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Abs仕act

τ'he me旬morphic press町'e conditions at peak-T show a high field pressure gradient (c. 1.2-1.6 

kbarlkm) ne紅白 MainCen回1 Thrust (MCT), which juxtaposes 吐le high-grade Higher Himalayan 
Crystalline Sequences σffiCS) over the low-grade Lesser Hinlalaya Sequences (LHS) 泊 far-eastem

Nepal. Maximum recorded press町 conditions occur just above the MCT (-11 kbar), and decrease 
sou血ward to -6 kbar in the gamet zone and nort1抑制 to -7 kbar in the ky山te 土由urolite zone 

E油田nation of 世間 lowemlost HHCS from d閃per crus'凶 dep伽也組也，e flanking regions is 

perhaps caused by ductile extrusion along 血e MCT, not 白，e emplacement along a single 白rust. Th日

peak metamorphic蜘peratures show a progr悶ive increase of temperature structurally upward (c. 

570ω740 oc) n町 the M口組d roughly iso曲目mal conditions (c. 710・810 oc) in the upper 

structural levels of the HHCS. The observed field temperature gradient is much lower 由an those 

predicted in channel flow models. However, the discrepancy ∞u1d be resolved by taking inω 
account heat advection by melt and/or fluid migrations， ωthese can produce low or nearly no field 

tempera旬re gradient in 由e exhumed midcrust, as observed in na旬re.
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1. In仕'oduction

古田 Hi位er皿malayanCrystalline Sequenc剖佃ICS) 師 mainlycomposed of阻phiboli旬 tolow町

granu1ite facies gneiss, a且dbounded by tbe Main Cen回1 Thrust仰CT) at tbe base and tbe Sou血Tibeta且

Detachment System (STDS) at tbe top (Burg et al., 1984; Burchfiel et al., 1992). Sinlu1t組曲usmoveml阻ts

along 世lese s加山res d町白書也，e Miocene (c. 24-12 Ma, Godin et al., 2006 and references th間同町
commonlyin旬rpre旬dto be associated wi由世le e油田nationof血ehigh-grade rocks of由e Himalaya. More 

recently, cha且nel flow models have been proposed, in which not only 也，ecoeval fa叫包，but also α四個1 flow 

is major componen臼 for也町mal-mecha且ical development 泊 tbe ductile ex'加sion oftbe HHCS 企om

mid佐田旬1 dept凶 (G叫ic et al., 1996, 2002). fu cha且nel flow models, ductile flow in tbe midcrust towards 
也，eorogenic fo田land 企om 也，e positions beneatb tbe Tibetan plateau 四郎complishedby rapid lateral 位'ansfer

of1ow-viscosity materials witbout losing heat (e.g. B回，umontet al., 2001 , 2004). 
The spatial distributions of P-T conditions provide important information to unravel回touic

processes in orogens in the ∞蹴:xt of coupled th回nal evolution and deformation 同. Spear, 1993; 
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Jamieson et a1., 2004), and hence a keyω d.is泊朝JÌshing d.ifferent models. The far -eastem N epa1 

回ma1ayais a well-characterized example of an inv，出edmeta血orphic zonation 也at genera1ly 

shows much higher temperature above 血e MCT than the portion below (Ooscombe et a1., 2006). In 
this paper, we examine the spatial d.is位ib凶ons of P-T cond.itions across 也.eMCTinthe 

Tamor-Ohunsa section, based on 白e average P-T me白od(百四RMOCALC;Powell et a1., 1998). 
Finall弘前 compare the P-T res叫tsw抽出ose inferred 合omre∞ntchannel flow models (Jamieson 

et a1., 2004), and d.iscuss the thermal evolution ofthe orogen. 

2. G四logi四Jse制ng

The Tamor-Ghu且sa S田tion 血白日渇stern Nepal is a NE-SW 位置田町t acro田血e northern part of 血e

antiformal Tamor Khola tecto凶c window of 由e LHSω 由e top of 也e 田ICSσig. la). 恒rroughout the 

Tamor-Ghunsa section, foliation roughly shows a homoc1inal struc同胞 in bo由也e HHCS and LHS, and 
mostly s仕ikes NW-SE and dips NE at moderate angles. Schelling (1992) showed 由at the MCT separat，目白e

garnet (担包.urolite) phyllites (也.e Khare Phyllites), which 町出e 白血(100剖o m) sequenc田 of

metasedimentary rocks above the Sisne Khola Augen G由iss田， from也e well-foliated, co紅se-gr羽nedgarnet 

gnel園田(也.e Junbesi Paragneiss田) oftheHHCSσ19・ 1). A1so, Goscombe et al. (2006) have recently shown 
the only high-s回血， ductile sh回rzone in the middle of the HHCS, called the Hi偵団rnal Thrustσ田T)， by 

which the HHCS is divided inω 血e upper and lower HHCSσig. 1).τbe HHT consists mainly of mylonitic 

sillimanite-bio世te quartzfe出pa由ic and pelitic 伊.eisses of c. 400 m 也ick，皿d 也.ps N at low angle. The 

me旬血orphic grade progr田sively increases with 旭町'easmg s仕ucturallevel， and the follo明ngm巴旬morphic

zonations occur from the lower MCT to High町田rnalaya z四国 wi也血cre出血g structural level: gar百.et，

staurolite, kyanite 土蜘町olite， ky血ite/sillimanite-m田∞vi旬， ky，姐i旬isillimanite-K-feldspar and 

sillimani旬-K -feldspar 土 cordierite zon田 σig. lb). 

3. An叫y世cal procedur，回

In order ωde旬ロ凶ne the peak-metamorphic cond.itions in metapelites 企om the Tamor-Ohunsa 

section, average P-T cond.itions for multi-equilibrium have been ca1cu1ated using 白.e comput釘

pro伊m THERMOCALC (version 3辺， Powell et a1., 1998) 羽白 the internally consistent 

thermod戸laIruC 由旬副 of Holland & Powell (1998). The 旬mperature calcu1ated using 

THERMOCALC depends on 由e fluid composition because devolalization equi1ibrium is usedω 

ca1c叫a旬由e average P-T cond.itions. Howevぽ，也e fluid composition in metamorphic rocks may 

genera1ly be unknown. Therefore, we have adopted the procedure described by Se紅Ie et a1. (2003) 

and Wa1ker et a1. (2001). In也eproωd町，由e indepenおnt est出蹴s of temperature inferred from 

由e Grt-Bt (OB) exchange thermometer 紅e used for the p白nary tempera旬re range, and 也.e fluid 

composition is changed in increments until 也e range in tempera旬お お，r THERMOCALC 

calcu1ation overlaps 也.e tempera旬re estimates 丘om 白e Grt-Bt thermome旬:r. In consequence，白E

X(H20) 組d me旬morphic 釘erage P at the 下X(H20) ∞nd.itions are ca1cu1ated using 

THERMOCALC, al也ough average T va1ues are c1early ∞ns回ined by 也e Grt-Bt thermometer. In 

由is s旬d)ら the ca1ibration of Bhattacharya et a1. (1992) is 凶ed as ∞ns位'aints on 也.e primary 

旬mpera'旬re. Activities of minera1 end members were ca1cu1ated using 也e compu旬rprogram AX 

(Holland & Powell, 1998). Metapelite samples were ∞lIe出d from 20 凶es in diffiぽ聞t ZOB<田 along 由e
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Tamor-Ghunsa section (Fig. 1 b), and the mineral compositions were analyzed using JEOL Superprobe 
733 elec仕onprobe microanalyser (EPMA) at Hokkaido University and JEOL Superprobe 8800 

EPMA at Nagoya University. 
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Fig. 1. (a) Geological map and (b) cross section along the Tamor-Ghunsa transect offar-eastem Nepal, 

showing mineral isograds and location of samples used for thermobarometry (solid circles). 

Abbreviations. Grt: gamet; St: staurolite; Ky: kyanite; Sil: sillimanite; Ms: Muscovite; Kfs: 

K-feldspar; Crd: cordierite. Mineral abbreviations after Kretz (1983). 

4. Results 

Average T conditions show a systematic increase in peak-T with increasing s仕uctural level 仕om-570 oC 

at the base ofthe section (Grt zone) to -740 oC around muscovite-out isograd (Ky/Sil・Ms zone), consistent 
with the progressive change of index minerals (Fig. 2a). Further, with increasing structural level, the 
calculated temperatures are roughly constant around T = 700-790 oC in the Ky/Sil-Kfs zone. Although 

sample H2002 showing the peak-T of -810 oC may be locally heated 企om the leucogranite intrusions, 
average T profile across the HHT shows no significant variations. The roughly isothermal condition in the 

structural higher level of the HHCS is also observed in the other sections in a司jacent regions of this study 
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area (e.g. Searle et a1., 2003; Goscombe et a1., 2006). 
The average P profile across the MCT shows an increase in pressure across the MCT from "'6 kbar to '" 11 

kbar, with maximum pressure just above the MCT. The pressure estimates 企omthree samples H2704, H1907 
and H1205 ofthe St to Ky 土 St 仕ansitional zone (i.e. lowermost HHCS) are nearly identical at '" 11 kbar (Fig. 

2b). Wi出向此:her increasing structurallevel, a sharp decrease of pressure to "'7 kbar occurs within the K y 土

St zone. Subsequently, pressure slightly increases in the Ky/Sil-Ms zone to "'10 kbar, and then decrease 
above the muscovite-out isograd towards the top 企omc. 8-10 kbar to "'5 kbar. 
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Fig. 2. Profiles of (a) average peak-T and (b) average P at peak-T against horizontal distance 企omthe MCT 

along the Tamor-Ghunsa section. Uncertainties include e町ors on both calibration and calculated 

activities, calculated using AX program (Holland & Powell, 1998). See Fig. 1 b for locations of 

samples. Dashed lines are temperature and pressure 佐ends from the HT 1 model of channel flows after 

Jamieson et a1. (2004). 

5. Discussion 

The press町e at peak-T decreases on both sides of the highest pressure (", 11 kbar) across the section, which 
occurs at the St to K y 土 St 仕ansitional zone (Fig. 2b). The pressure decreases southward to "'6 kbar in the Grt 

zone and northward to "'7 kbar in the Ky 土 St zone, showing the high field pressure gradient (c. 1.2-1.6 
kbar/km) near the MCT. These occ町rences suggest that the exhumation ofthe lowermost HHCS (i.e. 

transitional zone) 丘omsignificantly deeper crustal depths than the flanking regions is accompanied by the 

ductile extrusion along the MCT, not by the discrete movement of the MCT as a single thrust. 

In order to test the feasibility of conceptual channel flow, we compared the P-T profiles (i.e. distance 

versus P-T conditions at peak-T) between the HTl model (fig. 8 of Jamieson et a1., 2004) and nature (Fig. 2), 
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wh町e 也eh世田ontal distance ftom 也e MCT defined by Schelling (1992) is adop旬d.H町e， the horizon胞I

dis旬nce is roughly m回sure沼1para11el to 也e 仕組spo抗 direction shown by the orientation of minera1 1出回tion.

However, it must be noted that such comparison is qua1itative, bec羽田e it is diffic叫t to precisely correlate 也e

obsぽvedhorizontal distance wi也也at in the model. The HT 1 model predicts 也atmet町norphic 戸田sures at 

peak:-T inc田ase greatly wi也 high field gradient up to -3 kbar/km aロ'oss 白e “MCT"， res叫白19m 世le

m鉱imumpressure at pe味ーTjust above the “MCT" (Fig. 2b), where the proωH血 bounωrybetwe阻世le

incomi且gm蹴rial (“LHS") 阻d也e outward flowing cha血.el (“HHCS") occ町s (parerr血回目 usedforthe

model)τbe above predictions agree with the observed average P results at peak: -T 田:ross 也eproposed MCT 

In corr国民血.e high field 旬mp悶加'e gradient across 血emodel “MCT"， p田恒且gjust above the “MCT" in 

由e HTI model, is unable to expl出nthe obs町四dlow 自eldT gradient ne紅白eMCTσig.2a). F町由民白e

decreasing tempera卸rewi血血.cre出血gs回cturallevel in the model “HHCS"∞ntradic個別出也.e obs町ved

increasing 旬mp釘a旬re and higher and nearly ∞nstant T conditions in the structuraily uppぽ levelofthe

HHCS. The discrepancy betw田nthe model and田畑re might be ascribed to 也e advective heat 位置lsfiぽ by

melt andlor fluid migrations, which are not considered in 白e HT1 model, but c皿 p:rovide a 1紅ge 卸nountof

heat ωwards 也es加C同四日yhigh，町 level ofthe HHCS. Ev四 ifthe lower-grade rocks initially overlay 吐le

higher-grade :rocks in 也e HHCS by ductile extrusion，血e structurally upp町 rocks ofthe HHCS ∞，uld be 

subsequent1y heated due to 也e migrations of melt a且dlorfluid released upwards ftom rocks 血 midcrust

behind the MCT. In cen回1 Nepal, Hodg田 et al. (1988) in fi配t sugges旬d也at 也e roughly uniform 

旬mpera岡田 of si1linl組員e-grade gneisses were buffered by wid凶:pread ana旬間. Such modification of出e

cha皿el flow models (i.e. addition ofheat advection by melt andlor fl凶dmigrations) would lead to lowl町

五eld t回lperature gr百.dientin c凶rent models, being closer to low or nearly no field tempera旬re gradient 泊

nature 
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