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Abstract: The Howard Hills area consists predommantly of garnet fels1c 

gneiss, orthopyroxene felsic gneiss and alummous gneiss which contam garnet, 

sapphmne and stlltmamte m vanous amounts The charactenstic assemblage of 

sapphmne+quartz 1s present m quartzo-feldspath1c layers w1thm the alummous 

gneiss The peak metamorphic conditions are estimated to have been about 

I I 50- I 200
°
C The condit10n 1s obtamed by plottmg the mferred ongmal compo

s1t10ns of mesoperth1tes from the garnet felsic gneiss, orthopyroxene felsic gneiss, 

and alummous gneiss on an An-Ab-Or ternary diagram, the ongmal compos1t1on 

of the mesoperthltes 1s denved by multiplymg the modal rat10 of host and lamella 

by their respective chemical compositions Probable P-T cond1t10ns for retro

grade metamorphism are estimated usmg garnet-orthopyroxene isopleths, and 

range from 830 to 950
°
C and 5 to 9 5 kbar Quartz mclus10ns m the cores of 

garnets from s1hca-undersaturated layers withm the alummous gneiss 111d1cate the 

medium m which the garnets crystallized under the sihca-oversaturated cond1t10n 

This implies mass transfer withm the alummous gneiss, probably mvolvmg partial 

meltmg that also led to high Y concentrat10ns m garnet cores, high An values for 

plag10clase, and high Ba contents 111 mesoperthites from the alummous gneiss 

Partial melt from alummous gneiss was generated dunng prograde metamorphism 

and segregated, the rest1te might have undergone contmuous ultrahigh

temperature metamorphism 

key words UHT metamorphic rocks, UHT metamorphism, Howard Hills, 

Napier Complex, partial meltmg 
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1. Introduction 

The N apter complex 1s an ultrahigh-temperature (UHT) metamorphic terrane char
actenzed by mmeral assemblages such as sapphmne+ quartz, orthopyroxene+ s1lhmamte+ 
quartz, and osum1hte (e.g, Sheraton et al, 1987, Harley and Hensen, 1990). T1mmg of 
metamorphism has been dated at ca. 2.4-2 5 Ga (e.g., Grew and Manton, 1979, Owada et 

al, 1994, Tamosho et al, 1994, Sh1ra1sh1 et al, 1997, Asam1 et al, 1998) and SHRIMP 

age results for the rocks are ca 3 93 Ga (Black et al, 1986) to 3.95 Ga (W1lhams et al, 

1984) This complex can therefore provide important mformat10n for our understandmg 
of the development and evolut10n of contmental crust m the Archaean to early Paleoprot
eroz01c 

Invest1gat10n of the Napier Complex was camed out by the JARE (Japanese 
Antarctic Research Exped1t10n) under the SEAL (Structure and Evolut10n of east 
Antarctic Lithosphere) proJect, started m 1996 The first and second seasons focused on 
detailed geological surveymg of the study area by JARE-38 (1996-1997) m the Mt 
Ruser-Larsen area (lsh1zuka et al, 1998) and JARE-39 (1997-1998) m the Tonagh Island 
area (Osanai et al, 1999), respectively. In both areas, petrological, geochemical, geo
chronolog1cal and structural mvest1gat10ns were camed out (e.g, Toyoshima et al., 1999, 
Hokada et al, 1999a; Tsunogae et al., 1999, Owada et al, 1999, Suzuki et al, 1999) 
In JARE-40 (1998-1999), an extensive geological mvest1gat1on usmg a helicopter was 
undertaken m the Amundsen Bay reg10n mcludmg the Howard Hills, an area that had not 
prev10usly been explored by JARE This paper descnbes the ultrahigh-temperature 
metamorphic rocks from the Howard Hills, and mterprets the1r 1mphcat10ns for UHT
metamorph1sm and partial meltmg. 

2. Geological outline and petrography 

The Howard Hills area 1s located about 30 km east of Tonagh Island m the 
west-central part of the Napier complex, Enderby Land, East Antarctica (Fig I) The 
Howard Hills consist of an east-west mountam ndge that 1s bounded on the north by the 
Beaver Glacier and on the west, south and east by contmental ice sheets. Accordmg to the 
comptlat10n data of Harley and Hensen (1990), the Howard Hills area represents a very 
high-temperature reg10n charactenzed by the mmeral assemblages sapphmne+ quartz and 
orthopyroxene+ stlhmamte The geological survey was focused on the northern part of 
the Howard Hills. The study area 1s composed of layered gneisses of vanous ongms and 
bulk chem1stnes Garnet fels1c gneiss and orthopyroxene fels1c gneiss are the most 
abundant rock types m this area An alummous gneiss that 1s nch m garnet, sapphmne 
and s1lhmamte 1s present w1thm the garnet fels1c gneiss as layers of vanable thickness 
Mmor amounts of metamorphosed ultramafic rocks are also present as blocks, lenses and 
thm layers w1thm the garnet fels1c gneiss and orthopyroxene fels1c gneiss (Fig 2) 
Unmetamorphosed dolent1c mtrus1ve rocks (Amundsen Dikes) are also present m the area 
In this paper, the garnet fels1c gneisses, alummous gneisses and orthopyroxene fels1c gneisses 
are descnbed 
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Ftg l Locatzon map of the Howard Hills m Enderby Land, East A ntarctzca 

Ftg 2 (a) Lenticular metamorphosed ultramajic rock embeded wzthm the garnet felszc 
gnezss (b) Pyroxenzte block wzthzn the orthopyroxene felszc gnezss 

2 I. Garnet felszc gne1Ss 
Garnet felsic gneiss is widespread in the studied area Figure 3 shows charactenstic 

field exposure, polished slab, and thin sect10n views of the garnet felsic gneiss This gneiss 

is nch in coarsely crystalline garnet porphyroblast (diameter up to 3 cm), alkah feldspar, 

plagioclase and quartz, and contains small amounts of spinel and rutile Sapphmne is 

rare, and comparatively fine-grained, it is hght green in plane-polanzed hght, and com

monly contains inclusions of silhmamte, plag10clase, and quartz Spine] is often included 

Orthopyroxene is absent The main mineral assemblages are as follows 

garnet+ silhmamte+ mesoperth1te+ plagioclase+ quartz 

garnet+ silhmamte+ sapphmne+ mesoperth1te+ plag10clase 

garnet+ s1lhmamte+ spinel + mesoperth1te+ plag10clase 
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Fzg 3 Representative photographs of outcrop (a), polzshed slab (b) and thzn sectwn vzews (c 
and d) of Howard Hzlls rocks Spznel and quartz zncluswns zn garnet are zn close 
proxzmzty to one another ( d) Grt garnet, Spr sapphzrzne, Szl szllzmanzte, Pl 
plagwclase, Mp mesoperthzte, Spl spznel Qtz quartz 
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Though coex1stmg sapphmne+ quartz or spmel + quartz 1s not recogmzed m the matnx, 
spmel and quartz mclus10ns m garnet are commonly m very close prox1m1ty to one another 
(Fig 3d) 

2.2. Aluminous gneiss 

As shown m Fig 4, the alummous gneiss 1s nch m garnet, sapphmne and silhmamte, 
and 1s found m garnet fels1c gneiss as layers several cm to 30 cm thick The alummous 
gneiss hthofac1es are vanable m compos1t1on and appearance A representative field 
exposure 1s shown m Fig 4 The mam alummous gneiss rock types are as follows 
Type-A Rich m coarsely crystallme garnet (about I 5-2 cm diameter), sapphmne, and 
s1lhmamte, with spmel, plag10clase, and alkali-feldspar Quartz 1s absent (Fig 5a) 
Type-B Alummous layers nch m comparatively finely crystalline garnet (about 1-7 mm), 
sapphmne and silhmamte, with cordiente, plagioclase, and alkali-feldspar Quartz 1s 
absent These alummous layers are mtercalated with fels1c layers that contam finely 
crystallme garnet ( I  mm or smaller) and sapphmne (Fig. 6a) 
Type-C Fmely crystalline garnet (about O 3-0 5 mm), sapphmne, spmel, plag1oclase, and 
alkah-feldspar+ quartz (relatively fels1c compared to types-A and -B) 1s mterlayered with 
quartzo-feldsparth1c layers (Fig 7a) 

Typical polished slabs and photom1crographs of each rock type are shown m Figs 5-



64 Y Y osh1mura et al 

Fzg 4 Representative field photographs of alumznous gnezsses from Howard Hzlls (a) 
Alumznous gnezss znterlayered wzth garnet felszc gnezss (type-A) (b) Alumznous 
gnezss znterlayered wzth garnet felszc gneiss (type-BJ (c) Rzch zn garnet, sapphzrzne, 
spznel and szllzmanzte and relatzvely felszc and weakly gnezssose relatzve to other types 
of alumznous gnezss (type-CJ 

Fzg 5 Type-A alumznous gnezss (a) Polzshed surface (b) Photomicrograph of thzn sec
twn Garnet has quartz zncluswns, and sapphzrzne has spznel zncluswns 

7 Orthopyroxene 1s rare in all of these rock types, 1t 1s present in type-B as inclus10ns in 

garnet and cord1ente, at the margins of garnet crystals, and m intergranular areas between 

cord1ente masses (Fig 6d) Orthopyroxene and cord1ente are secondanly minerals, and 

orthopyroxene and s1lhmamte are not stable assemblages at ultrahigh-temperature (Fig 

6d) Spinel 1s often included in sapphmne within type-A aluminous gneiss Although 
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Fzg 6 Polzshed surface and thm sectwn photomicrograph of type-B alummous gnezss from 
Howard Hills (a) Polzshed surface (b) Sapphmne and quartz m a quartzo
feldspathzc layer (c) Quartz zncluswns m garnet It zs noteworthy that quartz zs 
free zn the matnx ( d) Orthopyroxene along a cordzente gram boundary Opx 
orthopyroxene, Crd cordzente 

Fzg 7 Polzshed surface and photomicrograph of type-C alummous gnezss from Howard 
Hzlls (a) Polzshed surface (b) Aczcular sapphinnes 
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quartz 1s absent m the matnx of alummous layer of type-A and type-B alummous gneiss, 
quartz mclus10ns are present m the core of garnets (Fig 5b, 6c) The assemblage sapph1r
me+ quartz 1s present m the quartzo-feldspath1c layers of rock type-B (Fig 6b) Coarsely 
crystallme sapphmne commonly occurs as pnsms m type-B alummous gneiss, and as 
ac1cular crystals m type-C alummous gneiss (Fig 7b) Sapphmne 1s light green m plane
polanzed light m all rock types The mam mmeral assemblages of each type are as follows 
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Type-A 
garnet+ s1lhmamte+ plag10clase+ perth1te+ sapphmne+ spmel 
garnet+ s1lhmamte+ plag10clase+ perth1te+ sapphmne 
garnet+ s1lhmamte+ plag10clase+ perth1te+ spmel 
garnet+ stlhmamte+ plag10clase+ sapphmne+ spmel 

Type-B, fels1c layer 
garnet+ plag10clase+ mesoperth1te+ quartz 
garnet+ sapphmne+ plag10clase+ mesoperth1te+ quartz 
garnet+ stlhmamte+ plag1oclase+ mesoperth1te+ quartz 
garnet+ sapphmne+ orthopyroxene+ plag10clase+ mesoperth1te+ quartz 
garnet+ stlhmamte+ sapphmne+ plag10clase+ mesoperth1te+ quartz 

Type-B, alummous layer 
garnet+ s1lhmamte+ sapphmne+ cord1ente+ plag1oclase+ mesoperth1te 
garnet+ sapph 1 rme + orth opyroxene + cord1ente + plag1 oclase + mesoperth1 te 
garnet+ s1lhmamte+ sapphmne+ cord1ente+ plag10clase 

Type-C 
garnet+ s1ll1mamte+ sapphmne+ spmel + plag10clase+ mesoperth1te 
garnet+ silhmamte+ sapphmne+ plag10clase+ mesoperth1te 
garnet+ stlhmamte+ spmel + mesoperth1te+ plag10clase 
garnet+ stlhmamte+ plag10clase+ mesoperth1te+ quartz 

�p. �-��'' 

� 1mm 

Fzg 8 Orthopyroxene felszc gnezss from Howard Hzlls (a) and (b) Overvzew of the out-
crop Well-developed composztzonal layering observed zn orthopyroxene felszc gnezss 
(c) Polzshed surface (d) Photomicrograph of thzn sectzon Note symplectztzc znter
growth of quartz and garnet 
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2.3. Orthopyroxene felsic gneiss 

Orthopyroxene felsic gneiss 1s also widespread m the area and preserves compos1t10nal 
layenng This gneiss 1s composed of orthopyroxene, plag10clase, alkali-feldspar and 
quartz ( dark), with rare garnet. Representative field exposure, polished slab and thm
sect10n views are shown m Fig 8 Most garnets show some mtergrowth with quartz (Fig 
8d) Orthopyroxene 1s absent from any domam (about 1 to 3 cm m size) contammg 
relatively coarse-gramed garnet. The mam mmeral assemblages are as follows 

orthopyroxene+ garnet+ plag10clase+ perth1te to mesoperth1te+ quartz 
orthopyroxene+ plag10clase+ perth1te to mesoperth1te+ quartz 
garnet+ plag10clase+ perthite+ quartz (limited to domams contammg coarse gramed 
garnet) 

3. Mineral chemistry 

3.1. Analytical techniques 

Mmeral chemical compos1t10ns were obtamed usmg a wave-length d1spers1ve electron 
probe m1croanalyzer (JEOL JXA-8600M) at Koch1 Umversity For quant1tat1ve analyses, 
an accelerat10n voltage of 15 kV, probe current of 1 5 X 10-s A, and beam diameter of 1 or 
5 µm were used. Oxide ZAF correction was applied to the data For composit10nal 
mappmg, an accelerat10n voltage of 15 kV (maJor elements) or 25 kV (Y and Yb), probe 
current of 7.5 x 10-7 A (maJor elements) or 8 x 10-7 A (Y and Yb), dwell time of 50 ms 
(maJor elements) or 250 ms (Y and Yb) and beam diameter of 5 µm were used The 
composit10ns of the analyzed mmerals are shown m Table 1. 

3.2. Mineral compositions 

3 2 1. Garnet 
Prp-Alm-Sps and Prp-Alm-Grs diagrams for garnet are shown m Fig. 9, and typical 

color maps are shown m Fig 10 In the garnet felsic gneiss, garnets that coexist with 
sapphmne have Alm44_49Prp51_54Grs2_3Sps1 as the core compos1t10ns, whereas garnets m 
the sapphmne-free domam have Alm54_58Prp41_44Grs2_3Sps1 m the core compos1t10ns 
Garnet core compos1t10ns from type-A and type-C alummous gneisses are Alm42_45Prp51 _55 

Grs4_5Sps1 and Alm45_47Prp50_52Grs2_3Sps1 respectively, and garnets from both alummous 
and fels1c layers of the type-B alummous gneiss have Alm41_46Prp52_57Grs3_4Sps1 In the 
orthopyroxene fels1c gneiss, the core compos1t10n of garnets coex1stmg with orthopyroxene 
1s Alm62_65Prp28_31 Grs6_7Sps1_2, whereas garnets m the orthopyroxene-free domam have 
Alm67_69Prp24_27Grs6_7Sps1 _2, which are low values compared to those of the other rock 
types The spessartme content of all rock types ranges from O 5 to 0.8 In all of the rock 
types, compos1t10n does not vary with crystal size Mg contents are highest m cores and 
gradually decrease towards nms Zomng of the maJor element compos1t10n formed 
dunng coolmg and reflects high-temperature diffus10n Grossular content vanes with rock 
type, such that garnets of types-A and -B alummous gneisses show higher Grs values than 
those of the garnet fels1c gneiss or type-C alummous gneiss Grossular values of garnets 
from the orthopyroxene fels1c gneiss are higher than those of garnets from the other rock 
types The Y and Yb contents of garnets with quartz mclus10ns m types-A and -B 
alummous gneisses are highest m cores and decrease toward nms (Fig 10) The Y content 
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Table I Representatzve electron mzcroprobe analyses of mznerafs zn garnet fefszc gnezss, alumznous gnezss and orthopyroxene felszc gnezss 00 

from Howard Hzlfs Fe3+ of sapphzrzne was obtazned by stmchzometrzc calculatzon (0 = 20) uszng the method of Hzggzns et 
al (1979) 

mineral Garnet (0=12) 
rock �ee Grt-fels1c gn Tr�-A T e-B Tree-C Oex-fels1c gn 
sampe 9812290202 9812290403 9812280101 9812290501 9812290507S 9812290101 9812290801 S 

S102 39 92 39 94 39 76 39 46 39 11 39 09 40 43 40 36 40 09 40 98 41 07 41 03 40 14 40 95 41 04 40 25 39 92 40 03 38 85 38 77 
T102 0 04 0 02 0 00 0 01 0 03 0 03 0 02 0 00 0 00 0 06 0 00 0 00 0 02 0 02 0 00 0 00 0 01 0 01 0 00 0 03 
Al203 22 66 22 78 22 67 22 49 22 17 22 24 23 10 22 85 22 91 22 96 23 16 23 03 22 93 22 90 23 02 22 91 22 63 22 71 21 92 21 74 
Y203 0 00 0 05 0 01 0 10 0 05 0 01 0 08 0 16 0 04 0 04 0 04 0 08 0 04 004 0 01 0 03 0 00 0 01 0 00 0 00 
Ybz03 0 00 0 06 0 00 0 00 0 03 0 03 0 11 0 07 0 00 0 03 0 00 0 11 0 00 0 00 0 05 0 00 0 09 0 00 0 00 0 00 
Crp3 0 09 0 06 0 12 0 15 0 19 0 17 0 29 0 26 0 10 0 16 0 16 0 12 0 33 0 18 0 11 0 19 0 18 0 18 0 00 0 00 
FeO* 21 46 22 31 21 99 25 83 25 97 25 91 20 39 21 45 20 89 20 61 20 19 21 11 20 90 20 62 21 21 22 51 22 11 22 37 29 27 28 54 
MnO 0 31 0 30 0 26 0 53 0 45 0 53 0 37 0 36 0 40 024 0 27 0 32 0 33 0 22 0 26 0 40 0 35 0 31 0 61 0 54 
N10 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 
MgO 13 99 13 90 13 89 11 14 10 80 10 99 14 15 14 21 14 11 15 01 15 11 14 69 14 24 14 81 14 98 13 94 13 84 13 47 7 46 7 61 
cao 0 95 0 90 0 93 1 04 0 97 1 05 1 65 1 61 1 57 1 05 1 06 1 21 1 15 1 04 1 09 0 93 1 00 1 00 2 48 2 56 
Na,O 0 00 0 01 0 00 0 00 0 00 0 01 0 00 0 01 0 00 0 02 0 00 0 00 0 02 0 01 0 01 0 01 0 01 0 01 0 00 0 00 
K20 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 --< 
PPs 0 00 0 08 0 08 0 03 0 02 0 05 0 00 0 02 0 01 0 05 0 00 0 03 0 03 0 00 0 03 0 03 0 03 0 02 0 06 0 00 
BaO nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd 0 
ZnO nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd 
Total 99 42 100 41 99 70 100 78 99 79 100 10 100 58 101 37 100 11 101 22 101 05 101 72 100 13 100 78 101 81 101 22 100 17 100 13 10064 99 80 

S1 2 991 2 975 2 978 2 982 2 989 2 978 2 987 2 975 2 981 2 999 3 004 2 998 2 981 3 010 2 995 2 976 2 981 2 990 3 001 3 012 
T1 0 002 0 001 0 000 0 001 0 002 0 001 0 001 0 000 0 000 0 003 0 000 0 000 0 001 0 001 0 000 0 000 0 000 0 001 0 000 0 002 
Al 2 001 2 000 2 001 2 003 1 997 1 997 2 012 1 986 2 008 1 981 1 997 1 984 2 007 1 983 1 979 1 997 1 992 2 000 1 995 1 991 ""' 
Fe3• � 
y 0 000 0 002 0 000 0 004 0 002 0 000 0 003 0 006 0 001 0 002 0 001 0 003 0 002 0 002 0 000 0 001 0 000 0 000 0 000 0 000 
Yb 0 000 0 001 0 000 0 000 0 001 0 001 0 002 0 002 0 000 0 001 0 000 0 002 0 000 0 000 0 001 0 000 0 002 0 000 0 000 0 000 
Cr 0 006 0 004 0 007 0 009 0 012 0 010 0 017 0 015 0 006 0 009 0 009 0 007 0 020 0 010 0 007 0 011 0 011 0 011 0 000 0 000 
Fe2• 1 345 1 390 1 377 1 632 1 660 1 651 1 260 1 322 1 299 1 261 1 235 1 290 1 298 1 267 1 294 1 392 1 381 1 398 1 891 1 855 
Mn 0 020 0 019 0 016 0 034 0 029 0 034 0 023 0 023 0 025 0 015 0 017 0 020 0 021 0 014 0 016 0 025 0 022 0 020 0 040 0 036 
N1 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 
Mg 1 562 1 543 1 551 1 255 1 230 1 248 1 558 1 561 1 564 1 638 1 647 1 600 1 576 1 622 1 629 1 537 1 541 1 500 0 859 0 882 
Ca 0 076 0 072 0 075 0 084 0 080 0 085 0 131 0 127 0 125 0 083 0 083 0 095 0 092 0 082 0 086 0 074 0 080 0 080 0 205 0 213 
Na 0 000 0 002 0 000 0 001 0 000 0 001 0 000 0 002 0 000 0 003 0 000 0 000 0 003 0 001 0 001 0 002 0 002 0 002 0 000 0 000 
K 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 
p 0 000 0 005 0 005 0 002 0 001 0 003 0 000 0 001 0 001 0 003 0 000 0 002 0 002 0 000 0 002 0 002 0 002 0 001 0 004 0 000 
Ba 
Zn 
Total 8 003 8 014 8 011 8 007 8 002 8 011 7 995 8 020 8 010 7 998 7 993 8 002 8 002 7 992 8 010 8 017 8 014 8 002 7 995 7 991 

� 054 0 53 0 53 0 44 0 43 0 43 0 55 054 0 55 0 57 0 57 0 55 0 55 0 56 0 56 0 53 0 53 0 52 0 31 0 32 
Prp 52 02 51 03 51 38 41 76 41 03 41 36 52 44 51 47 51 91 54 66 55 24 53 26 52 78 54 35 53 87 50 76 50 96 50 04 28 68 29 54 
Alm 44 78 45 96 45 61 54 30 55 35 54 68 42 39 43 59 43 11 42 09 41 41 42 94 43 46 42 45 42 77 45 97 45 67 46 62 63 14 62 12 
Sps 0 66 0 62 0 54 1 13 0 97 1 13 0 77 0 74 0 83 0 49 0 57 0 65 0 70 0 45 0 53 0 83 0 72 0 66 1 33 1 20 
Grs 2 54 2 39 2 48 2 81 2 65 2 83 4 40 4 20 4 15 2 76 2 78 3 15 3 06 2 75 2 83 2 44 2 65 2 68 6 86 7 14 

*=Total Fe as FeO n d not detarm1ned 



mineral 
rock �� 
samp"°"e 9812290801$ 
S102 

T102 

Al203 

Y203 

Yb203 

Cr203 

FeO* 
MnO 
N10 
MgO 
CaO 
Na20 
KP 

P20s 
Bao 
ZnO 
Total 

s, 

T1 
Al 
Fe3• 
y 
Yb 
Cr 
Fe2• 
Mn 
N1 
Mg 
Ca 
Na 
K 
p 
Ba 
Zn 
Total 

x..o 
Prp 
Alm 
Sps 
Grs 

39 12 
0 01 

22 31 
000 
0 00 
0 00 

28 77 
049 
000 
8 13 
2 41 
001 
000 
000 
n d  
n d  

10126 

2 992 
0 001 
2 011 

0000 
0000 
0000 
1 840 
0 032 
0 000 
0 927 
0 198 
0002 
0000 
0 000 

8 003 

034 
3094 
61 41 

1 05 
6 60 

Gamet (0=12) 
oex-fels,c 9n 

9812291002$ 
38 51 38 23 37 95 
000 000 0 00 

21 67 21 84 21 58 
000 0 00 0 00 
000 000 0 00 
004 000 0 00 

32 22 30 78 31 37 
055 0 59 0 54  
000 0 00 0 00 
6 14 6 18 6 16 
2 09 2 41 2 45 
0 02 0 02 0 01 
000 0 00 0 00 
003 0 03 0 04 
n d  n d  n d  
n d  n d  n d  

101 27 100 08 100 08 

2 996 2 995 2 984 
0 000 0 000 0000 
1 987 2 016 2 000 

0000 0000 0 000 
0000 0 000 0 000 
0002 0 000 0 000 
2 096 2 016 2 063 
0 036 0 039 0 036 
0000 0 000 0 000 
0712 0 722 0 722 
0 1 74 0 202 0206 
0003 0 003 0 001 
0000 0000 0 000 
0002 0 002 0 003 

8 008 7 996 8 013 

025 0 26 0 26 
23 59 24 23 23 86 
69 45 67 67 68 15 
1 19 1 32 1 18 
5 77 6 78 6 81 

Table 1 Continued 
Sapph1nne (0=20) 

Grt-fels,c 9n T�A 
9812290202 9812280101 9812290501 

15 08 14 67 14 87 13 20 13 18  14  24 13 55 13 74 
009 0 05 0 05 004 007 0 06 0 04 0 04 

58 21 58 66 58 55 63 36 62 05 61 30 62 76 61 63 
n d  n d  n d  n d  n d  n d  n d  n d  
n d  n d  n d  n d  n d  n d  n d  n d  

1 07 1 18 1 12 0 88 1 10 1 02 1 31 1 32 
9 04 8 36 8 54  5 73 6 84 7 46 5 58 6 72 
000 0 00 000 0 05 0 01 0 01 0 06 004 
000 0 00 000 0 00 0 00 000 0 00 000 

1624 1629 1628 1 6 88 16 42 16 70 17 10  1 6 82 
0 02 0 01 001 0 04  0 04  000 0 00 000 
0 03 0 00 000 0 00 0 00 0 00 0 00 000 
000 0 00 000 0 00 0 00 0 00 0 00 0 00 
0 02 0 02 000 0 01 0 01 0 00 0 00 0 01 
n d  n d  n d  n d  n d  n d  n d  n d  
n d  n d  n d  n d  n d  n d  n d  n d  

99 81 9924 99 43 100 19 99 71 10079 100 40 100 33 

1 81 4  1 769 1 791 1 557 1 572 1 682 1 595 1 627 
0009 0004 0 005 0 004 0006 0 005 0 004 0004 
8248 8 338 8 310 8 807 8 721 8 536 8 709 8 606 
0023 0012 0 002 0000 0032 0 005 0000 0016 

0 102 0 1 12 0 1 07 0082 0 103 0095 0 122 0 123 
0885 0830 0 857 0 565 0650 0 732 0549 0650 
0000 0000 0 000 0005 0001 0001 0 006 0 004 
0000 0 000 0 000 0 000 0 000 0000 0 000 0 000 
2 91 1  2 929 2 923 2 968 2 919  2 942 3 001 2 971 
0003 0002 0 002 0 005 0 005 0000 0 000 0 000 
0 006 0000 0 000 0 000 0 000 0000 0 000 0 000 
0 000 0000 0 000 0 000 0000 0000 0 000 0000 
0 002 0 002 0 000 0 001 0 001 0 000 0 000 0001 

14  003 13 999 13 996 13 993 1 4 010 13 998 13 986 1 4 003 

077 0 78 0 77 084 082 080 0 85 0 82 

*=Total Fe as FeO n d not detarmined Fe3• 1s calculated based on sto1ch1ometry 

T��-B T�C 
9812290507$ 981"'29li101 

1324 1 3 48 1 3 04 1 3 02 1 3 01 1 3 18  
006 0 03 042 0 03 0 03 0 04 

61 64 59 69 60 58 63 07 61 90 61 48 
n d  n d  n d  n d  n d  n d  
n d  n d  n d  n d  n d  n d  

2 00 2 31 2 49 0 79 0 89 086 
5 32 7 36 6 81 7 91 7 39 7 81 C 006 0 00 000 003 002 0 02 
000 0 00 0 00 0 00 000 000 ::c 

17 30 1 6 41 1 6 57 15 96 1624 15 73 >-l 
0 01 0 02 0 05 000 0 00 0 03 a 
000 0 01 0 00 001 000 001 � 
000 0 00 0 00 000 0 00 000 P:l 

a 
000 000 0 00 000 004 000 0 

n d  n d  n d  n d  
>-"1 

n d  n d  
n d  n d  n d  n d  n d  n d  :::, 

99 62 99 31 99 94 10083 99 52 99 15  c=i 
>-"1 
0 

1 574 1 625 1 559 1 541 1 557 1 586 
0 006 0 003 0 038 0 003 0003 0 004 "' 
8 638 8 480 8 541 8 798 8 735 8 722 
0026 0051 0 1 06 0045 0 066 0 024 0 

a 
::c 

0 188 0220 0235 0074 0 085 0082 0 

0503 0692 0 576 0 737 0 674 0762 P:l 
0006 0000 0000 0003 0 002 0 002 
0 000 0000 0000 0000 0 000 0000 

g 3 066 2 949 2 955 2 816 2 898 2 823 
0 001 0 003 0006 0000 0 001 0 003 
0 000 0 003 0 000 0 002 0 000 0 002 
0 000 0 000 0 000 0000 0000 0 000 
0000 0 000 0 000 0 000 0004 0000 

1 4 007 14 024 14 015 14 021 14 024 14 010 

0 86 081 084 0 79 081 079 



Table 1 Continued 

mineral Pla91oclase (0=8) 
rock !Yee Grt-fels1c gn Tlee-A T e-B Tl�-C Oex-fels1c gn 
sample 9812290202 9812280101 9812290501 9812290503 9812290507$ 9812290101 981 2290801$ 9812291002$ 
S102 61 52 61 15  54  55 55 67 48 30 56 48 56 65 56 97 � 58 47 58 69 58 97 60 22 61 49 58 49 58 36 57 28 58 07 
T102 0 1 2 0 00 0 02 0 00 0 01 0 04 0 00 0 00 0 02 0 06 0 02 0 00 0 00 0 01 0 00 0 00 0 02 0 02 
Al203 24 09 24 74 29 04 28 85 33 05 28 97 27 34 27 05 26 13  26 46 25 77 25 48 24 81 24 27 25 92 26 38 26 51 26 31 
Y203 n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  
Ybi03 n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  
Crp3 0 04 0 01 0 00 0 00 0 01 0 00 0 06 0 04 0 00 0 02 0 04 0 00 0 01 0 00 0 01 0 00 0 00 0 02 
FeO* 0 01 0 14 0 16 0 00 0 1 1 0 01 0 31 0 28 0 00 0 37 0 06 0 00 0 16 0 02 0 05 0 05 0 08 0 09 
MnO 0 01 0 02 0 00 0 00 0 03 0 03 0 00 0 00 0 02 0 00 0 00 0 02 0 02 0 00 0 00 0 00 0 00 0 01 
N10 0 00 0 01 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 03 0 02 0 04 0 00 0 06 0 05 0 00 
MgO 0 00 0 03 0 03 0 00 0 00 0 01 0 02 0 00 0 01 0 00 0 07 0 00 0 00 0 00 0 00 0 01 0 01 0 02 
CaO 5 90 6 35 1 1  46 1 1 1 9  16  38 10 69 9 34 9 65 7 84 8 25 8 03 7 62 6 58 6 04 8 06 8 08 8 52 8 26 
Na,O 8 21 7 97 4 95 5 1 7 2 30 5 61 6 1 3 6 1 2 7 26 6 69 7 00 7 19 7 67 8 03 6 87 6 86 6 55 6 71 
K20 0 17 0 26 0 09 0 1 2 0 03 0 09 0 14 0 10 0 16 0 10 0 18 0 19 0 22 0 24 0 29 0 20 0 22 0 20 
P20s 0 02 0 00 0 02 0 00 0 00 0 01 0 00 0 02 0 05 0 01 0 04 0 02 0 00 0 00 0 14 0 02 0 04 0 04 -< 
BaO 0 00 0 00 n d  n d  n d  n d  n d  n d  n d  n d  0 05 0 01 0 00 0 06 0 00 0 01 0 01 0 00 -< 
ZnO n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  0 
Total 100 09 100 68 100 32 101 00 100 22 101 94 99 99 100 24 101 38 1 00 45 99 93 99 51 99 71 100 19  99  83 100 03 99 30 99 73 

S1 2 730 2 704 2 454 2 482 2 208 2 493 2 546 2 554 2 637 2 605 2 627 2 646 2 690 2 727 2 619 2 609 2 585 2 605 
T1 0 004 0 000 0 001 0 000 0 000 0 001 0 000 0 000 0 001 0 002 0 001 0 000 0 000 0 000 0 000 0 000 0 001 0 001 
Al 1 260 1 289 1 540 1 516 1 781 1 507 1 448 1 429 1 356 1 389 1 359 1 347 1 306 1 269 1 368 1 390 1 410 1 391 � Fe3• 
y 
Yb 
Cr 0 001 0 000 0 000 0 000 0 000 0 000 0 002 0 002 0 000 0 001 0 001 0 000 0 000 0 000 0 000 0 000 0 000 0 001 
Fe2• 0 000 0 005 0 006 0 000 0 004 0 000 0 012 0 010 0 000 0 014  0 002 0 000 0 006 0 001 0 002 0 002 0 003 0 003 
Mn 0 000 0 001 0 000 0 000 0 001 0 001 0 000 0 000 0 001 0 000 0 000 0 001 0 001 0 000 0 000 0 000 0 000 0 000 
N1 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 001 0 001 0 001 0 000 0 002 0 002 0 000 
Mg 0 000 0 002 0 002 0 000 0 000 0 001 0 002 0 000 0 001 0 000 0 005 0 000 0 000 0 000 0 000 0 001 0 001 0 001 
Ca 0 280 0 301 0 552 0 535 0 802 0 505 0 450 0 464 0 370 0 394 0 385 0 366 0 31 5  0 287 0 387 0 387 0 412  0 397 
Na 0 707 0 683 0 432 0 447 0 204 0 480 0 534 0 532 0 620 0 578 0 608 0 625 0 664 0 690 0 597 0 595 0 573 0 584 
K 0 010 0 015 0 005 0 007 0 002 0 005 0 008 0 006 0 009 0 006 0 010  0 01 1  0 01 3  0 01 3  0 017 0 012 0 013 0 01 1 
p 0 001 0 000 0 001 0 000 0 000 0 000 0 000 0 001 0 002 0 000 0 001 0 001 0 000 0 000 0 005 0 001 0 002 0 001 
Ba 0 000 0 000 0 001 0 000 0 000 0 001 0 000 0 000 0 000 0 000 
Zn 
Total 4 993 5 000 4 993 4 987 5 003 4 994 5 001 4 998 4 996 4 990 4 999 4 998 4 995 4 990 4 995 4 998 5 000 4 995 

Ab 70 91 68 40 43 65 45 24 20 24 48 46 53 85 53 1 1  6 2  06 59 1 1  60 60 62 39 66 96 69 69 59 67 59 90 57 45 58 84 
An 28 1 3  30 14 55 82 54 09 79 61 51 03 45 34 46 30 37 02 40 29 38 39 36 52 31 77 28 96 38 68 38 94 41 26 40 02 
Or 0 96 1 46 0 53 0 67 0 1 5  0 50 0 81 0 59 0 91 0 60 1 01 1 09 1 28 1 35 1 66 1 1 7 1 29 1 1 4 

*= Total Fe as FeO n d not detarmined 



Table I Contznued. 

mineral Or lamella m Meso�rthlte (0=8) 
rock � Grt-felsic gn T�A T 8 T�-C Oex-felsic gn 
sample 9812290202 9812280101 9812290507$ 9812290101 9812290801 S 9812291002$ 

Si02 65 16 64 59 64 94 64 63 63 45 64 24 64 51 64 29 63 67 63 54 64 26 64 33 64 34 65 12 64 68 64 79 64 04 64 13 63 70 
Ti02 008 1 07 0 15 0 12 0 11 0 12 0 09 006 0 10 0 15 0 06 005 006 008 0 06 003 005 004 0 09 
Al203 18 28 18 20 18 44 18 76 18 88 18 84 18 42 18 59 18 20 18 32 18 82 18 40 18 40 18 54 18 51 18 51 18 65 18 60 18 44 
Y20i n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  
Yb20i n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  
Cr20i 001 005 0 02 0 01 0 00 0 02 0 00 0 03 0 02 0 00 000 001 0 00 0 00 0 02 0 02 0 05 0 03 0 00 
FeO* 000 005 001 000 0 03 004 000 001 0 00 0 05 000 0 00 0 02 0 03 0 00 0 02 0 00 0 02 002 C MnO 001 000 0 00 000 0 00 0 01 000 001 0 00 0 00 003 0 01 0 00 0 03 0 03 0 02 0 01 0 00 001 
N10 0 00 005 0 00 0 00 0 03 0 02 000 000 0 03 0 01 0 07 0 00 0 00 0 02 0 01 000 0 03 0 02 0 00 ::c 
MgO 000 0 00 0 00 0 00 0 02 000 0 00 000 0 00 0 00 001 0 00 000 0 01 0 00 0 01 000 0 00 0 00 >-l 
cao 0 06 007 0 11 0 10 0 06 0 14 0 08 004 002 0 01 0 21 0 05 0 11 0 07 0 10 0 10 005 009 0 08 3 
Na20 1 09 1 15 1 25 1 15 1 19 1 41 1 08 1 15 1 40 1 19 0 80 095 0 91 0 84  1 07 1 45 064 0 74 0 83 
K20 15 30 15 02 15 06 14 28 14 49 13 75 14 96 14 50 14 40 14 53 15 28 15 26 15 37 15 04 15 15 15 00 15 66 15 50 15 10 3 
P20s 005 005 0 00 0 03 0 00 0 06 0 00 0 01 001 001 001 0 00 0 01 003 0 00 0 01 004 0 10 005 0 

>; 
Bao 0 58 0 62 041 1 55 2 61 2 27 1 03 1 13 2 17 2 54  084 0 72 0 78 0 77 0 71 0 70 1 25 1 01 1 00 "d 
ZnO n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  n d  
Total 100 63 10092 10039 10064 100 89 100 91 100 18 99 81 100 02 100 35 10038 99 78 10000 100 58 100 34 10066 10048 100 26 99 31 

>; 
0 

S1 2 996 2 966 2 989 2 978 2 951 2 965 2 987 2 983 2 976 2 969 2 970 2 987 2 985 2 993 2 985 2 982 2 971 2 973 2 977 
Ti 0003 0037 0 005 0 004 0 004 0 004 0 003 0 002 0 003 0 005 0 002 0 002 0 002 0 003 0 002 0 001 0 002 0 001 0 003 "' 
Al 0991 0 985 1 000 1 019 1 035 1 025 1 005 1 016 1 003 1 009 1 025 1 007 1 006 1 004 1 007 1 004 1 019 1 016 1 016 � 
Fe3• 0 

3 
y ::c Yb 
Cr 0000 0002 0001 0000 0000 0 001 0 000 0 001 0 001 0 000 0 000 0 001 0 000 0 000 0001 0001 0002 0 001 0000 0 

Fe2• 0000 0002 0 000 0000 0 001 0 001 0000 0 001 0 000 0 002 0 000 0 000 0 001 0001 0 000 0001 0000 0 001 0001 
Mn 0 001 0000 0 000 0000 0 000 0000 0 000 0 000 0 000 0 000 0 001 0 000 0 000 0 001 0 001 0001 0 000 0000 0000 0.. 
Ni 0000 0 002 0 000 0000 0 001 0001 0 000 0 000 0 001 0 000 0 003 0 000 0000 0 001 0 000 0000 0001 0001 0000 

g Mg 0000 0000 0 000 0 000 0 001 0000 0 000 0 000 0 000 0 000 0 001 0 000 0000 0 001 0 000 0 001 0000 0000 0000 
Ca 0 003 0 003 0 005 0 005 0 003 0007 0004 0 002 0 001 0 000 0 010 0 003 0 006 0 003 0 005 0 005 0 002 0 004 0004 "' 
Na 0 097 0 103 0112 0 103 0 107 0 126 0 097 0 103 0 127 0 108 0 072 0 086 0 082 0 075 0 096 0 129 0058 0 066 0 075 
K 0897 0 880 0884 0840 0 860 0809 0 884 0858 0 859 0 866 0901 0904 0 909 0 882 0 892 0881 0927 0 917 0 900 
p 0002 0002 0 000 0 001 0 000 0 002 0000 0001 0 000 0 000 0 001 0 000 0 000 0 001 0 000 0 001 0 002 0 004 0002 
Ba 0 010 0011 0 007 0 028 0048 0 041 0019 0021 0 040 0047 0 015 0 013 0 014 0 014 0 013 0 013 0 023 0 018 0 018 
Zn 
Total 5 000 4 992 5 004 4 978 5 011 4 983 4 998 4 987 5 011 5 007 5 000 5 002 5 005 4 979 5 003 5 018 5 007 5 002 4 997 

Ab 9 75 1041 11 15 1086 11 08 13 40 9 88 10 72 12 85 11 05 7 30 8 65 8 21 7 81 9 68 12 74 5 87 6 70 7 66 
An 0 29 033 0 52 0 54 0 28 0 75 0 39 020 0 09 004 1 05 0 27 0 56 0 34 0 51 049 0 25 043 043 
Or 89 96 89 26 88 33 88 60 88 64 85 85 89 73 89 09 87 06 88 91 91 65 91 08 91 24 91 85 89 81 86 77 93 88 92 86 91 91 

*= Total Fe as FeO n d not detarrrnned 

-...) ...... 



Table 1 Continued 
mineral Orthoe�roxene (0=6) 
rock !}'.Ee Tlee-B Oex-fels1c gn 
sample 9812290501 9812290507S 9812290801 S 

S102 52 37 52 08 5046 51 27 50 28 49 22 48 01 49 68 0 14 
Tt02 0 07 0 07 0 09 0 10 003 007 0 06 0 05 000 
Al203 6 19 626 8 03 6 79 3 67 4 81 5 22 4 37 61 00 
Y203 n d  n d  n d  n d  n d  n d  n d  n d  n d  
Yb203 n d  n d  n d  n d  n d  n d  n d  n d  n d  
Cr203 0 25 0 22 0 32 0 23 001 001 0 05 0 05 4 15 
FeO' 13 04 13 34 14 38 14 16 28 02 26 55 28 61 25 35 16 61 
MnO 004 0 02 009 0 06 0 14 0 25 0 16 0 13 008 
NtO 000 000 000 0 00 0 00 0 00 000 0 00 024 
MgO 28 47 27 73 26 33 26 76 1 8 52 1829 17 31 19 63 1 5 41 
CaO 0 03 0 07 006 0 09 0 16 0 15 023 0 19 0 00 
Na20 000 000 0 00 0 00 001 0 00 0 00 000 0 00 
K20 000 000 0 22 0 00 000 0 00 000 000 0 00 
P205 000 000 0 00 0 00 001 0 00 0 03 0 00 0 00 
Bao n d  n d  n d  n d  n d  n d  n d  n d  n d  
ZnO n d  n d  n d  n d  n d  n d  n d  n d  2 07 
Total 10044 99 80 99 97 99 46 100 85 99 34 99 66 99 44 99 69 

St 1 854 1 858 1 811 1 844 1 904 1 882 1 852 1 887 0 004 
Tt 0 002 0 002 0002 0 003 0001 0 002 0002 0001 0000 
Al 0 258 0 263 0339 0288 0 164 0 217 0 237 0 196 1 896 
FeJ+ 

y 
Yb 
Cr 0 007 0006 0009 0 007 0000 0 000 0 001 0001 0 086 
Fe2• 0386 0398 0432 0 426 0 887 0 849 0 923 0805 0 366 
Mn 0001 0001 0003 0 002 0 005 0 008 0005 0004 0 002 
Nt 0000 0000 0000 0000 0 000 0 000 0000 0 000 0 005 
Mg 1 503 1 475 1 409 1 435 1 045 1 043 0995 1 111 0 606 
Ca 0001 0002 0 002 0 004 0 007 0 006 0009 0 008 0000 
Na 0000 0000 0000 0000 0 001 0 000 0 000 0 000 0 000 
K 0000 0000 0010 0000 0000 0 000 0000 0 000 0 000 
p 0000 0 000 0000 0000 0 000 0 000 0 001 0000 0 000 
Ba 
Zn 0 040 
Total 4 012 4 006 4 017 4 007 4 013 4 007 4 026 4 014 3 005 

X...v 080 079 077 0 77 0 54 0 55 052 0 58 0623 
En 79 52 78 64 76 46 76 97 53 90 54 93 51 63 57 75 
Fs 2043 21 22 23 42 22 85 45 76 44 74 47 88 41 84 
Wo 0 05 0 13 0 12 0 19 0 34 0 32 049 0 41 

*= Total Fe as FeO n d not detarm1ned 

�me! (0=4) 
Tn!�:A T�B 

9812280101 9812290503 

0 02 001 0 00 001 
0 00 001 0 00 0 01 

60 69 59 74 59 98 59 69 
n d  n d  n d  n d  
n d  n d  n d  n d  

3 91 4 39 4 93 5 17 
20 75 18 88 17 09 17 20 

0 03 0 03 0 05 0 03 
0 22 0 16 0 13 0 13 

12 95 13 98 14 77 14 45 
0 00  001 0 00 000 
0 00 000 0 00 000 
0 00 0 00 000 000 
0 00 0 00 000 001 
n d  n d  n d  n d  

2 16 2 03 3 55 3 32 
100 72 99 23 10050 10001 

0 000 0 000 0000 0000 
0 000 0 000 0 000 0 000 
1 902 1 888 1 873 1 874 

0 082 0093 0 103 0 109 
0462 0424 0379 0383 
0 001 0001 0 001 0001 
0 005 0 003 0003 0 003 
0 514 0 559 0 583 0 574 
0 000 0 000 0000 0 000 
0 000 0000 0 000 0 000 
0 000 0000 0 000 0 000 
0 000 0000 0 000 0 000 

0042 0 040 0 070 0065 
3 007 3 009 3 012 3 008 

0 527 0569 0606 0 600 

Cord1ente (0=18) 
Tl�B 

9812290501 

50 61 
0 02 

33 56 
n d  
n d  

000 
2 06 
001 
000 

12 48 
009 
0 05 
001 
000 
n d  
n d  

98 88 

5 031 
0001 
3 932 

0 000 
0 171 
0 000 
0000 
1 850 
0 009 
0010 
0 001 
0 000 

11 007 

0 92 

50 11 
0 00 

33 70 
n d  
n d  

0 02 
1 79 
0 00 
0 00 

12 38 
0 02 
0 04 
000 
0 03 
n d  
n d  

98 09 

5 014 
0 000 
3 974 

0 001 
0 149 
0 000 
0 000 
1 847 
0 002 
0 008 
0000 
0003 

10999 

0 93 

--...) 
N 

-< 
-< 
0 

.-; 
i:.; 

� 
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UHT metamorphic rocks from Howard Hills 

Prp b 
Grt-fels1c gneiss 

o Spr present 

• Spr absent 

73 

Prp 

Alm 1 0  20 � Sps Alm 1 0  20 � Grs 

Prp 
ct Type-A 

+ Type-8 

b. Type-C 

0 Opx-fels1c gneiss 50 

Alm 1 0  20 � Sps Alm 1 0  20 � Grs 

Fzg 9 (a) Pyrope (Prp)-almandine (Alm)-spessartine (Sps) diagram of garnet composztwns 
of rocks from Howard Hills (b) Pyrope (Prp)-almandzne (Alm)-grossular (Grs) 
diagram of garnet composztwns of rocks from Howard Hills 

of coarsely crystallme garnets with quartz mclus10ns m the type-A alummous gneiss reaches 
relatively highly maximum values (about O 15 wt%) than those of finely crystallme garnets 
m the type-A alummous gneisses and those of the other rock types, which contam about 
0 I wt% (Fig 1 1 ) 
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Fzg /Oa 
Two-d1menszonal compos1tzonal maps of garnet 
(b) Type-B alumznous gneiss 

(a) Type-A alumznous gneiss 
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0 2 r.=========::::;-;:::=======�----, 
j Grt-fels1c gneiss j • Spr present 

0 2 r.====;,.========;-------, 
I Type-A i  • coarse grain 

• Spr absent o fine grain 

0 1 5  0 1 5  

• • 

0 05 0 05 

0 '----"l!ll"lMO 
0 35 0 4 0 45 X O 5 Mg 0 55 0 6 

0 2 r--------------� 

Type-8 • alum1nous layer 
& fels1c layer 

0 '----'------J'---....!r..J""4Qd 
0 35 0 4 0 55 0 6 0 45 XMg O 5 

0 2 r.=====:-------------, 
I Type-C j 

0 1 5  0 1 5  

� 

"' 0  1 
0 • 

0 05 0 05 

• 

• • 
. ·� ·"'· • • • 

0 O L_  _ _J __ _l_�Hldlllllll!llill"'-._L-�� 

0 35 0 4 0 45 0 5 0 55 0 6 0 35 0 4 0 45 
X O 5 0 55 0 6 

XMg Mg 

Fzg I I Varzatzon of Y and XMg contents of garnets from garnet felszc gnezss and alummous 
gnezss 

3 2 2 Sapphmne 
The XMg (Mg/ [Mg+ Fe J )-Cr203 plot for sapphmne 1s shown m Fig 12  XMg of 

sapphmne m types-A and -B alummous gneisses ranges from O 77 to O 86, and those from 
the garnet fels1c gneiss and type-C alummous gneiss range from O 73 to O 82 Sapphmnes 
from all rock types contam some Cr203 the sapphmne from the alummous layer of the 
type-B alummous gneiss contams about O 9-2 5 wt% Cr203 , and the sapphmne coex1stmg 
with quartz m the fels1c layer of the type-B alummous gneiss contams about 2 2-2 7 wt% 
Cr203 The sapphmne m the garnet fels1c gneiss and the ac1cular sapphmne from the 
type-C alummous gneiss contam about 1- 1  5 wt% and about O 6- 1 wt% Cr203 , respectively 
The relat10n between the XMg value and Cr203 content of sapphmne and the mcluded rock 
types is bemg exammed for samples from Tonagh Island, results thus for are similar to the 
result at Howard Hills (Osanai, pers commumcat10n) Fe3+ content for sapphmne was 
obtamed by st01ch10metnc calculat10n (0= 20) usmg the method of H1ggms et al ( I  979) 
Fe3 + of sapphmne m garnet fels1c gneiss and types-A, -B, and -C alummous gneisses 1s the 
maximum of 0 04, 0 1 4 and O 1 wt%, respectively, on the basis of 0 = 20 
3 2 3 Plag1oclase 

The An and Or contents of plag10clase are shown m Fig 1 3  The An content 1s 
nchest (An50-70) m type-A alummous gneiss Plag1oclase compos1t1ons are about An30-
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1 5 

X 

0 -+---.----+---+-,-,----t--,--,---1---,--t---i--t-..--..---r-----1 

0 6 0 65 0 7 0 75 0 8 0 85 0 9 0 95 

XMg 

X Grt-fel si c gnei ss 

0 Type-A 

« Type-B (a l  umr nous l ayer ) 

• Type-B ( fel s i c  l ayer ) 

!':,. Type-C 

Fig 12 Plot of Cr versus XMg zn sapphirzne for garnet felsic gneiss and alummous gneiss 
Fe2+ and Fe3+ of sapphirme were calculated based on stoichiometry (Higgins et al, 
1979) 
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• Type-B ( fel s 1 c  l ayer )  

6. Type-C 

+ Opx-fe l s  i c gnei ss 

Fig 13 Vanatzons m Or content and An  value of plagioclase from garnet felsic gneiss, 
alumznous gneiss and orthopyroxene felsic gneiss from Howard Hzlls 

45 m type-B alummous gneiss, and An25-35 m both the garnet fels1c gneiss and type-C 
alummous gneiss Type-B alummous gneisses have high An and low Or m the alummous 
layer, and low An and high Or content m the quartzo-feldspath1c layer. Orthopyroxene 
fels1c gneiss has a value of An33-44; 1t 1s ncher m Or than other rock types 
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Fzg 14 An-Ab-Or ternary feldspar diagram of calculated ongznal alkalz-feldspar composz
tzon, from plagwclase and orthoclase lamella composztwns zn samples from Howard 
Hzlls Ternary mzsczbzlzty gaps are calculated for P = 8 kbar (solzd lzne) and P = JO 
kbar (broken lzne) uszng the method of Kroll et al (1993) 

3 2 4 Mesoperth1te 
The ongmal chemical compositions of mesoperthite from garnet felsic gneiss, 

alummous gneiss and orthopyroxene felsic gneiss were obtained usmg the modal rat10 of 
host and lamella and the1r respective chemical compositions The restoration method 
used the followmg procedures 
1 )  A BEI photograph was taken for the mesoperthite 
2) The BEI image was scanned mto a personal computer 
3) The image was loaded mto image-analyzmg software ( e. g PhotoShop ), and the modal · 

ratio of each type of mesoperthite lamella was obtained using the binanzat10n 
funct10n (Or lamellae appear white, and Ab lamellae appear black in a BEI image) 

4) The ongmal composit10n of alkali feldspar was calculated by usmg the modal rat10 
of each lamella obtained m (3) and the composit10ns of the two lamella types 
obtamed by EPMA 

Although the plag10clase and K-feldspar lamellae re-eqmhbrated chemically at low temper
ature, the chemical composit10n obtamed by this method indicates the chemical composi
t10n of the mitial, very high-temperature, pre-exsolut10n feldspar (Fig 14) Temperature 
estimat10n is discussed below 

BaO contents of K-feldspar lamellae m mesoperthite vary with rock type Garnet 
felsic gneiss and type-C alummous gneiss have low BaO values (0 4-0 8 wt%), whereas 
type-A and -B alummous gneisses have high values (maximum 2 7 wt%) The BaO 
contents of type-A and -B alummous gneisses fall into two domains 2-2 7 wt% and 1-1 6 
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wt% BaO contents of K-feldspar lamella withm mesoperthite m orthopyroxene felsic 
gneiss are O 9-1 3 wt% (Fig 15) 
3 2 5 Orthopyroxene 

Orthopyroxene is present m the orthopyroxene felsic gneiss and, rarely, m the 
alummous layers of type-B alummous gneiss In the orthopyroxene felsic gneiss, XMg and 
Al203 contents are O 5 1-0.58 and 3 5-5 1 wt%, respectively Orthopyroxene generally 
shows composit10nal zonmg, with Al values highest m the core and gradually decreasmg 
toward the nm (Fig 16) XMg is lowest m the core, and mcreases toward the nm XMg 

and Al203 content of orthopyroxene m type-B alummous gneiss ranges from O 74 to O 8 and 
from 6 to 8 wt%, respectively Orthopyroxenes of the type-B alummous gneiss have high 
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Al content m the core that decreases toward the nm, and slightly higher XMg m the nm 
than m the core 
3 2 6 Spmel 

Spmel 1s brown under the plane-polanzed hght m all rock types Spmel analyses 
were performed on type-A and type-B alummous gneisses Cr203 and ZnO contents of 
spmels m the type-A alummous gneiss range from 4 to 5 wt% and 1 7 to 2 2 wt%, respective
ly Spmels from type-B alummous gneiss contam 4 7-5 5 wt% Cr203 and 3 4-3 5 wt% 
ZnO 
3 2 7 Cordiente 

Cord1ente 1s present only m alummous layers of type-B alummous gneiss, where 1t 
coexists with sapphmne, orthopyroxene and garnet Cord1ente has an XMg value of O 9-
0 93 wt% 

4. Discussion 

4 1  Metamorphic conditions 
The coexistence of sapphmne and quartz m the Howard Hills gneisses mdicates that 

these rocks have been formed under the stability field of sapphmne+ quartz, over 1030°C 
at 9 5 kbar (Hensen and Green, 1973) or over I050°C at 1 1  kbar (Bertrand et al , 199 1 ), 
dunng peak metamorphism These are mm1mum condit10ns, as higher temperatures are 
plausible, dependmg on the pressure condit10n Moreover, the sapphmne+ quartz stab1l-
1ty field may be shifted m this case, because sapphmne and spmel from the Howard Hills 
contam Cr and Zn 

Hokada et al ( 1999b) showed that An-Ab-Or ternary feldspar solvus is useful m 
estimatmg the peak metamorphic temperature of ultrahigh-temperature metamorphic rocks 
On this basis, 1t 1s plausible that the peak metamorphic cond1t10n of the Howard Hills 
garnet fels1c, alummous, and orthopyroxene gneisses could be estimated by applymg the 
ternary feldspar solvus method to the restored chemical composit10ns of high-temperature 
feldspars that had undergone retrograde mesoperthitic exsolut10n The solvus used 1s that 
of Kroll et al ( 1 993), which 1s a modified vers10n of that of Elkms and Grove ( 1 990) 
The peak metamorphic condit10n 1s estimated to be about 1000- 120(YC at 8 kbar and 
1000- l l 50°C at 10 kbar (Fig 14) All of the gneisses are thus the result of ultrahigh
temperature metamorphism at temperatures of 1000°C or more As a caut10nary note, a 
slight error may be mtroduced mto the calculat10n when the modal rat10 of each lamella 
1s obtamed by computer analysis of a BEI mesoperthite image The error trend appears 
on the lme that connects the analysis pomt of the plag10clase lamella with the analysis 
pomt of the orthoclase lamella, when the restored composition is plotted on the ternary 
solvus The estimated temperature 1s not affected by the error when the restored ongmal 
composit10n is located m the alkali feldspar reg10n, because the error trend 1s parallel with 
the solvus lme When the composit10n is plotted m the plag10clase reg10n, the tempera
ture estimate contams some uncertamty because the error trend crosses the solvus lme 
Even when this is taken mto considerat10n, however, the reliability of the temperature 
estimates for the garnet fels1c gneiss, the type-C alummous gneiss, and some of the type-A 
and -B alummous gneisses is high, because the ongmal composit10ns of mesoperthites m 
these rocks are located m the alkali-feldspar area 
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umts) x 1000 Solzd and large circle symbols are equilzbrzum compositzon of orth
opyroxene and coexzstzng garnet m type-B alumznous gnezss Solzd and small point 
symbols show the orthopyroxene with dzsequilzbnum composition relatzve to coexzstzng 
garnet. 
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Hokada et al (1999b) estimated peak metamorphic cond1t10ns for Mt. Rnser-Larsen 
and Tonagh Island at about 1050- l 100°C, and pomted out that the area around Amundsen 
Bay represents a generally high-temperature regime. A s1m1lar high-temperature cond1t10n 
1s estimated for the Howard Hills area, and 1t 1s suggested that the ultrahigh-temperature 
metamorphism extended over the ent1re area of Tonagh Island, Mt Rnser-Larsen and the 
Howard Hills, and perhaps beyond. The estimated P-T cond1t10n for the garnet
orthopyroxene eqmhbnum pa1r (both core compos1t10n) m type-B alummous gneiss, usmg 
the compos1t1onal isopleths of Hensen and Harley (1990), ranges from 850 to 950°C and 8 
to 9 kbar It 1s recogmzed, however, that these pa1rs may not represent an eqmhbrmm 
state, owmg to the1r retrograde d1ffus10n effects while coolmg from peak metamorphism 
(Fig. 17) The temperatures and pressure cond1t10ns calculated usmg the garnet
orthopyroxene geothermometer (Sen and Bhattacharya, 1984, Lee and Ganguly, 1988) and 
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garnet-orthopyroxene geobarometry (Newton and Perkms, 1 982, Harley, 1 984, corrected 

by Fitzsimons and Harley, 1 994) yielded from 830 to 900
°

C and 5 to 8 kbar (Fig 1 8) In 

general, the degree of modificat10n of garnet composit10n dunng high temperature 

metamorphism is greater than that of orthopyroxene ( e.g , Ganguly et al , 1 998, Smith and 

Barron, 199 1) The composit10n of garnets coexistmg with orthopyroxene has a lower 

XMg value than the calculated eqmhbnum composit10n (Fig 1 7) Therefore, the garnet 

seems to have acqmred this compos1t10n at a relatively low temperature, because Mg m the 

garnet is easy to diffuse These P-T estimates seem to show the P-T traJectory dunng 

retrograde metamorphism 

4. 2 Possibility of partzal meltzng 

Quartz is often mcluded m the cores of garnets m the sihca-undersaturated ( quartz 

absent) layers of types-A and -B alummous gneiss These quartz mclus10ns mdicate that 

the media around the garnet changed from s1hca-oversaturated condit10n dunng garnet 

crystal growth to s1hca-undersaturated condit10n after garnet crystalhzat10n Therefore, 

the alummous gneiss has clearly expenenced mass transfer Mass transfer by partial 

meltmg is suggested by the high Y contents m garnet cores of type-A alummous gneisses, 

high An values of plag10clase m the type-A alummous gneiss and m the alummous layer 

of type-B alummous gneiss, and high Ba content m the mesoperthite m the type-A 

alummous gneiss HREE such as Y and Yb concentrate m garnet when garnet coexists 

with melt (Rollmson, 1 993) Y concentrat10n m garnet is possibly the result of break

down of the Y-ennched phase, such as xenotime and apatite (Lanzirott1, 1995) or partial 



UHT metamorphic rocks from Howard Hills 83 

meltmg (Spear and Kohn, 1996) The Y-enrichment m the garnet should take place at the 
same time as the compos1t10n change from s1hca-oversaturated to s1hca-undersaturated 
Although Ba 1s generally an mcompat1ble element, the mesoperth1te possibly coexisted with 
the melt at high temperature, because Ba becomes compatible with the crystal structure of 
potassmm feldspar at high temperature (Rollmson, 1 993). The Y 203 content of garnet, 
the An value of plag10clase, and the BaO content of K-feldspar lamella m mesoperth1te of 
the alummous layer of type-B alummous gneisses show mtermediate values between that of 
the type-A alummous gneiss and those of the garnet fels1c gneiss and type-C alummous 
gneiss. Although the Howard Hills reg10n experienced ultrahigh-temperature metamor
phism with peak temperature condit10ns over l000°C, the type-A alummous gneiss and the 
alummous layers of type-B alummous gneiss show non-eqmhbrium textures with regard to 
trace element concentrat10n, such as zonmg of Y and Yb m the garnet and variable BaO 
content m mesoperth1te from domam to domam The t1mmg and partial meltmg react10n 
and process mvolved reqmre careful cons1derat10n M1gmat1te 1s not present m the 
Howard Hills The melt might have segregated completely from the host rock 1f partial 
meltmg took place during prograde metamorphism Then, mass transfer would have 
taken place m the host rock, changmg the bulk compos1t10n Type-A and -B alummous 
gneisses probably became enriched m Al and Mg and depleted m S102 during this process 
It 1s possible that partial melt was generated from type-A and -B alummous gneisses during 
prograde metamorphism, and subsequently segregated, whereas the restlte might have 
undergone ultrahigh-temperature metamorphism 
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