would increase the 
melting temperature of the nanogranitoid inclusions (cf. 
Fig. 9 in Bartoli et al. 2013b). However, this discrepancy 
may be explained without taking into account the loss 
of  H2O. Indeed, higher remelting temperatures could be 
needed, because melting kinetics play a fundamental role 
during reheating experiments. Smaller inclusions usually 
remelt more rapidly than larger ones (Thomas and Klemm 
1997) and nanogranitoids from Kali Gandaki show larger 
size than melt inclusions for which a run duration of 24 h 
was tested (Bartoli et al. 2013c and discussion therein). 
Therefore, a process of  H2O loss affecting the majority of 
analyzed inclusions does not seem to be supported by con-
vincing evidence.

To summarize, the occurrence of near  H2O-saturated 
melts would support a  H2O-present melting scenario, con-
firming the inferences based on major element composi-
tions of nanogranitoids. The observed variation in  H2O 
content, which is likely to be primary and ranges between 
the expected minimum and maximum values, would suggest 

the existence of a  H2O-present, rock-buffered system during 
Eohimalayan anatexis. Considering the low melting tem-
perature of Kali Gandaki migmatites together with the low 
proportion of melt predicted by thermodynamic modeling 
at the estimated peak P–T conditions, these observations are 
consistent with the beginning of anatexis in these rocks in 
the proximity of the  H2O-saturated solidus (Fig. 2b).

TZrn and TMnz are ≈ 100–250 °C lower than suprasolidus 
temperatures obtained for migmatites collected in the same 
area (Fig. 6). TZrn and TMnz values are also notably lower 
than the minimum temperature at which crustal protoliths 
melt in the presence of an aqueous fluid (≈ 650 °C). Migma-
tites from Kali Gandaki valley contain abundant grains of 
zircon and monazite within the matrix as well as inclusions 
in garnet, kyanite, biotite and quartz (Carosi et al. 2015; 
Iaccarino et al. 2015). In addition, these accessory miner-
als are present as accidentally trapped phases within some 
nanogranitoids (Fig. 3d, f). One, therefore, could assume that 
melt was in contact with, or attached to zircon and monazite 
during melting. Because zircon and monazite are expected 
to break down and dissolve at suprasolidus conditions dur-
ing prograde metamorphism to maintain saturation of the 
melt (Yakymchuk and Brown 2014; Yakymchuk 2017), the 
undersaturated composition of melt inclusions with respect 
to the accessory minerals would suggest a limited time of 
interaction between zircon/monazite and anatectic melt. On 
the other hand, the amount of melt was likely low (around 
the percolation threshold; Fig. 2) and, therefore, the lack of 
contact with accessory phases cannot be excluded. In any 
case, the very low TZrn and TMnz values have to be ascribed 
to the lack of equilibration between melt pockets and acces-
sory minerals present in the rock. A degree of disequilib-
rium involving accessory minerals and melt inclusions in 
anatectic rocks has been already documented during the 
entrapment of low-temperature (< 750 °C) melt droplets in 
El Hoyazo metapelitic enclaves (Acosta-Vigil et al. 2010). 
In that case, a much smaller difference of 25–50 °C between 
calculated and expected temperatures has been reported (see 
discussion in Acosta-Vigil et al. 2012a).

To date, the most complete dataset of trace element 
compositions of melt inclusions from metapelitic anatectic 
rocks is that presented by Acosta-Vigil et al. (2010, 2012a). 
In residual anatectic enclaves within peraluminous dacites 
of the Neogene Volcanic Province (NVP) of SE Spain, a 
systematic evolution of trace element content of anatectic 
melt (recorded as melt inclusions in several minerals and as 
matrix glass) is observed. Combining microstructural and 
geochemical data, these authors interpreted that concentra-
tions in melt of Li, Cs and B decrease, whereas those of Zr, 
Th, REE, V, Cr, Co, Zn increase with increasing melting 
temperature, due to the consumption of muscovite (main 
carrier of Li, B and Cs) at low temperature and biotite (main 
reservoir of Rb) and accessory phases (LREE, Zr, Hf, U, 
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Th) at higher temperature (Acosta-Vigil et al. 2010). These 
authors interpreted the melt inclusions in plagioclase and 
garnet to represent crustal melts formed by the  H2O-present 
to  H2O-absent muscovite melting reactions, whereas the 
matrix glass formed by biotite fluid-absent melting (see also 
Acosta-Vigil et al. 2017).

The majority of investigated nanogranitoids from Kali 
Gandaki valley show higher B contents, similar Li concen-
trations and Rb/Sr ratios, and lower Ba, Ce, Th, Zr, Hf and 
Rb/B values with respect to NVP melts produced at ≤ 750 °C 
(Fig. 9). These compositional features support melting at 
low temperature (as previously concluded based on peak 
P–T conditions and thermodynamic modeling), and indicate 
undersaturation of melt with respect to the accessory miner-
als (see above). Two melt inclusions from the garnet have 
very high Ba contents (> 600 ppm; Fig. 9c). The high B con-
tents (Fig. 9a, b) may point to the presence and dissolution 
of tourmaline during the melt-producing reaction. Indeed, 
this mineral is a common accessory phase in Ky-bearing 
gneisses from this area (Iaccarino et al. 2015). Wolf and 
London (1997) experimentally demonstrated that at the onset 
of crustal melting, tourmaline breaks down incongruently to 
assemblages containing Al-, Fe- and/or Mg-bearing solid 
phases (i.e., garnet, biotite, sillimanite) and a B-enriched 
melt. Alternatively, the infiltration of B-rich fluids into the 
anatectic zone and formation of B-enriched melts cannot be 
ruled out (Acosta et al. 2001; and references therein) and it 
would be consistent with a melting scenario characterized 
by the presence of an aqueous fluid (see above).

Acosta-Vigil et al. (2012a) modeled REE abundance in 
crustal melts of El Hoyazo considering different scenarios 
(e.g., disequilibrium melting of feldspars, equilibrium dis-
solution of accessory phases and equilibrium with major 
and accessory minerals). Similarly, Prince et al. (2001) 
calculated REE profiles of crustal melts derived from GHS 
metapelites assuming that REE abundances are controlled 
by accessory phase dissolution and by disequilibrium melt-
ing of plagioclase. Collectively, these calculations indicate 
that REE-poor melts with a strong positive Eu anomaly can 
be due to the disequilibrium melting of feldspars. The dis-
solution of accessory phases, instead, results in higher REE 
contents and negative Eu anomalies, whereas similar LREE 
contents associated with a less sharp positive Eu anomaly 
are produced by the equilibration with plagioclase and acces-
sory minerals (Fig. 10). The LREE patterns of Kali Gandaki 
nanogranioids differ significantly from models associated 
with the dissolution of accessory minerals. Rather, the 
extremely variable LREE concentrations in melt suggest the 
lack of equilibration between melt and these minerals. The 
positive Eu anomalies of Kali Gandaki nanogranioids resem-
ble those of models based on the dissolution of feldspars 
(light blue and dotted green lines in Fig. 10). However, posi-
tive Eu anomalies alone are not diagnostic of equilibrium or 

disequilibrium melting of feldspars (see Acosta-Vigil et al. 
2012a).

Overall, these results seem to indicate that melt produced 
at the beginning of anatexis is neither entirely homogene-
ous nor at equilibrium with at least part of the residue (i.e. 
accessory minerals). To study the mechanisms of anatexis, 
Acosta-Vigil et al. (2017) proposed to compare melt inclu-
sion compositions in migmatites and granulites and glass 
compositions from non-equilibrium kinetics melting experi-
ments. Using this approximation and considering the linear 
trend displayed by re-homogenized nanogranitoid analyses 
in the Qtz-Or-Ab normative diagram (Fig. 8), these results 
from Kali Gandaki indicate that, at the beginning of ana-
texis, the composition of melt is at least partially controlled 
by the systematics of diffusion in the melt (see Acosta-Vigil 
et al. 2006, 2012b, 2017). Lack of melt homogenization and 
melt-residue equilibration, even for the case of melt frac-
tions separated from tens to hundreds of micrometers to a 
few mm, can be due to either rapid melting and melt entrap-
ment (because diffusivities of Si and Al in granite melt are 
rather sluggish, whereas diffusivities of alkalis are extremely 
high; e.g. Acosta-Vigil et al. 2012b), and/or lack of melt 
interconnection (given that melt proportions are around 
the critical melt interconnection threshold; Rosenberg and 
Handy 2005). Similar conclusions regarding the beginning 
of the process of anatexis were presented by Acosta-Vigil 
et al. (2017) in the analysis of the composition of glassy melt 
inclusions in the El Hoyazo anatectic enclaves (Acosta-Vigil 
et al. 2007, 2010, 2012a). Analogous inferences regarding, 
in general, the process of crustal anatexis were also provided 
by Acosta-Vigil et al. (2017) during the analysis of reported 
nanogranitoid compositions in granulites from Jubrique 
(Spain; Acosta-Vigil et al. 2016) and the Orlica-Snieznic 
dome (Bohemian Massif; Ferrero et al. 2015).

Eohimalayan anatexis and granitoid formation

Kyanite-bearing migmatitic gneisses of the lower GHS in 
the Kali Gandaki valley underwent low temperature (up to 
720 °C) Eocene to Early Oligocene anatexis, with the for-
mation of small amounts of melt (≈ 7.5 vol%; Fig. 2b) at 
peak conditions (Carosi et al. 2015; Iaccarino et al. 2015). 
However, similar rocks, which represent significant portions 
of the metamorphic core of the Himalayas, experienced 
higher temperatures and/or higher melting degrees at other 
localities, between Eocene and Late Oligocene. For exam-
ple, the Ky-bearing migmatites in the Main Central Thrust 
Zone (Arun valley, eastern Nepal Himalaya) reached peak 
conditions at 820 °C and 1.3 GPa, during Early Oligocene 
(≈ 31 Ma), producing ≈ 15 vol% melt (Groppo et al. 2010). 
In the Kharta Area (Southern Tibet), meta-sedimentary 
migmatites experienced anatectic conditions of 750–800 °C 
and 1.4 GPa, at ≈ 33 Ma (Liu et al. 2007). Phase equilibria 
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Fig. 9  Comparison among the trace element contents (ppm) of Kali 
Gandaki nanogranitoids, El Hoyazo melts and Eohimalayan grani-
toids. Ba and Sr content of melt inclusions in plagioclase were not 
reported, because these elements are depleted being compatible with 
respect the host phase; Hf concentrations were not reported for inclu-
sions in plagioclase in the original database (see Acosta-Vigil et  al. 
2012a). Temperature estimates correspond to zircon and monazite 
saturation temperatures reported by Acosta-Vigil et al. (2010). Lines 

track the result of melt–residuum mixing models. Tick marks on the 
lines reflect increments of the residuum. The average composition of 
nanogranitoids was considered as representative of the starting melt 
composition, except for Ba–Rb/Sr and Ba–Sr diagrams where the two 
Ba-rich melt inclusions were not considered for the average value. 
This assumption does not change the inferences obtained from the 
geochemical modeling. Mineral compositions are from Acosta-Vigil 
et al. (2010). See text for details

modeling demonstrated that Barun gneisses (Eastern Nepal) 
reached peak conditions of 800–850 °C in the kyanite field, 
with the formation of 15–20 vol% melt (Groppo et al. 2012). 

Melting at the bottom of the GHS (e.g., Barun gneisses) 
was dated at 33–28 Ma (Carosi et al. 2015 and references 
therein).
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The Namche Barwa Complex (Eastern Himalayan Syn-
taxis) is considered to represent the NE extension of the 
GHS (Tian et al. 2016; Guilmette et al. 2011 and references 
therein). Here, peak conditions of 820 °C and > 1.4 GPa 
were reported for Ky-bearing anatectic paragneisses by Guil-
mette et al. (2011). Partial melting is considered to have gen-
erated 20–23 vol% total melt. The HP metamorphism was 
dated at 37–32 Ma (Zhang et al. 2010). Zhang et al. (2015) 
documented melting of pelitic granulites from the same area 
at peak conditions of 840–880 °C and 1.3–1.6 GPa; anatexis 
of these rocks produced up to ≈ 30 vol% melt from c. 40 to 
30 Ma. Metagreywackes, instead, reached peak conditions 
of 820–845 °C and 1.5–1.6 GPa (Tian et al. 2016). Palin 
et al. (2014) dated the melting at ≈ 700 °C and ≈ 1.0 GPa in 
the northwestern flank of the Eastern Himalayan Syntaxis 
between c. 44 and 33 Ma. Leucosomes in Ky-bearing mig-
matites comprise up to 20% of the outcrop and formed as a 
result of Kfs-absent, fluid-present melting reactions.

Considering their low melting temperature and degree, 
Kali Gandaki anatectic gneisses probably did not act as 
source region of voluminous anatectic melts. However, from 
the above, it is clear that Ky-bearing migmatites have played 
an important role during Eohimalayan anatexis. As a mat-
ter of fact, melting of meta-sedimentary lithologies from 
GHS is considered to have contributed to the granitoid mag-
matism that occurred during crustal thickening at various 

temperatures and under various fluid regimes (Prince et al. 
2001; Zeng et al. 2009, 2011; Aikman et al. 2012). There-
fore, nanogranitoids from Kali Gandaki gneisses, formed 
in the proximity of the  H2O-saturated solidus, may provide 
us with the pristine composition of the first batches of melt 
produced in those lithologies where higher melting degrees 
have then generated crustal melts whose extraction and 
emplacement at shallower levels formed the Eohimalayan 
granitoids.

Granitic to trondhjemitic bodies from the upper GHS 
of Garhwal Himalaya are considered to be derived from 
 H2O-present melting of Ky-bearing GHS meta-sedimentary 
rocks at 650 °C during Eohimalayan prograde metamor-
phism (39 ± 3 Ma) (Prince et al. 2001). These Eohimalayan 
granitoids, which differ from the classic Miocene leucogran-
ites, share some key features with the Kali Gandaki melt 
inclusions, such as Ca- and Na-enrichment (up to 2.0 and 
3.9 wt%, respectively), very low melting temperatures and 
a positive Eu anomaly (Prince et al. 2001). In the haplogra-
nitic Qtz–Ab–Or diagram, the Garhwal rocks plot in the 
proximity of Kali Gandaki nanogranitoids and experimental 
glasses produced via  H2O-present melting (Fig. 8). Ana-
tectic gneisses of Kali Gandaki valley may reasonably be 
considered the analog source rocks of Eohimalayan Garhwal 
granitoids. Active shear zones in this area could have facili-
tated the ingress of external fluids, enhancing the amount of 
melt produced (Prince et al. 2001). Instead, a large supply of 
external aqueous fluids did not occur in Kali Gandaki area 
where melting stopped at low degrees.

Granite compositions have been often interpreted in the 
light of “restite unmixing” model (Chappell et al. 1987), 
which states that the majority of granites represent mixtures 
between a minimum or near-minimum temperature melt and 
the restite (residuum), and that the compositional variability 
in granites reflects varying degrees of restite unmixing.

The Ba and Sr content of three Garhwal granites can be 
modeled as the variable mixture of a starting melt (repre-
sented by nanogranitoids) and a residuum composed of vari-
able amounts of biotite, plagioclase and K-feldspar (Fig. 9d). 
One rock needs only the addition of 5 vol% K-feldspar. How-
ever, the same mixtures with a biotite-bearing residuum 
would result in Rb/Sr ratios much higher (≈ 12) than those 
measured (< 1; Fig. 9c). The very high Ba content and very 
low Rb/Sr of Garhwal rocks could, instead, be explained 
by the sole addition of K-feldspar, up to 20 vol% (Fig. 9c). 
These mismatches clearly indicate that entrapment of resid-
ual minerals does not explain the trace element concentra-
tions controlled by major minerals. Although the addition of 
very tiny amounts of zircon and monazite could explain Ce, 
Th, U and Zr variability in Garhwal rocks (Fig. 9e, f), this 
is unlikely. First, the entrainment of phases from the source 
region is not a selective process (Sawyer 2014). Rather, the 
inheritance of accessory minerals should be coupled with 

Fig. 10  Comparison of REE abundances of Kali Gandaki nanograni-
toids, Garwhal granites and low-temperature anatectic melts mod-
eled by Prince et al. (2001) [P2001] and Acosta-Vigil et al. (2012a) 
[AAV2012]. See text for details
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that of major phases in which they are usually included 
(micas and feldspars). Again, the mixing with a biotite-, 
feldspar-bearing residuum is highly improbable (see above). 
Second, the higher Zr, Th and Ce contents are perfectly con-
sistent with higher degrees of melting compared to those in 
Kali Gandaki migmatites. Accessory phase dissolution and 
disequilibrium melting of plagioclase are considered to have 
shaped the LREE patterns and positive Eu anomaly, respec-
tively, of Garhwal rocks (Fig. 10; Prince et al. 2001). This is 
mostly in agreement with the diverse La, Ce and Eu contents 
of Kali Gandaki nanogranitoids whose composition seems 
to be controlled by the dissolution of plagioclase and lack of 
equilibrium with accessory minerals (Fig. 10).

Prince et al. (2001) ascribed the very high Ba content of 
these rocks (> 600 ppm; Fig. 9c) to fluid transport of Ba, 
which “is a well-documented phenomenon during crustal 
melting (Weinberg and Searle 1999)”. Surprisingly, Ba is 
highly variable in Kali Gandaki nanogranitoids, formed in 
a  H2O-present scenario (see above), with the highest con-
tents resembling those observed in some Garhwal rocks 
(Fig. 9c).

Summarizing, the comparison between nanogranitoids 
and granites indicates (i) that the restite unmixing process 
did not shape the composition of Garhwal rocks and that 
an aqueous fluid was involved in melting process, reinforc-
ing the inferences of Prince et al. (2001), and (ii) that Kali 
Gandaki melt inclusions are recording the very beginning 
of melting in a scenario that, in other GHS localities, has 
produced Eohimalayan granitoids.

Conclusions

Kali Gandaki nanogranitoids occur within peritectic gar-
net whose formation is ascribed to the Eohimalayan pro-
grade metamorphism at conditions of 650–720 °C and 
1.0–1.1 GPa and is dated at c. 41–36 Ma (see Carosi et al. 
2015; Iaccarino et al. 2015). During their crystallization, 
nanogranitoids developed a quartz + plagioclase + musco-
vite + chlorite ± biotite assemblage. Major element com-
positions and  H2O contents of re-homogenized nanograni-
toids suggest the presence of an aqueous fluid phase during 
melting, in agreement with the inferred melting condi-
tions. The low Zr, Th and LREE concentrations along with 
the very low zircon and monazite saturation temperatures 
indicate disequilibrium between accessory minerals and 
coexisting melt during anatexis. Investigated nanograni-
toids are, therefore, interpreted as incipient melts, which 
did not have time to fully equilibrate with their source 
rock.

Kali Gandaki nanogranitoids share some key features 
with Eohimalayan granitoids from Garhwal Himalaya (i.e., 

major elements, very low melting temperature, Ba enrich-
ment). A comparative study supports previous inferences of 
Prince et al. (2001): Garhwal rocks likely represent pristine 
crustal melts formed under  H2O-present conditions, whose 
composition was not modified by entrainment of residuum. 
This study confirms the great utility of nanogranitoids to 
decipher melting mechanisms in the deep crust.
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