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Abstract 

The Manaslu massif (central Nepal) provides a well-exposed example of a deeply eroded pluton: its contact 
aureole can be followed from the base to the top along medium- to low-grade (mesozonal to anchizonal) Tethyan 
metasediments. Contact metamorphic mineral assemblages and thermobarometric estimations suggest that the 
granite was emplaced at 18-21 km for the base and 9-13 km for the roof. Calculated temperatures within the 
aureole, at 550 _+ 40°C, are compatible with the intrusion temperature of a leucogranitic magma. Microstructural 
evidence shows that the temperature remained high (> 500°C) at the base of the massif during and after granite 
emplacement, whereas towards the top of the granite deformation proceeded rapidly at lower temperature. Heating 
of the abundant calcareous rocks in the contact aureole released a local CO2-rich fluid, whereas a H20- and 
boron-rich fluid seems to have pervaded the whole zone; this fluid is probably exsolved from the granitic melt during 
its crystallization. The depth of emplacement of the massif has an important implication for the reconstruction of the 
Himalayan geodynamic evolution, implying a burial of the Tethyan metasediments by a major refolding of the 
sedimentary cover or, more probably, by extensive development of the North Himalayan nappes towards the south 
for more than 70 kin, before granite emplacement, i.e., before the Miocene. The young age of the granite and its 
depth of emplacement suggest a rapid tectonic denudation, in the order of 1 mm a-1, probably by normal faulting 
north of the massif during its cooling. 

1. Introduct ion 

The plate tectonic framework of the Hi- 
malaya-Tibet  region is well established (Patriat 
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and Achache, 1984; Le Fort, 1989): initial colli- 
sion between the India and Eurasian plates oc- 
curred in the Eocene (50 Ma) and was followed 
by convergence, thrusting and uplift continuing to 
the present day. 

The northern part of the Indian plate has been 
imbricated by a series of major N-dipping, south- 
ward-verging thrusts with remarkable continuity 
along the Himalayan orogenic segment for some 
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2000 km. Though the behaviour of the two major 
thrust systems, the Main Boundary Thrust (MBT) 
and the Main Central Thrust (MCT), is reason- 
ably understood, knowledge of the North Hi- 
malayan thrust system is more poorly con- 
strained, particularly the importance of nappe 
extension before its erosion during rapid exhuma- 
tion of the Himalaya and the southern Tibetan 
plateau, since Miocene times (Harrison et al., 
1992). Estimation of the depth of emplacement of 
the Higher Himalayan leucogranites (HHL) would 
be a good way to constrain the nappe extension. 
The HHL intrude the Higher Himalayan Sedi- 
mentary Series (HHSS) and develop contact au- 
reoles that record the temperature and pressure 
of granite emplacement. 

The HHL have been thoroughly investigated 
for their petrological and source characteristics 

[see Le Fort et al. (1987) for a more complete 
review]. Observations concerning their emplace- 
ment are far less abundant. Le Fort (1981) re- 
ports contact metamorphism with biotite, mus- 
covite, staurolite and garnet in pelitic schists at 
the roof of the Manaslu pluton and wollastonite 
in calc-silicate gneisses towards the base (Colchen 
et al., 1986), whereas Stern et al. (1989) describe 
the development of andalusite in the metapelites 
at the top of the Gangotri leucogranite (Garhwal). 
Burg et al. (1984) have observed andalusite, stau- 
rolite and chloritoid in the metapelite and scapo- 
lite in metacalcareous rocks in the contact aure- 
ole of the granitic pods of southern central Tibet 
as Guillot et al. (1994a) in the aureole of the 
Kula-Kangri (eastern Tibet). 

We focus on the Manaslu region of the Cen- 
tral Nepal Himalaya (Fig. 1). Preliminary data 
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Fig. 1. Geological sketch map of the Manaslu massif, central Nepal (after Colchen et al,, 1986). Samples discussed in text are 
reported on the map, The  northern limit of the amphibolite grade regional metamorphism corresponds to the disappearance of 
sillimanite in pelitic rocks and clinopyroxene in the calcareous ones. 
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suggest that the Manaslu pluton was emplaced at 
depths of 8-15 km (France-Lanord and Le Fort, 
1988; Copeland et al., 1990). The purpose of this 
paper is to present thermodynamic and mi- 
crostructural analysis along the contact aureole of 
the Manaslu leucogranite (central Nepal), in or- 
der to evaluate the P - T  conditions at the time of 
granite emplacement in the Higher Himalayan 
Sedimentary Series (HHSS). 

2. Geological setting 

The Manaslu leucogranite belongs to the belt 
of High Himalayan leucogranites recognized for 
some 1900 km from northern Pakistan to Bhutan. 
A dozen plutons and innumerable sheets and 
pods of smaller size lie on top of the Higher 
Himalayan Crystallines (HHC) and commonly in- 
trude the Higher Himalayan Sedimentary Series 
(HHSS), the detached cover of the HHC. 

According to the model of Le Fort (1981) 
supported by various studies (Vidal et al., 1982; 
Deniel et al., 1987; France-Lanord and Le Fort, 
1988; England et al., 1992), the HHL originated 
by the melting of HHC pelitic gneisses by infiltra- 
tion of fluid, at the time of thrusting along the 
Main Central Thrust (MCT). 

The Manaslu pluton is Miocene on isotopic 
grounds using R b / S r  whole-rock isochron and 
U / P b  dating on monazite (Deniel et al., 1987) 
favoured a crystallization age spanning the period 
from 25 to 18 Ma, whereas Copeland et al. (1990) 
with the addition of 39Ar/a°Ar on micas proposed 
a restricted age of around 20 Ma and Guillot et 
al. (1994b) around 25 Ma. The granite is made up 
of xenomorphic quartz (32%), Anzl to An 2 pla- 
gioclase (37%), K-feldspar (21%), muscovite (7%) 
and biotite (3%) and commonly contains abun- 
dant crystals of tourmaline (up to a few percent). 
The grain size is usually small (< 1 cm). The 
leucogranite is devoid of igneous enclaves and 
contains scarce xenoliths (Le Fort, 1991). 

Outside the contact aureole, at the base of the 
HHSS, the metamorphic grade is high (amphibo- 
litic grade) with diopside + K-feldspar paragene- 
ses in the metalimestones (Colchen et al., 1986) 
suggesting temperatures of up to 500°C (Schnei- 

,c 05 il 
A 

0.4 

0.3 

0.2 
1.5 5 ~  

9.5 1'0~...~..~ 
10.5 11.5 

IC 0.5- ~ B 

0.4 
DJ~ge~esi s 

0.3 ~ 

;iii 0.2 ~ 

~e~a 

13.5 Km. 

Fig. 2. Relationship between the illite crystallinity (Kiibbler 
index, IK), the distance from the granite (A) and the strati- 
graphic level (B). The third sample of the upper Paleozoic is 
clearly retrogressed. 

der and Masch, 1993). The metamorphic grade 
decreases upwards from the upper Paleozoic to 
Dogger formations as demonstrated by fourteen 
samples collected in pelitic schist levels and anal- 
ysed by X-ray diffractometry. The illite crys- 
tallinity decreases with the stratigraphic level, 
except for the two highest stratigraphic samples 
(Fig. 2A). However, the absence of paragonite in 
these samples attests of their low grade. The 
temperature can be roughly estimated between 
300 and 350°C, with a primary paragenesis con- 
sisting of illite-chlorite-quartz + paragonite _+ 
mixed-layer of illite-paragonite + plagioclase + 
K-feldspar, corresponding to the lower-grade epi- 
zone (Frey, 1987). A retrograde assemblage ap- 
pears in some samples, with chlorite-smectite or 
chlorite-vermiculite mixed-layer silicates and py- 
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rophyllite _+ kaolinite. There is apparently no re- 
lationship between illite crystallinity and the 
mappable distance from the sample to the granite 
(Fig. 2B). 

Close to the granite ( <  100 m), the metasedi- 
ments are strongly metamorphosed defining a 
contact aureole. The contact of the granite with 
the metasedimentary series has been followed 
discontinuously from lower Paleozoic to Dogger 
for a S - N  distance of about 25 kin. Seven princi- 
pal contact zones have been studied and sampled 
(Fig. 1), two at the floor of the granite in the 
Surkepuk (contact 1) and Pong-Gien (contact 2) 
valleys, three others on the flank of the granite, 
along the eastern side of the Buhri Gandaki 
valley (contacts 3-5), and finally two at the roof 
of the pluton (contacts 6 and 7). 

3. Chemistry / deformation relationships 

Garnet  and staurolite in the Triassic pelitic 
mica-schists were interpreted as synkinematic 

minerals by Le Fort (1981). Guillot et al. (1991) 
show, however, a more complex relationship be- 
tween crystallization and deformation in the 
Manaslu aureole. In this section, we present a 
microstructural analysis and mineral chemistry of 
the contact metamorphic minerals of the calc- 
silicate gneisses, calcareous metasandstones and 
pelitic schists at the different contacts. Analyses 
of garnet, biotite, muscovite and plagioclase rim 
composition for the metapelitic schists are re- 
ported in Table 1. Mineral abbreviations are from 
Kretz (1983). 

3.1. Contacts 1 and 2 at the floor of the pluton 

The lower part of the Manaslu pluton intrudes 
two previously metamorphosed formations of the 
lower Paleozoic: the black Sanctuary and yellow 
Annapurna formations (Colchen et al., 1986). 
Both formations are made up of alternations, 
several centimeters to decimeters in thickness, of 
more pelitic and greywacke levels for the Sanctu- 
ary Formation where contact 1 is located, and 
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dominantly calc-silicate and marble  rich for the 
Annapurna  Formation,  where we observed con- 
tact 2. Because of the apparent  metamorphic  
continuity from the granite to the surrounding 
rocks, we are not able to distinguish the contact 
metamorphism from the regional metamorphism 
in this lower portion of the pluton. However,  at 
contact 1, where the contact itself is only partly 
exposed, the pelitic schists contain two successive 
parageneses  (Fig. 3a). The previous one consists 
of  inclusion trails of biotite and muscovite in 
plagioclase, and crystallographically oriented ar- 
rays of acicular quartz inclusions in garnet and 
staurolite, probably related to a precursor folia- 
tion ($1). The second assemblage defines the 
main foliation (S 2) with elongated porphyroblasts 
of garnet  and staurolite surrounded by oriented 
flakes of biotite, muscovite and fibrous silliman- 
ite. Fibrous sillimanite in the foliation plane S 2 
locally grew at the expense of relic S] minerals 
(kyanite?), and defines a mineral SW-NE-s t r ik-  
ing lineation, perpendicular  to the contact. Folia- 
tion S 2 dips at variable angle towards the North, 

parallel to the contact with the granite. Geomet-  
ric relationships lead us to ascribe the second 
paragenesis to contact metamorphism and folia- 
tion S 2 to pluton emplacement.  

Biotite composition relates to its microstruc- 
tural position: the S t brown porphyroblasts have 
a Xve ratio of around 0.6 and a Ti content 
ranging from 0.18 to 0.25 atoms per 22 oxygens, 
whereas the S 2 biotites show the highest Ti con- 
tent around 0.3-0.4 atoms and a XFe ratio around 
0.7 (sample D74, Table 1). All white micas are 
essentially muscovite, with very small amounts of 
paragonite (Na content less than 0.4 atoms per 
formula unit, correlates with K content). Compo-  
sitional variations are mainly reflected in the Si-  
1%1 correlation, close to the muscovi te-phengi te  
join. The most phengitic white mica is associated 
with the S 2 Fe-rich biotite, suggesting a lower 
tempera ture  of crystallization or higher pressure 
(Massone and Schreyer, 1987). 

Garne t  usually shows a flat compositional pro- 
file (Fig. 4a), and not the distinctive bell-shape of 
contact metamorphic  growth, such as reported by 
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Fig. 4. Microprobe profiles across garnet crystals (see Fig. 5). (a) Pelitic schist with interlayered centimetric intercalations of 
calc-silicate gneisses, on rim contact with muscovite and biotite (sample D74, contact 1); the high grossular content relates to the 
calc-silicate layer vicinity. (b) Sillimanite-garnet pelitic schist, on rim contact with biotite _+ sillimanite (sample D73, contact l). (c) 
Chlorite-garnet-staurolite pelitic schist, in rim contact with biotite (sample U480, contact 6). (d) Staurolite-garnet pelitic schist, in 
rim contact with staurolite (sample U468, contact 6). 
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Hollister (1969). Such flat profile probably re- 
flects absence of P - T  variations during garnet 
growth in absence of staurolite under rapid con- 
tact metamorphic conditions, rather than post- 
metamorphic cationic diffusion such as presented 
by Florence and Spear (1989). This is particularly 
conspicuous for sample D74 (Fig. 4a) in which 
the size of the garnet (>  1 cm) would preclude 
total homogeneization. However, in the silliman- 
ite-bearing schists (Fig. 5b) at the same contact 
(D73), a slight reverse zonation marked by a 
decrease in almandine content and an increase in 
spessartine content (Fig. 4b) probably suggests 
the destabilisation of the rim of the garnet during 
the development of the following reactions: 

Grt + Chl + Ms + Qtz = Bt + Sil + H 2 0  ( la)  

Grt + Ms + Qtz = Bt + Sil ( lb)  

These reactions are actually observed in thin 
section by the development of biotite and silli- 
manite around garnet in the presence of mus- 
covite and quartz. 

The S 2 staurolite of sample D60, has a steady 
composition with a TiO 2 content of around 0.5 
wt.% and a X w ratio between 0.85 and 0.90. 

The composition of the plagioclase relates es- 
sentially to the rock composition and its mineral 
assemblage: from very calcic (An80-An90) in the 
grossular-rich schist (D74), to intermediate 
(Anzs-An4s) in the staurolite-rich rock (D60), 
and quite albitic (An10-An15) in the siUimanite- 
bearing schist (D73). 

The calc-silicate gneisses are abundant at con- 
tact 2. They contain clinopyroxene, K-feldspar, 
plagioclase, quartz, biotite, muscovite,+ phlogo- 
pite, wollastonite, scapolite, tourmaline and ac- 
cessory minerals (iron oxides, sphene, zircon). 
The foliation plane S z is parallel to the composi- 
tional layering (Fig. 3b) of clinopyroxene-K- 
feldspar-quartz and calcite-quartz + scapolite, 
and the preferred orientation of elongate clinopy- 
roxene defines a lineation. Calcite and quartz 
show a mosaic structure with few subgrains and a 
weak undulatory extinction, and commonly show 
triple junction indicating a secondary static re- 
crystallization at high temperature. 

Clinopyroxene consists of a homogeneous 

diopside-hedenbergite solid solution with a Xve 
[Fe/(Fe + Mg)] ratio ranging from 0.2 to 0.4 
(salite). Scapolite has a uniform meionite 
(Ca4A16Si6024 , CO 3) content [Ca/(Ca + Na + 
K)] of 75-80%. According to Moecher and Es- 
sene (1991), such mizzonitic composition is typi- 
cal of the upper amphibolite to granulite facies. 
In terms of equivalent anorthite content, the 
scapolite corresponds to 58-63% EqAn [= 100. 
(A1-  3)], according to Shaw (1960) and Ellis 
(1978). K-feldspar is widespread, and plagioclase 
is oligoclase-andesine (An25-An40). Calc-silicate 
rocks locally contain biotite with the same com- 
position as that of the pelitic schists. However, 
phlogopite is more common, with a XVe ratio 
ranging from 0.12 to 0.16. 

3.2. Contacts 3, 4, 5 on the flank of the pluton 

Lateral contacts occur in the Paleozoic series 
and, for all three of them, show predominantly 
calc-silicate gneisses and calcareous metasand- 
stones with few levels of metagreywackes. Out- 
side of the contact aureole, on a first approxima- 
tion, let us recall that there is a strong decrease 
in the regional metamorphic grade from amphi- 
bolite facies at the level of contact 3, to green- 
schist at that of contact 4, and low grade at that 
of contact 5. 

The calcareous metasandstones consist of 
abundant quartz, clinozoisite, amphibole, plagio- 
clase _+ biotite, muscovite, tourmaline, scapolite, 
K-feldspar, sphene and calcite. The composi- 
tional layering of quartz-amphibole and quartz- 
clinozoisite defines the weak foliation plane (S 2) 
oblique on the bedding structure (Fig. 3c). On $2, 
a well-developed stretching lineation is marked 
by the elongation of pyrite or ilmenite oriented 
N70-80°E, dipping 15-30 ° eastward. 

The amphibole in the calcareous metasand- 
stones is homogeneous with a high A1 content, 
around 1.5 atoms per formula unit, and relatively 
close to the tschermakite-pargasite join; using 
the classification of Leake (1978), it corresponds 
to ferroan pargasitic hornblende. Epidote is al- 
ways associated with amphibole and corresponds 
to the clinozoisite endmember. The plagioclase is 
calcic (mn60-An97). Rare scapolite occurs in 
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metasandstones, with a composition often similar 
to those of the calc-silicate gneisses, except for 
one sample (XGll4,  contact 5), in which scapo- 
lite is even more calcic, with 88% meionite con- 
tent, suggesting a local CO2-rich fluid. Titanite 
and hematite are common. 

At contact 5, some metapelitic layers have a 
biotite-muscovite-quartz assemblage. The biotite 
is iron rich (Xve = 0.65-0.75) and the Ti concen- 
tration is high (> 0.35). Usually, in the pelitic 
schists high Xve ratios are associated with high 
Ti contents and correspond to high temperature 
(Kwak, 1968; Stephenson, 1977; Schreurs, 1985). 
But in this case, the unusual composition of the 
biotite, together with the absence of garnet or 
staurolite, may be related to the high initial F e /  
A1 ratio of these rocks. 

The calc-silicate gneisses are very similar to 
those of the lower contacts, wollastonite only 
occurs in contact 4 in quartz- and calcite-rich 
layers. 

3.3. Contact 6 at the roof of the pluton 

This contact (between 20 and 100 m in thick- 
ness) is somewhat difficult to reach because of 
the altitude (between 5000 and 6000 m) and the 
steepness of the slopes (cf. fig. 4d in Le Fort, 
1981). At the level we reached, the granite in- 
trudes only Triassic alternances of sandstones, 
shales and shelly limestones. In the pelitic beds, 
we have distinguished three parageneses of in- 
creasing grade in the aureole: 

- -garnet  + chlorite + biotite + muscovite + pla- 
gioclase + quartz (U472); 

- -garnet  + biotite + muscovite + plagioclase + 
quartz (U453, XG3, XG4); 

- -garne t  + staurolite + biotite + muscovite + 
plagioclase + quartz + chlorite (U468, U480). 

In the first assemblage, garnet and chlorite 
appear as porphyroblasts surrounded by a mus- 
covite-biotite foliation. In the quartz-rich layer, 
an earlier schistosity defined by the aligment of 
previous biotite and muscovite is micro-folded 
and transposed into the new cleavage. 

In the second assemblage, idioblastic garnet is 
surrounded by a muscovite-biotite foliation. 

In the third assemblage, the staurolite com- 
monly appears after the garnet. In places, the 
internal schistosity of the elongated staurolite 
passes into the main cleavage, suggesting the 
growth of staurolite during and after its develop- 
ment (Fig. 3d). 

In all three assemblages, tourmaline and il- 
menite are included within garnet and staurolite 
or associated with biotite and muscovite in the 
main cleavage. Tourmaline is elongated and bro- 
ken in the foliation with crystallization of biotite 
and chlorite in the cracks. 

A crenulation cleavage, oblique on the main 
one, is associated with the growth of a second 
generation of chlorite in the garnet-chlorite and 
garnet-biotite rocks. In the staurolite-bearing 
rocks, the crenulation cleavage is associated with 
the last increment of staurolite growth, and the 
recrystallisation of muscovite and biotite in the 
crenulation. 

Garnet usually shows increasing almandine, 
and decreasing spessartine content from core to 
rim, while the grossular and pyrope contents re- 
main almost constant. The MgO content varies 
from 5 to 10 wt.% and that of CaO from 3 to 7 
wt.%. One staurolite-bearing sample (U480) 
shows homogeneous garnet (Fig. 4c) suggesting a 
rapid crystal growth at rather constant tempera- 
ture or, considering the small size of the analysed 
crystals (around 225 ~zm), more probably cationic 
homogenization of the garnet during or after the 
peak of metamorphism (Spear, 1988; Florence 
and Spear, 1989). In biotite- a n d / o r  staurolite- 
bearing schists, the size of the garnet crystals is 
larger (up to 750 /zm) and their almandine and 
spessartine zonation (Fig. 4d) could represent 
cationic exchange during biot i te /s taurol i te  
growth or relict growth zonation, modified by 
diffusion (Hollister, 1969; Thompson, 1976; Spear, 
1988). 

Biotite around garnet and staurolite defining 
the main cleavage, has an usual XFe ratio (around 
0.55-0.56) and a Ti content around 0.15-0.19 
atoms per formula unit. White micas are essen- 
tially muscovite, comparable to the one analysed 
in the lower pelitic schists. 

Chlorite is present in three different structural 
associations: 
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- -as  porphyroblasts associated with garnet; 
--grown in the crenulation cleavage; 
- -as  alteration products around garnet. 

Analyses of the different chlorites show a very 
homogeneous composition with a Fe / (Fe  + Mg) 
ratio close to 0.5 and a restricted range in Si 
variation (5.2-5.7 atoms per formula unit), corre- 
sponding to ripidolite. 

Staurolite, with TiO 2 around 0.5 wt.% and a 
XFe ratio around 0.85-0.90, is similar to the 
staurolite in the lower contact. Plagioclase has 
limited compositional variation and consists of 
oligoclase-andesine (An25-40). Apatite appears in 
pelitic schists, where iron oxide is also common; 
commonly cores of magnetite are rimmed by il- 
menite. 

3.4. Contact 7 

The northernmost contact is exposed between 
the Glacier Blanc and the Glacier Noir. It ap- 
pears as a very flat contact gently dipping towards 
the east and metamorphosing Liassic marbles with 
an apparent thickness of some 20-30 m. The 
foliation is defined by a very thin (millimeter 
scale) layering of quartz and calcite. Contact 
metamorphic minerals consist of porphyroclastic 
clinopyroxene + K-feldspar + plagioclase + sca- 
polite + chloritoid (Fig. 3e). Scapolite is sur- 
rounded by a coronitic intergrowth of clinozoisite 
+ plagioclase + calcite suggesting the develop- 
ment of the reaction: 

Scp + HzO = Czo + PI + Ca (2) 

Quartz grains show evidence of intracrystalline 
ductile deformation with reduction of grain size 
and extreme banded undulatory extinction. Such 
features suggest syntectonic recrystallization at 
low to moderate temperature (Gapais and Bar- 
barin, 1986) associated with drag folds towards 
the northeast. The calc-silicate minerals have sim- 
ilar compositions to those described before. 

4. Thermodynamic calculations 

Calibrations of continuous and discontinuous 
reactions in the KMFASH system provide a good 

evaluation of the P - T  conditions in pelitic schists 
(Thompson, 1976; Ferry and Spear, 1978; Hodges 
and Spear, 1982; Powell and Holland, 1985; Spear, 
1988; Spear and Cheney, 1989). The occurrence 
of pelitic schists in the contact aureole at the base 
(contact 1) as well as at the roof of the granite 
(contact 6) provides a good opportunity to try to 
estimate temperature and pressure at the time of 
granite emplacement. We chose nine metapelitic 
samples (three at contact 1 and six at contact 6) 
where apparent textural equilibrium between 
thermobarometrically important minerals and 
lack of evidence for late-stage, low-T retrogres- 
sion are observed. The absence of significant 
zoning in garnet support this assumption. The 
estimations of P - T  conditions of granite em- 
placement is generally difficult because the con- 
stituent minerals may continue to react during 
slow cooling history of the magmatic body 
(Florence and Spear, 1989; Hodges, 1991). How- 
ever, in the case of the Manaslu, 4°Ar/39Ar data- 
tions indicate very rapid cooling of the granite 
over the 650-300°C temperature interval in Late 
Oligocene to Middle Miocene times (Copeland et 
al., 1990; Guillot et al., 1994b). In this case, we 
assumed that rim compositions are most likely to 
record equilibrium with contiguous grains and are 
the more representative for the "peak" metamor- 
phism. 

In order to assess the validity of our estima- 
tions, we use three complementary methods: plot- 
ting of the mineral assemblages in a partial petro- 
genetic grid of the KFMASH system (K20 , FeO, 
MgO, A120 3, SiO z, H20); conventional thermo- 
barometry computed by Spear et al. (1991) using 
rim mineral compositions--the theoretical back- 
ground of this program is discussed in a short 
course note (Spear, 1989); and the Thermocalc 
computer program, based on an internally consis- 
tent thermodynamic dataset, presented by Powell 
and Holland (1985) and Holland and Powell 
(1990). This program has two major advantages 
over conventional themobarometry: it identifies 
all possible reactions between given endmember 
phases, calculating pressure or temperature with 
all relevant geothermometers or geobarometers, 
and it gives uncertainties based on the propaga- 
tion of analytical uncertainties. The absence of 
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plagioclase and biotite inclusions in garnet pre- 
vents the application of inclusion thermobarome- 
try. 

Estimations of fluid conditions during meta- 
morphism is a problem. Many reactions involving 
hydrous minerals are sensitive to water activity: 
the temperature may vary by up to 100°C be- 
tween water-saturated and fluid-absent condi- 
tions. In the case of the Manaslu, we have made 
the following observations. 

(1) All along the contact, the occurrence of a 
wide variety of parageneses with hydrated miner- 
als (amphibole, ctinozoisite, chlorite, micas, 
scapolite and tourmaline) indicates the presence 
of a H-O-C-B-F fluid phase. 

(2) CO2-rich fluids seem to be controlled by 

the local chemistry of rocks. In calcareous rocks 
at the contact, increase of temperature induces a 
series of decarbonatation reactions releasing H 2 0  
as well as CO 2. The occurrence at contact 6 of 
calcic-rich scapolite suggests the importance of 
CO 2 in such rocks (Aitkens, 1983; Moecher and 
Essene, 1991), but its importance seems to be 
spatially limited. 

(3) HzO-rich fluids, on the contrary, seem to 
be widespread all along the rim of the granite 
where the metamorphic parageneses contain hy- 
drated minerals. In pelitic schists, chlorite is sta- 
ble, suggesting an elevated XH2o, superior to 0.8 
according to thermodynamic calculation (see 
Grambling, 1990) and a relatively high fo2 
marked by the occurrence of hematite-quartz 

Table 2 
Thermobarometry for samples discussed in text, using the Therrnocalc computer of Powell and Holland (1985) and Holland and 
Powell (1990) 

Temperature (°C) 

Sample Assemblage Contact Thermocalc Grt-Bt Grt-St Grt-Chl 

D60 Grt + Bt + Ms + St + Pl 1 590 + 50 550 + 20 580 _+ 30 
D73 Grt  + Bt + Ms + Sil + PI 1 540 _+ 40 540 + 20 
D74 Grt + Bt + Ms + PI 1 580 +_ 40 660 + 90 

U472 Grt + Bt + Ms + Chl + PI 6 560 _+ 30 550 + 30 520 +_ 30 
U453 Grt + Bt + Ms + PI + Chl 6 510 _+ 40 560 _+ 20 510 _+ 30 

U468 Grt + Bt + Ms + St + Pl 6 570 + 60 530 _+ 20 560 + 20 
U480 Grt + Bt + Ms + St + PI + Chl 6 570 + 50 540 + 30 560 _+ 20 490 _+ 50 
XG3 Grt + Bt + Ms + PI 6 550 _+ 20 
XG4 Grt + Bt + Ms + P1 6 540 +_ 20 

Pressure (MPa) Grt-PI-Bt 

Sample Assemblage Contact Thermocalc Ms + Sil 

D60 Grt + Bt + Ms + St + P1 1 540_+ 110 500 + 50 
D73 Grt + Bt + Ms + Sil + PI 1 500_+ 120 500_+ 50 
D74 G r t + B t + M s + P 1  1 580+  80 590_+ 110 

U472 G r t + B t + M s + C h l + P 1  6 340_+ 60 400+  30 
U453 G r t + B t + M s + P l + C h l  6 280+_ 80 350_+ 30 
U468 Grt + Bt + Ms + St + PI 6 330 + 100 350 + 30 

U480 Grt + Bt + Ms + St + PI + Chl 6 330_+ 100 300_+ 80 
XG3 Grt + Bt + Ms + PI 6 310 + 30 
XG4 Grt + Bt + Ms + Pl 6 320 + 30 

The thermometer garnet-biotite is from Ferry and Spear (1978), Hodges and Spear (1982) modified by Spear et al. (1991) to include 
the Hodges and Crowley (1985) garnet activity model. The garnet-biotite calibrations of Ganguly and Saxena (1984) and Perchuk 
and Lavent'eva (1984) are also used. The garnet-staurolite thermometer is from Perchuk (1969) whereas three calibrations of the 
garnet-chlorite thermometer are used (Dickinson and Hewitt, 1986; Ghent  et al., 1987; Grambling, 1990). The garnet-biotite- 
muscovite-plagioclase barometer is from Ghent and Stout (1981) and Hodges and Crowley (1985) and the garnet-biotite- 
muscovite-plagioclase-sillimanite barometer is from Newton and Haselton (1981), Ganguly and Saxena (1984) and Hodges and 
Crowley (1985). 
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veins in the foliation plane. The occurrence of 
wollastonite indicates the infiltration of a H20-  
rich fluid as, at the temperature of contact meta- 
morphism (550 _+ 40°C, see the estimations be- 
low), wollastonite is not stable below XiJ2o ~ 0.95 
(Flowers and Helgeson, 1983). The occurrence of 
clinozoisite in calcareous metasandstones sug- 
gests a H20-rich fluid (Nitsch and Store, 1972; 
Ferry, 1976; Chatterjee, 1976). Similarly, in calc- 
silicate rocks at the highest contact, scapolite is 
surrounded by a coronitic texture with clino- 
zoisite-plagioclase-calcite implying the percola- 
tion of H20-rich fluid. 

(4) The accumulation of tourmaline in the 
vicinity of the contact and its widespread occur- 
rence in the aureole, reflects the flux of a 
volatile-rich H 2 0  fluid from the granite (Picha- 
vant and Manning, 1984), and its diffusion 
throughout the aureole by infiltration during crys- 
tallization of the magma (Cartwright and Valley, 
1991). 

For these reasons, we have assumed conditions 
of a H 2 0  close to 1 in pelitic schists. 

P - T  estimates for contact aureole pelitic 
schists samples are summarized in Table 2. 

4.1. Thermobarometry at contact 6 

Temperature has been estimated with the gar- 
net + chlorite thermometer, based upon Fe-Mg 
exchange between the two minerals (Dickinson 
and Hewitt, 1986; Ghent et al., 1987; Grambling, 
1990) and the garnet-biotite thermometer (Ferry 
and Spear, 1978; Hodges and Spear, 1982; Gan- 
guly and Saxena, 1984; Perchuk and Lavent'eva, 
1984). 

In the garnet + chlorite + biotite assemblage 
(U472), where chlorite porphyroblasts are in tex- 
tural equilibrium with garnet, the calculated tem- 
peratures range from 490 to 540°C. The garnet + 
biotite thermometer gives a higher value at 560 _+ 
30°C in the same sample. 

The garnet + biotite assemblage (without stau- 
rolite or chlorite, sample U453, XG3 and XG4) 
yields temperatures ranging from 540 to 580°C, 
using the garnet + biotite themometer, and 510 _+ 
40°C with Thermocalc program. 

In the staurolite + garnet + chlorite assem- 
blage (U468 and U480), the garnet + chlorite 
thermometer yields a large range of temperature 
between 440 and 540°C suggesting that chlorite is 
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Fig. 6. Partial petrogenetic grid in the K F M A S H  system after Thompson  (1976), Vielzeuf (1984) and Spear and Cheney (1989). The 
F e / ( F e  + Mg) ratio comes from Spear and Cheney (1989). C1 = P - T  area for contact 1; C6 ~ P - T  area for contact 6. 
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unstable when staurolite is present. In fact, with 
increase of temperature ,  garnet and chlorite be- 
come unstable together and, in the presence of 
muscovite give staurolite, according to reaction 
(Fig. 6): 

Grt  + Chl + Ms = St + Bt + Qtz + H 2 0  (3) 

This evolution is supported by the trend of 
zoning in garnet associated with staurolite and 
chlorite in the sample U468 (Fig. 4d); increase of 
almandine component  and decrease of spessar- 
tine from core to rim result from the consump- 
tion of garnet during reaction (3) (Spear, 1988, 
1989; Spear et al., 1990). According to the cali- 
brations of Richardson (1968), Hoschek (1969), 
Ganguly (1972), Thompson (1976), Rao and Jo- 
hannes (1979) and Dutrow and Holdaway (1989), 
the occurrence of staurolite in pelitic schist sug- 
gests a tempera ture  minimum of 550-570°C and 
a maximum of 700°C at 300 MPa. The different 
thermometers  yield values close to the minimum: 
540 _+ 30°C for garnet + biotite, 560 _+ 20°C for 
the calibration of Perchuk (1969) on F e - M g  ex- 
change between garnet and staurolite, and 570 _+ 
50°C for Thermocalc.  

The equilibrium assemblage garnet + plagio- 
clase + biotite + muscovite allows us to estimate 
pressure conditions using the calibrations of 
Ghent  and Stout (1981) and Hodges and Crowley 
(1985). These calibrated barometers  are based on 
the exchange of CaO, K 2 0  , FeO, MgO, AI(VI) in 
the four minerals. At contact 6, they yield a 
pressure between 250 and 400 MPa with an aver- 
age of 310 +_ 80 MPa. In addition, the absence of 
Fe-cordierite in the staurolite-bearing gneisses 
indicates that pressure remained high during 
granite emplacement;  a minimal pressure of 320 
MPa can be estimated from the discontinuous 
reaction of Thompson (1976) (Fig. 6): 

St + Bt = Grt  + Crd (4) 

The Thermocalc pressure estimations (Table 2) 
give 340 + 60 MPa for garnet + chlorite + biotite 
assemblages (U472), 280 + 80 MPa for garnet + 
biotite assemblages (U453) and 330_+ 100 MPa 
for garnet + staurolite ± chlorite assemblages 
(U468 and U480). 

4.2. P - T  estimations at contact  1 

Parageneses of the lower Palaeozoic schists 
represented in the KFMASH petrogenetic grid 
(Fig. 6) allow to estimate the p ressure - tempera -  
ture interval. The garnet + staurolite + biotite + 
muscovite_+ chlorite assemblage (D60) without 
sillimanite is limited by reactions (3) and (5): 

Grt  + Chl + Ms = St + Bt + Qtz + H 2 0  (3) 

St + Chl + Ms = Bt + Sil + Qtz + H 2 0  (5) 

They bracket the temperature  between 550 
and 650°C and the pressure between 300 and 600 
MPa in the sillimanite field. 

Using the garnet-biotite geothermometers  the 
staurolite-bearing schist D60 gives 550 + 20°C 
whereas the sillimanite-bearing schist D73 with- 
out staurolite gives a tempera ture  estimation of 
540 ± 20°C. Sample D74 gives higher value 
around 660 + 90°C, but the unusual composition 
of this pelitic schist interlayed in calc-silicate 
gneisses suggest that this result is doubtful. Ther- 
mocalc  somewhat scatters the values obtained by 
petrogenetic grid and geothermometry:  D73 gives 
540 _+ 40°C, D60 gives 590 _+ 50°C and D74 gives 
an estimation of 580 _+ 40°C. 

The garnet + sillimanite + biotite + muscovite 
+ quartz assemblage is limited by the reaction: 

Grt  + Ms = Sil + Bt + Qtz (6) 

suggesting a pressure lower than 600 MPa 
(Vielzeuf, 1984), whereas the garnet + staurolite 
+ biotite + muscovite assemblage (D60), in ab- 
sence of cordierite, suggests a pressure greater  
than 320 MPa (reaction 4). Moreover, considering 
the Si 4+ content of white micas (Velde, 1967; 
Massone and Schreyer, 1986), the pressure esti- 
mations can be narrowed in the samples between 
450 and 550 MPa in the 550-600°C temperature  
range. 

The Thermocalc program gives a pressure 
range between 500 _+ 124 and 580 + 80 MPa on 
the different samples whereas the garnet + 
plagioclase + biotite + muscovite barometers  on 
D60 and D74 give, respectively, 500_+ 50 and 
590 _+ 110 MPa. As for the temperature  estima- 
tions, the highest pressure obtained for D74 is 
probably due to the high CaO content in plagio- 
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clase, outside the calibration range of garnet- 
plagioclase barometers.  For  the sillimanite- 
bearing schist D73, the garnet + plagioclase + 
sillimanite barometers of Newton and Haselton 
(1981), Ganguly and Saxena (1984) and Hodges 
and Crowley (1985) give a pressure estimation at 
500 + 50 MPa. According to these estimations, 
the average pressure at the base of the pluton is 
evaluated at 540 ___ 100 MPa. 

4.3. P - T  in calc-silicate gneisses and calcareous 
metasandstones 

In calc-silicate rocks and metasandstones, 
pressure is rather difficult to estimate, due to the 
absence of accurate P - T  calibrating reactions 
and to the large influence of PH20/Pc%. 

In calc-silicate gneisses, the critical mineral 
assemblage being absent, only the occurrence of 
scapolite and accessory wollastonite close to the 
contact enables us to evaluate the minimal tem- 
perature conditions with large uncertainties. At 
high temperature  in calcite-bearing rocks, scapo- 
lite is more stable than plagioclase according to 
reaction: 

3An + Cal = Me (7) 

whereas, in the presence of quartz and calcite, 
clusters of wollastonite imply the reaction: 

Cal + Qtz = Wo + CO 2 (8) 

Wollastonite is not a good thermometer  due to 
its dependence on Pco2, nevertheless, crystalliza- 
tion of wollastonite in the first meters ( <  10 m) 
surrounding the granite suggests temperatures 
around 600 _+ 50°C probably during H 2 0  infiltra- 
tion (Greenwood, 1967; Flowers and Helgeson, 
1983). 

The occurrence of scapolite from contact 2 to 
the upper Liassic contact 7, suggests a minimum 
temperature of 550°C (Ellis, 1978; Aitkens, 1983; 
Oterdoom and Gunter,  1983; Moecher  and Es- 
sene, 1991). The ratio C a / N a  in the solid-solu- 
tions marialite (Na endmember)  and meionite 
(Ca endmember)  is temperature  dependent.  Ex- 
cept for one sample X G l l 4  on contact 5, scapo- 
lite displays an almost constant composition all 
along the contact (XMe from 0.75 to 0.77), and 

coexists with oligoclase-andesine plagioclase 
(An33-An44). From Aitken (1983), the mizzonite 
scapolite (Me75) has the largest T and CO 2 sta- 
bility field, due to an increase of AI-Si  order 
(Moecher and Essene, 1990) and coexists with a 
wide variety of plagioclase composition (An30- 
Anl0o). However, the study of Ferry (1976) in 
metamorphic calcareous sediments shows that for 
a composition range similar to ours (An34 and 
Eqan around 0.65), the temperature is around 
560-600°C. This range of temperature is consis- 
tent with the previous estimations for the pelitic 
schists at contacts 1 and 6. 

Finally, the occurrence of clinopyroxene-K- 
feldspar-plagioclase-calci te-quartz + muscovite 
suggests the breakdown of the muscovite-calcite- 
quartz assemblage (observed far from the granite) 
according to the reaction: 

Ms + Cal + 2Qtz = Or + An + CO 2 + H 2 0  (9) 

and the breakdown of calcic-amphibole according 
to: 

Hbl + Cal + Qtz = Di + H 2 0  + CO 2 (10) 

Reaction (9) yields a minimal temperature of 
570°C (Hewitt, 1973), whereas the crystallization 
of diopside implies a temperature over 500-530°C 
(Ferry, 1976) at a moderate C O 2 / H 2 0  ratio of 
around 0.4 to 0.6. 

Particularly at contact 5, where calcareous 
metasandstones are abundant, the amphibole + 
clinozoisite + plagioclase + calcite + quartz as- 
semblage suggests the reaction: 

P1 + Chl + Cal + Qtz = Hbl + Czo + H 2 0  + CO 2 

(11) 

In the P - T  grid of Plyusnina (1982) based on 
experimental calibration of amphibole and pla- 
gioclase, the plot of two samples of contact 5 
( X G l l 0  and X G l l 7 )  gives the same range of 
temperature (580 < T<600°C)  for a pressure 
around 500 MPa. Though the temperature esti- 
mations seem to be realistic, with the occurrence 
of scapolite in the same samples and diopside in 
the calc-silicate gneisses, the pressure is rather 
too high. In contrast, the diagram of Raase (1974) 
based on the concentration of Si and AI(VI) in 
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the same analysed amphiboles indicates pressure 
of less than 500 MPa. 

5. Discussion 

5.1. Thermal euolution 

From contacts 4 to 7, on the flank and top of 
the granite, the metamorphic evolution reflects 
only the emplacement of the granite in a rather 
cold environment that has experienced an- 
chizonal to light greenschist regional conditions, 
from top to bottom. In contacts 1 and 2 at the 
base, and to a lesser extent, in contact 3 on the 
lower part of the flank, the situation is more 
complex, as the rocks have experienced amphibo- 
lite regional metamorphism before the emplace- 
ment of the Manaslu pluton. In this latter case, 
field and microscopic structural analysis enable to 
distinguish the two metamorphisms. 

From base to top, the thermometry suggests 
that temperature was controlled in the aureole by 
the thermal effect of the Manaslu granite em- 
placement. In the two or three first meters from 
the contact, temperature reached 580-600°C, ex- 
cept at the apex of the granite, where wollas- 
tonite garnet-staurolite or garnet-sillimanite 
pelitic schists are lacking. Away from the contact 
(10-20 m), the temperature decrease to around 
550°C, marked by the occurrence of clinopyrox- 
ene-K-feldspar-scapolite in calc-silicates, amphi- 
bo le -c l inozo i s i t e -p lag ioc lase  in ca l ca reous  
metasandstones and garnet-biotite-plagioclase_+ 
chlorite in pelitic schists. The contact aureole, 
very narrow ( ~  30 m) at the roof of the granite, 
increases towards the base. There, the contact 
metamorphism merges with the regional HT  
metamorphism M 2 estimated at around 500- 
550°C (Schneider and Masch, 1993). Concur- 
rently, the microstructural observations suggest a 
change in the t empera tu re /de fo rmat ion  evolu- 
tion from base to top during granite emplace- 
ment: at the base, characteristic minerals of high 
temperature (i.e., sillimanite, biotite, muscovite in 
pelitic schists; scapolite, pyroxene and K-feldspar 
in calc-silicate rocks) define the new foliation 
plane and N70-80 ° lineation (Guillot et al., 1993). 

The earlier schistosity $1, probably related to the 
northward back-folding (Colchen et al., 1986; 
Guillot et al., 1993), is completely transposed, 
implying that temperature remained high during 
deformation (>  500°C in the sillimanite field ac- 
cording to Holdaway, 1971). This evolution is 
obvious up to contact 6. 

Higher up in the series, at contact 6, crystal- 
lization of metamorphic minerals (principally gar- 
net and staurolite) occurs during the transposi- 
tion of the earlier schistosity S 1 by the new folia- 
tion plane S 2 (Fig. 3d), corresponding to a local 
flattening at the roof of the granite (Guillot et al., 
1993). At the apex of the pluton, at contact 7, the 
main cleavage even postdates the high-tempera- 
ture contact mineral assemblage (Fig. 3e) suggest- 
ing that the deformation proceeded at lower tem- 
perature during the rapid cooling of the mag- 
matic body by unroofing of the cover towards the 
northeast (Guillot et al., 1993). 

The crenulation cleavage S 3 is only recorded 
in the upper pelitic schists. It corresponds to a 
local ballooning of the granite during its emplace- 
ment and refolds the flattening plane $2, without 
change in the direction of regional deformation. 
In this place, the distribution of minerals suggests 
a horizontal gradient of temperature contempo- 
raneous with the deformation (Guillot et al., 
1991). In the staurolite-bearing rocks, staurolite 
continued to grow during the beginning of S 3 
development, whereas in the chlorite- a n d / o r  
garnet-bearing rocks, a new chlorite crystallized. 
This evolution implies that close to the granite, 
temperature remained high during the growth of 
the strain slip, whereas farther from the granite 
( - - 2 0 -5 0  m), it allowed only for the crystalliza- 
tion of chlorite. 

5.2. Barometric implications 

Pressure estimations are always difficult to as- 
sess with the required precision. In our case we 
want to address two different problems: that of 
the pressure at the time of emplacement, and 
that of the difference in pressure between the 
bottom and the top of the pluton. 

Pressure estimates at the upper and lower 
contacts overlap (Fig. 6), making it difficult to 



S. Guillot et al. / Tectonophysics 241 (1995) 99-119 115 

establish pressure differences between the two. 
However, in order to minimize the error, we can 
compare  the evaluations obtained on very similar 
rocks from the top and the bottom, with the same 
paragenesis, and using the same thermobarome-  
ter. This is the case for samples D60 (contact 1), 
and U468 and U480 (contact 6), with Grt  + Bt + 
Ms + St + P1 + Qtz assemblages, using the Grt- 
PI-Bt-Ms barometer  of Ghent  and Stout (1981) 
and Hodges and Crowley (1985) (see Table 2). 
The pressure difference varies from a minimum 
of 70 MPa to a maximum of 330 MPa. The 
estimation of 8 km of structural thickness be- 
tween the base and top contacts (1 and 6) based 
on field observations (Le Fort, 1981), equivalent 
to a lithostatic pressure difference of 220 MPa, 
fails in the bracket. It provides an independent  
check on the thickness of  the pluton and demon- 
strates that the pluton has not been thinned 
greatly since their emplacement.  Unfortunately, 
the lack of pelitic schists at the lateral contacts 
prevents from refining statiscally the pressure 
evolution along the contact. Yet, the pressure 
recording cannot be strictly contemporaneous  
along the entire contact of a cooling pluton, 8 km 
thick, and hence, the estimation of pressure dif- 
ference is blurred by another  uncertainty. 

As for the depth of granite emplacement,  the 
pressure estimations at the top, using a density of 

2.7 g / c m  3 for the overlying series, yield values of 
9-13  km for the roof, and 18-21 km for the base. 
Such a depth of emplacement  appears  important,  
particularly for a leucogranite, commonly em- 
placed at shallow levels. For instance, the late 
Hercynian leucogranites of Western Europe were 
emplaced at depth shallower than 10 km (Giulani, 
1982; Dahamani ,  1985; Lagarde, 1989). 

The roof of the Manaslu granite intrudes the 
Upper  Triassic and Liassic; the overlying series, 
from Dogger to Upper  Cretaceous, have an esti- 
mated stratigraphie thickness of 3000 m (Colchen 
et al., 1986). This stratigraphic thickness is three 
to four times less than that implied by the baro- 
metric calculations. This difference may be ex- 
plained in two ways: a large refolding of the 
Higher  Himalayan Sedimentary Series (HHSS) 
a n d / o r  a nappe emplacement  by a thrust fault. 

The first interpretation would be supported by 
the development of large northward-verging folds 
in the Manaslu area. Structural studies have 
demonstated that the granite emplacement  post- 
dates these folds (Guillot et al., 1993). However, 
in the Annapurna  range, 50 km east of the Man- 
aslu massif, Boullier et al. (1991) have shown an 
increase in pressure of 40 to 100 MPa recorded 
by fluid inclusions in stratigraphic levels equiva- 
lent to those of the present  area. They explain 
this increase by the burial of the HHSS by the 
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Fig. 7. Schematic cross section of (a) the present structure of the Himalaya in Central Nepal and (b) the minimal extension of 
nappes during the Miocene (dashed line). Modified after France-Lanord and Le Fort (1988). HHCS = Higher Himalayan 
Crystalline Series (Tibetan Slab); HHL = High Himalayan leucogranite (Manaslu); HHSS = Higher Himalayan Sedimentary Series; 
ITSZ = Indus-Tsangpo Suture Zone; L H =  Lesser Himalaya; M B T =  Main Boundary Thrust; M C T =  Main Central Thrust; 
NHG = North Himalaya Granite; N H N Z  = North Himlaya Nappe Zone; Si = Siwaliks; THB = Transhimalaya Batholith; FI = 
Formation I of the HHCS. 
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development of the northward-verging folds. Nev- 
ertheless, the refolding of the cover is insufficient 
to explain the 330-530 MPa records in the con- 
tact aureole of the Manaslu granite. 

The second interpretation is based on the de- 
velopment of large nappes in the North Hi- 
malayan domain: southern Tibet (Burg, 1983) and 
Zanskar (Honegger, 1983). Northeast of the Man- 
aslu, Burg (1983), Burg et al. (1984) and Brunel 
and Kienast (1986) mapped and discussed a ma- 
jor thrust fault, the Kangmar thrust, that would 
have also thickened the crust prior to the MCT 
thrusting. Far to the west, in Garwhal, Hodges 
and Silverberg (1988) have suggested that the 
entire Greater  Himalaya underwent a mimini- 
mum burial of 5 km during the high-temperature 
metamorphism M 2 event in the Late Oligocene. 
They proposed to relate the M 2 event to the 
leucogranite injection, the burial being related to 
thrusting on a presently unexposed fault, north of 
the High Himalayan leucogranites. 

Thus, we suggest that the 50 km wide North 
Himalayan nappes, known in the southern part of 
the Indus-Tsangpo suture, would have extended 
towards the south for an additional minimum of 
70 km during Miocene times (Fig. 7). To explain 
the burial recorded in the contact aureole of the 
Manaslu granite, their thickness must have been 
at least 7-10 km. These are probably miniminum 
values, as their emplacement began at 55-50 Ma 
(Le Fort, 1989), and they were probably in part 
eroded 30 Ma later, at the time of granite em- 
placement. During the first 30 Ma, the nappe 
emplacement was probably responsible for the 
Eo-Himalayan metamorphism recorded in the 
Higher Himalayan Crystallines (Caby et al., 1983; 
Le Fort, 1989; P~cher, 1989; England et al., 1992). 

This tectono-metamorphic study shows that the 
normal fault zone at the base of the H H L  and the 
northward-verging Annapurna fold predate for a 
large part the emplacement of the Manaslu body. 
This is supported by the occurrence of contact 
metamorphic minerals postdating the cleavage as- 
sociated with the northward-trending folds. A 
similar situation has been reported in Langtang 
valley, northern Nepal, by Inger and Harris (1992) 
although this second heating event is explained 
by heat focusing at the top of the HHC. 

The deep level of emplacement and young 
ages of the granite crystallization, around 25 Ma 
(Guillot, 1993), imply rapid denudation rates, in 
the order of 1 mm a-1 (see also Le Fort, 1988). 
As suggested by Caby et al. (1983), it requires 
tectonic denudation by normal faulting. Numer- 
ous authors have described large normal faulting 
north of the H H L  (e.g., Burg, 1983; Burg et al., 
1984; Gapais et al., 1984; Herren,  1987; Hodges 
et al., 1992), definitely postdating the H H L  in a 
number of occurrences (e.g., Herren,  1987). The 
tectonometamorphic evolution of the Manaslu 
also supports this general scheme. 

6. Summary and conclusion 

Microstructural study and thermobarometrical 
investigation in the contact aureole of the Man- 
aslu granite show that the massif was emplaced at 
a depth of 9-13 km for the roof and 18-21 km 
for the base with a temperature rather constant 
all along the contact at around 550 + 40°C. The 
temperature remained high at the base of the 
massif, whereas cooling was more rapid at the top 
and unroofing occurred at lower temperature at 
the end of the granite emplacement obliterating 
in part the earlier ductile structures in the aure- 
ole. The great depth of emplacement implies 
large refolding of the cover and more probably 
the piling up of nappes before granite emplace- 
ment, followed by a rapid tectonic denudation by 
northward-trending normal faulting. 
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