New insights into the origin of two contrasting Himalayan granite belts
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ABSTRACT that permits melting in the hanging wall of the
The two parallel belts of Miocene granite that extend along much of the Himalaya differ in Main Central thrust while subduction of India
age, petrogenesis, and emplacement style. We suggest that their origin is linked to shear heatingfrigerates the system. Recent investigations in
on a continuously active decollement that cuts through previously metamorphosed Indian the central Himalaya indicate that recrystalliza-
supracrustal rocks that were transformed into basement during the initial stages of the Indian- tion of the Main Central thrust footwall is a recent
Asian collision. Numerical simulations assuming a shear stress of 30 MPa indicate that initiajphenomenon (i.e., 8—-4 Ma) and thus not tem-
tion of slip on the Himalayan thrust at 24 Ma could trigger discontinuous melting reactions lead- porally related to Tibetan slab anatexis (Harrison
ing to formation of the High Himalayan granite chain from 24 to 20 Ma and the North et al., 1997). Recognition of this timing disparity
Himalayan belt from 18 to 12 Ma. This model result agrees well with observation as do modelobviates the need to restrict anatexis to the Main

predictions regarding emplacement style and location. Central thrust ramp (e.g., Molnar and England,
1990). This result, together with recent studies in-
INTRODUCTION Central thrust, which separates the Tibetan slabicating that the master decollement dips shal-

A long-standing puzzle in Himalayan geol-from the lower-grade Midlands formations andowly to the north (e.g., Brown et al., 1996), sug-
ogy is the origin of the two parallel granite beltgheir spatial association with the inverted pattergests that the origin of the two granite belts be
that span much of the mountain range (Fig. 1)of metamorphism developed below the thrustevisited. We propose an alternative model that
The High Himalayan leucogranites form a dis{Fig. 1). These models have investigated thascribes the spatial and temporal variations of
continuous chain of sills and dikes that are exeffects of fluid infiltration, decompression melt-granite emplacement to continuous slip on the
posed adjacent to the South Tibetan detachmeinty, mantle delamination, high radioactivity, andshallowly dipping decollement.
which separates Indian gneisses of the Tibetamear heating (see summary in Harrison et al.,
slab from lower-grade Tethyan shelf deposits it997). The relative youth of the North HimalayarGEOLOGIC AND PETROLOGIC
the hanging wall (Fig. 1). The plutons of thegranites has been ascribed to a low rate of fluERAMEWORK
Zanskar, Garhwal, Manaslu, and Everestinfiltration (Le Fort, 1986) and thermal refraction The ~1000 km of shortening between the
Makalu regions, which comprise ~75% of thgPinet and Jaupart, 1987). Indian Shield and southern Tibet since collision
~8000 kn# of leucogranite exposed along the Models seeking a causal relationship betwedregan at 55 Ma (Chen et al., 1993; Patzelt et al.,
crest of the High Himalaya (Le Fort et al.,Tibetan slab anatexis and inverted metamorphisi®®96) appears to have been largely taken up by
1987), appear to have been largely emplaced Heave had to invoke an extraordinary source of heifite Himalayan (Le Fort, 1996) and Tethyan
tween 24 and 19 Ma (see Fig. 1 caption) at tem-
peratures of ~700 °C (Montel, 1993). AboL T
half of the remaining 25% are undated plutor 5 QY " >100 km2 <100 km?2 Tibetan Stab
from central Bhutan, and <5% vyield ages of ¢
17 Ma (e.g., Searle et al., 1997).

The North Himalayan granite belt runs parall
to, and ~100 km to the north of, the High Hime
laya. It is composed of ~16 elliptical-shape
plutons totaling ~4000 kfin area that generally
intrude into Tethyan metasedimentary roct
(Le Fort, 1986). They differ from the High Hima-
layan leucogranites in their emplacement sty
(Fig. 1), younger ages (17-10 Ma), and high 0°F
melting temperatures (>750 °C) suggested + 20N
noneutectic compositions and high light rar
earth contents coupled with low monazite inhel
tance (Debon et al., 1986; Schérer et al., 19¢

Montel, 1993).
. : : Figure 1. Geologic sketch map of Himalaya showing location of High Himalayan and North Hima-
Models _for the origin of the ngh_ Hlmal_ayan layan belts. MCT—Main Central thrust, MBT—Main Boundary thrust, STD—Southern Tibetan de-
|e_u‘309ran'tes hgve focused on their relat'onSh.tachment, ITS—Indus Tsangpo suture. Plutons =100 km? are enumerated in large type and those
with the South Tibetan detachment and the Mai<100 km? in smaller type. Different shapes represent the three emplacement intervals shown.
Sources of U-Th-Pb monazite ages are (1) Gangotri (22.4 + 0.5 Ma, this study, see footnote 1),
(2) Shivling (21.9 £ 0.5 Ma; this study), (3) Manaslu (22.4 + 0.5 and 19 + 1; Harrison et al., 1995;
1GSA Data Repository item 9749 (Th-Pb monazit¢€Coleman and Parrish, 1995), (4) Everest-Makalu (23 + 1 Ma; Scharer, 1984; Harrison et al., 1995),
results for Gangotri’ Sh|v||ng, and Mugu granites) L(_(S) Shisha Pangma (20—17 Ma; Searle et al., 1997), (6) Nyalam (168 + 0.6 Ma; Scharer et al., 1986),
available on request from Documents Secretar(7) Gonto-La (12.5 + 0.5 Ma; Edwards and Harrison, 1997); (8) Mugu (17.6 + 0.3 Ma; this study, see
GSA, P.O. Box 9140, Boulder, CO 80301. E-mail:footnote 1), (9) Lhagoi Kangri (15.1 + 0.5 Ma; Scharer et al., 1986), (10) Maja (9.5 + 0.5; Schéarer
editing@geosociety.org. et al.,, 1986), and (11) Zanskar (not shown) (20.0 + 0.5 Ma; Noble and Searle, 1995).
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(Ratschbacher et al., 1994) thrust systems. Pri
to collision, the northern Indian margin was com

north

posed of a thinned cratonic wedge over whic
was draped both Proterozoic clastic deposits al

Tethyan sediments

the Cambrian-Eocene Tethyan shelf sequen:

(Le Fort, 1996). The protoliths of the Midlands
Formations and Tibetan slab are interpreted, r
spectively, to be Middle and Late Proterozoic

clastic rocks (Parrish and Hodges, 1996). Ot
starting point is to assume that immediately pric
to collision the northern Indian margin resemble:
Figure 2A. During the initial eo-Himalayan (ca.
55-35 Ma) stage of collision (Le Fort, 1996), the
Tibetan slab protolith underwent high-grade re
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crystallization and anatexis (e.g., Hodges et al X N iy Relations
1994, 1996; Coleman and Parrish, 1995; Parric NN 5 o dztale) M = mus
and Hodges, 1996; Edwards and Harrison, 1997 NNOt 10 Scales s ininn s In NI K = ksp
. R e NN AN ENENENESENENENENEN A=als
Although the nature of eo-Himalayan crusta Q=qt
thickening is poorly known, we assume it tc L = melt
have occurred via pure shear (Fig. 2B). Mete F = fluid
morphism and anatexis in Tibetan slab protolitl A\ Dbiotite present
In excess

would produce a stratified paragenetic sequen

in which dehydration and partial melting reaC'Figure 2. A: Possible distribution of Tethyan sediments and protoliths of Tibetan slab and Mid-

tions caused grade to increase regularly witjangs formations with respect to Indian cratonic margin at ca. 55 Ma. B: During eo-Himalayan
depth (Fig. 2B). In our model, we have reprethickening at ca. 40 Ma, Tibetan slab protolith undergoes recrystallization and anatexis to pro-
sented the largely arkosic to pelitic rocks WithirdUC(? miner_a_l z_onation shown in er_]largement. Schematic petrogen_etic grid i!lu_strates mpdel
the hanging wall of the Main Central thrust b)meltlng equilibria. the thgt only region X preserves components reqwreq for minimum melting.

. “Phase assemblage in regionY is produced from reaction A, whereas that in region Z results from
the quel assemblage muscov_lte (m_us) +_ bl(reaction B. All melts produced during eo-Himalayan metamorphism are assumed to have been
tite (bio) + quartz (qtz) + kyanite/sillimanite yemoved from regions Y and Z by ca. 40 Ma.

(als) + K-feldspar (ksp). Partial melting of the

source region can be characterized by two di
continuous reactions (Thompson, 1982; Fig. 2B,
a lower-temperature “wet” melting in the pres-graphite saturation such that reaction A could naluced by Couette flow between parallel walls as-
ence of an aqueous fluid (reaction A), and accur, the High Himalayan leucogranites maguming a constant shear stresy ¢f 30 MPa
higher-temperature, “dry” melting reaction (re-have instead resulted from muscovite dehydrdef. England and Molnar, 1993). Although higher
action B). Using such a framework, we repretion melting (reaction B). In that case, the Nortlvalues ofo are likely to be attained at the thrust
sent the eo-Himalayan paragenetic sequencekfimalayan granites may have been produced ltge and above the brittle-ductile transition, the
the hanging wall (Fig. 2B) as increasing inother, higher temperature reactions (e.g., biotieredictions of our model are restricted to the
grade with depth from mus + gtz + bio * als idehydration melting). thrust flat, and thus the value@fve select need
ksp (region X) to mus + gtz + bio + als (regionY) only be relevant to the basal decollement.

as a result of reaction A and ultimately to bio ATHERMAL MODEL We simulated the thermal effects of melting
gtz * als (region Z) due to reaction B. We fur- The thermal evolution of the thrust was simudue to reactions A and B by introducing a heat
ther assume that Indian cratonic rocks beneatiited using a two-dimensional finite-differencesink equal to 100% conversion of the dissipative
the Himalayan decollement are at granulitenodel that employs flexural-bending deformatiorenergy into latent heat of fusion when melting
facies (i.e., dehydration melting is not permittedn both hanging wall and footwall (see Harrison efemperatures were reached. An upper bound on
in the footwall ). Because eo-Himalayan granal., 1997). Zero-flux lateral boundaries were imthe total melt productior; i.e., column height)
itoids are known (e.g., Hodges et al., 1996), buiosed and the basal heat flux was prescribed atong unit length of the shear zodd € 1 m.y.)
apparently not abundant, silicate melts proyield an initial geotherm of 20 °C/km. Weis given byM = (c,/L)(aVIK)(kAt) = 550 m
duced during this phase of shortening may haapproximated the geometry of the ca. 24 MéTurcotte and Schubert, 1982; see Table 1). This
largely been restricted to migmatitic sequencesrust system as a 30° ramp between 0 and 30 kralue is about two orders of magnitude higher
that were susceptible to remelting duringlepth, a 3° ramp between 30 and 35 km, followed
Miocene thrusting. We assume that the pedby a horizontal segment (Fig. 3A). The shallowly
thermal structure resulting from the processedipping fault segment was simulated by linearl

TABLE 1. MODEL PARAMETERS
Definition

Parameter

described above had not significantly decayeiicreasing temperature from left to right along th

¢

shear stress = 30 MPa

when the Main Central thrust began to slip.  top boundary of the grid at a rate of 0.9 °C/km V,  hanging-wall velocity = 10 mm/yr
For the scenario outlined above, reaction Although we assume a linear 20 °C/km gradier Vi footwall velocity = —10 mm/yr
proceeds at ~680 °C (%,) under graphite- for simplicity, the lower crustal geotherm for the Voo V= Vi =20 mm/yr
saturated conditions (Ohmoto and Kerrickmore realistic case of depth-varying radioactivity K thermal conductivity =2.5 W/(m'K)
1977), while reaction B occurs at ~780 °Clfg  is ~40% lower, corresponding in the model to K thermal diffusivity = 107 m/s
under fluid-absent conditions (Vielzeuf and Hol-dip angle close to that presently observed (~9 7’ {’ae;;fz}‘f;i‘;yf;;i;]‘/(zk%?wk
loway, 1988). However, other possibilities existBrown et al., 1996). 0p  basal heat flux = 66 mW/m? ¢
For example, if prior melt extraction had reduced We approximated shear heating within ¢ T,  temperature of reaction A = 680 °C
H,O activities below the values required byl-km-thick zone by the viscous dissipation pro Ts  temperature of reaction B =780 °C

900

GEOLOGY, October 1997



Distance From Ramp Vertex (km) Renbu Zedong thrusts (Le Fort, 1996; Quidelleur
0 50 100 150 200 250 300 et al., 1997), or not developed until the late
A n i N i 1 L

= 0 AT ' Miocene. The first case would have little effect
E2of—m - ] on our conclusions, since model predictions in
~ | 600)- __ - = shear zone I . . .
EP =T = inital isotherms [ that interval apply only to th_e contlnupgsly active
& P ——— Smy. isotherms [ decollement, and changes in the position of thrust
60 PR “ e — ramps at the extreme ends of the model would
0 50 100 150 200 250 300 350 400 not influence the thermal structure where North
Horizontal Distance (km) Himalayan granite production was occurring. In
1.0 the second case, assuming that the Himalayan
T B S North Himalayan thrust was a single ramp with an average dip of
E s Hﬁ':ig;;iyezn Granites ~9°, the model would underestimate the duration
=

| 6.5 km’ 10.4 km® of melting _in the High Himalayan leucogranite
on - ‘ i source region.

144 C 4 L 10 The model is sensitive to the choice of thrust
] ’ i F geometry, magnitude olV, initial position of iso-

r12 grad boundaries, and temperatures of the melting
| 14 reactions. Note that the significant difference in
time (~6 m.y.) between the onset of melting in the
two belts dictates that the rocks along the hori-
___________ 18 E" zontal segment of the fault are initially at a lower

temperature than that needed to initiate melting by

"Dry" [
i 16 S
Melting . [10 2

Trace of XY Isograd

..... ??Z;ZLZ;‘;;ZT Tsoerad _'20 reaction B. Delaying melting by reaction B for 6
o -Position of T. - 22 m.y. requires setting the initial temperature of the
s I thrust flat to a valu@ = T, — [(OV/K) (kt/m)¥?]
0o 150 200 230 30024 (see Table 1) fdr= 6 m.y. Numerical calculations
Distance From Ramp Vertex (km) indicate that displacement of the initial isograd

boundaries to temperatures lower tfigor T, re-

Figure 3. A: Representation of two-dimensional finite difference model. Shear zone location is sults in a decrease of melt production according to

shown by heavy line. Region of calculation was enclosed in a 400 km wide x 60 km deep grid with

aresolution of 800 x 210. B: Melt production vs. distance from fault vertex. Two melting peaks cor- M O e 7o, ReducingoV by a_‘ factor of threg

respond to melting reactions A and B discussed in the text. C: Plot shows positions of both the leads to a 20-fold decrease in melt production.
isograd boundaries and onset of melting along thrust for both reactions A and B as function of A final consideration is whether a shear stress
time. Overlap of these curves (indicated by shaded regions) indicates spatial and temporal con- of 30 MPa is attainable in crustal rocks under-

e e e et el o Going patal melting. Affough the heciogical
form the North Himalayan granites does not begin until 18 Ma and continues until 12 Ma. properties of felsic rocks containing small
amounts of meltg10%) at low strain rates are
comparable to unmelted equivalents (Dell’An-
gelo and Tullis, 1988), experimental deformation
than needed to explain the present ~3% exposuaetions A and B as a function of time. The overlaptudies of some “wet” crustal rocks suggest
of Tertiary leucogranites in the Himalaya, assunnf these curves (indicated by shaded regions) isemewhat lower values of (Engelder, 1993).
ing a pluton thickness of ~3 km (e.qg., Le Fortdicates the spatial and temporal conditions foFhis apparent disparity is transcended if the high

1986, Searle et al., 1993). which partial melting occurs. Progress of the twstrain zone were maintained at the interface be-
melting fronts is determined by the interplay between Indian granulite and the dehydrated base
RESULTS AND DISCUSSION tween shear heating and diffusive heat loss. Tlud the Tibetan slab, as experimental results and

Our modeling results indicate that slip along aefrigeration of the shear zone near the fault rampaleopiezometric studies (Engelder, 1993) are
shallowly dipping fault within a metamorphically and the propagation of the melting front toward¢onsistent with a shear stress value of 30 MPa
stratified crust can produce two horizontally septhe ramp, ultimately causes melting to cease anhder relatively dry conditions. In this view,
arated granite belts through discontinuous partiakE 4 m.y. (i.e., 20 Ma; Fig. 3C). Note that meltingshear heating along the decollement raises tem-
melting reactions. The initial temperatuii,)  due to reaction A no longer occurs at any locatioperatures sufficiently in the fertile, overlying
distribution along the shear zone (Fig. 3A) prialong the thrust because the necessary reactamsks to induce anatexis. We conclude that our
marily dictates where and when melting begingccur only within region X. The second phase ofhoice of 30 MPa as the characteristic shear
as itis the difference between ffygandT, or T, melting begins when temperatures excggdt stress along the decollement is not unreasonable
at any point along the shear zone that determines 6 m.y. (i.e., 18 Ma; Fig. 3C) and continuesand note that it is between 3 and 40 times lower
the time required for the dissipative heating taintilt=12 m.y. (i.e., 12 Ma; Fig. 3C). Assumingthan previously proposed for models of the ther-
raiseT,, to the melting temperature. that these viscous magmas preferentially remaimal evolution of the Main Central thrust (e.qg.,

Applying the present-day (Bilham et al., 1997)n the middle crust, and that the observed ~3 kiangland and Molnar, 1993).
slip rate ¥/) of 20 mm/yr to the period 24—10 Ma, pluton thickness is characteristic, the total area of
the first phase of anatexis resulting from reactiomelt in our two-dimensional model (Fig. 3B) of SUMMARY
A (T, = 680 °C) begins almost immediately (i.e.0.3% is broadly consistent with the 3% leuco- Although refrigeration due to underthrusting is
24 Ma; Fig. 3C) at a horizontal distance ofyranite currently exposed in the Himalaya. important along a steeply dipping ramp, its effect
~60 km from the fault vertex (Fig. 3B). Figure 3C  The Main Central thrust ramp may have eithes significantly diminished on the thrust flat. At
shows the positions of both the isograd boundieen inactive during middle Miocene time, whertocations distant from the ramp vertex, relatively
aries and onset of melting along the thrust for reslip occurred on both the Main Boundary andbw shear stresses (10—-30 MPa) along a fault can
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locally generate enough heat to produce anatexis. seismic reflection profiling: Science, v. 274, Montel, J.-M., 1993, A model for monazite/melt equilib-

Model calculations indicate that two distinctive p. 1‘(5:88—1_5391- c rium and %’ﬁ“ca}t'o{‘éo ”I‘e ge”eragon of ngan't'g
: . hen, Y., Courtiliot, V., Cogne, J. P., Besse, J., Yang, Z., magmas: Chemical Geology, v. 110, p. 127-146.

and spatially separated granite belts could be Cr% and Enkin, R., 1993, The configuration of AsiaNoble, S. R., and Searle, M. P., 1995, Age of crustal melt-

ated by discontinuous melting reactions during prior to the collision of India: Cretaceous paleo- ing and leucogranite formation from U-Pb zircon
continuous slip on a thrust surface that dips shal- magnetic constraints: Journal of Geophysical ~ and monazite dating in the western Himalaya,
lowly through a metamorphically stratified crust. Research, v. 98, p. 21927-21941. Zanskar, India: Geology, v. 23, p. 1135-1138.

The model makes several predictions that appe%?leman’ M E., an_d Parrish, R. R., 1995, Cor_]stralnt@hmoto,ll_—l.,_ar_]d Kerrlgl_(, D., 1977_, Devc_)latlllzatlon

. d with ob . 1) The ~100 k on Miocene high-temperature deformation and equilibria in graphitic systems: American Journal
n acco_r with observation. (1) The - 00 km anatexis within the Greater Himalaya from U-Pb of Science: v. 277, p. 1031-1044.

separation between the two model melting reac-  geochronology: Eos (Transactions, AmericarParrish, R. R., and Hodges, K. V., 1996, Isotopic con-

tions (Fig. 3B) is similar to the distance between Geophysical Union), v. 76, p. F708. straints on the age and provenance of the Lesser
the granite bels (Fig. 1. Depending pon the posR=e, By L o0 aimalayar Himalaya: Geological Society of America Bl
tlc_)n of magma emplacement (|.(_3., above the Sou_th Himalaya: A chemical, mineralogical, isotopic, letin, v. 108, p. 904-911.
Tibetan detachment), this spacing could approxi-  and chronological synthesis along a Tibet-NepaPatzelt, A., Li, H., Wang, J., and Appel, E., 1996, Paleo-
mate the distance separating the two belts. (2) granite section, Journal of Petrology, v. 21, magnetism of Cretaceous to Tertiary sediments
Initiation of slip at 24 Ma predicts anatexis of the ' AI?- 21|9—E53- A Tulls. 3. 1988, Exveri | fL0m Sorl:them Tibet: fEIVig_e”C? for thhe EXt"?nF of

; ; ; el’Angelo, L. N., and Tullis, J., , Experimental the northern margin of India prior to the collision
High Hlmalayetjn and North Hlmalaya.n ?e_ltshé.lp deformation of partially molten granitic aggre- with Eurasia: Tectonophysics, v. 259, p. 259-284.
24-20 M_a and 18-12 Ma, respectively; this gates: Journal of Metamorphic Geology, v. 6 Pinet, C., and Jaupart, C., 1987, A thermal model for
agrees with the known ages of peak melt produc-  p. 495-515. the distribution in space and time of the Hima-

tion of 24—19 and 17-10 Ma, respectively. (3Edwards, M. A., and Harrison, T. M., 1997, When did layan granites: Earth and Planetary Science Let-
The volume of magma calculated from the model the roof collapase?h Lﬁte Miolcene northl-s(;)utfh dt(|e|rs, V. 84,Gp. 87-99. o
- . - . extension in the high Himalaya revealed byQuidelleur, X., Grove, M., Lovera, O. M., Harrison,
is broadly consistent with that Inferred from the Th-Pb monazite dating of the Khula Kangri T. M., Yin, A., and Ryerson, F. J., 1997, The ther-
present outcrop pattern. (4) The highly viscous  granite: Geology, 25, 543-546. mal evolution and slip history of the Renbu
minimum melts produced by reaction A wouldengelder, T., 1993, Stress regimes in the lithosphere: ~ Zedong thrust, southeastern Tibet: Journal of
likely be emplaced close to their source. Indeed,  Princeton, New Jersey, Princeton University Press, (i(;:)opl;ysical Reseﬁrch, v. 102, p. (21653—2679.
; ; ; 457 p. Ratschbacher, L., Frisch, W., Lui, G., and Chen, C.,
the High Hlmalayan leucogranites appe_ar to bIgngland, P., and Molnar, P., 1993, The interpretation of 1994, Distributed deformation in southern and
'9ca”y derlved and emplaced syntectonically as inverted metamorphic isograds using simple phys-  western Tibet during and after the India-Asia col-
sills and dikes (Le Fort, 1986; Searle etal., 1993).  ical calculations: Tectonics, v. 12, p. 145-157. lision: Journal of Geophysical Research, v. 99,
In contrast, the hotter and higher melt fractiorarris, N., and Massey, J., 1994, Decompression and  p. 19817-19945.
magmas produced by reaction B are expected to anf;exislg; ;—IiTsa:{gyan metapelites: TectonicsSchér_er, U., 1984, Theueg%ct of init?itETh Slisiqluilib-

- . v. 13, p. - . rium on young U-Pb ages: The Makalu case,
be sufflc!ently buoy_ant and thermally energepc t?—|arrison, T. M., McKeegan, K. D., and LeFort, P., Himalaya: Earth and Planetary Science Letters,
ascend into the middle crust. The North Hima- 1995, Detection of inherited monazite in the V. 67, p. 191-204.
layan granites are generally emplaced into low  Manaslu leucogranite B%PbP32Th ion micro- ~ Scharer, U., Xu, R. H., and Allégre, C. J., 1986,
grade Tethyan metasedimentary rocks and appear p_r]f_)be datinEg: Crr]ystaélilz:elltion age gn_d tecto[]ic Sig- lU-(Th)-Pb_ systemart]icTs_,bandEagehs ofyli:’r?alayan

; ; ; nificance: Earth and Planetary Science Letters, eucogranites, south Tibet: Earth and Planetar
to have relatively higher melting temperatures. 133, p. 271280, y Scienge Lettors, v. 77, p. 35-48. y
(5) The ramp-flat model (Fig. 3A) predicts thatapison, T. M., Ryerson, F. J., Le Fort, P., Yin, A., Searle, M. P., Parrish, R. R., Hodges, K. V., Hurford,
the Tibetan slab immediately above the present Lovera, O. M., and Catlos, E. J., 1997, A late  A.J., Ayres, M. W., and Whitehouse, M. J., 1997,

exposure of the Main Central thrust did not expe- ~ Miocene-Pliocene origin for the Central Hima- Shisha Pangma leucogranite, South Tibetan
rience temperatures high enough to cause wide- layan inverted metamorphism: Earth and Plane- ~ Himalaya: Field relations, geochemistry, age,
tary Science Letters, v. 146, p. E1-ES8. origin, and emplacement: Journal of Geology,

spread melting. This last prediction is consistent  .o” '\, parrish, R. R., and Searle M. P., 1996,  v. 105, p. 295-317.
with the ObserVa“O'_" tha_t the protolith of the Tectonic evolution of the central AnnapurnaSearle, M. P., Metcalfe, R. P., Rex, A. J., and Norry,
presently exposed High Himalayan leucogranites  Range, Nepalese Himalayas: Tectonics, v. 15, M. J., 1993, Field relations, petrogenesis and

cannot be traced to sillimanite migmatites imme- § p. 12K6€/_1}4291' WE. O WL Burch émpgacifﬂéntlof t_heT Blhagirgtgi |eu§089ranlite,
; ; ; odges, K. V., Hames, W. E., Olszewski, W. J., Burch- arhwal Himalayain Treloar, P. J., and Searle,
diately aboye the Ma.ln Cehtral thrust, WhICh af! fiel, B. C., Royden, L. H., and Chen, Z., 1994, M. P., eds., Himalayan tectonics: Geological Soci-
many !ocat|0n§ remain fert|.Ie for muscovite de- Thermobarometric arfdAr/3°Ar geochronologic ety [London] Special Publication 74, p. 429-444.
hydration melting (e.g., Harris and Massey, 1994;  constraints on Eohimalayan metamorphism iThompson, A. B., 1982, Dehydration melting of pelitic
Barbey et al., 1996). the Dinggy area, southern Tibet: Contributions to rocks and the generation ofGtundersaturated
Mineralogy and Petrology, v. 117, p. 151-163. granitic liquids: American Journal of Science,
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