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極東ネパールヒマラヤ苦鉄質グラニュライトの低い流体 H20 活動度(予報)
Low H20 activity of ß凶din mafic granulite 祖 far-eastern Nepal (forecast) 
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Abs仕act

τ'he P-T-XH2o condition of mafic gran叫1旬泊 f紅ー悶.stem Nepa1 has been investigated using 

m叫ti-equilibrium 吐lermobarome町. Based on re位ograde zo凶ng 泊 amphiboles and the amphibole 

+ plagioclase symplecti旬 surrounding garnet and clinopyroxene，也e mafic granulite has been 

overprinted by 虹nphibolite facies metamorphism. τ'he thermobarom巴位ic result indicates 也e

pr<国enωoflow H20 activity fl凶dswi血 high C02 under gr姐叫i旬 facies me包morphic condition. 

百le inferred peak P-T condition is P= c. 8.4土 0.2 kbar and T= c. 750 土 10 oC at XH2O= 0.3. Thls 

study sugges旬也at it is necess訂yωknow about the precise fl凶d acti吋ty of water when inferring 

the P-T condition of me旬Ibasi旬s.

Keywords: N.喧pal Himalaya;・ low局oactivity in fluid; mafic granulite; retrograde reaction 

1. Intr唱duction

Dyn町凶田 offluids is a町actingmuch attention, b田ause 盟国ds affect a fundamental con位。1 on crustal 

pro田sses as wel1出血e旬皿orphicP-Tcondition (e.g. Spear, 1993; Yardley, 2009; Thompson, 2010). For 

example, the addition of fluids de町田sesin 也e 旬mperatur田 of dehydration 阻dmeltingr，田.ctions of rocks, 
and facilitates grow由 ofhydrous phases at the upper-middle crustallevels (e.g. F田ry 血d Gerdes, 1998; 
τbompson， 2010). Their effects 町.e not well known qua且世包包vel弘血dso constitute a major uocertainty 祖

国timating of m出血O中，hicP-T∞n也tio回 atprograde or peak-T蜘g田阻d泊旬中間ting the e宜ooton

re佐ograde re回世onon cool也g.

The Hinlalayan orogen formed along the no地emmargin of the Indian contin阻t描 ares叫tofthe

India-Asia collision since c. 45品 Ma(e.g. Rowley, 1996; Ym and Harrison, 2000; Zhu et a1., 2005). The 
High Hinlalayan Crystal1ine Sequen問。田CS)has partly experienced eclogite faci田 metamo中.hism，血d

也.e subduction-related ul回-highpressure (UHP)阻dhigh戸田S町.e (HP) rocks have b田nfouod血也e

westemande副知百 Hinla1ayas (e.g. Liu 血d Zh阻g， 1997; de Sigoyer et al., 2000; Kaneko et al., 2003; 
P田rish et a1., 2006; Zhang et a1., 2010). Retrogressed eclogites ov田printedby amphibolite-gr皿ulite facies 

metamo中，hism， which are mostly 田cordedby amphibole zoning 皿domph配1旬 replacedby cl也op戸oxene + 

plagioclase symplectite, have b田nr句orted in the Aru且 Val1ey of田sternNepal (e.g. Lombardo and Rolfo, 
2000; Groppo et a1., 2007) 阻dinBhu旬且 (e.g. Chakn且ga1 et al., 2010). Ferrando et a1. (2007) has indicated 
由atthe fluid∞mpositions in the granulized ec10gite ch阻ge 企omsa1inity aqueous fluid with CO2 during 
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回rly 田logite m出血0甲，hism，也rou喜h Co，-rich 盟副dduring gr祖曲祖国出血0甲.hism，加 aqueo'四日uidwi血

阻血町CO， m剖nga血phibol出血d園田由血0申lhis且 H血田，也eP-T-Xmo evolution of m.et曲幽1岡田也e

IllICS is • key to un也悶t.nd也ee:曲u皿副onpr田e田 ofd田p crusta1 rocks in the Hi皿山抑 orog'担目

In this 蜘均，也e岨phibole四回酔 of附噌醐国血afic gr祖曲皿白血r-eas畑 NepaJHim山Iya，

w加芭叩atial dis'回.buti咽 ofP-Tcooditi叩S伽'Y阻.et aJ.. 2010)副血由血押lhic ag田(Imayamaet aJ.. 

2012) h.ve be血 well doCl皿血抽d， w田 mv.白.lIg:武且TheP-T-Xmo con也tion of mafic granuli旬 i5 estim由d

bym叫ti-equihbr加血血.erm.obarom出y田也事 TWQpro伊皿(Benn凪 1991). which四回V四e1y叫叫.ted

from也e∞mp国itions of問凶libriu皿 mineral 田，semblages in 回国~.And也en，it is 出回国sedabout血e

origin oflow H20 fluid activi匂白血d也e effect岨問団g叫ε田U瑚叩

。 20kn、
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Fig.l. G回logi国lmap along也e Tamor-Ghun皿住祖S町toffar-e園田n Nepal, showing m皿田1 isograds 阻d

l田ation of皿afic granulite 田edfor che皿叫皿dP-T 皿aJya田. Modifi.1叫 aft町 Sche出ng (1992), Gosco盟国

国aJ. (2006)，皿dlmay;皿aet aJ. (2010, 2012). 

2. Me阻皿orphism in 血e Hi皿副018

τ'he S\血ducti冊目lated UHP皿dHP血臨mo:甲凶阻sare 田ainly 問'"酔担cdat也E 同diog 皿店頭nof也e

Indianpla旬 h也ew回胞団Himalaya syn血坦s，也eUHP血由血世phism 世田n印刷.te-be阻ng ec10gi出h幽

b闇由国.t c. 50-46 Ma, b副edon U-Pb zircon副叫I皿i旬暗:esm 由e Kagh皿 Valley ofP出瑚n (Kaoeko

国aJ.， 2003; Parrish ct aJ., 2006), and.t c. 54 Ma, b.sed on. Lu-Hf皿dSm-Nd gamet羽田hronages in 血e

TsoM町田 dome 恒也.elaMkb region ofIndia (出 Sig町er et aJ., 2000). In也e国脂血血皿山戸ns'戸凪垣島

加岡田曲目mU-防 ag田. Liuand Zh血g(19町皿dZh血get aJ. (2010) rcpor叫也ehigh-pressure 

graoulite.白血白血出血国phic 町阻t也也e IllICS 田創盟国 at 7=c. 75()...jj50 "C血dP司 14-18 kb町 atc.

37-32 Ma, which had b開rnrela旬d回也enorthward subduction of也eln也阻四回垣間，tb回国血 sou也 Tibct

1'he gr岨叫ized配10git回 thatwere produced during Early Mioc阻e occurin也eAn皿 Valley of曲S也mNepaJ
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(o.g. co貨1. et al. , 2009; Corrio et al. , 2010) 阻dinBhu包n(..g. ch止皿gal et al. , 2010; G叩gic et al. , 2011) 

AI由ough 晶r-o酷旬mNO]羽I (s回dyar四.) is locotod 四Iyol 智司proxi血蹴，Iy 50kmo田lof也oAn皿 Vall，町郎官民

bo由也eUHP and HP rocks 蹴戸町四国Iy国立中町恒4

Jn con位置，ttotheUHP皿dHProcks，也om也m国io脂 P/r.骨P. 血e園田中h皿住y皿脂 zone) in the 

HHCS has regil田l8!lyb田a悶'"胆izod 匝由e Him.alaya田也eEobi皿川町岨 stage 担也.cLate 

Eoc阻トOligocene (c. 3 8--32抽 V畑町血dH吋伊， 1996; S皿p醐 .lal. ， 20曲; Godin.1 al. , 2001). A伽

由isB町O羽田骨戸血由田中出血， high-T(mamJy silli血阻旬 zone) at mcdiu血ー旬 low-p:閣S官官

皿向田町phis盟国国od也.ewide甲田d 岨.atexis 血血o Early-Mi剖lc Mioc四e， Neohimalayan stagc at c. 

2ι18抽 (..g. S盟事曲目叫， 2曲O;D阻.1 et 叫， 2曲3;Vis坤ic et al. , 2舶の H阿町民旭町岨aetal

(2畑12) rec四t1y indicated也01也cEohi皿alay;田町田.1 m国ng也eEarly Oligo白血W回 notonly charac国iaod

by匂阻i脂F叫S血曲四甲副阻担也.0HHCS，加1also by Ear1y OliW出血e 岨則氏泊co'四叫由atwas目印Z白d

m血.emiddle 1宜ICS

Fig. 2. Ph<胸囲.Cl'Og.tapbs of mafic gI祖叫i飽H2608 叫曲直血eTamor-G1n皿80S副on血血ー醐ternN昭al. (0) 

日置盟国 porphyrob1田tswi曲面clusions of ClinOpyroXI阻e， amphibole 田dilm胆i旬. (b)町田lplectite of 

a血phibo1.+ p10gioc1田e surrounding ga血etpo中hyr曲1剖t

3. Pe回graphy

恥laficgr田川i飽H2608 along 也，e Tam.or-Ghunsa section in 血X 国依田nNepa1 w田 colle<掘調d for chemおal

血d P-T 岨alys回 σ'ig. 1). Mafic gI祖由也回曲8 CO:由旬恒国師皿似10 戸此 of the HHIα，岨dw幽

m句rcalatod wi血h 也e sill皿血1旬 mig皿曲岡田勾祖i阻/目白血血ito-K-fol也p町田ne above muscovite-out 

凶耳目d. The host s出血血i旬血事由刷出 bav.也S 問lrog.tadepa由 ftom P-<エ τ10抽arat7河 730ー.780 oC at 

ι33-28 勘白白 P司 4-7 kbar 01 1見 650-725 .C 01 c. 27-23 Mo de回mined by 匹Tps凹dosecti岨岨d

zircon U-Pb agc認。m可a皿a 国 al.，却12). Mafic gr四叫1恒 is intruded by musc肝泊。-biotito 1四回F祖ite dyke 

Z註叩出量。由也S盟国回，vite-biotite 1四cog.ta血担 are two succ田sively 肝田容'OWD ri血8 Wl也 a耳目。f18.3 土 0.3

抽醐OCl.由dwi血血e幽回出血.1出'g，叫 16.3 土 0.2 Mawi也血.lt 町s凶国剛 on 曲。Iling伽oy阻a

et al., 2012). S阻，，1. H2608 maffily 四曲四 gamet， a皿phibo10， clinopyr四ene， ilm回出， pla，恩師国.，阻d

quartz. Bioti旬皿d 岨lci旬 arep悶阻t 也血血町 a血ount. on 由.b回is of mi，世田国ctur叫。Ibse四a世田s，也s

血出血0中lhic hi蜘可1s血vid出血白血田由脚百. p.ak-T gI岨凶to-fl叫i回 .. 蝿mbla酔ゆmet + 
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clinopyroxene +盤町lhibole + bi岨恒+ plagiocla田+"岨血+ i1m四回)四回ImpOSed of gar盟国 and

clinopyro:盟国F哩，hyY由1酷，18 岨d四位江田担E叫s.Awl田kfoliation is defined by plo耳目1踊e岨dlll司副bolc.

GIIlO曲目芭 large po中，hyrobl田tup 阻 1 cmin leI唱曲，血d 面<l凶Ie cl血opyrox田島健司Ih!òole， plagiocla凪皿d

ilmeo出 σig. 20), indi白血E 也01 也eir mincrals are 由，ble d'百四g ga:r盟国 grow曲目econdme包皿orphic stage 

is 岨E田町包叫 by 町田plectic IIlOpbil加le + plagi田:lase s町四国ding garnet P田phyroblastsσig. 2b), 

出F四回出店也ela岡田pbiboli飽晶引回目出血血悼ism. Clin哩Iyroxene 凶戸rtly r句協吋 by 町田plectic

coro田 ofamphibole + plagiocla田町田d 出血a:rgm.古田ore回耳目dc micro古uctures from gr田叫由旬

間pbi'加E旬 faci白血曲四国pbism lIlC probably develop国師。回世ng 加也.c following 時即tion: gar祖国+

clinopyroxene + fl国d→阻pbi加le + plagioc加e sympl帥臼 (or 血中凶由+ pl噌ocl蹴血四国 rims)

Amphibole + i1mcnite sy血lplectite has also 晶rmed at 也on皿 of 8'"百et，皿d is 田S出国旬dw抽出egrow由。f

四国F叫.c amphibole 恒也e 皿S回xn皿s.τb.e production of 岨lci旬叫ong 血e 宜師岡田 of pJagio山田 is

皿惚甲eted岡田E出血e la:回1m由血皿phic ev田tat low恒国P回国四 C岨di加盟
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Fig, 3. A可lhibole 四mpositi四 plα制皿 (0) Mg刷g + Fo'').Si di甲田(b) Ti_AlN diagm皿品'f mafic 

E四叫ite 担加国S同盟 N叩a1.Cla日:ification of Ca-amphi凶1田 is b回ed on 1晶ke et a1. (1997). Do祖 of

diffi白血.1 0血pbibole do四国国 are plo由d 回 shownin leg四曲
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4. M1n町副曲岨1st可

MIOer叫 co皿.positio回 W闘岨a1yzed u血g10凹島田e Elec'回müp世田 Lob咽t町(皿iOL) S哩erprobe 733 

e出住田probe 血四回a1ya町但l'MA) 01 Ho怯aido U町四1町四e 叩抽出喜∞n制岨S 臨 15 kV 

町田1四回g vo1tagc, and 12 OA be誼nc四回.t. Na同四1 皿d s戸也由c silicat田皿d Oxi，由S 町 U田d 副

standards. Convl四白田18l ZAF me血叫 is 世町Iloyed 伽四国x CO:江田tion. Ampbibole 皿a1y醐 W闘

calcul臨don 血e basis of 23 oxyg血S 醐岨血事 all Fe as Fe2+，阻d也四 Fe'多+w剖即叫.cula旬d 個師血血S加凶

目白on= 13 田c1udiog ca, Na，皿dK (Tribo叫et， 1992: 13 cCNK me也00)

Ampbil加l目白血afic gr四叫ite H2608 are brOWD.白血rkgr沼田恒 color.Amphiboles ar官叩lcic hombll田血

明也(Na+K)in A si旬加胆.gb胸間 O.27.().46pfu. C国噌ositi叩aI団山富也m噌，bibo1e 凶 obs師叫岨d

tscl問団akitich四百日間白 core isrim皿edby magnesio-homblend但g. 30). Ampbibo1es inc1uded 皿伊皿国

由ow也S 自国ilar 叩血posi且，onas 皿由e四位江田田 σig. 3a). From core to ri皿，百岨dAlW va1田sd居間団

σig.3防 B師団e bigh Ti 岨d AlIV v凶醐血岨.CIC 阻州国1e 師事曲目叫.y consi，釦吋個目E曲1e 皿也同国r

ofbigh恒皿peratures (o.g. R園田， 1974;Zb町生血d Schlz, 2舶の，血e 四回positi回国l田血gofa皿phiboles in 
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皿afic gr四uli幅四国旬中国ted加 be 晶nned at田町'grade s祖酔 τhech皿E目白mcore 加 rim in Na (M4 si旬)

阻d AlVI 刊lucs. 副担直cator ofpr国間電 (e.g. Brown, 197η，町田cll1e田 obvio出.0世田包師団ricb同担

血岨曲e 皿d伊醐lar (X血~ 0.53-0.54, Xo. ~ 0.27-0.28) wi也 I醐町阻O岨凶 ofpyr叩e (XPyp~

0.15-0.1ηαcmical zoning p醐回s in Mn, Ca, Mg，血dFe of gamets 由主官官1yob曲目edfro皿間宮佃mn，

阻d由e crysta1s田R田tgrow曲目周回2皿odified柏田mecx'旬ntby di:ffusion. C叫cic clin叩yroxenc 0叫U血

酔醐皿d四回 Bo由 clin叩Iyroxen国師 aug出回由Mgi似g+ Fe) ratios ofO.65-0.66皿四回叫

0.61-0.63 ingar盟国 Na，O(目的ーO.29wt. %) co由ntsof也出 clinopyroxcn田町耳血目lly1ow. Plagi田1田e

isby加W四凧阻d也e皿町也i飽 COlI惚nt 祖国奪回目X血・ 0.72-0.73 担回r田 to X;担 ・ 0.76-0.78 皿n皿s.

(a) XH.託主= 1.0 (b) XH20= 0.3 (14) 
(1,2)(11) 

(3l 
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~ 

1: Alm + 2Gr + 30tz = 3Hd + 3An 
2: 2Gr+ Py + 3Qlz = 3日 +3An
3: 3Gr + SQtz + 2Tsc". 60i + 7An + 2H20 
4 : Alm+3日 = Py+3Hd 
5: Gr + 180i + 6An + 5Alm + 6H20 = 15Hd + 6Tsc 
6: 6Qtz + 5Gr + lBDi + 7Alm + 6HzO = 21Hd + 6Tsc 
7 : 4TscφQtzφ9Hd = 3Alm + 5An + 120i + 4H20 

8: 5円 +Gr+3Di+6An+ 刷20 = 6Tsc 
9: 6Qtz + 7Py + 5Gr + 6H20 = 3Di + 6Ts氾
10: Qtz + 2Py + Gr + An + 2H2Q = 2Tsc 
け Otz + 4Tsc = 3 Py + 3 日 +5An+4H20

12 : 6内令 3Hd+ Gr+ 6An +6H20 = Alm +6 T:田
13: 6 Qtz + 6Py + 5Gr + Alm + 6H20 = 3Hd + 6Tsc 
14: 4Tsc + Qlz + A甘n=5An+3Hd+4Py+4H包O

Fig. 4. TWQ resul包晶rmafic gr祖叫itc H26師団1四Ia凶 (a) atXmu= 1.0 皿d(b) atXmu= 0.3. Numb田d

e甲lili.briu皿 are listed担 low町P町旬。ffi郡江田. The followi唱曲.Jid回1u世田血叫.els ar唱団ed師団IC\血血

血由叩ilibri岨血世血obaro血甜y; 酔血et (Berm血， 1開1)，叫，bibole (!.品加 et 01., 1994), P何回国e

σ町四血血dLinds1町"， 1988), clinopyroxenc 皿dm盟国H20-C02fluid (Bcrman, 1988). Alm; a1mandine, 

Py;pyr叩e， Gr; gros叫眠Di; diopsi，凪 Hd; hed<温lbergite， Tsc;回h町田副知，An;血町也i胞.

4. TWQ progra皿

In order師団timateP-T回mditio田 atpeak-T， m叫世間四.hbrh皿包 com凹旬d田恒昌也.eTWQprogr冨血

(Berman, 1991) 明白血回aIly∞山岡也阻岨戸皿lC血.ta (B咽血， 1988). On1y Pー何回脚 formafic

F四uliもe(H2608) wi血 low-v町田田園田田lblages 四nbe cal叫la脂dbythem抽od. The average 

com凹創出国 ofc世田祖国同X血血置a1s (g8I祖国. clinopyr祖国e， a皿pbi加1e，岨dp1agioc1闘の areu田dfi町
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由e ca1culation. If也es阻lple is well equilibrated and used ∞mpositional da岡町e good. a11 cu町田 for

m担制 equilibria sho叫d帥四回t.Equilibria for sample H2608 is given 也 Fig. 4, which are ca1culated in 
由e Si02・FeO・MgO-CaO・Alz03・H20・(C02) system with the following end members: a1mandine, p戸。pe，

gro田叫町， diopside, hed四h町E向， tsch国司法ite， quar包， ano:地ite，皿dm皿.ed H20-C02 fluid. Only three 

eq皿libria 紅e independent of all 14 r闘ctions in the diagram. When the activity ofwater = 1.0 in mixed 

H20-C02 fluid is assumed (i.e. Xmo= 1.0), equilibriu皿 curves (2) and (4) fortr抽出na1

garnet-clinopyroxene-plagiocl踊e-ql田血 barome町 and garnet-clinop戸ox<阻e 也ermom出y 町e not well 

四nverged wi也也e other 12α町田 at one P-Tpoint σig. 7a). In c四国st， when也eproportion of H20 組d

CO2 in fl凶dchanges to 3:7 (i.e. Xmo= 0.3), a1114 聞配:tionα町田町luding above 也ermobarome町町 best

convergedσig. 7b), inlplica出g白紙 the low water activity during gr組曲旬m瑚morphism. Av町ageP-T

∞ndition 血f回edfrom the 泊健闘ctio田 between 也田ec町ves 紅eP=c. 8.4 M.2 kb紅阻dl河.750 土10.C at 

Xmo= 0.3, in∞nsistent with those (P司 7-1O kb町阻d T=c. 730ー780 .C) at peak-Tofthe host sill出血ite

tn1伊lati旬(Imay四taet a1., 2010, 2012). 

5. Discussion: Source and evolution of the mixed H，O・CO， fl凶din mafic granuIite 

Based on fl凶dinclusion a且alyses， CO,-rich fluids were previously reco伊ized血血e granulized 田logite 血

田直旬mNepa1 (e.g. F町四且do et a1., 2007) and in 也e highpr田sure gr阻凶i旬祖師自mHintalaya syntaxis (e.g. 

Shen et a1., 2010). Whereas 盟国dinclusion analys田 mayhave been subj郎防:d to postc回.pping modifications 

阻dre叫田libration (e.g. Ferry 血dGerd田， 1998)，血efl凶dcomposition int1町田dfrom血e natural m泊町.al

compositions using TWQ 阻alyses is an indep阻dent evidence of CO2-rich fl凶dd町泊ggr岨uli旬 facies

metamorphism in mafic gr皿叫i旬白血el丑王CS.

Ferrando et a1. (2007) suggests 白紙也e CO2-rich fluids 也 thegr阻u1ized田logi句町e probably at凶butedto 

也.e preferential incorporation of H20 inωthe melts prod田edduring a且atexis of hosting augen 耳目自由

However, the solubility of CO2 血世le 剖licate melt is strongly reduced at low p悶sures， mcon回stω 白紙 of

H20 (e.g. Lowenstem, 2001)，組dthe degree of partia1 melting 血 mafic granulite H2608 itself is minor. 

Marbl田 or ca1c-silicate rocks, which ωuld be 也e 田町田 ofCO2 influx 企ommetamorphic r，回ctions，町e also 

very minor in the middle p紅t ofthe HHCS along the Tamor-Ghunsa section (Goscombe et a1., 2006; 

Intay'回国 et a1., 2010). The間島田，血e inω'rporation of H20 in an脚ctic melts and CO2 infil回tion 由rough

decarbonation reactions 町e not likely as the proc回s to produce CO2-rich fluid 泊 mafic gran叫1旬 m

far-e田飽mNepa1.

A∞ord泊gtoCh北ungal et a1. (2010), mafic rocks祖師 Bhut阻 Hin1a1aya w悶 mostlikely derived from 

asubcon凶四ta1 lithospheric mant1e so町田皿dwere later modified by cn皿凶 contamination， based on 

negative Nb and Ti anomalies and 阻 enrichment ofTh阻dlight REE. Carbon dioxides 紅e ∞mmon 恒

basaltic magrnas derived 企ommant1e (e.g. Goldberg et al., 2008)，血dsowe 泊回preted 也e 四rbondioxides 

∞mponent in fluids 泊 mafic granulite is 也e=t  of original magrnatic fl凶d. In the middle ぽust，由e

国tí吋ty of water in 田 aqu四国 fluid cou1d be intema11y bu首位.ed to various va1ues by mixing during 

me也血O中<hism betw開n血e orig恒a1 CO,-rich n国.gmatic and 血e lat町 H20-richme旬morphic fl凶.ds.
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