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ABSTRACT 

The Indian Head Range (IHR), which forms an inlier in the 

western foreland of the Appalachian orogen in Newfoundland, is 

mainly underlain by an upper amphibolite facies to granulite 

facies metaplutonic complex. Granulite facies units have 

annealed, high strain fabrics and include metanorthosite, 

meta-lherzolite, metagabbro and no~itic, dioritic, granitic 

and pelitic gneiss. They predate a lqss deformed, amphibolite 

facies, foliated hornblende granodiorite. 

The IHR shows two distinct sets of ductile deformation 

fabric (1) a relatively high strain group comprising 

gneissic to migmatitic rocks; and (2) a relatively lower 

strain group comprising foliated granitoids. Tilis grouping is 

compatible with a subdivision made on the basis of grade of 

metamorphism, with the higher strain group possessing 

granulite facies assemblage and the lower strain group being 

characterized by amphibolite facies assemblages. Considering 

the relative ages of the units, it appears that two 

metamorphjc events occurred in the IHR. 

Rare aluminous-magnesian mineral assemblages, indicated 

by the phases sapphirine and kornerupine, occur in the pelitic 

gneiss, which forms km-scale inclusions in metagabbro and 
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screens between metagabbro and other gneissic plutonites. 

Assemblages in the pelitic gneiss are subdivided into 

three groups. (1) Quartz-bearing assemblages consist of qtz-

opx-crd-sil-bio-pla-ilmjmt ± spl ± krn ± gnt ± gdr ± (ern). 

sapphirine-bearing assemblages are subdivided into an Al-rich 

assemblage (2) spr-krn-opx-crd-sil-bio-pla-ilmjmt ± spl ± rt, 

and an Al-poor assemblage (3) spr-opx-bio-pla-ilmjmt ± spl ± 

rt. The sub-assemblage spr-qtz has not been observed. Reaction 

textures suggest the following metamorphic history. In quartz

bearing rocks, an early crd-spl-high Al opx (8.5-9.5 wt% Al20 3) 

assemblage implies T ~ 900 °C and P ~ 6-8 kbars. Subsequent 

breakdown of cordierite (crd = opx-sil-qtz) and the reaction 

opx-sil = gnt-qtz imply T :::: 800 oc and P ~ 8-10 kbars. In 

quartz-free rocks, the reaction crd-spl = spr-opx took place 

under similar P-T conditions. Kornerupine replacement jy the 

reaction krn = spr-cr.d-low Al opx (5-7 wt% Al20 3) implies much 

lower pressures (5-6 kbars/ at similar T (750 - 800 °C) , 

indicating a quasi-isothermal synmetamorphic decompression 

event from 8-10 to 5-6 kbars. 

Maximum P-T estimates for garnet-bearing assemblages 

using a variety of geothermobarometers are in the range 8 ± 1 

kbar and 780 - 880 oc, consistent with estimates from 

petrogenetic grids. 

The P-T path inferred on the basis of petrogenetic grids 



iv 

shows an initial period of cooling under isobaric (or possibly 

slightly increasing P) conditions from 900 to 800 oc, followed 

by nearly isothermal decompression from 8-10 to 5-6 kbars. One 

possible speculation is that such uplift may be attributed to 

tectonic transport ~uring the Grenvillian orogeny. 

The metamorphic conditions obtained from the IHR indicate 

a relatively higher P and T than results from the Long Range 

Inlier and the Disappointment Hill Complex, other Grenville 

basement inliers in western Newfoundland. However, there is a 

consistent increase in P and T gradually from northeast to 

southwestern through~ut the Long Range Inlier, as pointed out 

by 0Nen and Erdrr.er (1989), and the data for the IHR fit this 

pattern. 
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1-1 PURPOSE 

CHAPTER 1 

INTRODUCTION 

1 

The study is concerned with the bedrock geology of the Indian 

Head Range in western Newfoundland, and with the estimation of 

the metamorphic conditions and metamorphic history of the 

principal lithologies. 

The Indian Head Range is an inlier of Precambrian 

crystalline rocks in western Newfoundland, and is one of 

several such bodies which form a prominent chain of massifs 

a long the western margin of the Appalachi.an Orogen (Hatcher 

1983) (Fig. 1). The inliers are generally considered to be the 

southern extension of the Grenville Province, which is 

situated along the southeastern margin of the exposed canadian 

Shield. Several Grenvillian basement inliers occur in 

western Newfoundland and they form a topographic high known as 

the Long Range Mountains. The largest of these inliers, the 

Long Range Inlier (Fig. 1) exposes a high grade plutono

metamorphic complex that has recently been shown to have a 

prolonged and complex geological history (Owen 1991), and it 



Figure 1. Map shows distribution of Grenville basement inllers in the 
Appalachian orogen (after Hatcher, 1983). 
Dashed line: northwest limit of the Appalachian orogen. 
IHR: Indian Head Range, SMC: Steel Mountain Complex 
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is the aim of this study to provide comparable data for the 

Indian Head Range. 

Recently, several studies of the Precambrian inliers in 

the Appalachian orogen have shed light on the metamorphic and 

deformational Effects of the Grenvillian and earlier orogenic 

events, and also on the later effects of the Appalachian 

orogeny. Presumed Grenvillian basement has recently been 

identified in several areas of the southwestern Long Range 

Mountains in Newfoundland (e.g . the Disappointment Hill 

comp lex within the Steel Mountain terrane, see van Berkel 

1987, currie 1987) and, also in northern Cape Breton Island, 

Nova Scotia (Barr et al,. 1987). These studies have 

demonstrated that each inlier is individually distinct in 

terms of 1 i tho logy 1 age 1 structural history and grade of 

metamorphism. 

This thesis is subdivided in the following manner. 

Chapter 1 gives an overview of the regional setting and 

general geology of the Indian Head Range. Description and 

discussion of the lithological and structural character of the 

map units are presented in detail in chapters 2 and 3. 

Chapter 4 is concerned with metamorphism of the study area. 

Special atte~tion is paid to the sapphirine and kornerupine

bearing assemblages from aluminous magnesian pelitic gneisses, 



4 

which preserve evidence of the mineral reactions that took 

place during the metamorphic evolution of the area, and these 

are described a~d discussed in detail. Metamorphic conditions 

are constrained tnrough use of available petrogenetic grids on 

the basis of the interpretation of the mineral reactions. In 

Chapter 5, independent estimates of pressure and temperature 

are Made by geothermobarometry utilizing the analyzed 

compositions of coexisting minerals, and the results are 

compared with the estimates made from the petrogenetic grid. 

In Chapter 6, an attempt is made to integrate the geology and 

metamorphic conditions to infer a synmetamorphic P-T path for 

the Indian Head Range. Finally, 

inliers, ~ncluding the Long 

comparisons with adjacent 

Range Inlier and the 

Disappointment Hill complex, are made. 

1-2 APPROACH EMPLOYED 

The study area was mapped at a 1:12,500 seale during the 

summer of 1990, with an additional short field season in 1991 

to check critical outcrops. Most mdpping was done by foot 

traverse. About 400 representative samples from different rock 

types were collected and 200 thin sections were made for 

petrographic study, mineral analysis with the electron 

microprobe and geothermobarometric calculations. About 40 hand 
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specimens and 30 thin sections were stained for K-feldspar 

with sodium cobaltinitrite following the method recommended by 

Bailey and Stevens (1960) and Norman (1974) in order to aid 

1 i thological classification. Quantitative P-T estimates of 

metamorphic conditions are based on various published 

geothermobarometers in the computer program P-T Calc of Mengel 

(1987). 

1-3 REGIONAL SETTING 

The Indian Head Range, which is considered a part of the Long 

Range Mountains of western Newfoundland, is situated along the 

western margin of the Appalachian orogen, and is interpreted 

as an inlier of Grenvillian crystalline basement roc~s 

reworked during the Appalachian orogen. 

In terms of its structural relationships with the 

surrounding younger Paleozoic rocks, the inlier occupies the 

core of an anticline that developed in the hanging-wall of a 

west-directed Acadian thrust, and the eastern margin of the 

inlier is marked by an east-directed back thrust (Cawood and 

Williams, 1988) as shown in the simplified cross-section in 

Fig. 2. 

The interpretation that the inlier is a part of the 

-~--- - - - - - -----

1 
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Figure 2. Simplified geological map of part of western Newfoundland (after Cawood and Williams 
1988) showing that basement rocks in the IHR were involved in Paleozoic thrusting. 
Unexposed faults shown in cross-section were inferred from seismic data. 
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Grenville basement is based on the general lithological, 

deformational and metamorphic similarities with rocks of the 

Grenville Province in southern Labrador and with other inliers 

in the western margin of the Appalachian orogen (see Fig. 1). 

A Grenvillian age is supported by available K/Ar and Ar/Ar 

radiometric age dates of 825-9~0 Ma from rocks of the Indian 

Head Range (Lowden 1961, Lowden et al. 1963, Dallmeyer 1978) • 

However, it is not clear which units in the area were dated 

and, in any case, it is likely that these are minimum ages, 

dating the time of cooling through the closure temperature of 

argon loss from the host minerals. This interpretation is 

reinforced by the recently reported U/Pb zircon ages of ::::: 

1, 500 Ma from granitoid reeks of the adjace~t inlier, the 

Disappointment Hill complex (Owen and Currie 1991). Owen 

(1991) has also provided data indicating a 1550 Ma age from 

quartzfeldspathic gneiss of presumed igneous origin in the 

Lony Range Inlier. Thus the available absolute age data for 

the study area are insufficient to constrain the geological 

history in terms of timing. 

Therefore, for more detailed comparison with other 

inliers and with the Grenville Province itself, absolute age 

determinations are indispensable. U/Pb geochronological work 

is in progress for five of the units outlined in this study, 

in collaboration with Or G.R. Dunning of Memorial University. 
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The results will be published separately. 

1-4 LOCATION, PREVIOUS WORK AND GENEB.AL GEOLOGY 

J.-4-1 Location 

'fhe Indian Head Range is located approximately 6 km east ol 

Stephenville, western Newfoundland and is bounded by latitudes 

48°30' and 48°39' N, and longitudes 55°24' and 55°3~' w. 'l'he 

range forms a ridge rising to approximately 600 m running 

inland in a NNE direction from St. George's Bay (t,ig J). A 

prominent valley occupied by Long Gull Pond divides the range 

into northern and southern portions. Indian Head, a promontory 

from which the range takes its name, extends about 2 km into 

St. George's Bay (Fig. 4) • This thesis is concerned with the 

southern portion of the range, south of Long Gull Pond. 

1-4-2 Previous work 

There has been very little previous mapping and few reported 

geological studies in the Indian Head Range. Several mining 

companies conducted prospecting programmes for magnetite 

deposits prior to 1941. The Geological Survey of Newfoundland 

mapped the area and investigated the economic potentia 1 for 



Fiqure 3. Topography of the southern part of the Indian Head 

Range looking towards St. Georges Bay from middle 

of the range. 

Figure 4. Topography of the Indian Head area looking east 

from the western side of Port Harmon. 



10 



11 

renewed iron mining in 1942, but the work was not published 

until after World War II (Heyl and Ronan 1954). Clifford and 

Baird (1962) also briefly noted the relationship between the 

Indian Head Range and the younger Paleozoic rocks. Colman

Sadd (1969) undertook an M.Sc. study on the genesis of the 

iron deposits (the Indian Head Mine, the Upper Drill Brook 

Mine, the Cliff Mine and the Skindles Mine) and the petrology 

of the country rocks in the area. Apart from the collection of 

samples for K/Ar and Ar/Ar age determination noted previously, 

there has been no further geological study since that date. 

1-4-3 General geology 

The Indian Head Range consists principally of granulite facies 

rocks, and as with several other g~an~!it~ facies terranes of 

the Grenville Province, it is dominated by the "anorthosite 

suite" (anorthosite and associated gabbroicfnoritic gneiss and 

pyroxene-bearing granitoids), and contains volumetrically 

minor amounts of other rock types, in this case, pelitic 

gneiss. Even though the study area is relatively small, the 

range of lithological and metamorphic features of each unit in 

the Indian Head Range is similar to those of much larger 

granulite facies terranes associated with anorthosite suites 

elsewhere in terms of both mineral assemblages and metamorphic 

and deformational characters. 
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The geology of the southern part of the Indian Head Range 

is summarized in the geological sketch map (Fig. 5) and is 

shown in more detail on the accompanying 1: 12,500 scale map 

(in the pocket at the back of the thesis). Map units which are 

described in this study are defined on the basis of both their 

lithologic and structural character. 

The study area consists of a variety of orthogneisses, 

including anorthosite, neritic gneiss, metagabbro, dioritic 

gneiss and meta-granitoids of two types: variably foliated 

biotite granite and foliated hornblende granodiorite. Minor 

areas of paragneiss (mostly metapelite) are exposed between 

the metagabbro and variably foliated bi~tite granite in the 

middle part of the study area and as lenses within the 

metagabbro. Lherzolite is exposed as a large (decimetric) 

scale boudin in the dioritic gneiss. 

Paleozoic sedimentary cover rocks are locally exposed at 

the contact with the metagabbro and variably foliated biotite 

granite in the eastern part of the study area. The 

uncomformable relationship between the Paleozoic sedimentary 

rocks and older high grade metamorphosed rocks has been 

described by others (see Cawood and Williams 1988). 

The Indian Head Range forms ~ large (10's of km) scale 

elongate dome, of which the longer axis trends northeast, with 



Figure 5. Slmpllfled geological map of the souti.em part 
of the Indian Head Range. 
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the anorthosite body located near its center (Heyl and Ronan 

1~54). The dome is an Acadian (?) feature which is interpreted 

to have developed as the crystalline basement r~cks became 

involved in west-directed thrustinq. Imbrication of basement 

horses is interpreted to have caused the formation of a ramp 

anticline, which was later cut by easterly-directed back

thrusts that locally elevated the basement rocks into the 

level of the surrounding cover (Cawood and Williams 1988) 

(Figure 2). Outcrop scale effects of this Acadian deformation 

are manifest as widespread brittle fractures. In outcrop it 

can clearly be observed that the brittle fractures cut older 

ductile deformation fabrics in the Precambrian units. This 

ductile deformation is expressed as gneissosity, miqmatitic 

layering and foliation. Although locally folded, the 

predominant trend of the ductile fabrics is also NNE, 

subparallel to the long axis of the dome, but it is not clear 

whether the fabric orientations in the basement controlled the 

orientation of superimposed structures during the Acadian(?) 

thrusting. 

Two types of ductile deformation fabric can be 

distinguished. Gneissosity and miqmatitic layering, developed 

mainly in mafic gneisses, are associated with granulite facies 

mineral assemblages and evidence of high strain is widespread. 

Foliated fabrics, on the other hand, occurring principally in 

the foliated hornblende granodiorite unit, formed under 
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relatively lower strain and are characterized by amphibolite 

facies mineral assemblages. The most prominent deformational 

features in the study area are two high strain zones up to 200 

m wide formed in various types of mafic gneiss, lherzolite and 

granitoid rocks adjacent to the anorthosite, that are 

interpreted as major shear zones. One is particularly well 

exposed along the coast line east of the anorthosite body, 

where it strikes NNE-SSW. The other shear zone, on the 

northwestern side of the anorthosite, strikes NE-SW. 

In terms of relative age relationships as determined from 

field observations, the metagabbro, neritic gneiss and 

anorthosite are younger than the pelitic gneiss: enclaves of 

the latter occur locally in the metagabbro and noritic gneiss. 

The noritic gneiss is older than the metagabbro because 

xenoliths of the noritic gneiss are observed within the weakly 

deformed metagabbro. The relative age relationship between the 

variably foliated biotite granite and the mafic gneisses 

(including anorthosite) is obscured by deformation. However, 

a boudin (2-3 rn length) of granitic composition, which is 

considered to be a defor~ed dike, is included in the dioritic 

gneiss. This relationship suggests that the mafic gneisses may 

be older than the variably foliated biotite granite. The 

foliated hornblende granodiorite is distinguished from other 

units in being significantly less deformed and also by its 
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amphibolite facies mineral assemblages. contact relationships 

establish that this unit is younger than the metagabbro, 

noritic gneiss and variably foliated biotite granite. Small 

undeformed medium- to very coarse-grained peqmatitic dikes and 

sills of alkali feldspar granite composition (not shown in 

Fig. 5) are ubiquitous throughout the area and younger than 

all the other intrusive units except the Paleozoic mafic 

dikes. The latter are in part tentatively correlated with the 

Long Range dyke swarm, and are thus interpreted to have been 

emplaced about 615 Ma (Kamo et al. 1989). However, some bodies 

may be much younger (Jurassic ?) and associated with the 

opening of the present Atlantic. 

The Indian Head Range has several small scale iron 

deposits noted above. Some of them were exploited commercially 

earlier this century. The Upper Drill Brook Mine and Skindles 

Mine, which are located north and east of Gull Pond, occur at 

the edge of the pelitic gneiss (unit 1). The Cliff Mine, which 

is located immediately to the north of Gull Pond, and the 

Indian Head Mine, which is located approximately 50 m east of 

the Newfoundland & Labrador Board Mill occur within the 

noritic gneiss (unit 2), near the contact with the variably 

foliated biotite granite (unit 7). 
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CHAPTER 2 

DESCRIPTIOH OP LITHOLOGIC UHITS 

This chapter includes field and hand sample descriptions of 

the map units, and chemical compositions for major mineral 

phases in all units except the pelitic gneiss. The mineral 

chemistry of the pelitic gneiss unit is discussed in detail in 

Chapter 4. 

2-1 Unit 1: Pelitic gneiss 

This unit is exposed as several bodies in the study area, the 

largest of which occurs between the neritic gneiss and the 

variably foliated biotite granite in the northern central part 

of the area (Fig. 5). Several small inclusions and lenses of 

biotite psammite ( 1-2 em in width) in the metagabbro and 

noritic gneiss are also assigned to this unit. 

This unit comprises heterogeneous leucocratic to 

mesocratic pelitic (locally) to quartzofeldspathic gneisses. 

The unit is commonly pale green or pale grey in outcrop 

and variable from porphyroblastic to granoblastic in texture. 

Segr6gations (from a few em to tens em of wide) into leucosome 



Figure 6. Field photograph of sapphirine and the kornerupine

bearing pelitic gneiss showing concentration of 

kornerupine (brown) and sapphirine (blue color) in 

folded pelitic layer. Lens cap is 5 em in diameter. 

Sample# : SA-B-1. 

Figure 7. Field photograph of the sapphirine-bearing pelitic 

gneiss showing sapphirine aggregates (blue) 

associated with leucosomes. Brown mineral defining 

foliation is orthopyroxene. Sample# : SA-C. 
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and melanosome are generally developed, in particular, in 

quartzofeldspathic gneiss. The melanosomes consist mainly of 

orthopyroxene, biotite, plagioclase and rarely (in pelitic 

layers), sapphirine and coarse kornerupine (Fig. 6). Biotite 

is gener~lly developed with sapphirine as fine-grained 

aggregates in the melanosomes. The leucosomes consist of 

quartz (in quartz-bearing rocks), fine-grained plagioclase, 

orthopyroxene and cordierite. Garnetiferous biotite-bearing 

gneiss is observed in a few outcrops. Fine-grained garnet, 

orthopyroxene and biotite show well developed layerings. 

Sapphirine- and jor kornerupine-bearing assemblages occur 

in well-defined layers in som~ gneissic rocks (Fig. 6), 

presumably reflecting an (original sedimentary ?) layering of 

appropriate composition. Elsewhere, however, sapphirine forms 

nodules ranging from 2 to 5 em in width and lacking preferred 

orientation. The origin of these features is not certain, but 

they appear to have been enhanced by leucosome segregations 

(Fig. 7). 

The major min~rals of this unit are quartz, plagioclase 

(An j . _10), antiperthite, cordierite, sillimanite, biotite and 

orthopyroxene. Fresh plagioclase occurs locally, but cloudy, 

saussuritized grains are ubiquitous. Distorted twin lamellae 

of plagioclase are also observed. Green spinel, which is 
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exsolved from Fe-Ti oxide, is found in sapphirine-bearing 

samples and is generally accompanied by accessory prismatic 

and fibrous sillimanite. Sillimanite is also present as rhombs 

and needles, and as coronas around composite 

magnetite/ ilmenite grains. Cordierite occurs as relatively 

coarse grains which are associated with sillimanite and 

orthopyroxene. Sillimanite and orthopyroxene locally occur as 

symplectic intergrowths around cordierite. Sapphirine in some 

specimens consists entirely of intimately intergrown fine 

grains (Fig. 8), whereas in others there are isolated larger 

crystals (0.5 - 1 em). The sapphirine is generally associated 

with orthopyroxene, kornerupine, magnetite/ilmenite and spinel 

either as corona phases or in symplectic intergrowth. 

Kornerupine occurs as porphyroblastic grains (Fig. 9) and is 

partially replaced by symplectites of sapphirine and 

orthopyroxene. Quartz does not develop in contact with 

sapphir ine, but does occur with orthopyroxene, kornerupi ne and 

spinel. 

It is difficult to determine the protolith of these rocks 

due to the lack of many primary features and whole rock 

chemical data. However, the presence of compositional layering 

in some outcrops, together with aluminous mineral assemblages 

including sapphirine, kornerupine, sillimanite and cordierite 

is consistent with a sedimentary origin. 
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Figure 8. Photomicrograph showing aggregate of fine grained 

sapphirine (center and bottom left of 

photomicrograph) in biotite-rich pelitic gneiss. 

Width of photomicrograph 

polarized light. sample# 

5 . 4 mm. Crossed 

S-22. 

0: orthopyruAene, B: biotite, Sa: sapphirine. 

Figure 9. Photomicrograph showing porphyroblast of 

kornerupine enclosed by fine-grlined ~illimanite 

and orthopyroxene. Width of photomicrograph : 2.9 

mm. Crossed polarized light. K: kornerupine. 

Sample# : SA-B-1. 
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Age relations 

contacts between the pelitic gneiss and adjacent units have 

not been seen. However, several exposures in the noritic 

gneiss and metagabbro have the form of thin lenses, which are 

considered to be inclusions in these units, implying that the 

pelitic gneiss predated the noritic gneiss and metagabbro. 

2-2 unit 2: Horitic Gneiss 

Noritic gneiss is mainly distributed around the anorthosite 

body in the southern part of the study area and is associated 

with metagabbro (unit 3) in the middle and northern part of 

the study area as shown in Fig. 5. 

The unit is a strongly deformed meta-norite with 

gneissose fabric (Figs. 10 and 11). This dark to buff coloured 

rock shows compositional layering with layers of ultramafic 

composition ranging in width from a few mm to ~0-30 em 

alternating with leucocratic layers of anorthositic 

composition (Fig. 11). The ultramafic layers consist of 

elongate and subrounded deep-brown orthopyroxene, composite 

ilmenite/magnetite grains, and (locally) fine-grained pinkish 

brown garnet and bio~ite. Where magnetite/ilmenite and 



Figure 10. Field photograph showing outcrop of strongly 

deformed noritic gneiss. 
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rock has a light-brown 

developed layering. The 

leucocratic bands consist of fine- to medium-grained 

plagioclase and fine-grained orthopyroxene, biotite and 

composite ilmenite/magnetite. The plagioclase occurs as both 

dark grey crystals up to a few mm across and as milky grey, 

finer grains. The milky grains appear to be recrystallized. 

Plagioclase porphyroblasts have a wide range of 

composition (An 42-63 ) , commonly exhibit bent twin lamellae, and 

are set in a fine-grained granoblastic matrix apparently 

resulting from high strain deformation. The fine-grained 

plagioclase shows a simila~ variable range of composition (An 

'" 60 ) • Retrograde hornblende and biotite are locally developed 

around relatively coarse orthopyroxene grains. Orthopyroxene 

is bronzite (En 82_75 ) in composition and shows reddish brown to 

deep green pleochroism (Fig. 12). Where present, garnet 

(almandine: 50-57, pyrope: 43-50) occurs principally as 

poikiloblastic weakly zoned crystals associated with 

orthopyroxene and biotite, and contains abundant biotite 

inclusions. 

Amphibolite, consisting essentially of green hornblende 

and plagioclase, occurs locally in this unit as irregularly 



rigure 11. Photograph of representative hand &pecimen of 

noritic gneiss showing well-developed gneis&ic 

texture. Brown bands consist of orthopyroxene and 

light colored bands consist principally of 

recrystallized fine grained plagioclase. Scale in 

em. Sample# : S-638. 

Figure 12. Photomicrograph showing representative texture of 

noritic gneiss. Elongated coarse-grained 

orthopyroxene with typical brown-green pleochroism 

in the central part of the photomicrograph and 

fine-grained biotite in plagioclase rich-layers in 

the lower part of the photomicrograph. Width of 

photomicrograph 

Sample# : S-638. 

8. 8 mm. Plane polarized 1 ight. 
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shaped enclaves up to }.0-30 em in size. These have subangular 

forms in areas of relatively low strain. The foliation of the 

amphibolite is parallel to that of the surrounding nor.itic 

gneiss. 

Age relations 

In the contact zone between the anorthosite and the noritic 

gneiss, intercalations of one into the other are common. They 

are interpreted to be the result of deformation. Igneous 

cross-cutting relationships have not been observed, and so the 

age relations between the two units has not been established. 

2-3 Unit 3: Metagabbro 

This unit mainly occupies the eastern part of the study area, 

with small bodies also being exposed in northwestern margin of 

the study area. 

This unit differs from the neritic gneiss (unit 2) in 

being massive, having a fine grain size (1-3 mm) and 

containing abundant clinopyroxene. It represents a 

recrystallized and relatively homogeneous leucocratic gabbroic 

rock (Fig. 13). However, locally, fine compositional layering 

(up to few mm in width) consisting mainly c, f orthopyroxene and 



Figure lJ. Field photograph showing an outcrop of the 

metagabbro. Note: red weathering a long fracture 

surfaces. 

Figure 14. Photomicrograph showing granoblastic-polygonal 

texture of the metagabbro. Note : abundance of 120° 

triple point grain boundaries and recrystallized 

orthopyroxene, clinopyroxene and plagioclase. Width 

of photomicrograph 

light. 

5. 4 mm. Crossed polarized 

o: orthopyroxene, C: clinopyroxene, Pl: 

plagioclase. Sample# : S-7. 
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clinopyroxene is recognized on weathered surfaces. The unit 

is locally strongly fractured and stained red by oxidation 

along superimposed (presumably Paleozoic) fracture surfaces. 

Microscopically, the metagabbro has a granoblastic

polygonal texture due to recrystallization, which appears to 

have eliminated any original igneous textures (Fig. 14). The 

dominant mineral assemblage is orthopyroxene + clinopyroxene 

+ plagioclase with the ratio clinopyroxene/ (clinopyroxene + 

orthopyroxene) being about 0.4. Pl ... gioclase, which is present 

as homogeneous equant grains, ranges in composition from An 42_ 

~· Orthopyroxene occurs as xenoblastic grains and is 

hypersthene (En 64_56) in composition with pink to green 

pleochroism. Clinopyroxene occurs as both isolated crystals 

and as grains coexisting with orthopyroxene. Clinopyroxene 

ranges from Woso En37 Fs13 to Wo44 En28 Fs28 in composition. The 

pyroxenes are locally partly replaced by Ca-rich amphibole, 

but are usually fresh. Biotite and magnetite/ ilmenite are 

common minor phases. The biotite contains a relatively high Ti 

content ( Ti02 : up to 4.5 wt.%). Locally the apparently 

retrograde assemblage hornblende + garnet is developed. 

However, although two-pyroxene and hornblende + garnet 

assemblages occur, neither t_,o-pyroxene-garnet nor 
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Figure 15. Field photograph showing a xenolith of neritic 

gneiss in metagabbro. The xenolith is rimmed by a 

selvedge composed of fine grained orthopyroxene. 
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c 1 j nopyroxene-garnet occurrences are observed in this unit. 

Quartz (2-3 %) is relatively rare, but is common in samples 

from the contact zone with the granitoids, where it occurs as 

small anhedral crystals along plagioclase grain boundaries. 

Age relations 

The boundary between the noritic gneiss and metagabbro is 

gradational in the field so that the relative age relationship 

is obscure. However, xenoliths of the noritic gneiss within 

the undeformed metagabbro were observed at one locality (Fig. 

15), implying that the unit postdates the noritic gneiss. 

2-4 Unit 4: Anorthosite 

The anorthosite body forms the southwestern tip of the Indian 

Head Range. The best exposures are in the quarry which is 

located at the end of Indian Head (Fig. 16). 

Coarse (up to 10-15 em) to medium-grained, white to deep 

grey plagioclase of approximately An so.63 composition accounts 

for more than 90 percent by the volume of this unit. Although 

the rocks generally exhibit a massive texture in outcrop, they 

also show evidence of significant ductile deformation, with 
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Figure 16. Field photograph showing the quarry in the 

anorthosite body looking east from Indian Head 

Park. 
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primary deep purple-grey plagioclase crystals up to 15 em in 

size surrounded by haloes of smaller secondary milky white 

grains (Fig. 17). Accessory phases include ap1tite, rutile, 

magnetite and ilmenite. Secondary epidote and chlorite are 

common on fracture surfaces. The grain size of the plagioclase 

gradually becomes reduce~ and homogeneous toward the boundary 

of the unit where it grades into the noritic gneiss. Locally, 

in the marginal parts of this unit where orthopyroxene is 

relatively abundant, the rocks show narrow compositional 

banding (1-3 em) defined by strongly deformed orthopyroxene 

similar to that in the neritic gneiss. In the contact zone 

between the anorthosite and the nor i t i c gneiss (Unit 2) 

intercalations of one into the other are common. The 

anorthosite locally preserves a weak compositional layering 

considered to be igneous in origin, which is between 30-50 em 

in width and consists mainly of concentrations of undeformed 

orthopyroxene phenocrysts. The orthopyroxenes occur as 

crystals ranging from a few mm to giant crystals with 

dimensions in excess of 30 em (Fig. 19). These megacrysts of 

orthopyroxene have sub-round to irregular shape and occur 

singly or in aggregates in this unit . Locally, the 

orthopyroxenes are rimmed by green hornblendes. 

on the microscopic scale, deformed igneous plagioclase 

porphyroclasts with peripheral plagioclase neoblasts in mortar 



Figure 17. Photograph of hand specimen of anorthosite showing 

grey subrounded plagioclase megacrysts in 

recrystallized fine grained milky plagioclase. 

Sample# : S-61. 

Figure 18. Photomicrograph of thin section of specimen shown 

in Fig .17, Sl.QWing plagioclase phenocryst with bent 

lamellar twinning and undulose extinction, 

surrounded by subgrains of recrystallized 

plagioclase with mortar texture. Width of 

photomicrograph : 5.4 mm. Crossed polarized light. 
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texture are typical (Fig. 18). Twinned, bent and broken 

porphyroclasts of plagioclase of An j0-67 composition are common. 

In some sections from relatively highly deformed areas, 

granoblastic texture dominates. The plagioclase neoblasts have 

a similar composition to porphyroclasts and are generally 

saussuritized along grain boundaries or cracks. Orthopyroxene 

tEn 63-67 ) is the dominant mafic mineral. The composition of 

orthopyroxene in the unit is quite similar to that of 

metagabbro unit, but considerably more Fe rich than that in 

the neritic gneiss. The orthopyroxene megacrysts are 

internally recrystallized, and the crystals may contain 

inclusions of plagioclase as blebs and lamellae which are 

considered to be formed by exsolution. Thus, texturally, the 

orthopyroxene megacrysts (Fig. 19) in the anorthosite appear 

to belong to category 1 of Emslie (1975), characteristic ::>f 

crystallization within the mantle and at deep crustal level. 

Minor biotite and hornblende are observed around 

orthopyroxene. Magnetite and/or ilmenite are locally 

intergrown with orthopyroxene. 

Age relations 

Anorthosite dikes with coarse grained pegmatitic orthopyroxene 

and plagioclase are observed in the anorthosite body and in 
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Figure 19. Field photograph showing orthopyroxene megacrysts 

up to 7 em diameter in the anorthosite. 
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the surrounding noritic gneiss. They imply that the 

anorthosite is younger than the noritic gneiss. A variety of 

granitoid dikes ranging from alkali feldspar granite to 

granite also intrude the anorthosite body. Based on 

composition, these granitoid dikes appear to be related to the 

variably foliated biotite granite (Unit 7) w~1ich is 

distributed in the eastern and northern part of the study 

area. Anorthosite dikes have not been observed within the 

variably foliated biotite granite, so these observations may 

imply that the ar.orthosite is older than the variably foliated 

biotite granite. 

2-5 Unit 5: Dioritic gneiss 

This unit principally occurs adjacent to the anorthosite body 

(Unit 4} between the noritic gneiss and the variably foliated 

biotite granite in the southern part of the area, and it 

comprises a conspicuous part of the high strain zone in the 

study area. 

The unit exhibits continuous melanocratic and leucocratic 

layering ranging from a few mm to tens of em in width (Figs. 

20 and 21). The melanocratic layers consist of amphibole, 

orthopyroxene, clinopyroxene and plagioclase, and the 

leucocratic layers contain principally fine-grained 
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Figure 20. Field photograph of the dioritic gneiss showing 

subhorizontal high strain layering. 



Figure 21. Photograph showing hand specimen of the dioritic 

gneiss from outcrop in Fig. 20. Note strongly 

developed banding defined by variable concentration 

of felsic and mafic phases. Sample# : S-648. 

Figure 22. Photomicrograph showing recrystallized 

granoblastic-polygonal texture of melanocratic part 

in the dioritic gneiss. Note retrograde amphibole 

formed from orthopyroxene and clinopyroxene. Width 

of photomicrograph : 5. 4 mm. crossed polarized 

light. Sample# : S-1038. 
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plagioclase and minor quartz and K-feldspar. Well developed 

and clearly exposed layering is preserved on the southeastern 

shore in the Indian Head area. The effects of penetrative 

ductile deformation are widespread and characterize the unit. 

On the micros~opic scale, this unit generally has a fine 

grained granoblastic-polygonal texture (Fig. 22). Its 

constituent mineralogy is quartz ( <10 \), plagioclase<~ 65 

\),hornblende c~ 20 \),orthopyroxene c~ 3 \),clinopyroxene 

c~ 2 \) and minor biotite. 

Plagioclase has a relatively narrow range of composition 

(An 44.56> and is partially alt.ared to sericite and epidote. 

Quartz grains in plagioclase rich layers are xenomorphic. 

orthopyroxene and clinopyroxene are ubiquitous and locally 

show mutually stable contact relations. Their compositions are 

very similar to those from metagabbro (Unit 3). They are 

partially replaced by hornblende, which may be entirely 

retrograde in origin. Ilmenite is the most common oxide and is 

very abundant in places, and apatite is generally an important 

minor constituent. 

Age relations 

The contacts with noritic gneiss, anorthosite and variably 
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foliated biotite granite are highly deformed so that relative 

age relationships are difficult to interpret. However, the 

existence of ellipsoidal masses (20-30 em width, 2-J m length) 

of granitic composition interpreted to be deformed dikes 

within the dioritic gneiss, implies that the unit is older 

than the variably foliated biotite granite. 

2-t Upit t: Lherzolite 

This unit forms a megaboudin several tens of meters in length 

and several meters in width within the highly strained 

dioritic gneiss in the southern part of the study area (Fig. 

23}. The lherzolite is deep brown in color in outcrop and is, 

in part, altered to serpentine. The contact with the dioritic 

gneiss is concordant with the main foliation of the high 

strain zone. 

The lherzolite principally consists of olivine(~ 60 %), 

orthopyroxene c~ 30 %) and clinopyroxene c~ 10 %) and 

typically shows granoblastic and relict hypidiomorphic

granular texture. Olivine is commonly interlaced with 

serpentine and magnetite. Orthopyroxene and clinopyroxene 

generally occur as xenoblastic grains. 
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Figure 23. Field photograph showing part of a large ultramafic 

boudin of lherzolitic composition that occurs in 

the high strain zone composed principally of the 

dioritic gneiss. Note partial alteration to 

serpentine (white cracks in lower left hand side of 

photo}. 
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2-7 Unit 7: variably foliated biotite granite 

The variably foliated biotite granite is widely distributed 

across the Indian Head Range, but the best exposed body occurs 

in the northwestern part of the study area. 

The predominant rock type of this unit is a fine to 

medium grained leucocratic biotite granite but a granodiorite 

facies is developed in the contact zone with neritic gneiss 

and metagabbro. 'l'hese two lithologies can be distinguished on 

the basis of their modal compositions of quartz, K-feldspar 

and plagioclase (Fig. 24), but are otherwise similar. 

on fresh surfaces, the rocks are characteristically buff 

or olive brownish, but weather to a dirty pink color. The 

texture varies from granular to :strongly foliated to weakly 

gneissic and partially migmatitic (Figs. 25 and 26). The 

foliation is defined by elongated quartz and the preferred 

orientation of biotite. The gneissic texture is mainly 

observed in the contact zone with other units. The presence of 

flattened alkali feldspar granite dykes and quartz veins 

parallel to the foliation reinforces the gneissic texture. 

The granitic facies of the unit is generally 

characterized by approximately 55% mesoperthite, 30% quartz, 
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Figure 25. Field photograph showing weakly foliated biotite 

granite. 

Figure 26. Field photograph showing outcrop of the strongly 

deformed biotite granite with a single straight 

layering ( E-W in photograph) . White bands consist 

mainly of quartz. 
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10% plagioclase. Most of the rocks exhibit a granoblastic 

texture but some grain boundaries are irregularly sutured 

(Fig. 27). In strongly deformed examples, quartz forms 

lenticular grain aggregates that are interpreted to be 

recrystallized quartz ribbons (Fig. 28). Patch and plume 

mesoperthite are common, but string types also occur. 

Plagioclase with composition of An 2s_33 occurs as equant grains. 

Orthopyroxene occurs locally and is partially altered to 

amphibole. Biotite is ubiquitous and has a relatively high Ti 

contents ( Ti02 3.5-5 wt. %) . Magnetite, ilmenite and apatite 

occur as accessory minerals. Secondary epidote, sphene and 

chlorite are common. 

The unit also locally includes Fe-Ti oxide layers (Fig. 

29), ranging in width up to 30-40 em in contact zones with the 

pelitic gneiss (Unit 1) and noritic gneiss (Unit 2). These 

layers consist mainly of ilmenite. 

Age relations 

Contacts with units other than the hornblende granodiorite are 

zones of high strain, and unsuitable for determination of age 

relationships. The contact with the foliated hornblende 

granodiorite shows clearly that the latter postdates this 



Figure 2 7. Photomicrograph showing mesoperth i te (stained 

yellow) and biotite (center of photograph) in a 

recrystallized sample of the variably foliated 

biotite granite. Width of photomicrograph 1. 6 mm. 

Crossed polarized light. Sample# : IH-31. 

Fiqure 28. Photomicrograph of the variably foliated biotite 

granite showing a variety of textures. Note 

elongated quartz grains paralle 1 to the rna in 

foliation, K-feldspar (stained yellow) and bimodal 

grain size due to deformation and subsequent 

partial recrystallization. Width of photomicrograph 

5.4 mm. Crossed polarized light. Q: quartz. 

Sample# : S-79. 





56 

Figure 29. Field photograph showing Fe-Ti oxide rich bands 

(principally ilmenite) in the variably foliated 

biotite granite. Lens cap is 5 em in diameter. 
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unit. 

2-a Ugit e; roliatt4 hornbltn4e grago4ioritt 

This unit outcrops around Long Gull Pond in the northern part 

of the study area and is easily distinguished from the 

variably foliated biotite granite (Unit 7) on the basis of 

mineralogy and texture. 

This unit is a coarse grained, locally well foliated, 

hornblende granodiorite with composite augen of salmon pink 

microcline and quartz up to 3 em in length, around which is an 

anastomosing fabric defined by the porphyroblasts of 

hornblende and locally fine grained biotite (Fig. 30). The 

unit shows neither gneissic texture nor continuous 

compositional layering. However, mafic-rich parts, in which 

hornblende is dominant, are locally present. 

on the microscopic scale, the groundmass is medium 

grained and granodioritir.: in composition (Fig. 24). Microcline 

comprises 10 \to 30 \of the rock (Fig. 31). Plagioclase (An 

generally occurs as medium-grained untwinned 

subidioblastic crystals and is altered in part to chlorite and 



Figure 30. Photograph of a hand specimen of hornblende 

granodiorite showing anastomosing foliation defined 

by hornblende. Sample# : 5-82. 

Figure 31. Photomicrograph of representative hornblende 

granodiorite. Note : microcline in center of left 

hand side of photomicrograph and coarse grained 

hornblende. Width of photomicrograph 5.4 mm. 

Crossed polarized light. Sample# : S-109. 
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epidote. Quartz, which composes from 20\ to 30\ of the rock, 

forms equant xenoblastic grains and shows undulatory 

extinction. Mesoperthite is observed near the contact with 

variably foliated biotite granite. Green hornblende is the 

dominant ferromagnesian phase in the unit. The predominant 

pleochroic scheme of these hornblendes is green-yellow but 

brown-green also occurs. High Ti02 (3-4 wt \) biotite is a 

ubiquitous minor phase. Magnetite, ilmenite and sphene are 

present as accessory minerals. Small amounts of chlorite and 

epidote occur as retrograde phases. 

Age relations 

This unit clearly crosscuts variably foliated biotite granite 

and metagabbro unit, implying that it is younger than the 

anorthosite, metagabbro, noritic gneiss and variably foliated 

biotite granite. The contact with other units is well exposed 

at several places. 

2-9 unit 9: Peqmatitic dykes 

The medium- to very coarse-grained pegmatitic dikes (Fig. 32), 

which consist of coarse pink K-feldspar, quartz and (rarely) 
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Figure 32. Photograph of hand specimen of pegmatitic dike 

showing graphic texture which consists of coarse K

feldspar and quartz. Sample# : S-59. 
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biotite and Fe-Ti oxides, are common in all units described 

above. 

The dikes generally crosscut all units but are parallel 

to the major foliations and compositional banding in the high 

strain zone, indicating that they predate movement along the 

latter. Locally, pegmatitic dikes are seen to cut each other, 

suggesting that there is more than one generation. 

~-10 Unit 10: Mafic dykes 

Olivine-diabase dykes, with well preserved ophitic texture 

(Figs. 33, 34), occur at several localities, especially ~long 

the coast line of the southern part in the study area. These 

undeformed dykes crosscut the anorthosite, the neritic gneiss 

and the high strain zone, and their lack of deformation or 

alteration characters implies that they postdate all other 

units. Although the Long Range dike swarm (Kamo et al. 1989) 

is known to intrude other Grenvillian inliers in west 

Newfoundland, the pristine appearance of these dikes may 

indicate the post-dated Early Paleozoic orogeny, and these are 

part of a younger, unrelated dike swarm. 
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~-1 Introduction 

CHAPTER 3 

DEFORMATION 

65 

The Indian Head Range, like several other Grenvillian inliers 

in the Appalachian orogen, including the adjacent Long Range 

In 1 ier, contains evidence of an early ductile deformation 

that occurred at high metamorphic grade, and a later brittle 

deformation that occurred at low metamorphic grade. However, 

the ages of these deformational events are not well 

constrained due to paucity of geochronologic data. The very 

limited radiometric age data available (K/Ar and 40Arf 39Ar) have 

yielded essentially late Grenvillian ages (825 to 900 Ma) 

(Lowden 1961, Lowden et al. 1963, Dallmeyer 1978) , which 

1 ikely represent cooling ages following the Grenvillian 

orogeny. 

On the basis of current understanding of the Paleozoic 

geology of the western Newfoundland, it is likely that the 

brittle structures were formed during the Acadian orogeny, and 

are thereforL Silurian in age (Cawood and Williams 1988). 

These structures are only discussed briefly in this study. 
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It is well known that ductile structures such as those in 

the Indian Head Range an~ widespread in the Grenville Province 

proper, but it cannot be assumed on that basis that they 

therefore formed during the Grenvillian orogeny. For instance, 

a recent integrated structural/ metamorphic/ qeochronic study 

of high grade gneisses in Lac Joseph terrane in the Grenville 

Province of western Labrador has shown that these gneisses 

formed at about 1, 650 Ma, and were cnly very slightly reworked 

during the Grenvillian orogeny at about 1, 010 Ma (Connelly 

1991). 

This chapter is concerned pr inc ipa 11 y with the 

description of ductile deformational features in the Indian 

Head Range and with the qualitative distribution of strain in 

the high grade units of the map area. Particular emphasis is 

paid to two previously unrecognized high strain zones which 

are first order structural features with important tectonic 

implications. 

3-2 Brittle deformation 

The principal effect of the late low grade deformation in the 

Indian Head Range is the development of brittle fractures. 

Rocks close to these features are fractured, partly oxidized 

to hematite and fracture surfaces are coated by greenschist 
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Figure 35. Field photograph showing the effects of late 

brittle fractures in the metagabbro. 



68 

facies minerals such as chlorite and epidote (Fig. 35). These 

features cut older structures and occur in all units except 

the mafic dikes. 

Fractures are generally steep, and have mainly northerly 

to northeasterly trends. Fracture planes show no evidence of 

vertical or horizontal displacement. Thus, these brittle 

fractures appear to have formed as a result of the release of 

residual stresses following thrusting of the Indian Head Range 

during Acadian orogeny. 

3-3 Ductile deformation 

Ductile deformation is expressed as gneissosity, migmatitic 

layering and foliation and is developed in the Prccambr ian 

units of the Indian Head Range. These fabrics are assumed to 

have formed either during the Grenvillian orogeny or during a 

pre-Grenvillian orogeny and to have been variably reworked 

during the Grenvillian orogeny. 

A clear distinction can be made in the field between 

units with strongly developed gneissic and migmatitic fabrics, 

typically associated with granulite facies (or retrograded 

granulite facies) mineral assemblages, and units with foliated 

fabrics defined by amphibolite facies mineral assemblages. 

Granulite facies gneissic to migmatitic fabrics are present in 
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the pelitic gneiss (Unit 1), neritic gneiss (Unit 2), dioritic 

gneiss (Unit 5) and some of the variably foliated biotite 

granite (Unit 7) in the study area. On the other hand, much of 

the variably foliated biotite granite (Unit 7) in the northern 

part of the map area, and all of the foliated hornblende 

granodiorite (Unit 8) immediately south of Long Gull Pond show 

variable but less intense deformation. Also both are 

characterized by amphibole rather than pyroxene. 

The metagabbro (Unit J) does not fit easily into this 

scheme, however, as it does not superficially show much 

evidence of high strain, yet exhibits granulite facies 

mineralogy. On the basis of the general fine grain size and 

annealed microstructure, and age relations, it has been 

dssigned to the older high grade group. 

A common feature of the ductile deformation in the study 

area is that the intensity of strain increases towards the 

m~rqins of the units, and that the orientation of the fabric 

is generally parallel to unit boundaries. This suggests that 

unit boundaries may have been rotated into subparallelism with 

the gneissosity or foliation during the deformation. 

The most prominent structural features in the study area 

are two ductile high strain zones (mylonite zones) which occur 

in dioritic gneiss, noritic gneiss and variably foliated 
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STRUCTURAL MAP 

ROTHESAY BAY 

ST. GEORGES BAY 

0 KM 3 

A: St. Georges Bay Shear zone B: Gull Pond Shear zone 

U= Trend of foliation in shear zone /I: Trend of gneissosity 
I I /J: Trend of foliation : Unit boundaries 

Figure 36. Simplified structural map of the southern Indian 
Head Range showing the distribution of units, 
orientation of foliation and location of high 
strain zones. 
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biotite granite adjacent to the anorthosite. They are 

informally referred to as the St. Georges Bay (SGB) and Gull 

Pond (GP) shear zones (Fig. 36). The St. Georges Say shear 

zone is particularly well exposed along the shore line on the 

eastern side of the anorthosite body where it strikes NNE-SSW 

and dips gently towards the SE. The Gull Pond shear zone, on 

the northwestern margin of the anorthosite, strikes NE-SW to 

almost east-west and dips shallowly towards the north

northwest. Although the two shear zones approach each other 

near the northern end of the anorthosite, they appear to 

diverge further north and to be two separate structures. 

Description of fabrics 

As already noted, gneissic and miqmatitic fabrics are 

generally developed in the high grade rocks. These fabrics are 

characterized by altern.lting leucocratic and melanocratic 

layers which vary from planar, lenticular to discontinuous in 

form. The leucocratic layers typically consist of feldspar and 

quartz, with the melanocratic layers being composed mainly of 

orthopyroxene and clinopyroxene, and minor amphibole and 

biotite. Where present, foliation defined by the preferred 

orientation of biotite is subparallel with the gneissic 

layering. The gneissic fabrics are generally stronger along 

the margins of the units and are oriented approximately 
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northeast with a shallow dip towards the SE or NW. 

on the other hand, the predominantly foliated fabrics 

which are developed in some of the variably foliated biotite 

granite and throughout the foliated hornblende granodiorite 

units, are distinguished from gneissic and migmatitic fabric 

by the absence of high grade mineral assemblage and pervasive 

gneissic {layering) fabrics. Textures are variable, from weak 

to strongly foliated fa..:.rics, the latter being defined by 

lenticular biotite and hornblende flakes and aggregates. The 

orientation pattern of the foliated fabrics is characterized 

by predominantly east-west strikes and moderate norther 1 y 

dips. 

Close to the SGB and GP shear zones, gneissic fabrics in 

the high grade gneisses become stronger and layering more 

continuous. A typical feature of the high strain zones is the 

development of continuous compositional layering ranging from 

several mm to tens of em in width (Fig. 37). Such layering has 

been referred to as "straight gneiss" by some authors (e.g. 

Davidson et al. 1984, Hanmer 1987) and has been shown to be of 

tectonic origin. The melanocratic layers consist mainly of 

orthopyroxene, clinopyroxene, amphibole and plagioclase, with 

the leucocratic lc:.yers being composed principally of fine-

grained plagioclase. In granitic rocks compositional layering 

is defined by the planar segregation of quartz and feldspars 



Figure 37. Field photograph showing continuous compositional 

layering and streaked-out mafic tectonic augen in 

straight dioritic gneiss. Lens cap is 5 em in 

diameter. 

Figure 38. Field photograph showing streaked-out boudin of 

pegmatitic dike in strongly deformed biotite 

granite. Lens cap is 5 em in diameter. 
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and by the subparallel orientation of many leucocratic veins 

with the main mylonitic fabric. 

several lithologies in the high strain zones also show 

other criteria indicative of extreme ductile deformation, such 

as the presence of augen of mafic minerals and granitic 

pegmatites (Figs. 37, 38) and, as already noted with the 

occurrence of a large discrete tectonic enclave of lherzolite 

(Unit 6), a lithology not seen elsewhere in the study area. 

The occurrence of the lherzolite encl~ve in the high strain 

zone suggests the possibility of substantial tectonic 

transport along the SGB high strain zone. 

Another characteristic feature of the high strain zones 

is significant reduction in both the grain size and thickness 

of layering compared to rocks elsewhere in the study area. 

A stretching lineation, which is developed in the planar 

fabric as a mineral alignment (biotite) or elongate mineral 

aggregates (orthopyroxene, plagioclase and quartz), is locally 

observed in the shear zones in the neritic gneiss, dioritic 

gneiss and variably foliated biotite granite. 

The orientation of planar and linear structures in the 

shear zones is summarized in a stereonet plot (Fig. 39 A). For 

the St. Georges Bay shear zone, the diagram shows maxima of 

planar structures which indicate northeast structural trends, 

with moderate to shallow southeasterly dips (20-30°). on the 



Figure 39. Steronet plots. 

A : Stereogram showing lower hemisphere equal area 

projection of contoured poles to foliations 

from two shear zones in the southern part of 

the Indian Head Range. 

B Stereogram showing lower hemisphere equal area 

projection of stretching lineations from two 

shear zones in the southern part of the Indian 

Head Range. 
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other hand, the Gull Pond shear zone has shallow northwesterly 

dips (10-30°). The few measured stretching lineations show a 

restricted orientation plunging approximately 10 degree 

towards 040°-060° (Fig. 39 B). 

As should be apparent from the foreg, ·ing text, most rocks 

in the Indian Head Range are moderately to extensively 

recrystallized, implying the existence! of an important 

annealing event after the main deformation. As a result, rocks 

in the she.:ar zones rarely preserve any indications of the 

shear sense of the ductile movement, although a few examples 

have been found (Fig. 40 a,b). Even though these kinematic 

indicators are insuff icierat. to unambiguously determine shear 

sense in the shear zones, the few observed asynur.~trical 

boudins and rotated winged orthopyroxene porphyroclasts from 

both shear zones indicate a consistent top-side towards the 

northeast sense of movement parallel to the trend of the 

lineation. However the regional significance of this 

observation is not apparent, although it is noted that a N to 

NW sense of tectonic transport is widespread along many shear 

zones in the Grenville Province (Rivers et al., 1989). 
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Figure 40. A: Field photograph demonstrating sinistral shear 

sense of ductile deformation in the neritic 

gneiss from the shape of elongated orthopyroxene 

porphyroclasts. 

B: Photograph demonstrating shear sense of ductile 

deformation in the anorthosite from deformed 

orthopyroxene aggregates. 

Displacement sense is top side to left. 

Sample# : S-1118 



Figure 41. 
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Field photograph showing greenschist facies 

chlorite-epidote assemblage on fractures in the 

anorthosite. 
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3-4 Discussion 

The Indian Head Range shows two distinct sets of ductile 

deformation features. On the basis of qualitative estimates of 

the ~ntensity of ductile strain, it is possible to divide the 

rocks of the Indian Head Range into two groups; ( 1) a 

relatively high strain group comprising the gneissic to 

migmatitic rocks; and (2) a relatively lower strain group 

comprising the foliated granitoids. The grouping fits well 

with a subdivision made on the basis of grade of metamorphism, 

with the high strain group possessing granulite ( or relict 

granulite ) facies assemblages, whereas the low~r strain group 

is characterized by amphibolite facies assemblages. 

Considering the relative ages of the units (chapter 2}, 

which indicate that the foliated granitoid rocks are younger 

than the gneissic units, it appears that there is evidence of 

two metamorphic events in the Indian Head Range, an early 

granulite facies event associated with high strain and a later 

lower strain amphibolite facies event. In the shear zones, 

granulite facies assemblages are retrograded to amphibolite 

facies. This implies that the shearing postdated an early 

granulite facies event. However, the relationship between the 

amphibolite facies shearing event (which affected granulite 

facies rocks) and the amphibolite facies metamorphism of the 
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foliated granitoid rocks (which were not apparently previously 

metamorphosed) is not clear from this study and awaits the 

results of a geochronological study (in progress). 

In the units with granulite facies gneissic and 

migmatitic fabrics, the increasing intensity of strain is 

consistent with the subparallel arrangement of the unit 

boundaries, which are interpreted to be tectonic. The two high 

strain zones are distributed around the anorthosite body. The 

trend of increasing strain along unit boundaries appears to be 

related to strain concentrations between rock types of 

different competence. The competency contrasts were largest 

around the anorthosite body and thus resulted in the strong 

deformation in the dioritic gneiss, noritic gneiss and 

variably foliated biotite granite which appear to have had 

relatively low competence compared to the anorthosite. Similar 

strain features have been well documented from the Cape 

Caribou River allochthon in Labrador (Wardle and Ash, 1984). 



CHAPTER 4 

METAMORPHISM 

4-1 Metamorphic cbaracte~ 

83 

Rocks of the Indian Head Range show evidence of three d ist i net 

metamorphic events characterized by different textures and 

mineral assemblages. A knowledge of these metamorphisms in the 

study area is a key to understanding the evolution of the 

Indian Head Range, which is the aim of this thesis. 

In this chapter, the character of each of the 

metamorphisms is introduced with respect to distribution, 

mineral assemblages and textures. Subsequent sections 

concentrate on the sapphirine-and kornerupine-bearing rocks in 

the pelitic gneiss (Unit 1) which preserve abundant evidence 

of mineral reactions from which the metamorphic conditions and 

P-T path of the granulite facies units of the Indian Head 

Range can be inferred. 

Metamorphic mineral assemblages in the study area mostly 

belong to the granulite facies, with upper amphibolite facies 

assemblages developed in a few units. The granulite facies 

mineral assemblages are dominant in all Precambrian units 
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except the foliated hornblende granodiorite (Unit 8). Locally, 

granulite and upper amphibolite facies mineral assemblages are 

intermingled in the high strain zones and in the metagabbro 

(unit 3). Retrograde greenschist facies mineral assemblages 

are developed along late brittle fractures throughout all 

units except the Paleozoic mafic dikes. 

4-1-1 Greenschist facies metamorphism 

The local effects of the greenschist facies metamorphic event 

are widely developed on fracture surfaces in all Precambrian 

units in the map area (Fig. 41). They have not been studied in 

detail, but are noted here briefly for the sake of completion. 

Chlorite and epidote are dominant minerals. Uralitization of 

pyroxene and sericitization of plagioclase are also considered 

to be an effect of the greenschist facies metamorphism. This 

metamorphic event is presumably part of the Acadian orogeny 

(see cawood and Williams. 1988) as noted in chapter 3. 

•-1-2 AmPhibolite facies metamorphism 

Amphibolite facies mineral assemblages occur throughout the 

foliated hornblende granodiorite (Unit 8) and evidence of a 

partial amphibolite facies retrograde overprint on an earlier. 

granulite facies metamorphism can be locally found in the 
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Figure 41. Field photograph showing greenschist facies 

chlorite-epidote assemblage on fractures in the 

anorthosite. 
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dioritic gneiss (Unit 5), neritic gneiss (Unit 2) in the high 

strain zones and in the m~tagabbro (Unit 3). 

The foliated hornblende granodiorite, which is 

characterized by dominant amphibolite facies mineral 

assemblages, is distinguished from the granulite facies rocks 

by the presence of green hornblende and microcline, and by the 

absence of mesoperthite and pyroxenes. 

In the granulite facies rocks, the most obvious effect of 

the retrograde amphibolite facies metamorphism is evidem::e of 

reactions involving hydration of pyroxenes to amphibole. 

Amphibole is present as partial coronas (Fig. 42) and as a 

replacement product of crthopyroxene and clinopyroxene {Fig. 

43) in the dioritic gneiss and neritic gneiss. Biotite also 

overgrows the mafic minerals. The hornblende + garnet 

subassemblage is locally developed in metagabbro (Unit 3) and 

interpreted to be a result of reaction under amphibolite 

f~cies conditions (Fig. 44). 

Thus, textural relaticns suggest that the amphibolite 

facies metamorphism postdated the granulite facies 

metamorphism. However, it is not obvious whether the 

amphibolite facies metamorphic event indicated by the foliated 

hornblende granodiorite and that indicated by the retrograde 

amphibolite facies overprint in granulite facies rocks are 

related; as these amphibolite facies rocks are widely 

separated in the field. Resolution of this problem must await 



Figure 42. Photomicrograph showing partial corona of amphibole 

wrapping around clinopyroxene in the dioritic 

gneiss. Width of photomicrograph 1.6 mm . Crossed 

polarized light. A: amphibole, C: clinopyroxene. 

Sample# : S-36A. 

Figure 43. Photomicrograph showing orthopyroxene partly 

replaced by amphibole in noritic gneiss. Width of 

photomicrograph : 1.6 mm. Plane polarized light. 

A: amphibole, o: orthopyroxene. Sample# : S-16. 
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Figure 44. Photomicrograph showing amphibolite facies mineral 

assemblage in the metagabbro. Note : Ca- amphibole, 

garnet (pink-buff) and plagioclase (grey-white). 

Width of photomicrograph : 2.9 mm. Plane polarized 

light. 

G: garnet, A: Ca-amphibole, Pl: plagioclase. 

Sample# : S-77. 
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geochronological work. 

4-1-3 Granulite ~acies metamorphism 

The remaining Precambrian units in the study area are 

characterized by 

Critical minerals 

granulite facies 

in rnaf ic rocks 

mineral assemblages. 

of this area are 

orthopyroxene, clinopyroxene, plagioclase, rutile and locally 

garnet. 

They typically exhibit granoblastic polygonal textures 

with straight grain boundaries, and 120° triple-point 

junctions are common between plagioclase grains (Fig. 45). 

This is consistent with extensive annealing after the 

granulite facies event, as noted previously. In the variably 

foliated biotite granite (Unit 7), alkali feldspar is 

characterized by irregular patchy submesoperthitic to 

mesoperthitic intergrowths, quartz, biotite and rare 

orthopyroxene. This unit also shows granoblastic textures with 

sutured grain boundaries as shown in Fig. 46. 

With respect to physical conditions of metamorphism, 

clear evidence for the attainment of high-grade metamorphism 

throughout this area is shown by the widespread coexistence of 

orthopyroxene and clinopyroxe:ne in mafic rocks and of the 

sillimanite-orthopyroxene-quartzandsapphirine-orthopyroxene 



Figure 45. Photomicrograph of the metagabbro showing typical 

granoblastic polygonal texture exhibited by 

plagioclase. Note generally straight grain 

boundaries and triple- point junction between 

recrystallized plagioclase crystals. Width of 

photomicrograph : 2. 9 mm. Crossed polarized light. 

Sample# : S-65. 

Figure 46. Photomicrograph of the variably foliated biot i tc 

granite showing granoblastic texture with sutured 

grain boundaries. Note fine grained quartz and 

perthi te with irregular patchy intergrowths. wi dth 

of photomicrogreph : 5.4 mm. Crossed polarized 

light. Sample# : S- 70. 
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assemblage in pelitic gneiss (Unit 1). 

examples of these assemblages have 

geothermobarometry (chapter 5) and are 

there. 

93 

Representative 

been used for 

discussed further 
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4-2 SapphiLine- and kornerupine-~earinq rocks 

4-2-1 Introduction 

sapphirine and kornernpine-bearing rocks occur locally within 

the pelitic gneiss unit of the southern Indian Head Range. 

They preserve abundant evidence of mineral reactions in the 

form of symplectic and corona textures. 

The relatively rare minerals sapphirine and kornerupine 

have attracted much attention in the last few years because 

their mineral assemblages are very sensitive to pressure and 

temperature, and they are comparatively unreactive during 

decompression and cooling or subsequent metamorphic events 

(Droop 1989). 

Occurrences of sapphirine hav~ been reported from several 

regional high grade terranes, e.g., Antarctic Shield, Limpopo 

Mobile Belt, Grenville Province ( Horrocks 1983, Windley et 

al. 1984, Arima et al. 1986, Herd et al. 1986, Herd et al. 

1987, currie and Gittins 1988, Droop 1989, Grant 1989 ) . 

However, occurrences of kornerupine are relatively rarer and 

the mineral has been reported from the Archaean of western 

Greenland, in southern India and in the Limpopo Mobile Belt 

(see Schreyer and Abraham 1976, Windley et al. 1984, Droop 

1989). In the Grenville Province, sapphirine has been 



reported from pelitic rocks of Wilson Lake and st-Maurice ( 

Morse and Talley 1971, Leong and Moore 1972, Herd et al. 1986, 

Herd et al. 1987, currie and Gittins 1988), but kornerupine is 

less well-known and has been relatively rarely reported from 

the Grenville Province proper. 

The pelitic gneiss of the southern Indian Head Range has 

many similarities to sapphirinefkornerupine-bearing rocks from 

other granulite terranes in terms of both mineral assemblages 

and textural relations. These similarities may imply analogous 

metamorphic conditions including metamorphic pressure, 

temperature and mechanisms of formation. Thus comparison of 

results with those from other granulite facies terranes 

bearing sapphirinefkornerupine is likely to be useful. 

In order to estimate metamorphic P-T conditions of the 

Indian Head Range and to make comparisons with other areas in 

which sapphirine and/or kornerupine occur, petrography and 

mineral chemistry of the pelitic gneisses are described in 

detail in this chapter. Then, estimates of metamorphic P-T 

conditions are made by comparison with petrogenetic grids 

established by experimental petrologists (Schreyer and 

Seifert 1969; Chatteryee and Schreyer 1972; Newton 1972; 

Seifert 1974; Bishop and Newton 1975; Bertrand et al. 1989). 
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4-2-2 Petrography 

The pelitic gneiss (s.l.) unit in the studj area shows a 

heterogeneous character, and varies from quartzofeldspathic to 

metapelitic (s.s.) in compositio~. Quartzofeldspathic gneiss, 

which is generally associated with well developed quartz 

segregations, is the more common type. outcrops of sapphirine

bear ing rocks are relatively rare, and are more or less 

massive, coarse-grained and dark-coloured in contrast to 

quartzofeldspathic gneisses. Sapphirine occurs in both 

discrete medium grained aggregates (2-5 em in width) and as 

scattered fine grains. The contacts between sapphirine-bearing 

layers and surrounding quartzofeldspathic gneiss are 

gradational and concordant with the main foliation in the 

unit. 

Mineral assemblages in the pelitic gneiss unit of the 

study area can be subdivided into three groups based firstly 

on the presence or absence of quartz and secondly on the basis 

of phases c~existing with sapphirine. 

The three mineral assemblages are discussed below. 

( 1) Quart•-bearinq a18emblaqe•, characteristic of 

quartzofeldspathic gneiss, do not contain sapphirine, and are 
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characterized by : 

quartz + orthopyroxene + cordierite + sillimanite + biotite 

+ plagioclase + ilmenite/magnetite ± spinel ± kornerupine ± 

garnet± gedrite ± (corundum). 

Sapphirine-be~ring assemblages do not occur with quartz, 

and are subdivided on the basis of the presence or absence of 

kornerupine and other Al-rich phases. 

(2) Al-rich sapphirine bearing assemblages consist of 

sapphirine + kornerupine + orthopyroxene + cordierite + 

sillimanite + biotite + plagioclase ± garnet + 

magnetite/ilmenite ± spinel ± rutile. 

( 3) Al-poorer sapphirine bearing asseablages do not 

co~tain kornerupine, sillimanite and cordierite, and consist 

of sapphirine + orthopyroxene + biotite + plagioclase + 

magnetite/ilmenite ± spinel ± rutile. 

Textural relations observed in these mineral assemblages can 

be used to infer several distinct stages of mineral reaction, 

are described below. 

Several textural features indicate that orthopyroxene, 

cordierite and spinei were stable together at an early stage. 
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These include: in the quarts-bearing aaaeablage (1), (a) the 

observation that orthopyroxene is the most abundant 

porphyroblastic phase and appears to be related to later 

reactions; (b) the observation that spinel exists only as 

relics in ilmenite and garnet; (c) the observation that 

cordierite ( Mg-rich, see Section 4-2-3) commonly occurs as 

large porphyroblasts embayed by sillimanite - orthopyroxene -

quartz intergrowths which are considered to have formed later. 

In the Al-rich aapphirine bearing aaaemblagea (2), the 

reaction of cordierite and spinel to produce later assemblages 

such as orthopyroxene and sillimanite is widespread. 

In the Al-poorer aapphirin• bearing aaselllblage (3) , 

orthopyroxene occurs as a porphyroblastic phase. Biotite is 

abundant and two types can be distinguished, an early prograde 

biotite (brown color) and a later retrograde biotite (reddish 

color) . Spinel, which was exsolved from composite 

magnetite/ilmenite, is replaced by a corona of sapphirine. 

Although gedrite and corundum (as a relic in ilmenite) 

appear to be phases of an early stage in the quarts-bearing 

assemblages ( 1) , it has not been possible to infer a reaction 

sequence from textural relations. Furthermore plagioclase and 

biotite are ubiquitous in all assemblages discussed above, but 

these minerals do not show textural evidence for involvement 

in any reactions that are proposed below. 
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4-2-2-1. Silliaanite forming reaction tex~ 

In quarts-bearing aaaeablaqea ( 1) , textural relations 

indicating the formation of a fine grai:'led si 11 imanite-

orthopyroxene-quartz intergrowth replacing cordierite 

porphyroblasts are common. Opx-sil symplectites surround and 

invade cordierite porphyroblasts and large strain-free quartz 

grains occur adjacent to the margin of the symplectite 

(Fig.47). This texture implies operation of the reaction 

Cordierite = Orthopyroxene + Sillimanite + Quartz 

In the Al-rich sapphirine bearinq aaaeablaq•• (2) in 

which quartz is absent, symplectites of orthopyroxene and 

sillimanite are observed around cordierite and spinel (Fig. 

48). Textural relations indicate that the symplecti te was 

formed by the reaction of cordierite and spinel. The inferred 

reaction is 

Cordierite + Spinel Orthopyroxene + Sillimanite 



Figure 47. Photomicrograph showing mineral reaction texture of 

cordierite breakdown to (orthopyroxene + 

sillimanite) symplectite and quartz. Width of 

photomicrograph : 2. 9 mm. Crossed polarized light. 

c: cordierite, Q: quartz. o-s: opx-sil symplectite. 

Sample# : S-68. 

Fig•~re 48. Photomicrograph showing replacement of cordierite 

+ spinel by (orthopyroxene + sillimanite) 

symplectite. Width of photomicrograph : 1.6 mm . 

Crossed polarized light. 

Sp: spinel, C: cordierite . o-s: opx-sil 

symplectite. sample# : SA-A-1. 
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4-2-2-2. S~pphirine fonainq reaction textures 

Sapphirine in the mineral assemblages (2) and (3) is present 

in several distinct forms including symplectic intergrowths 

with orthopyroxene and as coronas with orthopyroxene 

porphyroblasts and magnetite (Figs. 49, 50). Two types of 

spinel occur with green and grey colors in these assemblages. 

The grey spinel is present as a corona phase with sapphirine 

rimming ilmenite in the Al-poorer •apphirine bearing 

aaaeablaqe• (3). The green spinel is also present as isolated 

inclusions in ilmeni tefmagnetite oxide in assemblages (2) • 

Cordierite rarely displays contact with sapphirine in 

assemblage (2). 

It is difficult to deduce the 

reactions because of the variety of 

sapphirine forming 

minerals involved. 

However, textural relations suggest that sapphirine has formed 

by reaction of orthopyroxene and spinel in Al-poorer 

sapphirine bearing assemblages (3) (Fig. 51) and by reaction 

of cordierite and spinel already replaced by magnetite in Al

rich sapphirine-bearinq a•aeablaqe (2) (Fig. 52). 

The inferred reactions for sapphirine formation are 

Fe-spinel + Orthopyroxene + 0 2 = Mg-spinel + Magnetite 

+ Sapphirine 



Figure 49. Photomicrograph showing corona texture of fine 

grained sapphirine in plagioclase surrounding a 

porphyroblast of orthopyroxene. Width of 

photomicrograph : 5.4 mm. Crossed polarized light. 

0: orthopyroxene, Sa: sapphirine. Sample# : s-22. 

Figure 50. Photomicrograph showing sapphirine corona around 

orthopyroxen~ with magnetite and orthopyroxene. 

Width of photomicrograph : 1.6 ~m. Plane polazied 

light. 

0: orthopyroxene, Sa: sapphirine, M: magnetite. 

sample# : SA-B-3. 
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Figure 51. Photomicrograph showing orthopyroxene and Fe-splnel 

(hercynite-magnetite) reaction to produce Mg-spinel 

and sapphirine. Width of photomicrograph : 1.6 mm. 

Plane polarized light. 

0: orthopyroxene, Sp: Mg-spinel, Sa: sapphirine. 

M-S: Magneti te-Hercyni te. Sam~le# : SA-B-2. 

Figure 52. Photomicrograph showing orthopyroxene and 

sapphirine symplectite produced by reaction 

of cordi .rite-spinel assemblage. Width of 

photomicrograph : 2.9 mm. Plane polarized light. 

0: orthopyroxene, C: cord ier i te, Sp: Fe-sp i ne 1 . 

Sa: sapphirine. Sample# : SA-A-1. 
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Cordierite + Spinel = Orthopyroxene + Sapphirine. 

!=2-2-3. Garnet forming reaction textures 

Garnet is present as large poikiloblasts that include abundant 

biotite, spinel, sillimanite and magnetite/ilmenite in the 

quartz-bearing a81tmblaqe (1), implying that it developed 

later than the assemblage of included phases (Fig. 53). 

Plagioclase occurs as a matrix around orthopyroxene. Stable 

contact relations with orthopyroxene are observed in thin 

sections. Where present, quartz shows a partial corona texture 

around garnet (Fig. 54). Garnet does not show cont~cts with 

cordierite. 

Textural relations suggest that garnet was formed by the 

reaction of orthopyroxene, plagioclase and inclusions 

including sillimanite, spinel andjor magnetite. Possible 

reactions are written below : 

Orthopyroxene + Sillimanite = Garnet + Quartz 

Orthopyroxene + Plagioclase = Garnet + 

orthopyroxene + Sillimanite + Fe-Spinel = 

Quartz 

Garnet 



Figure 53. Photomicrograph showing various inclusion phases 

(sillimanite, ilmenite, spinel, orthopyroxene and 

biotite) in garnet poikiloblast in pelitic gneiss. 

Width of photomicrograph : 1.6 mm. Plane polarized 

light. 

o: orthopyroxene, Sp: spinel, B: biotite, Si: 

sillimanite. Sample/ : S-90-1. 

Figure 54. Photomicrograph showing garnet poik~~ovlast with 

various inclusion phases (sillimanite, 

orthopyroxene, ilmenite). Note quartz partial 

corona texture wrapping around garnet 

poikiloblast. Width of photomicrograph 5.4 mm. 

Crossed polarized light. 

Q: quartz. samplel : S-88-1. 
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4-2-2-4, lornerupine replac .. ent reaction textures 

In Al-rich aapphirine bearing aaaellblaqea (2) kornerupine 

occurs as porphyroblasts ( 1-2 em) which show abundant evidence 

of reaction with other minerals in the assemblage. The 

kornerupine porphyroblasts record evidence of reactions 

involving the breakdown of kornerupine, but reactions leading 

to formation of this mineral are not clear t'rom textural 

relations. 

In these samples, sapphirine and orthopyroxene occur as 

replacement products formed from kornerupine (Fig. 55). The 

presence of symplectic and corona textures ar•:>und kornerupine 

also indicates that assemblages such as kornerupine and 

kornerupine + spinel were replaced by the assemblages 

including sapphirine, orthopyroxene and cordierite 

(Fig.56). Textural relations suggest the following possible 

reactions listed below : 

kornerupine = cordierite + sapphirine + orthopyroxene 

+ H20 

kornerupine + spinel = orthopyroxene + sapphirine 

+ H20 



Figure 55. Photomicrograph showing replacement of 

porphyroblast of kornerupine by orthopyroxene and 

sapphirine. Width of photomicrograph 2. 9 mm. 

Plane polarized light. 

K: kornerupine, 0: orthopyroxene, sa: sapphirine. 

Sample# : SA-C-3. 

Figure 56. Photomicrograph showing kornerupine reacting to the 

assemblage orthopyroxene, cordierite, and 

sapphirine. Width of photomicrograph 2. 9 mm. 

Crossed polarized light. 

o: orthopyroxene, c: cordierite, K: kornerupine, 

Sa: sapphirine. Sample# : SA-B-3. 
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4-2-3 Mineral Cbeaittry 

Electron microprobe mineral analyses were performed on phases 

occurring in the reaction relationships discussed above. 

Microprobe operating conditions and standards for the 

analytical data are presented in Appendix 2. All phases were 

analyzed for Na, Mg, Al, Si, K, Ca, Ti, Mn and Fe. Analyses 

are tabulated, and chemical compositions of minerals are 

presented graphically in the (Fe,Mg)O - Al20 1 - Si01 (F.H-A-5 

system) of Figure 57, and where appropriate in AFM diagram. 

sappbirin& : six representative analyses of sapphirine are 

listed in Table 1. The ideal structural formula of sapphirine 

was given by Moore (1968) as H7 (M)02 [T6011 ) where M and T are 

(Al,Mg) in octahedral and (Al,Si) in tetrahedral sites 

respectively. In order to compare the data with sapphirines 

analysed from other areas, the sapphirines analyzed here were 

recalculated on the basis of 20 oxygens. The calculated excess 

of cations over 14 for all the analyzed samples is compatible 

with the analys~s from Wilson Lake in the Grenville Province 

(Herd et al. 1987) and indicates the presence of a 

considerable amount of Fe1+ (Ellis 1980, Grew 1980). For 
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(F.M)-A-S 

Crd 
jj 

Sll 

(Mg,Fe)O Al203 

Opx:orthopyroxene, Ged:gedrite, Gnt:garnet, Crd:cordierite, 
Krn:kornerupine, Spr:sapphirine, Sil:sillimanite, Spl:spinel. 

Figure 57. Mineral compositions of pelitic gneiss in the I.H.R. 
plotted on the (Mg,Fe)-AI203-Si02 diagram. 

114 



It') 

~ 

~ 

Table 1. Representative microprobe analyses and structural formulae of Sapphinne 
.. 
SAMPLE - -- s...-::a~--s;.-::-a·-1 SA·-B-2 SA-B-2 SA-B-2 SA-C SA-A- 1 SA-C-3 SA-C-3 S-22 .. , ... Spr Spr Spr Spr Spr Spr Spr Spr Spr Spr 

_co~_ -- ····- -- Cote F1ne Cote Cote Cote F..,. Cote SY-OPX Cote R- OPX 

So02 1306 12 25 12 34 13 00 12 67 12 3J 12 24 1202 12 46 11.55 
rm 000 000 000 000 000 000 000 0 .00 0.00 0 .00 
Al203 5302 60117 60 2 1 59 40 s s 42 60 72 6043 60.30 6030 112.00 
F.O 9 55 • 11 11 .33 923 904 7.8.5 11 .81 11.15 11.16 11.11 
MnO 000 0 .00 000 0 .00 0 .10 000 0.07 0 .00 0.00 0 .09 
Mg() 18.60 18 64 18 49 111.116 18.32 1862 111.12 18.8.5 111.79 11.02 
c.o 0.00 0 .00 0 .00 000 000 000 0 .00 0 .00 0.00 o.oo: 
"'*20 001 0 .03 000 001 001 001 0 .01 0 .02 0.01 002 ' 
1(.20 0.00 0 .00 000 0.00 0.00 000 0 .00 0.00 0 .00 0 .00 ' 
Tot.~ 99.24 99.90 99.311 100.30 99.57 99.53 99.68 99.14 99.73 99.791 

Slruc:IUrallormuiM baNd on 20 aorygens ! $j 1.59 1.47 1.49 1.56 1.53 1.41 1.48 1.45 150 1.39 : 
Ti 0.00 0.00 0 .00 0 .00 0 .00 0 .00 0.00 0 .00 0 .00 o.oo; 
AI 11.32 11.61 857 1141 11.47 1161 8 .59 11.60 11.54 8 78 i 
Fe 0.97 0 .11 0 .84 0 .93 0 .91 0.79 0 .89 0 .112 0.112 0 .81 ' 

· un 000 0 .00 0 .00 0.00 0 .01 0 .00 0 .01 0 .00 0.00 \l.o1 l 
Mg 3.37 3.33 3 .33 3.34 3 .30 3 .34 3.2e 3 .341 3 .37 

::::i c. 0.00 000 0 .00 0.00 0.00 0 .00 0.00 0 .00 0 .00 
Na 0 .00 0.01 0 .00 0 .00 000 0 .00 0.00 0 .00 0 .00 0 .00 
K 0.00 0 .00 0 .00 0.00 0 .00 0 .00 0.00 0 .00 0 .00 0.00 
Tot.~ 14.25 14.23 14.23 14.24 14.23 14.22 14.23 14.25 14.23 14.22 

Slructural lomnMe b-.d on 14 c:.rions 
$j 1.56 1.45 1.47 153 1.51 1.48 1.45 143 1.47 1.37 
Ti 0.00 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 0 .00 0 .00 
AI 11.17 8.47 8 43 8.27 11.33 11.41 11.411 8 .45 11.41 11.84 
Fe 0.95 0.60 0 .83 0 .111 0.90 0 .711 0.117 O.et O.et 0.10 
Mn 0.00 0.00 0 .00 0.00 0.01 0 .00 0.01 0 .00 0.00 0 .01 

. Mg 3.31 3.211 3.27 3.211 3.25 3 .211 3.21 3 .30 3 .31 3 .111 ' c. 0.00 0.00 0 .00 0.00 0.00 0 .00 0 .00 0 .00 0 .00 0.00 
· Na 0 .00 0.01 0 .00 0.00 0.00 0.00 0.00 0 .00 0.00 0 .00 
' K 0 .00 0 .00 0 .00 0.00 0 .00 0 .00 0.00 0 .00 0.00 0.00 
' Tot.~ 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 

i 
Fe{fe+ Mg+ Ca+ Mn~J 22.37 19.82 20.111 21 .73 21 .83 19.13 21 .40 111.811 19.59 20.12 
Mg/FMCM('II.) 77.113 60.341 79.82 711.27 78.12 60.117 711.43 60.31 110.41 711.118 
CaiFMCMC'Jij 0.00 0 .00 0 .00 0 .00 0.00 0 .00 0 .00 0 .00 0 .00 0.00 

: Mn/FMCM('II.) 0 .00 0.00 0 .00 0.00 0 .24 0 .00 0.17 0 .00 0 .00 0.23 

: so+AI 9.9 1 10 .08 10.08 9.97 10.00 10.09 10 .07 10.011 10.04 10.17 i Fe+MgHtn+Ca 4.34 4.15 4.17 4.27 4.23 4.13 4 .15 4 .19 4 .19 4 .05 
~/fe+MV} 0.22 0.20 0 .20 0 .22 0.22 0 .19 0.21 0.20 0.20 0 .20 

Spr- aapphitlne; Fe- TOial Fe; Fine- Fine grained; SV-OPX-Syl"'p!Kiitullith Opx; R-OPX-Rirn with Opx. 
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Fig. 58. Molecular proportions of AI vs. Si (per 10 oxygen formula unit} 

in sapphirines from pelitic gneiss in the Indian Head Range. 

Diagonal line represents the ideal substitution. 
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estimation of Fe' + the structural formulae were recalculated 

on the basis of fourteen cations as suggested by Moore (1968). 

This results in a relatively high amount of Fe1 • (0.27-0.14 

atoms). Zoning was not detected in most grains, except for 

sapphirines adjacent to orthopyroxene, in which the rims tend 

to be higher in Al and poorer in Si than the cores. Grains of 

sapphirine associated with other minerals do not show chemical 

variation. X~ ranges from 0.77 -0.80. The total FeO content 

ranges between 7.9 and 9.6 wt.%, and is relatively high 

compared to other areas (see Arima et al. 1984, Droop 1989, 

Grant 1989, Windley et al. 1984). The compositions of 

sapphirines from the study area are closer to a (Mg,Fe)O : 

Al203 : Si02 ratio of 7:9:3 than to a ratio of 2:2:1 implying 

operation of the Tschermak substitution 

(Mg(Fe2+))Si=(Al(FeH))Al. In a Si versus Al plot, they lie 

below the ideal Tschermak substitution trend, confirming the 

presence of about 0.2 Fe3+ cations a& shown in Fiq. 58. 

J:ornerupine : Analyses of kornerupine (excluding B and H20) 

are presented in Table 2. The general structural formula for 

kornerupine was first given by Moore and Bennett {1968) as 

Mg2MgA16 [Si207 ] [ (Al,SihSi010]04 (0H). Schreyer and Seifert {1969) 

proposed two possible st~· : .. ;;iometric ratios, either 

4Mg0. 3Al20p 4Si02 • H20 = ( 4: 3: 4) or 3. 5Mg0. 3. 5Al203 • 3. 5Si02 • H20 = 



r.o .... .... 

Table 2. Representative microprobe analyses and structural formulae of Kornerupine 

!SAMPLE I SA--B~SA--:. 8-3 SA-C-3 sA-C-3 SA-C-1 SA-C-1 SA-C- 1 SA-C- 1 IH-45 SA-B-2 SA-C 

l~!)g __ Km Km Km Km Km Km Km Km Km Km Km 
R-OPX CORE CORE CORE CORE R-SIL R-SPR CORE CORE CORE A-SIL 

ISK)2 1 30.13 29.75 30.08 29.16 30.03 29.31 29.12 29.72 29.48 29.59 29.17 rm 0.02 0.05 0.05 0.05 0.04 0.04 0.07 0.07 0.00 0.02 0 .03 AI203 41.03 42.30 40.47 42.41 39.83 41 .59 41.73 41.43 43.27 41.54 42.53 IFeO 5.29 4.98 7.27 6.47 6.11 6.47 6.78 6.07 5.66 6.12 5.83 jMnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 jMgO 19.42 IS.54 18.83 18.05 18.12 18.00 18.23 18.65 18.46 18.64 18.15 !CeO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 .00 0 .00 jNII20 0.13 0.00 0.17 0.06 0.13 0.11 0.12 0.12 0.08 0.11 0 .06 i K2() 0.00 0.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 LTo_tal 96.02 96.78 96.88 96.21 94.26 95.52 96.05 96.07 96.95 96.02 95.56 

Structural formul• bued on 21 oxygena 
:Si 3.89 3.81 3.89 3.78 3.97 3.83 3.79 3.85 3.78 3.84 3.79 Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0 .00 ;AI 6.25 6.39 6.18 6.48 6.20 6.41 6.41 6.33 6.54 6.36 6 .52 ' Fe 0.57 0.53 0.79 0.70 0.67 0.71 0 .74 0.66 0.61 0.66 0.61 . l\lln 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 .00 : Illig 3.74 3.73 3.63 3.49 3.57 3.50 3.54 3.80 3.52 3.61 3 .52 •ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0 .00 0 .00 Na 003 0.00 0.04 0.02 0.03 0.03 0.03 0.03 0.02 0.03 0 .02 K 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 1),00 0.00 0.00 l:9.la! 14.49 14.50 14.54 14.48 14.45 14.48 14.51 14.49 14.46 14.49 14.~ 

Fe/Fe+Mg+ Ca+Mn~: 13.26 12.51 17.81 16.75 15.91 16.79 17.27 15.44 14.68 15.56 14.83 M~F~~~ 86.74 87.49 82.19 63.25 84.09 83.21 82.73 84.56 85.32 84.44 85.17 c.;·FMCM('II.) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 Mn/FMCM('io) 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 000 
Si+AI 10.15 10.20 10.07 10.27 10.17 10.23 10.20 10.19 10.31 1C20 10.31 Fe+Mg+Mn~ea 431 4 27 4.42 4.19 4.24 421 4.28 425 4.13 4.27 4.13 . Fei lF_•_': M!l) 0.13 0 .13 0.18 0.17 0.16 0.17 0.17 0.15 0.15 0.16 0.15 

Km : Komar\Jplne . 1'.0 : Total FeO. R- OPX : Aim of Kin edjcent to OPJ<. R- SPR : Rim of Km adjcent to aapphirine, R-SIL : Rim of Km adjacent to aillimanite. 

SA-C 
Km 

CORE 

30.03 
0.04 

39.65, 
6.46 

0.00 , 
18.66 
0.00 
0.10 
0.00 

94.93 

3.951 
0.00 
6.151 
0.71 
o.ooi 
3.861 
0.00 . 
0.03! 
ll.OO 

14.~ 

16.27: 
83.73 , 

0.00 
0.00 

10.09 
4.37 
0.16 
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(1:1:1). Kornerupine analyzed in the study has (Mg,Fe)O: Alp, 

: Si02 ratios close to the 4:3:4 kornerupine synthesized by 

Seifert (1975). All analyses for kornerupine generally have 

totals between 95 wt.% and 96 wt.% 1 indicating relatively high 

water orjand boron contents. Total FeO is relatively high 

compared with kornerupine from other areas (see Windley et a 1. 

1984) with a limited range from 5.5 to 7 wt.%. XM& (0.82-0.87) 

in kornerupine is much higher than in sapphirine and 

orthopyroxene from the same assemblage. No zoning or chemica 1 

variation was detected throughout the grains. 

Orthopyroxene or;.:hopyroxene occurs in all 3 mineral 

assemblage groups. Orthopyroxenes analyzed in this study are 

essentially solid solutions in FeO-MgO-Al20J-Si02 (FMAS), with 

only very limited CaO and MnO, and correspond to hypersthene -

bronzite in composition (Table 3). The Al20 3 content falls in 

the range 5.5 to 9.5 wt.percent and is similar to that of 

aluminous orthopyroxene& from other sapphirine-bear ing 

granulite areas (Arima and Barnett 1984 1 Lal et al. 1987 1 

Harley et al. 1990). The Al203 content of porphyroblastic 

orthopyroxene generally decreases from core to rim with 

increasing MgO, and orthopyroxene symplectite with sapphirine 

and fine grained orthopyroxene shows the lowest content of 

Al20 3 (5.5-5 wt.%). These differences imply that each 



0 
N .... 

I
' SAMPLE 

MIN 
I CODE 

S-90-1 
OPX 

R-GNT 

Table 3. Representative microprobe analyses and structural formulae of Onhopyroxene 

S-90-1 
OPX 

C-GNT 

S-68 
OPX 

CORE 

S-68 
OPX 
RIM 

SA-8-1 
OPX 

CORE 

SA-8-1 
OPX 
FINE 

SA-C-1 
OPX 

SY-Sil 

IH-45 
OPX 

CORE 

SA-8-2 SA-8-2 
OPX OPX 

CORE SY-SPR 

S-748 
OPX 

CORE 

S-748 
OPX 

F-Sil 

SA-A-2 
OPX 

CORE 

SA-C 
OPX 

F-KRN 

Si02 50.31 49.72 48.08 48.55 49.87 50.24 50.83 4')48 49.92 50.45 48.79 47.49 50.14 50.94 
Ti02 0.05 0 .07 0.11 0 .12 0 .01 0.00 0 .03 0 .0\l 0 .02 0 .01 0 .10 0 .08 0 .00 0 .02 
Al203 4 .88 5 .81 7 .89 7.05 8.80 8 .17 8 .95 8 .87 8 .89 7.31 8 .82 7.50 7.75 724 
FeO 20.60 21 .31 21 .89 21 .88 12.21 12.37 11 .119 11 .58 11.58 12.08 22.58 22.77 12.90 11 .34 
MnO 0 .15 0 .111 0 .09 0.11 0 .04 0 .03 0.07 0 .05 0.03 0 .04 0 .43 0 .47 0 .44 0 .05 
MgO 24.08 23.48 21 .78 21 .97 29.52 29.51 30.53 30.411 30.07 30.09 20.110 21 .40 28.711 30.52 
CaO 0 .01 0 .01 0 .01 0 .02 0 .02 0 .01 0 .01 0.00 O.l.:J 0 .02 0 .02 0 .02 0 .00 0 .01 

0 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 L 
0.02 0 .01 0 .03 0.01 0 .00 0 .01 0 .00 0.03 0 .01 0.01 0 .01 0 .01 0 .01 0.00 

~ ------+-~1~00~.0~5~--'~00c:c.,34~---=99~-~87~--~99~.89=---~100~.4~7--~1~00~-~3~5--~100.31 --~1=00~2~7~--1~00~.54~--~99~.99~--~99~.4~2--~99~.7~3~~1~00~.00~--~100~.1~3 

I Slrudlnllormu&. bMed on 8 OIIYIJeiW 

l
Si 1.88 1.84 1.79 1.81 1.78 1.78 1.80 1.77 1.78 1.79 1.78 1.78 1.79 1.80 
Ti 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 

, AI 0.21 024 0 .35 0.31 0.37 0 .34 029 0.311 0 .37 0 .31 0 .38 0.33 0 .33 0.30 
I Fe 0 .84 0.811 0 .88 0.88 0 .38 0.37 o.~ 0.34 0 .34 0 .38 0.71 o.n 0 .3t 0.34 
· Mn 0.00 0 .01 0.00 0 .00 0 .00 0.00 0 .00 0.00 0 .00 0 .00 0.01 0.01 0 .01 0 .00 
i ~ 1.32 1.29 1.21 1.22 1.58 1.56 1.81 1.59 1.56 1.58 1.17 1.20 1.53 1.81 

o~ aoo aoo o~ aoo aoo aoo aoo aoo ooo ooo ooo ooo aoo 
: ~ ooo ooo aoo ~oo o~ ~oo o~ ooo o~ aoo ~oo ~oo ~oo ooo 
K ~oo o~ aoo ~oo aoo aoo aoo aoo ~oo aoo ooo ooo o~ aoo, 
~~--~-==---~--~·=·04~----~·~-04~----~4~.03~----~4~.o~3~-=~4-~0~5---=~4~-~o5~~~·~-~o5~----··~08~--~4~.o~5~--~4~.05~----~4~.04~--~~·~-0~5~=-~4~.o=5----~4-~0~5: 

Fe/Fe+ Mg+ Ca + Mnl'!l>) 
Mg/MFCM('!I.) 
c.!FMCM('!Io) 
Mn/FMC~ ."•) 

32.37 
87.37 

0 .02 
0.24 

33.117 
156.05 

0 .02 
0 .2tl 

36.00 
83.83 

0.02 
0 .15 

35.75 
84 .03 

0 .04 
0 .18 

18.12 
11 .08 

0 .04 
0 .08 

19.03 
80.90 

0.02 
0 .05 

11.11 
81 .98 

0 .02 
0 .11 

17.57 
12.35 

0.00 
0.08 

11.75 
82.14 

0 .08 
0 .05 

18.34 
81 .58 

0 .04 
0 .08 

37.43 
81 .80 
0 .04 
0 .72 

37.01 
82.10 

0 .04 
0 .78 

11.117 
71.34 
0 .00 
0 .111 

1124' 
82.871 

0 .02 , 
0 .011 

I 
I 

Si+AI 2.05 206 212 2.10 2 .10 2.10 2 .06 2.10 210 2 .07 2 .12 2.09 2 .09 2.01, 
Fe+Mg~Mn+C. 1.95 1.94 1.811 1.119 1.90 1.90 1.94 1.90 190 1.93 1.811 1.91 1.11 1.92 
Fe;~e+~~W~----------0~32~--~0~-~34~--~0~.36~----~0~36~----~0~.1~9~--~0~. 1~9 ____ ~0.~1~8 ____ ~0~-~~8~--~0~.~18~--~0~. 1~11~--~0~.38~----=0~.3~7 ____ -=0~.20~----0~-~1~7 

Fe Tollll Fe. R-GNT : Rim &dieeent to garnet. C-GNT . Core part lfom garnet, FINE . Fi,. gr.,n, SY -SIL : Sympleclite wiltt aillimWIM. F -KRN : Fine grain •diKent to l.omerupine. 
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orthopyroxene type grew under different conditions with 

respect to pressure and temperature (Droop and Bucher-Nurminen 

1984). Although iron in orthopyroxene is primarily in the Fel• 

state, significant amounts (0.12 -0.03) of Felt- are calculated 

from stoichiometry, based on 4 cations per formulae unit (see 

Arima 1978). XMa of orthopyroxene from quartz-bearing rocks 

ranges from 0.63 to 0.68, whereas orthopyroxene from quartz

free rocks shows a significantly higher XM& (0.79-0.82). 

Cordierite : Cordierite occurs as an early phase. Even though 

cordierite takes part in several mineral reactions, it is 

relatively homogeneous in individual grains (Table 4). The 

homogeneous character of cordierite has been observed from 

other high-grade metamorphic areas and may represent re

equilibration during retrograde metamorphism (e.g. Ellis 

1980) • Early cordierite that shows evidence of replacement by 

opx-sil-qtz, is very Mg-rich (XMa: 0.92-0.94), compatible with 

the inference that it formed early under hic;h grade 

conditions. Similarly early cordierite coexisting with Mg

spinel is also Mg-rich (XMa: 0.92-0.94). Cordierite from 

garnet-bearing rocks has relatively low XMa (0.61-0.82) 

compared to other analyzed cordierite. Generally, cordierite 

in the Indian Head Range is rich in the magnesium end member 

and contains negligible amounts of alkalis and cao. Cordierite 



N 
N 
..... 

Table 4. Representative microprobe analyses and structural formulae of Cordierte 

isAAfPL.E 

I 
S-68 S-68 SA-C-1 SA-C IH-468 H-468 H-46 SA-C-3 S-90-2 

! 111UNEAAL Crd Crd Crd Crd Crd Crd Crd Crd Crd 
!COOE CORE R-Stl CORE CORE RIM CORE RIM CORE CORE 
I 
i SiQ2 46.12 48.71 49.22 49.24 48.99 48.62 49.15 48.76 48.18 

I~ 0.01 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 
31.53 31.93 33.86 33.52 33.83 33.53 33.55 33.74 32.84 

IF.O 9.52 3.59 1.55 1.62 1.80 1.92 1.81 1.60 4.27 !MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
j MgO 8.36 11 .13 13.07 13.22 12.97 12.94 12.92 13.11 11.58 
iCaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
IN1120 0.01 0.85 0.11 0.14 0.13 0.16 0.17 0.26 0.18 
i K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
I Total 95.55 96.22 97.82 97.75 97.?2 97.17 97.59 97.48 97.01 
I 

I 
! Cation a on the buia of 1 8 oxygene 
l Si 4.93 5 .03 4.94 4.95 4.93 4.93 4.95 4.92 4.94 
:Ti I 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
i AI i 3.97 3.89 4.01 3.97 4.02 4.01 3.99 4.02 3.97 
!Fe I 0.85 0.31 0.13 0.14 0.15 0.18 0.15 0.14 0.37 
!Mn I 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
: Mg : 1.33 1.71 1.96 1.98 1.95 1.95 1.94 1.97 1.n 
'c. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
: Na i 0.00 0.17 0.02 0.03 0.03 0.03 0.03 0.05 0.04 
;K ' 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 11.09 11.11 11.()6 11 .07 11.07 11 .08 11 .07 11.10 11 .09 

: Felfe+I\Ag+Ca+Mnl%1 38.99 15.33 6.24 8.43 7.23 7.69 7.29 6.41 17.17 
I MWf'MCM(%} 61 .01 84.67 93.76 i3.57 92.n 92.31 92.71 93.59 82.83 
Ca/fMCM(%) 0.00 000 0.00 0 .00 0.00 0.00 0.00 0.00 0 .00 

. MnJFMCM(%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Si+AI 8 .90 8.92 8.95 8.93 8.95 8.94 8.94 8.94 8.92 
-Fe+Mg+Mn+Ce 2.18 202 2.09 2.12 2.10 2.12 2.09 2.11 2.13 
_Fe/{Fe+MQ) 0.39 0 .15 0.06 0.06 0.07 0.08 0.07 006 0.17 

Crd : eorlieritt, Fe : Total Fe. R-SiL : Rim adjecentto aillimW!ita, 

S-88-1 
Crd 

CORE 

48.75 
0.00 

32.57 
4.30 
0.04 

11.52 
0.00 
0.26 
0.00 

97.44 

4.98 
0.00 
3.92 
0.37 
0.00 
1.75 
0.00 
0.05 
0.00 

11 .08 

17.29 
82.55 
0.00 
0 .16 i 

8.91 ; 
2.13 , 
0.17 : 
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generally has totals between 96-98\. It is also optically 

positive with a relatively large 2V, implying that an 

appreciable proportion of the primary volatile content in the 

cordierite is C02 (Armbruster and Bloss 1980). Precise 

determination of the volatile composition has not been 

attempted due to difficulty in obtaining pure grains for 

determination of R.I •. 

Sillimanite : Sillimanite is fairly constant in composition 

and contains relatively high contents of total FeO (1-2 wt.\) 

and MgO (< 1 wt. %) as shown in Table 5. Similarly high 

contents ct FeO (total) in sillimanite have also been reported 

from sapphirine-quartz bearing rocks from Wilson Lake and 

Peekskill (Caporuscio and Morse 197q; Grew 1980; Herd et al. 

1987) . 

Plagioclase : Plagioclase is present as an essential phase in 

all mineral assemblages. The anorthite content ranges from An 

s43 , depending on the coexisting mineral assemblages. 

Plagioclase coexisting with sapphirine and kornerupine has a 

sodic character (An <30). Individual grains do not show 

compositional zoning. 

Spinel The spinels are solid solutions of Mg-spinel and 



Table 5. Representative microprobe analyses of Spinel and Sillimanite. 

[SAMPLE SA-A-1 SA-A- 1 S-90-1 S- 90-1 I IH-46 IH--46 S-68 SA-C-1 SA-C-1 S-748 

I M~ Spl Spl Spl s.~ Sil Sit Sit Sit Sit Spl 
R-SPR R-OPX INC-GNT INC-ONT CORE SY-OPX CORE CORE SY-OPX CORE CODE 

Si02 0.11 0.00 0.08 0.08 35.63 35.84 35.98 35.92 36.08 35.94 
TI02 0.00 0.00 0.03 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
AI203 66.41 67.00 62.83 62.36 62.15 61 .11 62.61 61.72 81 .98 62.13 
FeO 10.99 10.35 23.70 

24.791 2.02 1.98 1.18 1.72 1.83 1.01 
MnO 0.40 0.39 0 .02 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 MgO 21 .71 22.12 12.87 12.64 0.05 0.96 0 .00 0.26 0.02 0.00 c.o 0.00 0.00 0 .00 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 
N.o!O 0.05 0.06 0.04 0.05 0.00 0.00 0 .01 O.Ot 0.02 0.01 
K20 I 0.00 0.00 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 I Total 99.67 99.92 99.!56 99.93 99.85 99.90 99.78 99.83 99.74 99.10 

i On 1M bula of 4 oxygene On 1M beala of 5 oxygene 
Si I 0.00 0.00 0.00 0.00 0.97 0.98 0 .98 0.98 0.98 0 .98 
Tl I 0.00 0.00 0 .00 0 .00 0.00 0.00 0.00 0.00 0.00 o.oc 

IAI I 1.96 1.97 1.97 1.96 2.00 1.97 2.01 1.98 1.98 2.01 
· Fe 0.23 0.22 0 .53 0.55 0.05 0.05 0.03 0.04 0.04 0.02 ,,.., 

0.01 0.01 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
· 1\Ag 0.81 0.82 0.51 0.50 0.00 0.04 0 .00 0.01 0.00 0.00 lea 
•Na 
IK 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.OO i 
0.00 0.00 0 .00 0.00 0.00 0.00 OJO 0.00 0.00 o.oo l 
0.00 0.00 0.00 

~~~~==========~~==~~==~~====~~========~~==~~==~~==~~==~~==~~ 
i 

0.00 , 0.00 0.00 \J.OO 0.00 0.00 o.oo l 
3.02 3.02 3.01 3.02 1 3.02 3.03 3.02 3.02 3.02 3.01 1 

· Fe/fe+ Mg+Ca+ Mnl"'l 
11\Ag/fMCM('(o) 
Ca/FMCMI") 
Mn/FMCM(%) 

Si+AI 
Fe+ 1\Ag+Mn+Ca 
Fe/(Fe+Mg) 

21 .94 
n .25 
0.00 
0.81 

1.97 
105 
0.22 

20.63 50.80 
78.58 49.16 
0.00 0.00 
0.79 0 .04 

1.97 1.97 
1.05 1.04 
021 0 .51 

52.39 ; 95.78 53.65 100.00 78.78 
47.61 . 4.22 46.35 0 .00 21.22 
0.00 : 0.00 0.00 0.00 0.00 
o.oo · 0.00 0.00 0 .00 0.00 

' 1.96 2.98 2.95 2 .99 2.97 
1.05 0.05 0.08 0.03 0.05 
052 0.96 0.54 1.00 0.79 

Spl : apinel, Sit: aillimanite. Fe . Tolal Fe, R-SPR : Rim adjacent to S.pphirine, INC- GNT : Inclusion in Gamet, SY: Symplectite. 

97.86 100.00 j 
2.14 o.oo . 
0.00 o.oo i 
0.00 0.00 ~ 

2.98 2.99 
0.04 0.02 
0.98 1.00 
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hercynite, and contain minor amount of Mn ( <1 wt.\) (Table 

5). Individual grains are homogeneous. As described in the 

petrography section (4-2-2), there are two types of spinel in 

the pelitic gneiss. X~ of grey spinel in Al-poor sapphirine 

bearing assemblages (3) ranges from 0.77-0.79, in contrast to 

a range of 0.47-0.50 measured from green spinel in quartz

bearing assemblages (1). A slight excess in the number of 

cations implies the presence of minor Fe3 +. 

Godrite : Relatively rare gedrite occurs as both i3olated 

coarse grains and in a symplectite with orthopyroxene in 

quartz-bearing assemblage (1). Gedrite formulae were re

calculated on the basis of 23 oxygens (Table 6) . Total cations 

minus (Na + K) are commonly much higher than 15.00 implying 

that gedrite from the Indian Head Range contains rP-latively 

high Fe3
+ contents (see Droop 1989). The gedrites are Al-rich 

(16-20 wt.%) with considerable Na-contents (2.8-3.0 wt.%). X~ 

ranges from 0.82 to 0.83. No compositional difference between 

coarse grains and grains in symplectites was detected. 

Garnet : Garnet poikiloblasts have abundant inclusions such as 

spinel and sillimanite in assemblage (1) as previously 

described. Garnets analyzed are pyrope (31-38) -almandine (56-

64) solid solutions with only minor grossular (CaO < 1 mol.\) 



Table 6. Representative microprobe analyses and structural foiT".ulae of additional minerals. 

I SAMPLE ' I MINERAL 
CODE 

1Si02 
1Ti02 I IAI203 
hO 

I 1Mn0 

llolgO 
CaO 
Na20 
1(20 
T~ 

oxygen number 
i 
I Si 

AI 

I 
jFe 
: Mn 
' Mg 
!ea I 
tN• i 
: K 
: T~ 

Fe/fe+ Mg+Ca+Mn~) 
' Mg/FMCM~) 
. c.JFMCM('I.) 
. Mn/Fr.tCMI'I 

Si+AI 
Fe+M9+Mn+Ca 

· F-.(Fe+ Mg) 

s-88 
OED 

CORE 

41.81 
0.56 

17.20 
15.44 
0.15 

19.211 
0.011 
2 .98 
0 .00 

97.28 

8 .01 
2.113 
1.17 
0.02 
4.15 
0 .01 
083 
0 .00 

15.11 

30.118 
81.110 

0.23 
0 .30 

1 .94 
8.04 
0 .31 

IH - 45 
OED 

CORE 

43.12 
0 .09 

17.55 
11.44 
0 .08 

24.511 
0.14 
2 .85 
0 .00 

97.83 

23.00 
8 .01 
2 .89 
1.10 
0 .01 
5.11 
0 .02 
0 .77 
0.00 

15.92 

17.88 
11116 

0 .34 
0 .15 

8 .90 
8.24 
0 .18 

IH-45 
OED 

CORE 

43.12 
0 .08 

1837 
8 .75 
0 .10 

24.75 
0 .08 
2 .98 
0 .00 

98.22 

5 .97 
3 .00 
1.01 
0 .01 
5 .11 
0 .01 
0.10 
0 .00 

15.92 

i 
lUll: 
83.12 

0 .1111 
0 .19' 

' 8 .97 : 
8 .14 · 
0 .17 

IH-468 
COR 

INC-ILIW 

0 .00 
0 .05 

98.37 
1.71 
0 .00 
000 
0 .00 
0.00 
0.00 

100.14 

3.00 
0.00 
1.98 
0 .02 

0001 0.00 

o.;, 0 .00 
0 .00 
2 .01 

i 
100001 

0 .00 
o.ool 
O.OO j 

198 i 
0 .02 ; 
1.00 ' 

SA-A-1 
810 
OLD 

38.19 
2.28 

17.32 
8 .10 
0 .00 

20.48 
0 .00 
0 .12 

10.02 
98.50 

5 .45 
2 .91 
0 .97 
0 .00 
4 .35 
0 .00 
0 .03 
1.12 

15.78 

11.18 
11.14 

0 .00 
0 .00 

8 .38 
5 .32 
0 .18 

SA-A-1 
810 

YOU 

38.08 
225 

17.12 
1 .39 
0.00 

20.37 
0 .00 
0.12 
11.89 

98.23 

22.00 
5.45 
2.811 
1.00 
0 .00 
4.35 
0 .00 
0 .03 
1.11 

15.78 

18.77 
11.23 

0.00 
1.'.00 

1 .34 
5 .35 
0 .19 

S-22 
810 

YOU 

37.89 
2.30 

17.05 
8 .18 
0 .00 

20.27 
0 .00 
0.14 
11.79 

98.10 

5.42 
2.89 
1.07 
0 .00 
4.34 
0.00 
0 .04 
1.10 

15.10 

19.70 
110.30 
0 .00 
0 .00 

8 .31 
5.41 
0.20 

s-ao-2 S-88-2 
ONT ONT 

C-OPX1 C-OPX2 

38.41 38.411 
0 .01 0.02 

21 .87 21 .85 
27.74 25.08 
0 .82 1.71 

10.74 11 .74 
0.21 0 .57 
0.24 0 .00 
0.00 0 .00 

1111.18 1111.53 

12.00 
2.98 
1.117 
1.711 
0 .05 
1.24 
0.02 
0 .04 
0 .00 
8 .07 

57.82 
311.111 
0 .511 
1.73 

4 .94 
3 .10 
0.59 

2.98 
1.91 
1.81 
0 .12 
1.34 
0 .05 
0 .00 
0 .00 
1 .05 

51 .88 
43.11 

1.50 . 
3.71 1 

4 .113 i 
3.12 ! 
055 j 

Fe : Totlll Fe. OED : Gedrile. COR : Cotundum. INC-ILM : Inclusion in ~m«tia.OLD : Old Iabrie:. YOU : Rellrograde. C-OPX : Corw part from 0pll. 

s-88 
PI.AO 
CORE 

87.52 
0.00 

20.01 
0.011 
0 .00 
0 .00 
1.15 

11.53 
0 .00 

100.211 

2.115 
1.03 
0 .00 
0 .00 
0 .00 
0 .05 
0.111 
0 .00 
5.02 

5.15 
0.00 

94.85 
0 .00 

3.1111 
9478 
5.22 

SA-B-2 
PI.AO 
CORE 

82.65 
0 .00 

23.3& 
0.20 
0.00 
0 .01 
4.56 
11.011 
0.25 

100.20 

1 .00 
2.77 
1.22 
0 .01 
0 .00 
0 .01 
0.22 
0 .71 
0 .01 
5 .01 

3.21 
2 .56 

94.21 
0 .00 

3 .1111 
78.111 
21 .84 

SA-A-2 
PLAO 
CORE 

65.08 
0 .00 

21 .88 
0.30 
0.00 
0 .13 
1.311 

11.32 
0 .00 

1111.17 

2.87 
1.13 
0 .01 
0 .00 
0 .01 
0 .07 
0.117 
0 .00 
5.05 

13.05 
10.07 
711.88 
0 .00 

4 .00 
93.89 
8 .31 

SA-C 
PI.AO 
CORE 

82.82 
0 .00 

23.07 
0 .011 
0 .00 
0 .00 
4.27 
11.74 
0.30 

100.1!!1 

2 .78 
1.21 
0 .00 
0 .00 
0 .00 
0.20 
0 .84 
0 .02 
5 .05 

1.08 
0 .00 

111.92, 
0 .00 

I 
3 .1111! 

80.501 
111.50: 
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and spessartine (MnO: 0.8-1.5 mol.\) contents. These garnets 

are compositionally zoned with rims of lower Mg, 

implyingretrograde exchange between garnet and orthopyroxene. 

X~ is in the range 0.40 to 0.47 and always less than the 

magnesium number of the coexisting orthopyroxene. 

Biotite : Biotite occurs as both a possible early and also a 

later phase in association with sapphirine and orthopyroxene. 

Individual grains are relatively homogeneous excep~ for Ti 

(Ti02 2 -4.5 wt.%). The compositional homogeneity may 

reflect re-equilibration during the retrograde episode. All 

biotites are magnesian (X~ 0.77-0.82), similar to 

coexisting orthopyroxene (X~ 0.63-0.82). Biotites analyzed 

in the study have Al contents between 1.3 and 1.5 atoms per 22 

oxygens. The biotite that is interpreted as a possible primary 

phase has the most aluminous compositions. The stoichiometric 

estimation of oxidation ratios in biotite is hampered by the 

possible presence of site vacancies in the biotite structure. 

However, previous workers (Chinner 1960, Stephenson 1979) have 

noted that average oxidation ratios are about 0 . 1 (Fe201 : 

FeO). Utilizing this assumption, Fig. 59 illustrates biotite 

composition on Troger's (1971) diagram. 

Variation in X~ aaonq coeziatinq ainerala 



AI+Ft3+n 

BIOTITE COMPOSITION I\ 
I \ Assumptlon:10% oxidation 

/ 
/ 

/ 

/ \ 
I \ 

/ \ 
I .11 0 \\ 

I \ 

Fe2+Mn 

Figure 59. Biotite compositions from the pelitic gneiss in the I.H.R. 

plotted in AI+Fe3+ Ti- Mg- Fe2+Mn diagram. 
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The ranking of x,.. = (Mg/Mg+Fe) values among pairs 

coexisting minerals is as follows : 

Cordierite > Kornerupine > Gedrite > Biotite > 

Orthopyroxene ~ Sapphirine > Spinel > Garnet 

129 

of 
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t-2-t Kttaaorphic reactions an4 pro1ectiona 

The textural relations of critical mineral assemblages, which 

were interpreted in the petrography section (4-2-2), attest to 

a sequence of metamorphic reactions which can be considered in 

conjunction with the measurnd compositions of mineral phases. 

The P-T conditions of reactions deduced in this manner are 

then approximated by comparison with the available 

petrogenetic grids. The model chemical systems used in the 

study are generally very simplified models of the real rock 

system (i.e. only the major elements are considered) • The 

critical first-order components for a chemographic analysis of 

the assemblages in pelitic rocks are FeO, MgO, Al203 and Si02• 

Two projections are used to display the mineral assemblages in 

FMAS space. In the (F.M)-A-S diagram, F and M are graphed 

together as a single component, and the resultant diagram is 

very useful for evaluating the role of silica and alumina 

saturation in assemblages. 

In the AFM diagram, the importance of MgO and FeO as 

separated components is enhanced. Two types of AFM diagram are 

used in ~nis study. In the first, quartz is present as a phase 

in the assemblage, and so its activity is fixed throughout the 

diagram (a8i02 =1) (Thompson 1957). In the second type of AFM 



131 

diagram, labelled quartz-absent, quartz is not present in the 

assemblage, so asi01 <1. Although the absolute value of aNitn is 

not known for each assemhl~ge, the quartz-atsent AFM 

projections are valid thermodynamically if as~2 does not vary 

across the composition space depicted in the diagram. Inasmuch 

as the quartz-absent AFM diagrams represent isolated reactions 

in small volumes of rock that occur within FMAS reaction 

space, this thermodynamic validity is maintained. However 

direct comparisons between qtz-absent AFM diagrams are not 

warranted in the light of the unknown value of as;m· 

{A) sillimanite forming reactions 

This reaction is characterized by formation of a sillimanite, 

fine-grained orthopyroxene and quartz replacing cordierite 

porphyroblasts, as previously described. Textural relations 

suggest that the following reactions (mass balanced for end 

member Mg or Fe compositions) ran from left to right. 

Cordierite 

(MgFe) 2Al4 Sis018 

Cordierite + 

2 (MgFe) ~14Si5018 

= Orthopyroxene + Sillimanite + Quartz ( 1) 

2 (MgFe) Si01 2 Al2Si05 Si02 

Spinel = Orthopyroxene + Sillimanite (2) 

(MgFe)Al204 5(MgFe)Si03 5Al2SiO~ 



(F.M)-A-S 

(Mg,Fe)O 

AFM 

Qtz-absent assemblages 

Crd 

Crd=Opx+Sii+Qtz 

Crd+Spi=Opx+Sil 

Al203 

Crd+Spi=Opx+Sil 

Fig. 60. (F.M)-A-S and AFM diagrams constructed from measured mineral 
compositions showing phase relations involving cordierite deduced 
from textural relationships. In the (F .M)-A-S diagram, the dotted 
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line: qtz-bearing assemblages, the solid line: qtz-absent assemblages. 
The assemblage Opx-Crd-Sil occurs in both qtz-bearing and qtz
absent rocks. 
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Chemographic viability of reaction (1) in quartz-bearing 

assemblages is evident from the (Mg, Fe) O-Al20l-Si01 diagram of 

Fig. 60 (a), plotted for analyzed mineral compositions in 

which the cordierite composition lies within the three-phase 

field Opx-Sil-Qtz. The assemblage crd-opx-sil-qtz is divariant 

in AFM space, and from the textures described earlier it is 

clear that the HT/LP phase cordierite is being replaced by the 

divariant 4 phases assemblage. The Mg-rich composition of the 

cordierite (XM& from 0. 92-0.94) indicates the Mg-r ich 

composition of the rocks and suggests that the reaction 

boundary for analyzed samples in P-T space will not be far 

removed from that for end-member Mg-cordierite. Similarly the 

viability of reaction ( 2) recorded in the Al rich sapphirine

bearinq assemblaqe is also evident from the intersP.ction of 

the Crd-Spl and Opx-sil joins in the quartz-absent part of the 

composition space in the Al203-FeO-MgO diagram of Fig. 60 (b). 

(B) sapphirine forming reactions 

Sapphirine forming reactions 3 and 4 interpreted from the 

temporal sequence of reaction textures are : 

Fe-spinel + Orthopyroxene + 02 = Mg-spinel + Magnetite 

FeA1204 (MgFehSi206 MgA120 4 Fe2 •Fe204 

+ Sapphirine (3) 



AFM 
Crd+Spi=Opx+Spr 

Qtz-absent 
Spl 

Fig. 61. AFM diagram constructed using measured mineral compositions 
showing phase relations for sapphirine forming reaction (4}. 
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Cordierite + 

(MgFe) 2Al4Si50 18 

13b 

(MgFe) 7Al 1MSi,O"'-' 

Spinel == Orthopyroxene + Sapphir ine ( 4) 

7 (MgFe) Al204 (MgFe) 2Si206 (MgFe) 7Al 1MSi,040 

Reaction ( 3) was suggested by Herd et al. ( 1987) , and the 

exact stoichiometric coefficients cannot be calculated because 

orthopyroxene contains variable amounts of Al20 1 • However the 

reaction is supported by textural evidence (Fig. 51). Reaction 

(4) is rleduced from the textural relations shown in Fig. 52 

and is consistent with the crossing of Crd-Spl and Opx-Spr 

joins in the Al203-Fe0-Mg0 diagram, as shown in Fig . 61. 

(C) Garnet forming reactions 

On the basis of textural relations (Figs. 53 and 54) , the 

following garnet-forming reactions can be inferred 

Orthopyroxene + Sillimanite == Garnet + Quartz ( 5) 

3 (MgFehSi20 6 2Al2Si05 2 (MgFe) 3Al2Si10 12 2Si07 

Orthopyroxene + 3illimanite + Fe-spinel = Garnet ( 6) 

5 (MgFehSi20 6 2Al2Si05 2 ( FeMg) Al20 4 4 (MgFe) ,Al1Si,012 



(F.M)-A-S 

(Mg,Fe)O 

AFM 

* * Gnt 

SI02 

If 
Spl , 

Opx+ Sii=Gnt+Qtz 

Sll 
... -.. ~·-··· 

Al203 

Opx+Sii+Fe-Spi+{Mt?)=Gnt 

-------.-fllbpx 
----------------- . 

FeO MgO 

Fig. 62. (F.M}-A-S and AFM diagrams constructed from measured mineral 

compositions showing phase relations for garnet producting reactions. 
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The intersection of the two-phase asseMblage Opx-Sil by 

Gnt-Qtz in the (F.M) -A-S system of Fig. 62 supports the 

inference that reaction (5) took place. Although reaction (6) 

is suggested on the basis of textural evidence (Fig. 53), 

chemographic relations in the AFM diagram of Fig. 62 are 

inconsistent with this reaction. An additional Fe-rich 

reactant phase must have been involved, the most likely 

candidate being magnetite which occurs as rounded inclusions 

in garnet. 

(D) Kornerupine forming reactions 

Kornerupine also occurs as porphyroblasts in mineral 

assemblages (1) and (2). Although reactions leading to the 

formation of this mineral are not clear in samples from the 

study area, mass balance considerations suggest that gedrite 

and corundum, which are considered to be early phases, may 

have been involved in the formation of kornerupine (see also 

Schreyer and Abraham 1976, Windley et al. 1984). 

(E)Kornerupine replacement reactions 

Textural interpretations suggest that kornerupine and 

kornerupine + spinel were replaced by the assemblages 

sapphirine-orthopyroxene-cordierite and sapphirine-
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orthopyroxene (Fig. 55 and 56) by reactions (7) and (8). 

kornerupine = cordierite + sapphirine 

+ orthopyroxene + H20 ( 7) 

(MgFe}?Al14Si7042 (0H), (MgFehA14Si50 18 (MgFehA118Si30 40 

kornerupine 

( MgFe) 2S i 206 + H20 

+ spinel = orthopyroxene 

+ sapphirine + H20 

2 (MgFe) Al204 2 (MgFehSi206 

(MgFe) 7Al 18Si3040 + H20 

(8) 

Both these reactions were suggested by Seifert ( 1974 1 

1975). In reaction (7) the exact stoichiometric coefficients 

cannot be calculated for a generalized reaction because 

kornerupine and orthopyroxene contain variable amounts of FeO 

and Al2031 respectively. Kornerupine compositions lie in the 

three-phase field Crd-Spr-Opx and the Krn-Spl join intersects 

the Opx-Spr join in the Al203-FeO-MgO system as shown in Fig. 

63 1 so the inferred reactions are consistent with chemographic 

relations. 



Al203 

AFM 
Krn=Opx+Spr+Crd 

Qtz-absent 

MgO 

Al203 

AFM Krn+Spi=Opx+Spr 

Qtz-absent 
Spl 

FeO MgO 

Fig. 63. AFM diagrams constructed from measured mineral compositions 

showing phase relations during kornerupine replacement reactions. 
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4-2-5 latiaation ot P-T conditions by petrogenetic qri4a 

In this section, the P-T condit\ons for each of the reactions 

inferred from interpretation of mineral textures are estimated 

with reference to available experimental data. The FeO-MgO

Al201-Si02-H20 (FMAS) system (Hensen 1986, Hensen 1987) and Mq0-

Alp,-sio2-H20 (MAS) system (Seifert 1974, 1975) are very useful 

for this purpose. However, although such systems have produced 

meaningful results, caution is required because many studies 

have illustrated that the stability fields of certain minerals 

and grid topologies are distinctly modified by small amounts 

of minor components (Ellis et al. 1980, Bohlen and Dollase 

1983, Sandiford 1985, Hensen 1986, Powell and Sandiford 1988). 

As discussed above, on the basis of textural information, 

cordierite, spinel and orthopyroxene appear to have been 

stable together at an early stage in the metamorphic history. 

The stability field of cordierite has been the subject of 

several experimental investigations (Newton 1972, Green and 

Vernon 1974 and Newton and Wood 1979). The experimental 

results indicate that the upper stability limit of hydrous Mq

cordierite is up to ==12 kbar and 1050°C for the synthetic 

system. These experimental results have also revealed that 
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hydrous cordierite is stable at higher pressures (up to 3-4 

kbar higher) than anhydrous cordierite. Therefore, relatively 

high pressure conditions at dn early stage in the metamorphic 

history cannot be precluded because the cordierites studied 

here may have significant volatile (water and/or C01 ) contents 

as described in mineral chemistry of the section 4-2-3. 

The cores of porphyroblastic orthopyroxene, which are 

considered to have formed relatively early during the 

metamorphism, have high Al contents (up to 9.5 wt.\) and 

coexist with spinel and cordierite. The high Al contents of 

orthopyroxene coexisting with the spinel-cordierite 

subassemblage indicate equilibration at high T (900 - 1000 °C) 

and moderate P (::= 8 kbar) based on solubility of Al20J in 

orthopyroxene (Anastasiou and Seifert 1972). More recently, 

Perkins et al.(l983) suggested that this assemblage reflects 

somewhr_ lower-pressure conditions (6-8 kbar) based on their 

experimental studies. However, the P-T conditions inferred for 

the above reaction and may be affected by the existence of 

minor components such as ferric iron and sodium in the natural 

system, effects which were not taken into account in 

experiments performed in the FeJ+ and Na free system. In 

summary, it is probable that the P-T conditions of peak 

metamorphism were less than 900 1000 °C and - 8 kbar 

established for the end-member system, and it is deduced that 
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high T ( = 900 °C) and moderate P (6-8 kbar) conditions were 

operative to stabilize the cordierite-spinel-Al-rich 

orthopyroxene assemblage. 

Textural evidence suggests that cordierite breakdown 

occurred by the reaction (1) Crd -+ Opx + Sil + Qtz. This 

reaction, which is sensitive to pressure according to Newton 

(1972), results in the formation of orthopyroxene with lower 

Al contents (6-7 wt. \). In the pure MAS system this reaction 

occurs at 11. 2 kbar at 1, 000 °C but the reaction may occur 

under lower P-T conditions when other components are present. 

The recent P-T grid of Hensen (1986) suggests that the FMAS 

reaction has a shallow positive slope at high f02 as shown in 

Fig 64. High oxygen fugacity conditions during the cordierite 

breakdown reaction in the Indian Head Range are supported by 

the common presence of oxides (magnetite and ilmenite) and 

relatively high amounts of Fe3+ in sapphirine and 

orthopyroxene from calculations based on the assumption of 

stoichiometry (not presented). Thus, it is likely that the 

mineral reactions at this stage 

Hensen's P-T grid for high f02 

can be approximated by 

conditions (Fig. 64). 

Additionally, secondary fine grained orthopyroxene and the 

rims of orthopyroxene porphyroblasts have Al20 3 contents of 6-7 

wt.\. The P-T-X grid of Hensen and Harley (1990) suggests 



HIGH 102 

(Qtz 

(Sil) 

Fig. 64. Partial P-T grid for phase relations in the FMAS system for high f02 
conditions ( after Hensen 1986}. 
Heavy lines are univariant equilibria labelled by the absent phase. 
Light lines are divariant equilibria discussed in the text. Dashed line 
with arrow is the inferred P-T path based on reaction textures. 
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that the opx-sil-qtz assemblage with a decreased Al203 content 

(6-7 wt. %) in orthopyroxene, occurs at = 800°C and in a 

pressure range of 8-10 kbar. Thus, it is inferred that the 

breakdown reaction of cordierite to secondary orthopyroxene 

and sillimanite occurred at similar or slightly increased 

pressure (8-10 kbar) and decreased temperature <= 800°C) 

compared with the early cordierite + high Al20 3 orthopyroxene 

+ spinel stability conditions. The estimates are consistent 

with those of Ellis (1980) and Harley (1985) for the same 

cordierite breakdown reaction. 

The timing of sapphirine formation is not clear from 

mineral reacti~n textures. Sapphirine seems to be stable with 

orthopyroxene + sillimanite in quartz-free rocks based on 

textural relations. Based on the experimental data in the 

system MgO-Al20 1-Si02-H20 by Newton ( 1972) and Seifert ( 1974), 

the assemblage orthopyroxene + sapphirine + hydrous cordierite 

can react over a broad range of pressure conditions from 3.6-

11 kbars and the orthopyroxene sapphirine assemblage 

(without quartz) occurs on the high pressure and low 

temperature side of the reaction spinel + cordierite = 

orthopyroxene+ sapphirine (see also Arima and Barnett, 1984). 

This implies that sapphirine formation occurred under roughly 

similar conditions to sillimanite formation by cordierite 



breakdown reacti•.;.n (1). Furthermore, on the basis of their 

experimental results, Anastasiou and Seifert ( 1972) have 

suggested that the Al20 3 contents of orthopyroxene coexisting 

with sapphirine and cordierite, or with spinel and cordierite , 

decrease with decreasing temperature and increase slightly 

with increasing pressure. This is coopatible with changing P-T 

conditions during the cordierite breakdown reaction as 

described above and may be applicable to sapphirine-bearing 

assemblage (2) and (3) developed in the Indian Head Range 

because of similar textures, 

trend towards lower Al203 

orthopyroxene. 

mineral assemblages, and the 

contents in the rims of 

Thus, P-T conditions during the breakdown of cordierite 

and the formation of sapphirine were probably in the range 

800-900°C with pressures of 8-10 kbar, based on several 

experimental data, the FMAS petrogenetic grid and previous 

studies on analogous reactions. 

The assemblage garnet quartz orthopyroxene 

sillimanite occurs in the quartz-bearing assemblages (1). The 

garnets contain abundant inclusions of sillimanite, spinel and 

orthopyrcxene. Sengupta et al. (1990) have suggested that the 

reaction Opx + Sil = Gnt + Qtz occurs at about 770°C, 8.3 
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kbar, for similar garnet compositions (pyrope 31-38, almandine 

56-64) to those from the study area, and Ellis ( 1980) has 

estimated that the assemblage garnet + quart-z + orthopyroxene 

+ sillimanite formed under metamorphic conditions around 7-9 

kbar and 900-980°C for their samples. However, the inferred 

temperature of Ellis ( 1980) appears to be too high because the 

positive slope of this reaction in P-T space (Hensen 1986, see 

F iq. 64) implies that this reaction takes place under falling 

temperature conditions following stability of the assemblage 

orthopyroxene-sillimanite-quartz, which is inferred to be 800-

9000C. 

Prismatic coarse kornerupine with abundant evidence of 

breakdown reactions is present in the Al-rich sapphirine 

bearing assemblage ( 2) . The breakdown products of kornerupine 

consist of symplectic and corona phases. As described 

previously (reactions 7 and 8), kornerupine reacts with and 

without spinel to form secondary sapphirine + orthopyroxene 

symplectites and is replaced by cordierite + secondary 

sapphirine + orthopyroxene. As shown in Fig. 65, kornerupine 

has a relatively limited stability field (750-850 °C, 6-8 

kbar) (Seifert 1974, 1975). As the kornerupine reaction grid 

shows in Fig. 66, Seifert (1974, 1975) has suggested that the 

kornerupine breakdown reaction (krn = crd + opx + spr) occurs 

at 5-6 kbar at 750-800°C. On this basis, therefore, the 
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Figure. 65. Comparison of the stability field (after Seifert 1975) of Boron-free 

kornerupine with the AI2Si05 phase diagram (after Holdaway 1971). 
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kornerupine reaction in the study area occurred at 

significantly lower pressure (5-6 kbar) than the garnet 

forming reaction (8 ± 1 kbar), and a substantial isothermal 

decompression event has been inferred in order to connect the 

two. 

This implies that the conditions of the kornerupine 

breakdown reactions (5-6 kbar and 750-800°C) are significantly 

changed from those of the garnet formation, especially in 

terms of decreased pressure as the partial P-T path shows in 

Fig. 66. 

In summary, mineral reactions in the study area can be 

classified into four stages : 

staqa 1 

Staqa 2 

staqa 3 

very early cordierite, spinel and highly aluminous 

orthopyroxene (up to 9.5 wt . \) formed under 

conditions of about 900°C and moderate pressure (6- 8 

kbar); 

breakdown of cordierite, formation of sillimanite 

and secondary (Al poorer) orthopyroxene, and 

subsequent reaction forming Mg-spinel and 

sapphirine occurred under si ~ \ lar or slightly 

increased pressure (8-10 kbar) and decreasing 

temperature ( :::: 800°C); 

garnet formation occurred with continued coolinq 



Staqe 4 
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conditions at similar high pressures (8 ± 1 kbar); 

subsequently sapphirine-orthopyroxene symplectites 

formed from kornerupine under significantly 

decreased pressure (5-6 kbar, 750-800°C) following 

approximately isothermal decompression. 



CHAPTER 5 

In4tpen4ent Geotheraobaroaetry 

s-1 Introduction 
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In this chapter, an attempt is made to estimate quantitatively 

the metamorphic P-T conditions in the Indian Head Range from 

the compositions of coexisting minerals. Calculations are 

based on the standard state relation for the Gibbs free energy 

change of reaction : CG 0 = -RTlnK where ClG .. = ClH 0
- T (')S 0 + (P-1) 

cV 0 and where R is the gas constant, P pressure, T the 

(absolute) temperature, K the equilibrium constant, and ClG 0
, 

CH 0 cso and cvo are the free energy, ~nthalpy, entropy and the 

volume change of the reaction at 1 bar/298°K. The expression 

above assumes that cH2981 cs298 and cvl.2'~~ are equal to () H1. , ~ Sr 

and c V~T' respectively. 

Several geothermobarometers have recently been developed 

involving calibration of continuous equilibria. These 

geothermobarometers can be classified into two groups. 

Exchange reactions, which are used for geothermometers, 

comprise the interchange of two similar dtoms between two or 
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more sites in one or two minerals, and have a small dP/dT (= 

ClSfrN) and are sensitive with respect to temperature. Cl'l the 

other hand, net transfer reactions, which are used for 

geobarometers, comprise progressive modal redu~tion of 

reactants at the expense of products and are characterized by 

a larger eN. The general thermometric and barometric equations 

can be expressed from the Gibbs free energy change reaction of 

above: 

T [- 6H - (P-1) CV]/(R lnK -aS) 

P [T aS - OH- RTlnK) ]/ OV 

Details concerning individual geothermometers and 

geobarometers used in this study are given in Appendix 3. 

Appropriate mineral assemblages were selected in terms of 

exchange and net transfer reactions, from t .he metcsgabbro, 

noritic gneiss, dioritic gneiss and pelitic gneiss. In the 

selection of mineral asaemblages for the calculat.ion of 

quantitative P-T conditions, choice of samples was based on 

interpretation of textural relationships in terms of 

equilibrium and disequilibrium. Thus, only mineral assemblages 

considered to be in equilibrium were employed for 

geothermobarometry. 



153 

Estimates of metamorphic pressures and temperatures were 

made on 27 samples using the computer program of Mengel (1987) 

employing published calibrations of thermometers and 

barometers. Biotite-garnet, garnet-plagioclase-sillimanite

quartz, garnet-orthopyroxene and garnet-orthopyroxene

plagioclase-quartz mineral assemblages were chosen from the 

pelitic gneiss. Orthopyroxene-clinopyroxene, biotite-garnet, 

orthopyroxene-garnet and hornblende-garnet mineral assemblages 

were selected from the noritic gneiss, metagabbro and dioritic 

gneiss. Textures and mineral chemistry of each mineral 

assemblages are discussed below. 

5-2 Mineral assemblage 

s-2-1 orthopyroxene-Clinopyroxene 

The assemblage orthopyroxene + clinopyroxene occurs in 

dioritic gneiss and metagab~ro units in the southern Indian 

Head RangE:. Both orthopyroxene and clinopyroxene are generally 

evenly distributed throughout these units and occur in contact 

and as grains separated by plagioclase (Fig. 67). The two 

pyroxenes typically display granoblastic texture with the 

plagioclase matrix. Contacts between the two pyroxenes are 

generally sharp and regular indicating an equilibrium 
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Figure 67. Photomicrograph showing equilibrium textural 

relationships between orthopyroxene, clinopyroxene 

and plagioclase in the dioritic gneiss. Width 

of photomicrograph 

light. 

. . 1. 6 mm • Crossed polarized 

0: orthopyroxene, C: clinopyroxene. P: plagioclase. 

Sample# : IH-41. 
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Fig. 68. Partial ternary diagram of orthopyroxene compositions from different 
mineral assemblages plotted in (F.~)O-Ca0-AI203 composition space. 

CaSI03 

mole% 

A: Metagabbro 
B: Dlorltlc gneiss 

Figure 69. Compositions of coexisting orthopyroxene-clinopyroxene in the 
metagabbro and dioritic gneiss in the I.H.R .. 
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relationship. The products of later alteration (such as 

amphibole) are common along grain boundaries and cleavages, 

but were avoided during analysis. 

The plagioclase coexisting with the two pyroxenes is 

variable in composition, displaying a range of An,2_7,. 

Orthopyroxenes from 1:he metagabbro and dioritic gneiss are 

hypersthenes with a relatively narrow range of composition, 

with Mg/(Mg+Fe) ranging from 0.57 - 0.66. Fig. 68 shows the 

compositional ranges of orthopyroxene from the metagabbro and 

the dioritic gneiss. Al20l contents of orthopyroxene& from the 

two units lie in the range 1-2 wt.\. Clinopyroxene& are 

diopsides which also show a restricted range of composition 

with Mg/ (Mg+Fe) ranging from 0. 66 o. 80. The typical 

clinopyroxene of metagabbro contains 44-50\ wollastonite, 28-

37\ enstatite, and 13-28\ ferrosilite and shows very weak 

zoning with Mg increasing and Ca decreasing from core toward 

rim. The measured range of pyroxene compositions, and tielines 

between coexisting orthopyroxenes and clinopyroxenes, are 

shown in Fig. 69. 

5-2-2 Garnet-biotite 

Garnet-biotite pairs occur in noritic gneiss and locally in 



Figure 70. Photomicrograph showing garnet porphyroblast 

wrapped by the biotite matrix in noritic gneiss. 

Width of photomicrograph : 1.6 mm. Plane polarized 

light with blue filter. B: biotite, G: garnet. 

Sample# : S-127. 

Figure 71. Photomicrograph showing equilibrium textural 

relationship between garnet and biotite in neritic 

gneiss. Width of photomicrograph : 1.6 mm. 

Plane polarized light. B: biotite, G: garnet. 

Sample# : S-126-1. 
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pelitic gneiss. Porphyroblastic garnets are locally overgrown 

by coarse biotite grains in the neritic gneiss (Fig. 70). On 

the other hand, in the pelitic gneiss inclusions of 

idiomorphic biotite are ubiquitous within porphyroblastic 

garnets, implying that garnet postdated them. Grain boundaries 

are generally sharp and straight, and are interpreted to be in 

equilibrium (Fig. 71). However, some of garnets locally show 

irregular contacts with biotite inclusions, and such pairs 

cannot be considered to be in equilibrium. symplectic biotite

quartz intergrowths are locally developed around garnets in 

the noritic gneiss and are not used for geothermometry. 

The characteristic garnet-biotite zcning patterns from 

the noritic gneiss are displayed in Figs. 72, 73 and 74. The 

garnets have X~ (Mg/Mg+Fe) of 0.36 - 0.47 and show distinct 

compositional differences between core and rim. XMa decreases 

and Fe increases from core to rim. Al contents of garnet do 

not show a distinct change between core and rim. Biotites are 

unzoned in individual grains but XMa is higher in biotite 

close to garnet than those in the matrix. 

5-2-3 Garnet-plagioclase-sillimanite-quartz 

The garnet-plagioclase-sillimanite-quartz assemblage occurs in 

the pelitic gneiss. Plagioclase exhibits direct contact with 
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Fig. 73. Core to rim compositional profiles for Mg in garnet coexisting with 
biotite and orthopyroxene fqrm the neritic gneiss in the I.H.R .. 
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A: Pelitic gneiss 
B: Diorltlc gneiss 

Fig. 75. Feldspar ternary diagram shows the range of plagioclase compositions 

from the pelitic gneiss and dioritic gneiss in the I.H.R .. 
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Yiqure 76. Photomicrograph showing the textural relationship 

between garnet with blebby inclusions of 

sillimanite and adjacent orthopyroxene. Width of 

photomicrograph : 2. 9 mm. Crossed polarized light. 

G: garnet, 0: orthopyroxene, Si: sillimanite. 

Sample# : S-90-2. 

~iqure 11. Photomicrograph showing garnet porphyroblast with 

orthopyroxene corona in plagioclase matrix. Width 

of photomicrograph : 5. 4 mm. Plane polarized light. 

G: garnet, 0: orthopyroxene, Pl: plagioclase. 

Sample# : S-88-2. 
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garnet. The plagioclase& have a limited compositional range of 

An 11 n (Fig. 75). Coexisting quartz is developed around garnet 

grains. The garnets analyzed here are pyrope (31-38) 

almandine (56-64) solid solutions with only minor grossular 

(CaO < 1 mol.%) and spessartine (MnO: 0.8-1.5 mol.%) contents. 

The composition of garnets between core and rim with 

plagioclase does not show any zoning pattern. Sillimanite, 

which is present as only an inclusion phase within garnet 

porphyroblasts, displays elongated lamellar and blebby shapes 

(Fig. 76). Although textural relations are not clear as to 

whether si 11 imani te is in equilibrium with garnet or not, 

textures in which sillimanite has a sharp boundary with garnet 

were chosen for geobarometry. 

5-2-t Garnet-orthopyroxene 

The assemblage garnet-orthopyroxene is locally developed in 

the noritic gneiss and in a few samples of pelitic gneiss. 

Garnet-orthopyroxene contacts are sharp, reflecting 

equ il i br i urn between the two phases (Fig. 7 7) • Garnet 

composition is comparatively homogeneous and slightly enriched 

in almandine (almandine: 50-57 mol%, pyrope: 43-50 mol %). 

The garnets in contact with orthopyroxene do not show 

significant zoning. The zoning profiles of garnet from the 
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noritic gneiss are presented in Figs. 72, 73 and 74. X~ in 

garnet slightly decreases from core to rim near the contact 

with orthopyroxene. As noted previously, orthopyroxene from 

pelitic gneiss shows significantly higher Al-contents (up to 

6 wt.\), compared to orthopyroxene from neritic gneiss (2-3 

wt.%). The contents of Aland Fe in orthopyroxene decrease 

slightly from core to rim, and Mg contents increase toward the 

rim. 

5-2-5 Garnet-Hornblende 

The garnet-hornblende mineral assemblage locally occurs in 

metagabbro. Rocks bearing this assemblage show recrystallized 

granoblastic textures with clear, sharp grain contacts (Fig. 

44). Thus, the two minerals are considered to be texturally 

stable and in equilibrium. Plagioclase, showing late 

alteration, is ubiquitous and occurs between garnet and 

hornblende grains. Garnet in this assemblage is significantly 

different in compositions compared to that from other mineral 

assemblages de&cribed above (Fig. 78). X~ in garnet ranges 

from 0.03 0.05. Typical compositions of garnet are 

approximately 34-38 mol.\ pyrope, 3-4 mol.\ almandine, 36-40 

mol.\ grossular and 20-24 mol.\ spessartine. Both garnet and 

horn~lendc are relatively homogeneous. Ti (< 0.3 mol.\) and Mg 
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contents ( 10-12 mol.%) in hornblende are lower than those from 

the noritic gneiss and dioritic gneiss. On the other hand, Ca 

(23-25 mol.%), Fe {12-13 mol.%) and Mn (1-2 mol.%) contents 

are much higher than those from other assemblages. X'"'- in 

hornblende is in the range 0.22 - 0.25. 
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5-3 Geothermometrv 

In order to quantify temperature, the compositions of 

coexisting garnet-biotite, garnet-orthopyroxene, and 

clinopyroxene-orthopyroxene from the noritic gneiss, 

metagabbro, dioritic gneiss and pelitic gneiss are used. 

Almost all of mineral assemblages which are considered to 

be in equilibrium are selected from these mafic rocks for 

geothermometry. A brief discussion of individual 

geothermometers is presented below, but a more thorough review 

is presented in Appendix 4. 

1=1=1 Garnet-Biotite Geothermoaetry 

The distribution of Fe and Mg between garnet and biotite has 

been widely used to estimate temperatures of metamorphism. The 

cation exchange equilibrium is: 

pyrope annite 

Fe3Al2Si30 12 

almandine 

+ KMg3AlSi30 10 (0H) 2 

phlogopite 
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The Fe-Mg distribution, expressed as Kd= (Mg/Fe) gnt/ (Mg/1-'e) bio, 

is a function of temperature and is affected only to a slight 

degree by pressure (Thompson 1976, Goldman and Albee 1977, 

Ferry and Spear 1978). 

For temperature estimates from garnet-biotite pairs in 

the study area, the thermometer of Ferry and Spear ( 197 8) , 

with mixing models for plagioclase and garnet by Pigage and 

Greenwood (1982), Hodges and Spear (1982), Indares and 

Martignole (1985), Perchuk and Lavrent'eva (198J) are 

employed. 

Hodges and Spear (1982) have suggested several points 

which should be considered when using these garnet-biotite 

thermometers; in particular that " the garnet-biotite Fe-Hg

exchange geothermometer is susceptible to re-equil ibration 

during cooling and is most accurate in medium-grade 

metamorphic terranes " and " the thermometer may yield 

unrealistically low temperatures for high-grade metamorphic 

terranes "· These suggestions will be considered when the 

results of the geothermometer are applied and interpreted in 

a later chapter. 

5-3-2 Clinopyroxene-orthopyroxene Geotheraometry 

Coexisting Ca-poor and ca-rich pyroxenes have long been 

recognized as a potential geothermometer, and consequently 
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there have been several attempts to calibrate the temperature 

dependence of the solution of enstatite in diopside (Bohlen 

and Essene 1979). 

Wood and Banno (1973) and Wells (1977) have presented 

data on the variation of the position and shape of the solvus 

with temperature in the pyroxene quadrilateral, based on the 

exchange reaction: 

(Mg, Fe) 2Si206 

clinopyroxene 

= (Mg, Fe) 2Si206 

orthopyroxene 

Both calibrations are based on an assumption of an ideal two

site solution model, in which a random distribution of Fe2• 

and Mg between M2 and M1 is assumed following the allocation 

of Ca, Na, Mn to M2 and Al~, Cr Ti, Fe3• to Ml, respectively. 

s-J-3 Garnet-orthopyroxene Geotheraometry 

The equilibrium compositions of coexisting garnet and 

orthopyroxene have been widely recognized as potential 

indicators of the P-T conditions of formation of a variety of 

natural assemblages, especially those formed at granulite 

facies metamorphic conditions and in the Earth's upper mantle 

(Lee and Ganguly 1988). 
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Wood (1974), Harley and Green {1982), and Harley {1984) 

have experimentally calibrated the solubility of Al in 

orthopyroxene coexisting with garnet as a geothermobarometer. 

The exchange of Fe and Mg between coexisting garnet and 

orthopyroxene was calibrated by Wells {1977), Lindsley (1983), 

Sen and Bhattacharya (1984) and Lee and Ganguly (1988) base~ 

on the equilibrium: 

3MgSi03 + Fe3Al2Si30 12 = 3FeSi03 + M%Al 2Si30 12 

enstatite almandine ferrosilite pyrope 

In this application, the orthopyroxene solid solution is 

assumed to be ideal in the temperature range for granulites 

and a ternary symmetrical solution model has been adopted for 

garnet (Sen & Bhattacharya 1984). Thermodynamic parameters for 

end-member solutions in garnet were taken from the data of 

Froese (1973) and O'Neill and Wood {1979). 

s-3-4 Garnet-Hornblende Geothermometry 

A garnet-hornblende Fe-Mg exchange geothermometer has been 

presented by Graham and Powell (1984) and Powell (1985). The 
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exchange of Fe-Mg between garnet and hornblende may be 

represented by the exchange equilibrium : 

3NaCa2Fe4Al3Si6022 (OH) 2 + 4MgiA1 2SiP12 

ferro-pargasite pyrope 

pargasite almandine 

Graham and Powell (1984) have pointed out that the 

thermomet•ar can be applicable below about 850 oc to rocks wi:..h 

Mn-poor garnet and common hornblende of widely varying 

chemistry metamorphosed at low f 02. 

S-4 Geobarometry 

Metamorphic pressures were estimated using the garnet

plagioclase-Al2SiOs-quartz geobarometers of Ghent et al. 

(1979), and Newton and Haselton (1981), and the garnet

orthopyroxene-plagioclase-quartz geobarometer of Perkins and 

Newton (1981). Additionally, the orthopyroxene-garnet 

geobarometry calibration of Harley and Green ( 1982) has been 

employed. 
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5-4-1 Garnet-P~agioclase-Al2 s ios-ouartz Geol;)arometry 

The pressure during metamorphism can be estimated from the 

equi.libr ium (Ghent 1976): 

anorthite grossular sillimanite quartz 

Calculations of the reaction were initially based on the 

assumption of ideal solid solution of garnet and plagioclase. 

Subsequent experimental and thermodynamic analyse::; have 

resulted in modification to the barometer (e.g. Ghent et al. 

1979; Newton and Haselton 1981; Hodges and Spear 1982, Hodges 

and Royden 1984). 

As Bohlen and Lindsley (1987) pointed out, the 

geobarometer has high degree of uncertainty due to the 

temperature-sensitivity of the end-member equilibrium and the 

low concentration of grossular in garnet from most pelitic 

assemblages. This is especially applicable to the sample in 

the study in which Xca garnet is lower than o. 02 

5-4-2 Garnet-ortbopyroxene-Plaqiaclase-ouartz 

Geobarometry 
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Wood and Banno (1973) first fiXperimentally calibrated the 

reaction of garnet with pyroxene solid solution as a 

geobarometer. Newton and Perkins (1982) and Perkins and 

Chipera fl985) have calibrated mineralogic geobarometers based 

on the assemblage garnet-plagioclase-pyroxene-quartz, which 

are applicable to granulite grade quartzofeldspathic and mafic 

lithologies. The equilibrium has been calibrated on the basis 

of the reaction : 

anorthite enstatite 

= Ca3Al2Si30 11 

grossular 

+ 2Mg1Al1SiJ011 + Si01 

pyrope quartz 

Here, the formulations of Ganguly aild Kennedy (1974) were 

used for the activities of the ternary garnet solid-s0lutior. 

and plagioclase activities • ·ere determined using the models of 

Kerrick and Darken (1975) and Newton et al. (1980). 

In this study the choice of temperature for a pressure 

estimate depends on consideration of the resu 1 ts of 

appropriate mineralogic thermometers. 
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5-5 Retulta of Geotbermobaroaetry 

s-s-1 Geothermoaetry 

On the basis of the general occurrence of high-grade mineral 

assemblages from mafic rocks, including the pelitic gneiss in 

the area, metamorphic temperatures are expected to be 

relat1vely hlgh. 

Results from the orthopyro~<ene-clinopyroxene 

geothermometer are listed in Table 7. The calibrations of Wood 

and Banno (1973) and Wells (1977) produ~e temperature 

estimates in the range 827-931°C. The results do not show any 

difference between the metagabbro and the dioritic gneiss, and 

there are also no significant differences arising from the use 

of core versus rim analyses. Thus, the temperature estimates 

from orthopyroxene-clinopyroxene pairs in the metagabbro and 

dioritic gneiss units are in good agreement with the high 

temperatures inferred for the pelitic gneiss using the 

petrogenetic grid (section 4-2-5) • 

Garnets from the pelitic gneiss and noritic gneiss are 

compositionally zoned, with rims of lower Mg, implying 

retrograde exchange between garnet and coexisting minerals 

(especially biotite) as shown in compositional zoning profile 
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Table 7. Temperature estimates from the opx- cpx thermometer in the 
metagabbro and dioritic gneiss of the Indian Head Range 

S- 14 876 
S-2 847 
S-2-2 830 
S-7 857 

S-64A 827 
S- 103A 876 
S- 1038 849 

T1 : Wood & 8anno (1973) 

l T2: Wells (1979) 

- ---·.- ·-· -- - - · ---·· 

861 
888 
851 
835 

851 
931 
889 

Metagabbro: S-14, S-2, 5-2-2, S-7 
Dioritic gneiss: S-64A, S- 103A, S - 1038, S-36A. 
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of Figs. 72, 73 and 74. Application of garnet-orthopyroxene 

thermometry on quartz-bearing samples using Sen and 

Bhattacharya's ( 1984) thermodynamic calibration indicates that 

metamorphic temperatures for P= 8 kbar (which is assumed on 

the basis of the petrogenetic grid discussed in section 4-5) 

are in the range of 776-805°C for core compositions (Table 8). 

Rim compositions yield temperatures up to 100°C lower. Lee and 

Ganguly's ( 1988) experimental calibration yields slightly 

higher temperatures (806-838°C). Coexisting orthopyroxene and 

garnet give a range of 729-754°C for core compositions using 

the Fe-Mg exchange thermomete;-:- of Harley ( 1984). The low 

temperature estimates from garnet-orthopyroxene pairs may 

represent minimum temperatures because the FeH contents of 

garnet and orthopyroxene have not been calculated (Harley 

198 5) . 

Several calibrations are now available for the garnet

biotite geothermometer. The results for P= 8 kbar, which is 

assumed on the basis of results from the petrogenetic grid, 

are listed in Table 9. Garnet-biotite pairs from the matrix of 

the noritic gneiss give temperatures of 829-689°C for garnet 

cores and 628-542°C for garnet rims using the calibration of 

Hodges and Spear (1982). The differences between the Ferry and 

Spear (1978) calibration and the Hodges and Spear (1982 
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Table 8. Temperature estimates (for 8 kbar) from garnet-orthopyroxene 
thermometer in mafic rocks of the Indian Head Range. 

S-85-2(C 
s-~5-2(R 
S-105 (C) 
S-105 (A) 
S-88-2(C 
S-88-2(R 
S-30-2(C 
S-90-2(R 

C:Core R:Rim 

804 
736 
805 
769 
776 
732 
794 
702 

I T1: Sen & Bhattacharya {1984) 
I T2: Harley (1984) 
IT3: Lee & Ganguly (1988) 

L .... - ---· -- -· ···- -·- - .. 
* S-85-2, S-1 05 : neritic gneiss 
S- 88- 2, S- 90: pelitic gneiss 

T2 

752 
706 
754 
729 
729 
698 
737 
673 

T3 

835 
784 
838 
810 
806 
771 
807 
739 
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Table 9. Temperature estimates (for P=8 kbar) from garnet-biotite thermometers 
in the noritic gneiss of the Indian Head Range. 

Sample($~ T1 T2 .•.. 

825 844 126-2(C) I 
126-2(A) I 596 611 

: 127(C) 1 786 803 
! 127(R) I 623 639 
! 105(C) I 803 821 
1 105(R) I 544 558 

85-2(C) 1 683 715 
! 85-~(A) 1 535 564 
I 
ic: Core R: Rim 

I T1 - Ferry and Spear (1978) 
T2 - Pigage and Greenwood (198~?) 
T3 - lndares and Martignole (1955) 
T 4 - Hodges and Spear (1982) 

-=-T:l ~-=Tc ~:::::rsJ 
654 829 700 
464 600 589 
622 790 683 
482 628 604 
632 808 690 
415 548 560 
579 689 634 
450 542 555 

' 
-------- -· ---·-· --- -- - .. . ------ ·- ·-·-···--- 1 

T5 - Perchuk and Lavren!'~ya (1~~ _____ _ ·--- ----- - - --- · __ _ 
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calibration are about ± 25°C. The correction of Pigaqe and 

Greenwood (1982) yields somewhat anomalous results. The 

apparent temperature difference between core and rim may 

reflect continued Fe-Mg re-equilibration during retrogression 

and record temperatures of different points on the P-T path. 

The Indares and Martignole (1985) calibration, which evaluated 

influences from Al and Ti in biotite, yields temperatures 

ranging from 100 to 160°C lower than those of the Hodges and 

Spear (1982) calibration. Estimates determined from the 

calibration of Perchuk and Laurent'eva (1983) also yield 

somewhat lower temperatures than the Ferry and Spear, Hodges 

and Spear, and Pigage and Greenwood calibrations. 

It is likely that the calibration of Hodges and Spear 

(1982) is most applicable to the area because most garnet and 

biotites satisfy the compositional limits. 

Garnet-hornblende thermometry (Graham and Powell 1984) 

on sa:nples from the metagabbro unit provides temperature 

estimates (Table 10) in the range 580-640°C, consistent with 

the results from garnet-biotite rim compositions of the 

noritic g~eiss and therefore also interpreted to represent re

equilibration during cooling. 

In summary, it is likely that the best estimate of peak 

metamorphic temperature lies in the range of 827-931°C from 



Table 10. Temperature estimates from garnet-hornblende thermometers 
in the metagabbro cf the Indian Head Range. 

r sample# -~-- rr-:= ~_r2 . -~=~~=-=~ --------~-- / 
S-77(C) 635 618 ' 

I 
S-77(R) 611 593 
S-72(C)j 631 615 
S-72(R) 627 61 0 
S-65(C) 645 629 
S-65(R) ___ 6_Q_?_ _ _ -~5_.;:_;89'----

-- ----
C: Core, A: Aim 

T1 -Graham and Powell (1984} ' 
T2 - As T1 , but with refinements_Ey Powell (1985) J 

. -- --- · ··--- -------- - - - ---- --- ---- --- ·----- - · 
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orthopyroxene-clinopyroxene thermometry. The temperature of 

garnet formation is inferred to be 750-830°C from garnet

orthopyroxene and garnet-biotite (core compositions) 

thermometry. The temperature from garnet-bi~tite (rim 

compos .;_tions) and garnet-hornblende thermometry is in the 

range of 540-640°C, which appear"i to indicate re

equilibration. 

5-5-2 Gaobarometry 

The absence of kyanite and andalusite in pelitic gneiss (i.e. 

only sillimanite occurs) implies that metamorphic pressure is 

moderate. Furthermore, the absence of coexisting garnet and 

clinopyroxene in metabasic ~ocks and the low jadeite contents 

( < 5 mole %) in clinopyroxene support a moderate pressure. 

Metamorphic pressures calculated from the 

plagioclase-sillimanite-quartz barometer for the 

garnet

pelitic 

gneiss are listed in Table 11. The temperature choice of aoooc 

is based on results of the geothermometry and the petrogenetic 

grid as described in the previous chapter. 

The calibrations of Newton and Haselton (1981) (with 

correction by Ganguly and Saxena (1984)) yield a pressur.1 

range of 7.9-9.6 kbar at 800°C. The calibrations of Hodges and 

Royden (1984) yield somewhat a lower (although overlapping 



Table 11. Pressure estimates(for 8000C) using the garnet-sillimanite-plagioclase 
-quartz barom~ter in pelitic gneiss of the Indian Head Range. 

~-§am_ete# P1 P2 P3 P4 ·-

! S-90-1 9.6 6.1 10.3 7.7 
:S-90-2 9.3 5.9 10 7.5 
15-88-1 8.1 ~8 8.8 7.5 
· S-88-2 ' 7.9 5.7 8.6 7.4 
S-45 8 5.7 8.7 7.4 

~ P1 : Newton & Haselton (1981) with Ganguly & Saxe .. : (1984) correction 
P2: Ghent et al. (1979) 
P3: Ghent et f'l (1979) with Kd calculated as in P1 

_ ~4: ~~~_Q_~ __ tfaselton (1981) with Hodges & Royden (1984) correctio._n ___ _ 
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within error} pressure (7.4-7.7 kbar). However, both of these 

estimates are considered to be unreliable owing to the 

extremely low concentration of grossular (Xgrossular <0. 02) in 

these garnets. 

The compositional parameters and calibrations of the 

garnet-orthopyroxene-plagioclase-quartz geobarometer for the 

pelitic gneiss are listed in Table 12. 

The Newton and Perkins (1982) calibration (Mg-re~ction) 

of the garnet-orthopyroxene-plagioclase-quartz geobarometer 

indicates a pressure range of 8.1-8.6 kbar at soooc for the 

pelitic gneiss. The calibrations of Newton ~nd Perkins (1982) 

and Perkins and Chipera ( 1985; Mg-reaction) yield similar 

pressures. However, the calibration of Perkins and Chip~ra 

(1985; Fe-reaction) yielded considerably higher p~essures ( 

10.8-11.8 kbar) at the same temperature. 

The garnet-orthopyroxene geobarometer of Harley and Green 

(1984) based on alumina solubility in orthopyroxene, indicates 

pressures of 7.9-10.3 kbar at 800°C. 

Errors associated with these geobarometers range from 

about ± 1. 0- 1.5 kbar for garnet-orthopyroxene equilibria to at 

least ± 2 kbar for the garnet-plagioclase-Al2SiOs-quartz 



Table 12. Compositional parameters and pressure estimates (for 800°C) from garnet-orthopyroxene-plagioclase 
-quartz barometers in pelitic gneiss of the Indian Head Range. 

~--· -----Opx 
Gnt r::- r-xMg . Sa.n~# XM XFe r--- ---

I ' 
i S-88-2(CJ 0.694 . 0.428 0.532 
I S-88-2(R] 0 .706 1 0.418 0.541 
. S-45(C) j 0.688 1 0 .43 0 .516 
: S-45(R) 0 .696 1 0.428 0.52 
S-90-2(C: 0 .655 1 0.402 0.574 
S-90-2(RJ 0.66 0.402 0 .574 

C: Core A: Rim 

P1: Newkln & Perkins (1982) 
P2: Perkins & Chipera (1985; Mg-reaction) 

__ P~~rkins & Chipera (1985; Fe-reaction) 

PI 
XC a XMn P1 P2 

0 .015 0.025 0.136 ! 8.3 8.1 
0.016 0.025 1 0 .136 : 8 .2 8 .1 

0.038 1 I 
0.016 0.144 1 8 .6 8 .4 
0 .016 0.036 1 0 .144 1 8.5 8.3 
0.005 0.019 . 0 .056 ; 8.3 8.1 
0.005 0.019 1 o.oss : 

I 
8 .1 8 

P3 I 

11.2 
11.8 
10.9 
11.2 
1o.a 1 
10.8 ! 

I 

' ! 
_____; 
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barometer (Bohlen and Lindsley 1987). 

Thus, it can be concluded that the metamorphic pressure 

during garnet formation was about 8. 5 kbar. This pressure 

estimate lies within the stability field of sillimanite at 

800°C (Holdaway 1971). Although pressure estimates from 

geobarometers may represent later re-equilibrium conditions, 

they are in good agreement with the pressure estimates based 

on results (8-8. 5 kbar) from petrogenetic grids for garnet 

formation. 
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CHAPTER I 

DISCUSSION AlfD TECTONIC IMPLICATIONS 

6-1 Discussion 

In this chapter the P-T conditions of metamorphism obtained 

from petrogenetic grids are compared with the results from 

independent geothermobarometrt discussed in the previous 

chapter. 

The estimate from orthopyroxene-clinopyroxene 

geothermometers (Wood and Banno 1973, Wells 1977) from the 

metagabbro and dioritic gneiss in the area indicates 

metamorphic temperatures in the range 850-930°C. Additionally, 

the presence of exsolution lamellae in pyroxenes from the 

anorthosite and no::-itic gneiss supports peak metamorphic 

temperatures greater t:.han 750°-820° (Ellis 1980). This result 

is also compatible wit.h the presence of perthitejantiperthite 

in the variably foliated biotite granite. 

A temperature of about 900°C is therefore assumed for the 

metamorphic peak. The result strongly supports the high 

temperature expected from the stable mineral assemblage in 

metapelitic rocks (highly aluminous orthopyroxene-cordierite-
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spinel) of the early stage described in section 4-2-5. 

However, the mineral assemblages in the pelitic gneiss do not 

preclude the possibility of even higher temperatures (up to 

1000 °C) at an early stage of metamorphism, as discussed in 

section 4-2-5. 

Unfortunately, pressure estimates for the early stage of 

metaruorphism in the area are not available from independent 

geobarometery owing to the absence of suitable mineral 

assemblages. Nevertheless, mineral assemblages during the 

early stage suggest that metamorphic pressure was moderate (6-

8 kbar) • The presence of the assemblage spinel-quartz supports 

a relatively low pressure. Sillimanite is the only 

aluminosilicate mineral found in the study area. It implies 

that pressure was not higher than about 10 kbar, even during 

sillimanite formation. The absence of the assemblage 

sapphirine +quartz indicates that the metamorphic conditions 

in the Indian Head Range did not exceed 10 kbar and 1000 °C. 

Metamorphic temperatures during garnet formation are 

estimated to have been 840-800°C based on garnet-orthopyroxene 

thermometry (Harley 1984). Garnet-biotite geothermometry 

several calibrations) yields a range of 850-800 oc for garnet 

core compositions. This result is broadly compatible with 

garnet-orthopyroxene thermometry for garnet cores. The 
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temperature estimates from the petrogenetic grid (Figs. 66 and 

80) also yield a range near = 800°C. 

Garnet-orthopyroxene, garnet-orthopyroxene-plagioclase

quartz and garnet-sillimanite-plagioclase-quartz geobarometers 

yield estimates of 8-9 kbar maximum pressure. This is 

consistent with the absence of the assemblage garnet

cl inopyro::ene in mafic units and represents the pressure 

conditions during garnet formation. 

The temperatures estimated from garnet-biotite rim 

compositions yield lower temperatures ranging from 640-530°C 

and are consistent with those estimated from the garnet

hornblende geothermometer (580-640°C) on samples from the 

metagabbro unit. This result may represent the temperature of 

the amphibolite facies metamorphism which is recognized on the 

basis of retrograde mineral assemblages (chapters 3 and 4). 

P-T-t Patb 

The P-T-t path for the evolution of the Indian Head Range can 

be determined from the petrogenetic grid (Fig. 79). The 

mineral assemblage cpx + sil + qtz was produced by cordierite 

replacement on the basis of mineral reaction texture discussed 

in section 4-2-4. According to Hensen (1986) the slope of the 
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reaction is gently positive in P-T space (Fig. 64). Hensen 

(1987) suggested that, if the reaction occurs under conditions 

of high oxygen fugacity, any inc~ease of pressure during ~he 

breakdown reaction of cordierite may be limited. Thus, 

pressure changes during this reaction may not be significant. 

Garnet is interpreted to form by the reaction Opx + Sil 

= Gnt + Qtz. Continuous cooling during garnet formation is 

deduced from the positive slope of the mineral reaction as 

shown in the partial petrogenetic grid in Fig. 79. The 

proposed continuous cooling is supported by the 

geothermobarometric results discussed in chapter 5, in which 

the garnet-orthopyroxene thermometer yields a temperature of 

750-830°C. 

Kornerupine breakdown reactions produced secondary 

sapphirine-orthcpyroxene symplectites. These reactions took 

place under pressure conditions of 5-6 kbar and temperature 

conditions of 750-800 oc as shown in Figure 66. This implies 

that there was a significant change in pressure between garnet 

formation from ~ 8 kbar) and kornerupine replacement 

reactions (5-6 kbar) , and may indicate nearly- isotherma 1 

decompression between these two. 

Thus, an early approximately isobaric cooling history is 
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Figure 79. P-T-time trajectory from reaction grids 
showing successive metamorphic conditions 
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recognized from the textural evidence of the reaction 

cordierite ... orthopyroxene + sillimanite + quat·t?. garnet + 

quartz. The reaction, kornerupine ... orthopyroxene + sapphir ine 

+ cordierite, occurred at lower P, and followed near

isothermal decompression before final cooling (Fig. 79). 

Consequently, the metamorphic evolutior. of the Indian 

Head Range, as recorded by the mineral reactions, suggests a 

rather unusual P-T path involving discrete segments with 

contrasting slopes. 

6-2 Tectonic Implications of the P-T path 

In a review of P-T p~ths in granulite facies terranes, Harley 

(1989) showed that of ninety examples, eighty six exhibited 

clockwise P-T paths and only four showed anticlockwise paths. 

Clockwise P-T paths are generally interpreted in terms of 

crustal thickening by overthrusting [following the numerical 

modelling experiments of England and Richardson (1977), 

England and Thompson (1984, 1986)) with an additional input of 

heat from either adjacent intrusion or from an enhanced mantle 

heat flow. The latter is necessary for the attainment of 

granulite facies temperatures at mid to deep-crustal pressures 

(6-10 kbars). In contrast, anticlockwise P-T paths, of which 

perhaps the best example is from the Adirondack Mountains of 
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the southwest Grenville Province, are characterized by a 

pressure increase following peak metamorphism. Such a path may 

have been induced by a steady increase in crustal thickness 

due to magmatic accretion at the base of and into the crust 

during metamorphism (Bohlen 1987). 

Interpretation of the significance of the path determined 

in the IHR depends largely on the nature of the slope of the 

high P part of the path. This is not well constrained and may 

be isobaric, or may indicate a modest increase in P with 

decreasing T (see section 4-2-5) . 

If the high P part of the path is interpreted to be 

isobaric, then the P-T path can be considered as a clockwise 

loop with a high T "promontory" presumably related to t.he 

proximity of the intrusion of the anorthosite suite. In this 

model, isobaric cooling after intrusion of the anorthosite 

suite occurred before decompression (exhumation), which is 

interpreted to be a result of crustal thickening by thrusting. 

On the other hand, if the high P part of the path is 

interpreted to reflect increasing P during cooling, it may 

form part of an anticlockwise P-T path that involved modest 

crustal thickening during cooling, with the subsequent 

exhumation being caused by a later tectonic event. 

With the constraints of the existing data base, it is not 

possible to adequately distinguish between the two models. It 

is noteworthy, however, that the overall shape and position of 
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the P-T path is quite similar to that derived for the Wilson 

Lake terrane in the Grenville Province of Labrador by currie 

and Gittins (1988}, who interpreted an origin by continent

continent collision followed by obduction of deep continental 

crust. 

The steep, nearly isothermal decompression path 

(indicated by the Krn replacement reaction in IHR) has been 

recorded in several granulite facies terranes and is 

considered to be due to rapid tectonic uplift following 

crustal thickening due to thrusting, or to a crustal extension 

environment following peak metamorphic conditions (England and 

Thompson 1984, 1986) . In this case it is apparent that if 

thrusting was the cause of the isothermal uplift path, it must 

have occurred distinctly later than the granulite facies 

metamorphic event. Whether such thrusting occurred during the 

Grenville orogeny, or during a pre- Grenvillian (1650 Ma event 

as suggested by Currie and Gittins for the Wilson I.ake 

terrane) is not presently known. 

Evidence of retrograde metamorphism to amphibolite facies 

assemblages, such as has been noted in the IHR has also been 

observed in the adjacent Long Range Inlier by Owen and Erdmer 

(1989) and Owen (1991). Owen (1991} suggested that the 

amphibolite facies metamorphism in the Long Range Inlier 

records a late Grenvillian (978 Ma) tectonothermal overprint, 

an interpretation which is probably also applicable to the IHR. 
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6-3 correlations to the Lonq Ranqe Mountains 

Metamorphic conditions for the granulite facies rocks of the 

Long Range Mountain have recently been constrained by Owen and 

Erdmer (1989) and Owen (1991). Metamorphic conditions for the 

Disappointment Hill complex within the Steel Mountain terrane 

are also documented by Owen and currie (1991). 

Although the inferred metamorphic conditions of the 

Indian Head Range as determined in the study are consistent 

with those for granulite formation in general (see Bohlen 

1991), the metamorphic conditions of the Indian Head Range 

exhibit relatively higher temperature than those for the 

adjacent Long Range Inlier (Owen 1991), and significantly 

higher pressure and temperature than for the ~isappointment 

Hill complex within the Steel Mountain terrane (Owen and 

Currie 1991). 

However, although the metamorphic conditions from these 

inliers are not the same, there is a consistent increase in P 

and T gradationally from northeast to southwestern throughout 

the Long Range Inlier, as pointed out by owen and Erdmer 

(1989), and the regional southwestward increase in metamorphic 

grade of the L~ng Range Inlier is in good agreement with that 

of the Indian Head Range. owen (1991) suggested that the 

difference in metamorphic conditions (especially T) along the 
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Long Range Inlier may be related to the distribution of heat 

sources such as mafic magma (e.g. the Taylor Brook gabbro 

complex) in the deep crust. on the other hand, although the 

Steel Mountain terrane has in part similar lithologies (such 

as anorthosite and gabbro) to the Indian Head Range and the 

southwestern Long Range Inlier, its metamorphism occurred 

under lower P-T conditions than that in the Indian Head Range 

and the southern Long Range Inlier. 

Thus, it seems unlikely that subsurface plutons such as 

anorthosite and gabbro contributed to the high thermal 

metamorphic gradient in these inliers. As an alternative, the 

relatively high P-T conditions of the Indian Head Ra~ge and 

the southwestern Long Range Inlier may be a result of 

exhumation of proqressively deeper crustal level towards the 

south during a later tectonic event (Grenvillian orogeny ?) . 

Subsequently, Owen and Currie ( 1991) suggested that 

granulites of the Disappointment Hill complex are correlative 

to granulite complexes in the Indian Head Range and northern 

Cape Breton Island based on associations with anorthositic 

rocks. However, the correlation between the Disappointment 

Hill complex and the study area cannot be documented on 

metamorphic grounds. 

. ( . . I 
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Future work. 

The present study suggests that the Indian Head Range 

experienced a complex metamorphic history and underwent 

different metamorphic conditions compared to the adjacent 

Grenvillian inliers. Although the present study recognizes two 

distinctive metamorphic (granulite und amphibolite facies) 

and associated deformational features, and establishes the 

metamorphic conditions and a possible P-T path for this area, 

unsolved questions remain. They stem largely from the lack of 

constraints on the timing of rock units and 

metamorphic/deformational events in the study area. Thus, 

geologically constrained geochronological data are 

indispensable to establish the evolutional history of the 

Indian Head Range. Future work must be concerned with absolute 

age relations based on the field work of present study, and 

U/Pb geochronological work is in progress for the units 

outlined in the study. 
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Prior to compositional classification of granitoids from the 

study area, hand speci~~ns and thin sections collected were 

stained for potassium feidspar and plagioclase using a 

substantia.ly modified version of the sodium 

cobaltinitritejamaranth procedure recommended by Bailey and 

Stevens (1960) and Norman (1974). This procedure is combined 

with the cobaltinitrite staining of K-feldspar to stain K

feldspar yellow and plagioclase red on polished hand specimen 

surfaces and uncovered thin sections. 

A=J. Procedure for polished surfaces of hand specimens 

1. In a well-ventilated hood, pour the concentrated 

hydrofluoric acid (52-55 \) into an etching vessel to about 

1/4 of the top. 

2. Place the rock specimen across the top of the etching 

vessel, polished surface down. 

3. cover the etching vessel and specimen with an inverted 

plastic cover vessel to prevent drafts, and let stand 3 

minutes. 
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4. Remove the specimen from the etching vessel, dip in water, 

and dip twice quickly in and out of the barium chloride 

solution (5 %). 

5. Rinse the specimen briefly in water and immerse lt face 

down for 1 minute in the sodium cobaltinitrite solution 

(saturated). 

6. Rinse the specimen by gently tilting it back and forth in 

tap water until the excess of cobaltinitrite reagent is 

removed from the surface. 

The K-feldspar is stained bright yellow if the specimen 

has been adequately etched. If the K-feldspar is not bright 

yellow, remove the etch residue by rubbing the surface under 

water, dry, etch again for a longer period, and continue from 

step 4. 

7. Rinse briefly with distilled water, and cover the surface 

with rhodizonate reagent. Within a few seconds the 

plagioclase becomes brick red. When the red is of 

satisfactory intensity, rinse the specimen in tap water to 

remove excess rhodizonate. 

A-2. Procedure for uncovered thin sections 

1. Place thin section for 30 seconds over the hydrofluoric 
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acid (52-55,), polished surface down. A plastic ice cube 

tray with one segment filled almost to the top with 

hydrofluoric acid was recommended to be adequate for 

etching. Do not rinse thin section after etching. 

2. Immerse the thin section in saturated sodium cobaltinitrite 

solution for 60 seconds. The X-feldspar is evenly stained 

light yellow. Rinse briefly the thin section in tap water. 

Rinse again in tap water. Allow to dry. 

3. Re-etch the thin section for 10 seconds over hydrofluoric 

acid. Do not rinse. 

4. Immerse the thin section for 15 seconds in saturated barium 

chloride solution. Rinse once in a beaker of tap water. 

5. Cover the thin section with a saturated solution of 

amaranth using a dropper. Leave for 15 seconds. Try to make 

sure the solution is distributed evenly. Rinse in a beaker 

of tap water then run section under a gentle stream of tap 

water. Allow to dry and cover section as quickly as 

possible. 
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APPINPII 2 

KICROPROBB ANALYTICAL PROCBDURB AND ANALYSES 

Almost all of mineral analyses used in the study were 

conducted at the Department of Geology, Dalhousie Univecsity 

in H.'ilifax, using a fully automated JEOL Superprobe 733 

equipped with three wavelength-dispersive spectrometers, 

operated with a beam current of 22 nanoamps and an 

accelerating voltage of 15 kV. Data were reduced using ZAF 

corrections. Counts were made for 30 seconds or to a maximum 

of 60,000. The remaining samples were analyzed at the 

Department of Earth Sciences, Memorial University in St. 

John's, Newfoundland, using a full automated JEOL JXA-50A 

wavelength dispersive electron microprobe with Krisel control, 

equipped with three wavelength spectro111eters and a Digital 

Equipment Corporation PDP-11 computer with teleprinter. Bence

Albee corrections were employed in the data reduction, and 

analyses were performed using a variety of calibration 

standards. The majority of analyses were calibrated with 

clinopyroxene standard. For aluminous magnesian minerals, 

spinel was used for standard. 'Jil.::.se standards were also 

analysed routinely during operation of the microprobe. 

Microprobe analyses are unable to distinguish ferric from 
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ferrous iron, and total iron in the analyses is expressed as 

FeO in this study. 



Appendix 2-1 Biotite Analyses 

Pelitic gneiss (unit 1) 

Neritic gneiss (unit 2) 

S-45, SA-B-2. 

S-105, S-127, S-126-1, S-126-2, 

S-85-2. 
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BIO : Biotite, R-INC : Rim of inclusion, C-INC : Core of 

inclusion, R-GNT Rim adjacent to garnet, C-GNT Core 

adjacent to garnet, YOU : Secondary biotite, OLD : Primary 

biotite. 

Structural formulae based on ~2 oxyqens. 



SAMPLE 
MINERAL 
CODE 

Si02 
TI02 
Al203 
FeO 
MnO 
MgO 

1cao 

1

Na20 
K20 
Total 

Si 
Ti 
AI 

/ • 
1Mn 
IMg 
Ca 
Na 
K 
Total 

Fe/Fe + Mg+Ca+ Mn 
Mg/FMCM 
c...-FMCM 
Mn/FMCM 

Si+AI 
Fe +Mg +Mn +Ca 

I Fe/ (Fe + Mg) 
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·s-::<45-S-A-8-2 SA-8-2 S-105 S-105 S-105 s :..127l 
810 ~10 810 810 BIO BIO 810 
R-Sll __ .'!'9~U~ _ _::,:O.!:_LD~ _ __:_R.:..-.::.IN.!::C~____::C~--'I::.:N~C:___:_:R_-~G~N'-'-T..:...1 ___;C,_--'G:'!!N~T 

38.68 37.84 37.39 38.53 38.56 38.62 39.05 
1.61 2 .16 2.20 4.20 4.26 4.60 4.51 

16.57 17.24 16.77 15.39 15.18 15.43 15.38 
7.35 8 .58 8 . 15 8.12 8 .49 7.74 8.29 
0.01 0.00 0.00 0.01 0 .00 

21.30 20.29 19.96 19.78 20.09 
0.00 0.00 

19.93 19.82 
0.00 0 .00 0.01 0.00 0 .00 0.00 0.00 
0.29 0.14 0.18 0.43 0 .43 0.34 0.35 
9.79 9 .97 9 .76 9.34 9.15 9.36 9.32 

. 9~. 79- -----96_.2~ ___ 9_4_.4_2 _ __ 95:.:.;711=--_....:::96.17 116.00 96.71 --------- - - ··-----
5.53 5 .43 5.-46 ~.53 5.52 5.52 5.55 
0.19 0.23 0.24 0.45 0.46 0.49 0.48 
2.79 2 .92 2 .89 2.60 2.56 2.60 2.58 
0.88 1.03 0.99 0.97 1.02 0.93 0.99 
0.00 0 .00 0 .00 0.00 0.00 0.00 0.00 
4.54 4 .34 4.34 4.23 4.29 4.25 4.20 
0.00 0 .00 0 .00 0.00 0.00 0.00 0.00 
0.08 0 .04 0 .05 0.12 0.12 0.09 0.10 
1.79 1.83 1.82 1.71 1.67 1.71 1.69 

·--~~.JS:_!U,~-,=-~1~5~.~~1==~15~-~79~-=-=-=-~1,~~~~~====1~5~.64~=~1~-~!_~.5:;;:9==~15~.5~7 
18.22 
83.76 

0.00 
0.02 

19.18 
80.82 
0.00 
0.00 

18.64 
81 .33 

0.03 
0.00 

18.72 
81 .26 
0.00 
0.02 

19.17 
80.83 

0 .00 
0.00 

17.89 
82.11 

0.00 
0.00 

8.33 8 .35 8.34 8.14 8.08 8.12 
542 5.37 5.34 5.21 5.30 5.17 
cu.~ _____ 0..:.1_~---Q~--~:..:.·1 =--9 _ _ 0.19 ___ __::0.:.;.1.=_8 

19.01 
80.99 
0.00 
0.00 

8.12 
5.18 
0.19 
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f;~, ---- --s-=127-- s-121-- S-127 S - 127 S- 127 S - 126 2 s 126- C! 
BIO BIO BIO BIO 810 810 810 

CODE R-GNT1 R-GNT2 C- GNT3 R-GNT1 C-GNT~ R GNT3 c GNT4 - -· ------· - ·· .. -·· -·-·- ·· ··- · ···- · ··· 

Si02 38.35 37.97 37.80 38.30 37.91 37.34 38.13 

ITI02 3.55 3.53 3.68 4.17 4.08 5.37 5 18 
Al203 16.31 16.27 16.00 15.94 15.85 15.18 15 38 

IFeO 
7.89 8.20 8.09 8.33 9.15 11 .34 11 .19 

MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 20.07 19.60 19.36 19.53 19.01 16.80 16.48 
CaO 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Na20 0.18 0.19 0.18 0.34 0.32 0.16 0.23 
K20 9.62 9.75 9.63 9.03 9.25 9.53 9.53 
Total 95.97 95.51 94.73 95.64 95.56 95.72 96.13 ··-···-------· - ·-------- .. 

Si 5.49 5.48 5.49 5.50 5.48 5.46 5.54 
n 0.38 0.38 0.40 0.45 0.44 0.59 0.57 
AI 2.75 2.77 2.74 2.70 2.70 2.62 2.63 
Fe 0 .94 0.99 0.98 1.00 1.11 1.39 1.36 
Mn 0.00 0.00 0.00 0.00 0.00 000 0.00 
Mg 4.28 4.21 4.19 4.18 4.10 3.66 3 57 
Ca 0.00 0.00 0.00 000 0.00 0.00 0.00 
Na 0.05 0.05 0.05 0.09 0.09 0.05 006 
K 1.76 1.79 1.79 1.85 1.71 1.78 1.77 

~~~~-~:::~r -;i-~-- --~~ 
15.65 15.58 15.62 1555 15.49 

19.00 19.31 21 .27 27.46 27.59 
81 .00 80.69 78.73 72.50 72.41 
0.00 0.00 0.00 0.03 000 

""'"c" l o.oo o.ao 0.00 0.00 0.00 0.00 0.00 

Si+AI 8 .24 8.25 8.24 8.20 8.18 8.08 8.17 
Fe+Mg+Mn+Ca 5.23 5.20 5.18 5.18 5.20 5.05 4.93 
Fe/~~ :t:~g) _ _ _ _ __ 0_,_~ _ ___ _ !),_1_9 0.19 0.19 0.21 0.27 028 1 



jSAMPLE 
MINERAL 
COD F.: 

Si02 
Ti02 

1AI203 
fFeO 
MnO 
MgO 
CaO 
Ne20 
K20 
Tot .. 

51 
Ti 
AI 
re 
Mn 
Mg 
c. 
Na 
K 
Tot .. 

Fe/Fe+Mg t Ca+Mn 
t.ig/FMCM 
CI/FMCM 
Mn/FMCM 

Si t Al 
J Fe tMg +Mn t Ca 
1 Fe/(Fe +Mg) 

-2 - 5 =128...:2 S-128-2 s--128:. 
810 
RIM 

810 
CORE ---·-- --

3 

3 
4 

37.7 
5.22 

15.3 
10.1 

0.00 
7 

2 
3 

16.8 
0.00 
0.2 
9.4 

94.9 3 - -··· 

5 

5.52 
0.57 
2.6 
1.24 
0.00 
3.68 
0.00 
0.06 
1.76 

==-~-5."~9 

25.22 
74.78 

0.00 
0.00 

8.17 
4.92 
0.25 

38.35 
5.16 

Hl.83 
10.25 

0.00 
17.08 

0.01 
0.24 
9.43 

96.14 

5.54 
0.56 
2.66 
1.24 
0.00 
3.67 
0.00 
0 .07 
1.74 

1~ .. <48 

25.18 
74.78 

0.03 
0.00 

8.20 
4.91 
0.25 --··- - -

810 
R-GNT1 

37.68 
5.19 

15.35 
11.80 
0.00 

16.77 
0.03 
0.15 
9.22 

96.19 

5.48 
0.57 
2.63 
1.44 
0.00 
3.64 
0.00 
0.04 
1.71 

15,51 

28.28 
71 .63 
0.09 
0.00 

8.11 
5.08 
0.28 
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S-128··2 S-126-1 5-85-2 S-85-2 
810 810 810 810 

R-GNT2 CORE RIM CORE 

37.82 37.21 38.46 38.60 
5.26 5.91 2.97 4.13 

15.44 15.23 18.47 15.97 
11.64 8.29 8.26 8.17 

0.00 0.00 0.00 0.01 
16.53 17.90 20.07 20.01 

0.00 0.00 0.05 0.01 
0.19 0.23 0.34 0.25 
9.57 9.40 9.42 9.73 

96.44 94.17 96.03 95.87 

5.49 5.45 5.50 5.49 
0.57 0.65 0.32 0.44 
2.64 2.63 2.78 2.68 
1.41 1.02 0.99 0.97 
0.00 0.00 0.00 0.00 
3.58 3.91 4.28 4.24 
0.00 0.00 0.01 0.00 
0.05 0.07 0.09 0.07 
1.77 1.76 1.72 1.78 

15.53 15.49 15.89 15.85 

28.32 20.63 18.73 18.83 
71.68 79.37 81.12 81 .32 

0.00 0.00 0.15 0.03 
0.00 0.00 0.00 0.02 

8.13 8.09 8.28 8.16 
4 .99 4.93 5.28 5.21 
0.28 0.21 0.19 0.19 
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SAMPLE S-85-2 s-85--2 - s=a5=-2··- · s:...85::2 --S-85:_2 S - 85-2 s 85-2 
MINE'AAL BIO 810 BIO BIO 810 810 810 
CODE RIM RIM R- GNT! ___ .C=-~N.J:2 __ R-GNT1 C - GNT2 INC 

Si02 37.79 37.68 37.37 38.01 38.15 37.89 3719 
Ti02 4.15 4.18 3.89 3.86 3.86 4.09 449 
Al203 15.33 15.19 15.01 15.49 15.95 15.73 15.73 
FeO 8.40 8.98 9.75 10.11 7.71 8 .10 762 
MnO 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
MgO 19.21 19.60 19.26 18.21 20.72 20.08 1923 
CaO 0.03 0.00 0.01 0.00 0.00 0.00 0.05 
Na20 0.22 0.33 0.08 0.15 0.33 0.31 057 
K20 9.32 9.42 9.39 9.89 9.30 9.53 882 
Total 94.45 95.38 94.78 95.71 96.02 95.72 93.70 ·----- -- -·- -- - -·- ·-···-·· 

Si 5.51 5.47 5.48 5.53 5.45 5.45 5.45 
Ti 0.46 0.46 0.43 0.42 0.41 0.44 0.49 
AI 2.64 2.60 2.59 2.66 2.69 2.67 2.72 
Fe 1.03 1.09 1.20 1.23 0.92 0.98 0.93 
Mn 0.00 0.00 0.\)() 0.00 0.00 0.00 0.00 
Mg 4.18 4.24 4.21 3.95 4.41 4.31 4.20 
Ca 0.(/() 0.00 0.00 0.00 0.00 0.00 0.01 
Na 0.06 0.09 0.02 0.04 0.09 0.09 0.18 
K 1.73 1.74 1.76 1.84 1.70 1.75 1.85 

~-·' 1~.!11 ~5,69 . . ·- )~~~--- ~,} 5,_~ ' 15.~8 15.69 15.61 

Fe/Fe+Mg +Ca+Mn 19.69 20.45 22.12 23.75 17.27 18.46 18.18 
Mg/FMCM 80.22 79.55 77.85 76.25 82.71 81 .54 81 .68 
Ca!FMCM 0.09 0 .00 0.03 0.00 0 .00 0.00 0.15 
Mn/FMCM 0.00 0 .00 0.00 0.00 0 .02 000 0.00 

SI+AI 8.15 8 .07 8.07 8.18 8.14 8.12 8.18 
Fe+Mg+Mn+Ca 5.21 5.33 5.40 5.18 5.34 528 514 1 
~llF!:+-_MgL _ ____ 0.20 0.20 0.22 0.24 0.17 0.18 0.18 , ·- ----- -- -- - - ---- - ---
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Appendix 2-2 Clinopyroxene Analyses 

Metagabbro (unit 3) : S-7, S-2, S-2-2, S-14, 

Dioritic gneiss (unit 5) : S-1038, S-64A, S-103A, S-36A. 

CPX clinopyroxene, C-OPX cpx core adjacent to 

orthopyrox~~e, R-OPX : rim adjacent to orthopyroxene, 

Structural formulae based on 6 oxygens. 



S-7 
CPX 

CORE 

S-7 
CPX 

CORE 

· --s-=7-- -s-=-7 
CPX CPX 

CORE ___ <2_Q.BL_ 

Si02 
TI02 
Al203 
FeO 
MnO 
MgO 
CaO 
Na20 
1<20 
Total 

51.59 51 .59 52.88 
0 .21 0.21 0 .14 
3.04 2.99 2.82 
7.45 7.41 6 .01 
0.40 0.34 0.34 

14.17 14.57 18.82 
23.03 23.01 22.86 

0 .60 0.65 0 .65 
0.00 0.00 0.00 

100.49 _!._~.!_8_~_0_~~- .. 

l
Si 1.81 1.91 1.91 
n o.o1 o.o1 o.oo 
AI o_ 13 o. 13 o. 12 
Fe 0.23 0.23 0.18 
Mn 0 .01 0.01 0.01 
Mg 0.78 0.80 0.91 
Ca 0 .91 0.91 0.88 
Na 0 .04 0.05 0.05 
K 0.00 0.00 0.00 

~O.t~===~=~~ --- --==-c,<':_04 __ ________ ~._04,~~=-c--o-~;~ 

Fe/Fe + Mg+ Ca+Mn 
Mg/FMCM 
Ca/FMCM 
Mn/FMCM 

Si+AI 
Fe+Mg+Mn+Ca 
Fe/ Fe_~) _____ _ 

11.90 
40.33 
47.13 

0.65 

11 .72 
41 .08 
46.65 

0.54 

9.20 
45.86 
44.42 
0.53 

2.05 2.04 2.03 
1 .~ 1.95 UMI 
0.23 0.22 0.17 --- - - - - -·- . - ·------ ··-

51 .53 
0.23 
3.11 
7.41 
0.41 

14.70 
22.82 

0.63 
0.00 

100.83 

1.90 
0.01 
0.14 
023 
0.01 
0.81 
0.90 
0.05 
0.00 
4.04 

11.71 
41 .41 
46.22 

0.66 

2.04 
1.95 
0 .22 

S --7 
CPX 

CORE 

51.75 
0 .17 
2 .53 
8.98 
0 .39 

15.15 
23.34 

0.56 
0.00 

100.86 

1.91 
0.00 
0.11 
0.22 
0.01 
0.83 
0.92 
0.04 
0.00 
4.05 

10.86 
42.00 
46.52 

0.61 

2.02 
1.98 
0 .2 1 

S- 2 
CPX 

C - OPX1 

51 .81 
0.19 
2.24 
9.65 
0.23 

1330 
22.51 

0.71 
0.00 

100.65 

1.93 
0.01 
0.10 
0.30 
001 
0.74 
0.90 
0.05 
0.00 
404 

15.46 
37.97 
4620 
037 

2.03 
1.95 
029 

s - 2 
CPX 

R-- OPX 

52.25 
014 
1.78 
933 
0.26 

13.92 
22.64 

0.63 
0.00 

100.95 

1.94 
0.00 
0.08 
0.29 
0.01 
0.77 
0.90 
0.05 
0.00 
404 

14.71 
39.12 
45 iS 

0.42 

2.02 
1 97 
0 27 

222 



'

SAMPlE 
MINERAL I CODE 

Si02 
Ti02 
Al203 
FeO 
MnO 
MgO 
CaO 
Ne20 
K20 
Total 

Sl 
Ti 
AI 
Fe 

I ~; c. 
Ne 

s.:T...::2· ·-s 
CPX 

:.2--2-
CPX 

CORE C ORE -- -------- ------- --
52.10 

0.19 
1.95 
9.33 
0.24 

13.82 
22.53 

0.57 
0.00 

100.72 
.. .... ------·- ·· 

1.SM 
0.01 
0.09 
0.29 
0.01 
0.77 
0.90 
0.04 
0.00 

51 .90 
0 .19 
2.23 
9 .89 
0 .23 

13.50 
22.15 

0 .89 
0.00 

00.79 

1.93 
0.01 
0.10 
0 .31 
0.01 
0.75 
0.88 
0 .05 
0 .00 ~~otal 

I ·- ~~-~~~·.0~3 ~---~·~ 

Fe/Fe f Mg+Ca+Mn 
Mg/FMCM 
Ca/FMCM 
Mn/FMCM 

Sit AI 
Fe+Mg +Mn+Ca 
Fe/(Fe f Mg) _ 

14.79 
39.05 
45.77 

0.39 

2.02 
1.96 
0.27 

15.81 
38.48 
45.38 
0 .37 

2 .03 
1.95 
0 .29 

S-14 
CPX 

CORE 

51.50 
0.22 
1.95 

10.53 
0.59 

12.98 
21.59 

0.77 
0.00 

100.12 

1.94 
0.01 
0.09 
0.33 
0.02 
0.73 
0.87 
0.08 
0.00 
4.04 --

17.01 
37.36 
44.87 

0.97 

2.03 
1.95 
0.31 
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S-1038 S-1038 S-1038 S-1038 
CPX CPX CPX CPX 

C-OPX1 R-OPX: CORE C-OPX1 

51 .84 52.37 50.85 51 .30 
0.25 0.19 0.23 0.21 
2.20 2.01 2 .27 2.16 

11 .08 11.26 11.48 10.84 
0.37 O.:'IJ 0.38 0.38 

12.18 13.14 12.83 12.61 
21 .82 19.95 21.21 22.10 
0.74 0.54 0 .79 0.76 
0.00 0.00 0 .00 0.00 

100.25 99.75 99.85 100.35 

1.95 1.97 1.93 1.93 
0.01 0.01 0.01 0.01 
0.10 O.OQ 0 .10 0.10 
0.35 0.35 0.36 0.34 
0.01 0.01 0 .01 0.01 
o.ea 0.74 0 .71 0.71 
0.87 0.80 o.ea 0.89 
0.05 0.04 0 .08 0.08 
0.00 0.00 0 .00 0.00 
4.02 4"00 4.04 4.04 

18.22 18.60 18.65 17.49 
35.63 38.88 38.57 36.25 
45.54 42.22 44.15 45.08 
0.62 0.50 0.63 0.59 

2.05 2.08 2.03 2.03 
1.91 1.90 1.95 1.95 
0.34 0.32 0.34 -~ 



SAMPLE - S-1038 S-1038 
MINERAL CPX CPX 
CODE. __________ -+~C~-~O~P~X~~~~R_-~O~P~X3 

Si02 
Ti02 
Al203 
FeO 
MnO 
MgO 
CaO 
Na20 
1<20 
Total 

51.18 51 .58 
0.19 0.18 
2.10 2.05 

10.97 10.79 
0.33 0.34 

12.57 12.84 
21 .93 21 .84 

0.68 0.67 
0.00 0.00 

99.96 100.30 

S-64A 
CPX 

R-OPX1 

52.03 
0.17 
2.28 

11.24 
0.31 

12.33 
20.53 

0.54 
0.00 

99.44 ·------ -· - . - - ---
Si 
Ti 
AI 
Fe 
Mn 
Mg 
Ca 
Na 
K 

T~.!~,-

Fe/Fe+Mg+Ca+Mn 
Mg/FMCM 
Ca/FMCM 
Mn/FMCM 

1.93 
0.01 
0.09 
0.35 
0.01 
0.71 
0.89 
0.05 
0.00 

17.75 
36.24 
45.46 
0.54 

1.94 
0.01 
0.09 
0.34 
0.01 
0.72 
0.88 
0.05 
0.00 

17.40 
36.91 
45.13 

0.56 

1.96 
0.00 
0.10 
0.35 
0.01 
0.69 
0.83 
0 .04 
0.00 

18.79 
36.72 
43.96 

0.52 

Si+AI 2.03 2.03 2.07 
Fe+Mg+Mn+Ca 1.95 1.95 1.89 
~!!1f:e_+}~iL_ ______ ----~:~_3 ---- _0. ~_2 -- __ __ 0 .34 

s..:64A 
CPX 

C-OPX2 

51 .4e 
0.25 
2.21 

11.25 
0.3e 

12.70 
21 .43 
0.72 
000 

100.38 

1.94 
0.01 
0.10 
0.35 
0.01 
0.71 
0.86 
0.05 
0.00 

18.23 
36.68 
44.50 

0.59 

2.03 
1.94 
0.33 

S-64A 
CPX 
CORE 

51 .21 
0.27 
2.30 

10.01 
022 

13.05 
22.95 
0.61 
0.00 

100.61 

1.92 
0.01 
0.10 
0.31 
0.01 
0.73 
0.92 
0.04 
0.00 
4.04 

15.92 
36.98 
46.75 

0.35 

2.02 
1.97 
0.30 

S-64A 
CPX 
RIM 

51 .92 
0 .20 
2.11 
9.70 
0 .20 

13.32 
22.61 

0.60 
000 

100.67 

1.94 
0.01 
0.09 
0.30 
0.01 
0.74 
090 
0.04 
0.00 
4.03 

15.49 
37.91 
46 27 

0.32 

203 
1.95 
029 

S - 103 
CPX 

R - OP 
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50.98 
0 lEI 
2.44 

11 .02 
0.29 

1302 
2077 

0.59 
005 

99.33 

1.93 
001 
0.11 
0.35 
001 
0.74 
0.84 
004 
0.00 
4.03 

1803 
37.96 
43.53 

0.48 

2.04 
1 94 j 
0.32 J 



SAMPLE 
MINERAL 
CODE 

Si02 
TI02 
Al203 
feO 
MnO 
MgO 
CeO 
Na20 
K20 
Total 

Si 
n 
AI 
Fe 
Mn 
Mg 
c. 
Na 
K 
Total 

Fe/fe t Mg +Cat Mn 
Mg/FMCM 
CIIJFMCM 
Mn/FMCM 

I 
Sf tAl 
FetMgtMntCa 
fe/(Fe+M~) 

--s-...:-1(i3A ____ s: -103A-s:.:1C)3A-s.:.1o3A- S-36A--S-36A 

c~ c~ c~ c~ c~ c~ 
__ F:l:-_qPX _ __ COflE C-OPX1 C-OPX2 C-OPX3 R-OPX 

51.68 50.82 51.08 51 .32 51 .83 51 .87 
0.20 0.27 0.24 0.21 0.18 0.17 
1.85 2.22 2.28 2 .10 1.91 1.87 

10.58 12.42 11 .36 11 .43 10.87 10.34 
0.32 0.40 0.34 0.37 0.30 0.29 

13.06 12.72 12.64 12.68 12.84 13.14 
21 .96 20.111 2Ui5 21 .545 22.07 22.43 

0.59 0.69 0.71 0 .87 0.67 0.63 
~00 ~00 ~00 ~00 ~00 ~00 

·---~-~:.?3 ___ 1 <lO.: ~~--1 00~. 1:...:8'---_ 1;_;00'-"'-'. 33:c:;:__ __ 1;_;00;..:-..:_'48:.=__ _ _;_:1 00.54 

1.94 1.92 1.83 1.83 1.84 1.94 
0.01 0.01 0.01 0.01 0.01 0.00 
0.08 0.10 0.10 0.08 0.08 0.08 
0.33 0.39 0.36 O.Je 0.34 0.32 
0.01 0.01 0.01 0.01 0.01 0.01 
0.73 0.72 0.71 0 .71 0.72 0.73 
~~ ~84 ~~ ~~ ~H ~~ 
~~ ~~ ~~ ~~ ~~ ~~ 
~00 ~00 ~00 ~00 ~00 ~00 

= == 4.(!3 =-=-=-2:" ·:::-~~--==="~-04~==~"-~04~==="~-04~==~"·,lf049 
16.98 
37.35 
45.15 

0.52 

19.98 
36.47 
42.90 
0.65 

18.40 
36.41 
44.83 

0.58 

18.44 
36.39 
44.545 
0.80 

17.44 
36.71 
45.36 

0.49 

16.47 
37.29 
45.77 

0.47 

a~ a~ a~ a~ a~ a~ 
1.96 1.97 1.95 1.95 1.86 1.97 
o.31 ____ ~._35 __ ""'o.:..:.34'-'-.--o.::.;·..::.34...c_ _ ___;o:..:... 3:..:2'---~o . ..::.3 .:..J1 
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Appendix 2-3 Hornblende Analyses 

Metagabbro (unit 3) : S-77, S-72, S-7. 

Dioritic gneiss (unit 5) : S-1038, S-116, S-1168. 

Hornblende granodiorite (unit 8) : S-109. 

226 

HBL : Hornblende, C-GNT : hbl core adjacent to garnet, R-PLA 

: Rim adjacent to plagioclase . 

Structural formulae based on 23 oxygens. 



227 

SAMPLE r ·s-= ii ___ S::17 S-77 S-72 S-72 S-72 
s-n ~ MINERAL 

___ . c~~_TL_~~~~!2 HBL HBL HBL HBL HBL 
CODE R-ONT3 q-QNT1 C-GNT2 R-ONT1 C-ONT~ 

Sl02 47.!53 48.33 48.48 48.22 48.08 48.86 48.00 TI02 0.41 0.27 0.35 0.43 0.48 0.42 0.45 Al203 3.45 2.58 2 .93 2.81 3.43 2.71 3.20 FeO HS.03 15.28 15.85 HS.84 18.58 16.02 16.48 MnO 1.76 1.93 1.72 1.a2 1.77 1.82 1.79 MgO 7.37 7.82 7.75 7.28 7.15 7.77 7.21 CeO 22.00 22.08 22.32 22.J1 22.02 22.21 21.97 Na20 0.79 0.99 0.89 0.87 0.88 0.70 0.86 K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Tot• 99.34 99.25 99.88 100.28 100.36 100.32 99.98 

Si 7.19 7.30 7.27 7.25 7.~1 7.30 7.23 n 0.05 0.03 0.04 0.05 0.05 0.05 0.05 AI 0.62 046 0.52 0.50 0.61 0.48 0.57 Fe 2.03 1.93 1.96 2.0i 2.08 2.00 2.08 Mn 0.23 0 .25 0.22 0.24 0.22 0.20 0.23 Mg 1.66 1.76 1.73 1.83 1.80 1.73 1.112 

/~: 
3.!57 3.57 3.59 3.59 3.54 3.55 3.54 
0.23 0.29 0.20 0.20 0.2! 0.20 0.25 

;otal 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 

~-" ~15_,~J~·==J5,;,~!J 15.53 15.55 15.58 15.52 15.58 

fe/Fe+Mg tCa ~Mn 27.11 25.70 26.17 27.67 27.95 26.72 27.80 1 Mg/FMCM 22.21 23.44 23.oe 21 .57 21 .48 23.09 21 .67 C.tFMCM 47.117 47.58 47.82 47.53 47.55 47.48 47.48 Mn/FMCM 3.01 3.211 2.91 3.23 3.02 2.74 3.08 

SI +AI 7.81 7.711 7.79 7.75 7.82 7.78 7.80 Fe+Mg tMn +Ca 7.48 7.51 7.!50 7.58 7.44 7.49 7.47 Fe/(Fe~ Mg) 0.55 0 .52 0.53 0.56 0.57 0.54 0.581 - ----- -- --



~
AMPLE S-72- S-72 S - 7 S - 7 
INE. RAL HBL HBL HBL HBL 
ODE. ______ ~ C-GNT2 C~O==-:R~E=---~C~O::.;R~E- _9Q.RE_ 

~ ~~ ~n ~~ Q" 
Ti02 0.46 0.40 1 .33 1.29 
Al203 3.14 2.77 11 .35 11 .33 
FeO 16.62 16.0& 1 1. HI 11.09 
MnO 1.82 1.79 0 .21 0.14 
MgO 7.11 7.52 14.69 15.00 
CaO 21 .94 21 .89 12.34 12.24 
Na20 0. 73 0.86 1.37 
1<20 0.00 0.00 2 .28 
Tot81 99.76 100.01 97.02 - ------ --------------- - -----· -. 

Si 
Ti 
AI 
Fe 
Mn 
Mg 
Ca 
Na 
K 
Tot81 

~=--· ~==-----

Fe/Fe+Mg+Ca+ Mn 
Mg/FMCM 
CI/FMCM 
Mn/FMCM 

Si+AI 
Fe+Mg+Mn+Ca 
Fe~.:+:_!!i_g) ___ _ 

7.24 7.31 6.31 
0.05 0.05 0 .15 
0.56 0.49 2 .00 
2.10 2.01 1.39 
0.23 0.23 0 .03 
1.80 1.88 3 .27 
3.55 3.52 1.97 
0.21 0.25 0.40 
0.00 0.00 ~.43 

", ~-1~.54 ~=--1~~~~~~=--'~~~~ 

28.05 
21 .39 
47.45 

3.11 

27.07 
22.59 
47.28 

3.06 

20.91 
49.06 
29.63 
0.40 

7.80 7.80 8 .31 
7.48 7.44 8 .88 

--~:~! ______ 0.55 --~-~ 

1.54 
2.12 

97.22 

8.32 
0.14 
1.99 
1.38 
002 
3.32 
195 
0.44 
0.40 

15.97 

20.87 
49.83 
29.23 

0.28 

8.~ 

6.67 
0.29 

S - 65 
HBL 

CORE 

42.33 
1.98 

11 .80 
12.19 
0.44 

1359 
11 .67 

2.63 
0.66 

97.29 

629 
0.22 
2.07 
1.51 
0 .06 
3.01 
1.86 
0 .76 
0.13 

15.90 

23.53 
46.75 
28.88 

0.66 

8.36 
8.44 
0.33 

S - 65 
HBL 

CORE 

42.43 
2.05 

12.01 
11 .86 

0.46 
13.92 
11 .48 

2.70 
0.60 

97.52 

6.27 
0.23 
2.09 
1.47 
0.06 
3 07 
182 
0.77 
0.11 

15.89 

22.88 
47.85 
28.37 
090 

8.37 
8 .41 
0 .32 

S - 1038 
HBL 

CORE 

228 

4009 
2.21 

11.53 
17 65 
018 
9.52 

11 .72 
1.11 
2 .15 

96.171 
8.23 
028 
2.11 
229 
002 
2.20 
1.95 
033 
0.43 

15.84 

35.43 
34.0!1 
30. 1-1 

0.37 

834 
8.47 
0 .51 



! SAMPLE 
iMINERAL 

l:i::E 
!r.o2 
; AI203 

i FeO 
' MnO 
IMgO 

lc.o 
Na20 
K20 
Total 

Si 

In 
AI 
Fe 
Mn 
Mg 
Ca 
Na 
K 
Total 

Fe/Fe t Mg+CatMn 
j Mg/FMCM 
•Ca/FMCM 
j Mn/FMCM 

i 
' Si +AI 
! Fe+Mg+Mn+Ca 
: Fe/(Fe t Mg) 

S-116 
HBL 

A-PLAt 

43.42 
1.76 

10.03 
12.53 
0.25 

14.32 
11.87 

1.80 
1.22 

97.20 

6.46 
0.20 
1.76 
1.56 
0.03 
3.18 
1.89 
0.52 
0.23 

~",1 5.83 

23.42 
47.69 
28.42 

0.47 

8.22 
6 .66 
0.33 

S-1t6i:r-s.:-;,6B s.:..116B S-109 S-109 
HBL HE'l HBL HBL HBL 

C ::.f'LA2.. ___ C: ::f'.:::LA2:.-=-_C=O~R:..::E:.._...._:C::c0=-:R=.E _ __,Cc:::O.;..:R.:::.E--l 

43.68 44.25 43.66 44.62 44.65 
1.74 1.60 1.64 1.45 1.52 
9.90 9.74 10.01 9 .91 9.67 

12.52 12.21 12.34 11 .29 11 .42 
0.26 0.25 0.25 0. 11 0.11 

14.44 14.71 14.15 14.98 15.23 
11 .73 11 .91 11 .81 11 .73 11 .88 

1.84 1.82 1.77 2 .06 2.01 
1.18 1.12 1.07 0 .91 1.04 

97.28 97.59 96.70 97.08 97.52 ------------ - ----------------
6.49 
0.19 
1.73 
1.56 

8.54 
0.18 
1.70 
1.51 

6.51 
0.18 
1.76 
1.54 

6 .58 
0 .16 
1 72 
1.39 

6.57 
0.17 
1.68 
1.40 

0.03 0.03 0.03 0 .01 0.01 
3.20 3.24 3.15 3.~ 3.34 
1.87 1.88 1.89 1.85 1.87 
0.53 0.52 0.51 0 .59 0.57 
0.22 0.21 0.20 0 .17 0.20 

15. 1!~- ~~ ~-J..~,!Q -~..l._5. 78 __ _!_5~?L_!~81 

23.38 22.64 
48.06 48.60 
28.07 28.29 

0.49 0.47 

8.22 8.23 
6.65 6.66 
0.33 0.32 -- ... . ·-·-- -----

23.31 
47.63 
28.58 

0 .48 

8.27 
6.81 
0.33 

21.25 
50.25 
28.29 

0 .21 

8 .30 
8 .55 
0 .30 

21 .19 
50.36 
28.24 

0.21 

8.24 
6.63 
0.30 
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Appendix 2-4 Plagioclase Analyses 

Pelitic gneiss (unit 1) : S-45, S-88-1, S-88-2, S-90-2. 

Metagabbro (unit 3) : S-77, S-7, s-5. 

Dioritic gneiss (unit 5) : S-116, S-1038, S-64A. 

Hornblende granodiorite (unit 8) : S-109. 

PLAG Plagioclase. 

Structural formulae based on 8 oxygens. 
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SAMPLE 
MINERAL 
CODE 

SI02 
Ti02 
Al203 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
Total 

Si 
Ti 
AI 
Fe 
Mn 
Mg 
Ca 
Na 
K 
Total 

Fe/FH Mg + Ca+Mn 
Mg/FMCM 
Ca!FMCM 
Mn/FMCM 

Si t Al 
Albite 

J Anorthite 

231 

s:-45 -- s·..:·ee--::1- S-88-2 S-88-2 S-90-2 S-90-2 S-77 
PLAG PLAG PLAG PLAG PLAG PLAG PLAG 

_ -~~RE __ C:Q_!!E _____ j:OR..::E:._-'C"'()RL.--.::C:.::O:..:R..::E:____.:::C.:::Oc:...R::E:___C::.O:::..:..:R=E-i 

65.58 63.48 
0.00 0.00 

19.74 22.79 
0.00 0 .12 
0.00 0.00 
0.00 0 .00 
0.13 3.32 
2.72 10.42 

12.().4 0.14 
100.20 100.27 ·-- ---- - - ·-

2.97 
0.00 
1.05 
0.00 
0.00 
0.00 
O.Ot 
0.24 
0.70 

...... ~~=~ .. -1-.. !!.r ... 
0.00 
0.00 

100.00 
0.00 

2.80 
0.00 
1.19 
0.00 
<i.OO 
0.00 
0.18 
0.89 
0.01 

--~-05 

2.74 
0 .00 

97.26 
0 .01'1 

64.62 65.39 66.20 
0.00 0.00 0.00 

21 .79 21.60 21.28 
0.08 0.25 0.00 
0 .00 0.00 0.00 
0 .00 0.00 0.00 
3.13 2.87 1.09 

10.25 10.09 11.73 
0 .22 0.00 0.00 

1 00. 1 ~0 -~1 00=.;.20:;:___;1 00.31 

66.13 
0 .00 

20.89 
0 .00 
0 .00 
0 .00 
1.27 

11 .73 
0.00 

100.03 

61 .06 
0 .00 

24.81 
0 .24 
0.00 
0.00 
8 .29 · 
7.57 
0 .00 

99.97 

2.85 
0.00 
1.13 
0.00 
0.00 
0.00 
0.15 
0.88 
0.01 
5.03 

2 .87 
0.00 
1.12 
0 .01 
0 .00 
0 .00 
0 .14 
0 .86 
0 .00 
5.00 

2.90 2 .91 2.71 

1.96 
0.00 

98.04 
0.00 

6 .37 
0 .00 

93.63 
0 .00 

0.00 0 .00 0.00 
1.10 1.08 1.30 
0.00 0 .00 0 .01 
0.00 0 .00 0.00 
0.00 0.00 0.00 

0.05 0 .06 0.301 
1.00 1.00 0.65 
0.00 0.00 0.00 

5.0~-.. - 5,.Q_~-="_4.97 

0.00 
0.00 

100.00 
0.00 

0 .00 
0.00 

100.00 
0.00 

2.89 
0.00 

97.11 
0 .00 

4.03 3.99 3.99 3 .99 
86.42 
13.58 

4.00 3 .99 4 .01 
97.43 84.76 85.56 
_1.:~!. ___ 1.:..:5:.:.;.2=-4=---_ _ 14.44 

95.12 94.35 68.53 
4.88 . .=_ _ ___:5.65 __ 31.4 7 



SAMP~----- -S-77 ·--s-:r·--- s:..s S-5 

MINERAL PLAO PLAG PLAO PLAO 
CODE CORE COR.I_ __ __ 9()B~--- . CORE 

Si02 
TI02 
Al203 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
Total 

58.21 54.21 
0 .00 0.00 

26.46 28.76 
0 .17 0.13 
0 .00 0.00 
0.00 0.00 
9 .10 11.89 
6.75 5.11 
0 .14 0.09 

100.63 100.18 

59.07 
0 .00 

25.85 
0.13 
0 .00 
0.00 
7.33 
8.10 
0 .00 

100.47 

59.03 
0.00 

25.26 
0.05 
0 .00 
0 .00 
7 .11 
8 .34 
0 .00 

99.79 

Si 2.59 2.45 2 .63 2 .65 
n o.oo o.oo o.oo o.oo 
AI 1.39 1.53 1.36 1.33 
Fe 0.01 0.00 0.00 0.00 
Mn 0.00 0.00 0 .00 0 .00 
Mg 0.00 0.00 0 .00 0 .00 
Ca 0 .43 0.58 0.35 0 .34 
Na 0 .58 045 0 .70 0 .72 
K 0.01 0.01 0.00 0 00 

],<tt~==~·=c'== ·=· ~~~-"'.Q=1 ·~~~:~~~~4- -- _ 5 .05 

Fe/FetMg+Ca+Mn 
Mg/FMCM 
CI/FMCM 
Mn/FMCM 

Sit AI 
Albite 

~n_!lrth~~·--- -----

1.44 
0.00 

98.56 
0 .00 

3.98 
57.31 
42.69 

0.85 
0.00 

99.15 
0.00 

3.98 
43.75 
5625 

1.37 
0.00 

98.63 
0.00 

3.99 
66.66 
33.34 

0 .55 
0 .00 

99.45 
0 .00 

3 .98 
67.98 
32.02 

S-116 
PLAG 
CORE 

80.88 
0.00 

24.73 
0.10 
0.00 
0.00 
6 49 
8.42 
0.12 

10085 

2.70 
0.00 
1.29 
0.00 
0.00 
000 
0.31 
0.72 
0.01 

~02 

1.19 
000 

98.81 
0.00 

398 
70.13 
29.87 

S - 116 
PLAO 
CORE 

80~ 

0 .00 
24.58 

0 .12 
000 
0.09 
6 .65 
8 .01 
0.17 

99.90 

2.69 
0 .00 
129 
0.00 
0 .00 
0 01 
0.32 
069 
001 
5 01 

1.36 
182 

96 81 
000 

3 .98 
68 55 
31 45 

232 

s 103B I 
PLAQ 
CORE 

59.:.>5 
000 

25.70 
013 
000 
0.04 
7.88 
7.46 
000 

100 45 

2.64 
0.00 
135 
0 .00 
000 
000 
0 .38 
0.64 
0.00 
501 

1.26 
0.69 

98 05 

000 1 

398 , 
63 14 1 
36.86 ! 
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I SAMPLE s-64A- --s-=1os-·l 
I MINERAL 

6~~~-----~~~ I CODE 

fsi02 58.61 61 .54 1 
'Ti02 0.00 0.00 
,Al203 26.33 24.01 
j FeO 0.26 0 .11 

/MnO 
0.00 0 .00 

MgO 0.00 0.00 
CeO 8.84 5.44 
Na20 8.61 6 .80 
K20 0.07 0 .30 
Total 100.93 100.01 ·····------- -
Si 2.60 2.74 
Ti 0.00 0 .00 
AJ 1.38 1.26 
Fe 0.01 0 .00 
Mn 0.00 0.00 
Mg 0.00 0.00 
Ca 0.42 0 .26 
Na 0.59 0 .74 
K 0.00 0.02 
Total 5.00 0.--~~-~-· !?,1 . 

Fe/FetMg+Ca t Mn 2.24 1.55 
Mg/FMCM 0.00 0 .00 
C.tFMCM 97.76 98.45 
Mn/FMCM 0.00 0 .00 

Si tAl 3.98 3.99 I Albite 58.23 74.10 
Anorthite 41 .77 25.90 
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Appendix 2-5 orthopyroxene Ap~lY••• 

Pelitic gneiss (unit 1) SA-B-3, SA-A-1, IH-46, SA-C-3, S-22, 

S-90-2, S-45, S-SP.-2. 

Noritic gneiss (unit 2) : S-85-2, S-105, S-85. 

Metagabbro (unit 3) : S-14, S-2, S-2-2. 

Dioritic gneiss (unit 5) : S-1038, S-64A, S-103A, S-36A. 

OPX : orthopyroxene, R : Rim, c : Core, R-CPX : Rim adjacent 

to clinopyroxene, C-CPX : Core adjacent to clinopyroxene, FINE 

: fine grain, SY-SIL : Symplectite with sillimanite, SY-SA : 

Symplectite with sapphii'ine, F-KOR : fine grain adjacent to 

kornerupine. 

Structural formulae based on 6 oxygens. 
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I SAMPLE SA::a-:-3- SA-B- 3 SA-A-1 IH-46 IH-46 IH - 46--IH-46 
MINERAL OPX OPX OPX OPX OPX OPX OPX 1COOE - -- _ R--~9.~ __ _s_Q~E R-SA SY- OPX SY-SIL CORE SY- SA 

Si02 50.50 50.58 50.51 50.59 50.70 49.40 50.26 
Ti02 0.00 0.02 0.00 0.02 0.01 0.00 0.04 
Al203 8.33 8.23 7.28 6.93 6.56 8.28 7.54 
FeO 11.00 11.17 12.93 13.56 13.74 13.74 12.40 
MnO 0 .04 0.03 0.45 0.11 0.08 0.08 0.03 MgO 30.81 30.38 29.12 29.34 28.60 27.99 29.72 
CeO 0 .02 0.04 0.01 0.00 0.01 0.01 0.01 
Ne20 0 .03 0.03 0.02 0.01 0.01 0.03 0.02 
1<20 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 
Tote! 100.74 100.48 100.31 100.57 99.70 98.51 100.01 . --- -------- - ·-------------
Si 1.77 1.78 1.150 1.80 1.82 1.78 1.79 
Ti 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 AI 0.34 0.34 0.31 0.29 0.28 0.35 0.32 Fe 0 .32 0.33 0.39 0.40 0.41 0.41 0.37 
Mn 0 .00 0.00 0.01 0.00 0.00 0.00 000 
Mg 1.61 1.59 1.55 1.56 1.53 1.50 1.58 Ca 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 Na 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 ,K 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 Tote! -4.06 4.05 4.05 4.05 4.C.4 4.05 4.05 - · .-.-;-,-;:.:......-==:-:. .. ~-=~==-~-~-- ~;------:~-=----

Fe/Fe t Mg -tCa t Mn 16.87 17.08 19.80 20.56 21 .20 21 .57 18.96 Mg/FMCM 83.23 82.79 711.48 79.27 78.65 78.29 80.97 Ca!FMCM 0 .04 0.08 0.02 0.00 0.02 0.02 0.02 Mn/FMCM 0 .06 0.05 0.70 0.17 0.13 0.13 0.05 

Sit AI 2 .12 2.12 2.10 2.09 2.10 2.13 2.10 
Fe ~MgtMntCI 1.94 1.92 UM 1 .~ 1.94 1.92 1.95 Fe/(Fe 1 Mg) 0 .17 0.17 0.20 0.21 0.21 0.22 0.19 -- ---------------------- -- ·-



f;,~~e~ ~------ -~:~~~~--:~~r~~~;~!r·~- :_:~~2 

i02 49.38 50.17 50.45 48.17 
02 0.04 0.01 0.00 0.09 

jAI203 8 .70 7.86 7.58 5.49 

I 
FeO 12.66 13.47 13.06 20.73 
MnO 0.01 0 .40 0.42 0.17 

I MgO 29.15 28 66 28.66 23.57 
CaO 0.01 0.01 0 .00 0.03 
Na20 0.01 0.02 0.04 0.18 
K20 0.00 0.00 0 .00 0.00 
Total 99.96 100.60 100.21 99.44 - - ----- ·-- ··---·- - - ··- - - - - .... 

Si 
Ti 
AI 
Fe 

1.76 
0 .00 
0 .37 
0.38 

1.79 
0 .00 
0.33 
0 .40 

Mn 0 .00 0.01 
Mg 1.55 1.52 
Ca 0.00 O.CO 
Na 0.00 0 .00 
K ~00 ~00 

"[~~-,=~-~-"~--~="=== · ""~~-~<4.~ --·----~:05 
Fe/Fe+Mg +Ca+Mn 
Mg/FMCM 
Ca!FMCM 
Mn/FMCM 

19.59 
80.38 

0 .02 
0.02 

20.74 
78.62 

0 .02 
0.82 

SI+AI 2.13 2 .12 
Fe+Mg+Mn+Ca 1.93 1.93 
Lf~l[e +~sL.______ _ _ __ g._2o __ ______ 0 .21 

1.80 
0.00 
0.32 
039 
0.01 
1.52 
0.00 
0.00 
0.00 
4.04 

20.23 
79. t1 

0.00 
0.88 

2.12 
1.92 
0.20 

1.83 
000 
0 .24 
0.85 
0 .01 
1.31 
0 .00 
0.01 
0 .00 
4.05 

32.83 
68.73 

0 .06 
0 .27 

2 .07 
1.98 
033 

S·-80-2 
OPX 
RIM 

49.18 
0.07 
5.65 

21 .38 
0.18 

23.24 
0.01 
003 
0.27 

99.98 

1.83 
0.00 
0.25 
0.67 
0.01 
129 
0.00 
0.00 
0.01 
4.05 

33.95 
65.77 
002 
026 

2.08 
1.96 
0.34 

s 90 · 2 
OPX 
C-1 

48.52 
0 .08 
606 

21 .40 
0.19 

22.77 
0.01 
006 
0.00 

9908 

1.82 
000 
027 
0.67 
0.01 
1.27 
IJOO 
C.OO 
0.00 
4.05 

34 42 
65.25 
0.02 
0.31 

209 
195 
0.3!'i 

s 90 2 
OPX 
R -2 

236 

50.03 1 
005 1 
483 1 

19 98 
012 

24.64 
001 
0.01 
0.00 

99.77 

l.IS5 
or,o 
~. 21 

082 
0.00 
1.36 
000 
0 .00 
0 .00 
4.04 

31 .21 
68.58 

002 
019 

2.06 
1.98 
0 .31 
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[SAMPLE s::45- -- ·--s-:...45 - s-~s-88-2 - e--88-2 S-88- 2- S-88-2 
;MINERAL OPX OPX OPX OPX OPX OPX OPX 
CODE CORE CORE R-1 C-2 R-1 C-2 CORE ·-- ---- - ---

S102 411.03 46.71 50.02 411.58 50.26 50.37 47.811 
Ti02 0.05 0.08 0.04 0.04 0.04 0.04 0.05 

IAI203 8.06 7.84 5.34 5.eo 5.H5 5.07 7.92 
JfaO 21 .45 22.47 111.42 111.55 18.83 111.53 21 .25 
!MnO 0.17 0.48 0.19 0.20 0.21 0.21 0.39 
/MgO 23.18 21 .46 25.02 24.50 25.38 24.80 22.47 
lcao 0.00 0.01 0.02 0.04 0.02 0.02 0.02 
jNa20 0.00 0.01 0.01 0.03 0.00 0.00 0.00 
;K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 99.94 99.05 100.06 99.55 99.90 100.04 99.99 ·-· - -- -----
Sl 1.82 1.77 1.84 1.83 1.84 1.85 1.78 
n 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
AI 0.27 0.3!5 0.23 0.24 0 .22 0.22 0.35 
Fe 0.&7 0.71 0.80 0.80 0.58 0.60 0.66 
Mn 0.01 0.02 0.01 0.01 0.01 0.01 0.01 
Mg 1.28 1.21 1.37 1.35 1.311 1.36 1.24 
Ca 0.00 0 .00 0.00 0.00 0 .00 0.00 0.00 
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 
Total -~- "-~-'-~-,=~-;--4}!!, 4.05 4.04 4.04 ~---~0!5 

Fe/FetMg ~Ca tMn 34.09 38.71 30.24 30.81 ?9.29 30.53 34.43 
Mg/FMCM 65.64 82.48 89.42 88.79 70.34 69.09 64.88 
CwFMCM 0.00 0.02 0.04 0.08 0.04 0.04 0.04 

IMn/FMCM 0.27 0.79 0.30 0.32 0.33 0.33 0.64 

I Si ~AI 2.09 2.12 2.07 2.08 2.07 2.07 2.1 3 
FatMg+MntCa 1.96 1.94 1.1t7 1.1t8 1.97 1.1t7 1.02 
Fa/ (f e• Mg) 0.34 __ 0:37 _ _ _ 0.30 __ _.9~_1 __ o,~---o~-'---~·35 



SAMPLE 
MINERAL 

s-88-2 s.:.88-2---s:..88-2-·- s-85-2 
OPX OPX OPX OPX 

CODE __ _ -+--:.oR_-.:...1 _ R-2 --- --~-3 _ _ __ CORE 

Si02 49.29 411.76 

lli02 0.06 0.06 
Al203 6.12 5.67 

1 FeO 19.29 19.38 

I 
MnO 0.35 0.39 
MgO 24.78 24.58 
c~ ~~ ~~ 

I 
Na20 0.00 0.01 
K20 0.00 0.00 
Total 99.91 99.88 - ··----- - ·- --·- -- --- --·· -- ·---·- . 

49.18 
0.08 
6 .00 

19.65 
0.38 

24.30 
0.02 
0.00 
0.00 

99.58 

48.31 
0.06 
6 .22 

18.57 
0 .38 

24.27 
0.03 
0.02 
000 

97.84 

Si 
1i 
AI 

1.82 1.83 1.82 1.81 
~00 ~00 ~00 ~00 
0.27 0.25 0.26 0.28 

Fe 0.511 0.60 0.61 0.56 
Mn 0.01 0.01 0 .01 0.01 
Mg 1.36 1.35 1.34 1.38 
Ca 0.00 0.00 0.00 0.00 
Na 0.00 0.00 0.00 0.00 
K ~00 ~00 ~00 ~00 

T~~~'="=-== -=~-~:.9~~=-.·---4.()_4 =o==~:95-.-~.- ·- ~ .. ~~ 
Fe/Fe+Mg+Ca+Mn 
Mg/FMCM 
Ca!FMCM 
Mn/FMCM 

30.22 
69.17 

0.06 
0.58 

30.47 
68.87 

0.04 
0.82 

SI+Al 2.08 2.08 
Ft+Mg+Mn+Ca 1.97 1.96 

~·!!~~:!:~;) _ _ _ ---- --~-~-- ------~:_3!._ 

31.02 
68.36 

0.04 
0.58 

2.08 
1.96 
0.31 

29.84 
69.51 

0.06 
0 .59 

2.09 
1.95 
030 

S-85..:2 
OPX 
RIM 

50.05 
0.03 
5.60 

18.26 
0.39 

25.73 
003 
0.04 
0.00 

100.11 

1.83 
0.00 
0.24 
0.56 
0 .01 
1.40 
0.00 
0.00 
0.00 
4.05 

28.29 
71.04 

0.06 
0.81 

207 
1.97 
0.28 

s- 85 - 2 
OPX 
R-1 

49.17 
0.05 
5.49 

21 .42 
0 .17 

23.30 
0.03 
007 
0.00 

99.89 

183 
0.00 
0 .24 
067 
0 .01 
129 
0.00 
0 .01 
000 
4.05 

33.92 
65 75 
006 
0 27 

2.07 
1.97 
0 .34 

s 85 - 2 
OPX 
C-2 

2)8 

48.37 
002 
6.18! 

22 08 
0.15 

22.65 
0.01 
0.13 
000 

99.60 

1.81 
0.00 
0.27 
0.80 
0.00 
1.28 
0.00 

0.01 1 
0.00 

4 0&1 
35.27 1 
64.47 1 

002 1 
0 24 1 

2 08 J 
1 ae I 
0.35 J 
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SAMPLE S-85-2 S-105 S-105 S-85 S-85 S-7 S-7 

MINERAL OPX OPX OPX OPX OPX OPX OPX 

CODE C<:)~E RIM CORE ~IM CORE CORE 9Q.RE 
·- · -----·--- -

Si02 48.79 50.48 48.89 50.13 48.83 52.84 53.04 

Ti02 0.05 0.03 o.oe 0.08 0 .07 0.05 0.04 

Al203 8.10 5.97 8.58 5.87 7.23 1.98 U3 i 

FeO 21 .13 18.48 19.45 18.86 19.64 17.96 17.94 

IMnO 0.15 0.34 0.32 0.27 0.36 1.05 0.95 

;MgO 23.26 25.06 24.08 24.59 23.17 25.58 26.38 
1ceo 0.02 0.03 0.02 0.02 0.03 0.43 0.39 

!Ne20 0.06 0.02 0.02 0.00 0 .00 0.02 0.00 

K20 000 0.00 0.00 0.00 0 .00 0.00 0.00 

Totel 99.55 100.41 100.53 99.91 99.34 99.87 100.37 
······-·---- ----

Si 1.82 1.84 1.83 1.84 1.81 1.94 1.93 

n 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 

AI 0.27 0.28 0.28 0.28 0 .32 0.09 0 .07 

Fe 0.66 0.56 0.59 0.58 0.61 0.55 0.55 

Mn 0.00 0 .01 0.01 0.01 0 .01 0.03 0.03 

Mg 1.29 1.38 1.31 1.34 1.28 1.40 1.43 

c. 0.00 0.00 0.00 0.00 0.00 0.02 0.02 

Ne 0.00 0 .00 0 .00 0.00 0 .00 0.00 0.00 

K 0.00 0.00 0 .00 0.00 0 .00 0.00 0.00 

Tot Ill 4.05 4.Q~ _ 4.03 
: .. __ :.-:.:... .. :: -. : :..-- --

4.03 ~-0~ ~-02 4.03 

'Fe/Fe+Mg +Ce+Mn 33.87 2i.09 31.02 2i.95 32.02 27.58 27.01 

Mg/FMCM 66.05 70.30 68.43 89.58 87.32 89.94 70.79 

C&~FMCM 0.04 0.06 0.04 0.04 o.oe 0.85 0.75 

Mn/FMCM 0.24 0.54 0.52 0.43 0 .59 1.63 1.45 

Si +AI 2.09 2.10 2.11 2.10 2 .13 2.02 2.00 

Fe-+Mg + Mn~C• 1.96 1.94 1.92 1.93 1.90 2.00 2.03 

Fe/(Fe+Mg) 0.34 0.29 0.31 0.30 0.32 0.28 0.28 
--- -- --- --- -- - - -



= -·-------- --· SAMPLE -- -s·::..14 · · · S-14 S-2 
MINERAL OPX OPX OPX 
CODE .. ______ R-CPX ___ _f.::5:.f~-- C-CPX1 

Si02 
Ti02 

I
·AJ203 
FeO 
MnO 

IMgO 
CeO 
Na20 
K20 
Total 

' Si 
Ti 
AI 
Fe 
Mn 
Mg 
Ca 
Na 
K 

Total·==~~~="~-=·-· 
Fe/Fe+Mg+Ca+Mn 
Mg/FMCM 
Ca!FMCM 
Mn/FMCM 

51.01 
0.07 
0.72 

26.71 
0.88 

19.42 
0.!52 
0.01 
0.00 

99.34 

50.84 
0.08 
1.18 

27.28 
0.81 

19.16 
0.67 
0.04 
0.00 

100.02 

1.96 1.95 
0.00 0.00 
0.03 0.05 
0.86 0.87 
0.03 0.03 
1.11 1.01J 
0.02 0.03 
0.00 0.00 
0.00 0.00 

· --~-=~-~o.L~~~, _4_. 0~ 

42.48 
55.04 

1.08 
I 1.42 

43.21 
54.12 

1.3e 
1.30 

l~=~b~~c: _ L_j~ _ 2.00 
2.02 
0.44 

!51 .75 
0.08 
1.21 

25.16 
0.69 

20.66 
0.61 
0.04 
0.00 

100.16 

1.95 
0.00 
0.05 
0.79 
0.02 
1.16 
0.02 
0.00 
0.00 
40~ 

39.65 
58.02 

1.23 
1.10 

2.01 
2.00 
0.41 

S - 2 
OPX 

R-CPX2 

52.09 
0.0~ 

1.14 
25.12 

0.67 
21 .08 

0.57 
0.02 
0.00 

100 73 

1.96 
0.00 
0.05 
0.79 
0.02 
1.11!1 
0.02 
0.00 
0.00 
4.02 

39.21 
58.59 

1.14 
1.08 

201 
2.01 
0.40 

S-2 - 2 
OPX 

C-CPX1 

51 .64 
0.04 
1.13 

24.47 
0.69 

21 .51 
0.!50 
0.02 
0.00 

100.02 

1.95 
0.00 
0.05 
0.77 
0.0?. 
1.21 
0.02 
0.00 
0.00 
4.03 

3e.15 
59.76 

100 
1 09 

200 
2.02 
039 

S - 2 - 2 
OPX 

R · CPX2 

51.85 
0.09 
1.28 

24.53 
0.65 

21 .55 
0.57 
0.02 
0.00 

100.54 

1.95 
000 
0.08 
0 .77 
0 .02 
1.21 
0.02 
0.00 
000 
4.02 

38.14 
59.70 

1.14 
102 

2.00 
2.02 
0.39 

S 103B 
OPX 

R CPX1 

240 

5183 
005 
0.93 

26.48 
087 

19.23 
0.53 
000 
0.00 

99.92 

1.97 
0.00 
0.04 
0 1!14 
0.03 
1.09 
002 
000 
000 
400 

42.50 
55.00 

109 

1.41 I 
~.~! j 
0.44 
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I SAMPLE s-1o3s - s -:.::8.4A----s .:.;MA-- S -84A - s-=1o3A- s:..1 03A -s- 36A 
/MINERAL OPX OPX OPX OPX OPX OPX OPX jcooe C:C~~--- CO~L_ C-CPX1 R-CPX2 R-CPX1 R-CPX2 R-CPX~ 

SI02 51.111 51 .25 51 .02 51 .80 51.14 50.80 51.02 TI02 0.07 0.06 0.09 0.06 0.06 0.08 0.08 Al203 1.11 1.24 1.31 1.08 0.93 1.02 1.04 FeO 25.80 26.44 26.40 25.117 27.50 27.17 27.25 Mn() 0.96 0.55 0.53 0.57 0.82 0.78 0.74 MgO :20.21 20.07 20.07 20.50 111.31 111.06 111.08 CeO 0.69 0.52 0.63 0.56 0.55 0.62 0.62 Nll20 0.03 0.02 0.05 0.04 0 .00 0.01 0.03 1<20 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 Total 100.57 100.14 100.11 100.58 100.32 99.55 99.66 . -·------· ·-- ----------
Si 1.96 1.95 1.94 1.95 1.95 1.95 1.96 I Ti 

0.00 0.00 0 .00 0.00 0.00 0.00 0.00 AI 0.05 0.06 0.06 0.05 0.04 0.05 0.05 Fe 0.81 0.84 0.84 0.82 0.88 0.87 0.87 
IMn 0.03 0.02 0.02 0.02 0.03 0.03 0.02 Mg 1.14 1.14 1.14 1.15 1.10 1.011 1.09 IC• 0.03 0.02 0.03 0.02 0.02 0.03 0.03 Ne 0.00 0.00 0.00 0.00 0.00 0.00 0.00 K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Tot Ill 4.02 4 .02 ~JI~ 4.02 4.02 4.02 4.02 .·.=. ;..___ ' : ""':'.=--

Fe/FetMg+Ce+Mn 40.33 41 .69 41 .57 40.71 43.34 43.32 43.40 Mg/FMCM 56.74 56.311 56.31 57.26 54.24 54.15 54.15 Ce/FMCM 1.311 1.05 1.27 1.12 1.11 1.27 1.26 Mn/FMCM 1.53 0 .88 o.as 0.110 1.31 1.26 1.111 

Sl tAl 2.01 2.00 2.00 2.00 2.00 2.00 2.00 Fe+Mg-+Mn+Ce 2.00 2.02 2.02 2.01 2.03 2.02 2.01 . Fef(Fe t Mg) 0.42 0.43 0.42 0.42 0.44 0.44 0.44 
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SAMPLE S-36A 
MINERAL OPX 
CODE C-CPX4 

Si02 51.11 
Ti02 0.08 
Al203 1.06 
FeO 27.07 
MnO 0.81 
MgO 19.14 
CaO 0.66 
Na20 0.00 
K20 0.00 
Total 99.93 - ·-- --- · 
Si 1.96 
Ti 0.00 
AI 0.05 
Fe 0 .87 
Mn 0.03 
Mg 1.09 
Ca 0.03 
Ne 0.00 
K 0.00 

~otel = = ---= -=--4:02 

Fe/Fe+Mg+Ca+Mn 43.08 
Mg/FMCM 54.27 
Ca!FMCM 1.35 
Mn/FMCM 1.31 

Si+AI 2.00 
Fe+Mg+Mn+Ca 2.01 
~~/(~t :!-Mg). ~~ 



Appendix 2-t Garnet A»alyaea 

Pelitic gneiss {unit 1) S-88-1, S-88-2, S-90-1, S-90-2, 

S-45. 
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Noritic gneiss {unit 2) S-85-1 I S-85-2, S-126-1, S-126-2 I 

S-105, S-127. 

Metagabbro (unit 3) S-77, S-65, S-72. 

GNT : garnet, C-OPX : core part from orthopyroxene, R-OPX : 

rim adjacent to orthopyroxene, C-BIO core adjacent to 

biotite, R-BIO rim adjacent to biotite, C-HBL : core 

adjacent to hornblende, R-HBL : rim adjacent to hornblende. 

Structural formulae based on 12 oxygens. 
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ISAMPLC ___ ·- --- · -- - ·· s::88.:.:1· s=-88·.::;- s-88-2 S- 88 - 2 S- 88 - 2 S · 88 2 s 88 2 
!MINERAL GNT GNT GNT GNT GNT GNT GNT 
l .f_OD~-------- ---C9_F:IE; __ __ R-Q!_>~ _ __£:- <;_)!'_X1 R:-- ()PX3 C-OPX I c OPX2 c OPX 

S i02 39.09 38.69 38.57 38.48 38.58 3861 38 71 
Ti02 0.02 0 .02 0 .02 0.03 004 0.02 0.03 
Al203 21 .73 21.89 22.01 22.00 21 .92 22.05 21.99 

;FeO 25.40 25.80 25.72 25.98 25.70 25.9;:> 26 19 
i MnO 1.19 1.09 1.22 1.16 1.20 1.15 1 24 
:MgO 11 .54 11 .59 11 .72 11 .41 11 .62 11 .58 11.56 
i CaO 0.58 0 .59 0 .58 0.57 0.56 0.59 057 
iNa20 0.02 0 .02 0 .00 0.00 0.00 000 0.00 I 

0.00 0 .00 0 .00 0.00 000 !1<20 0.00 0.00 I Total_ 99.58 99.70 99.83 99.64 99.60 99.92 10028 ··· ··-· - ---
l si 2.99 2 .97 2 .95 2.96 2.96 296 2.96 In 0.00 0 .00 0 .00 000 0.00 0.00 0.00 
rAl 1.96 1.98 1.99 1.99 1.98 1 99 1.98 
' Fe 1.63 1.65 1.65 1.67 1.65 1.66 1.67 
IMn 0.08 0 .07 0 .08 0.08 0 .08 0.07 008 
IMg 1.32 1.32 1.34 1.31 1.33 1.32 1 32 
' Ca 0.05 0 .05 0.05 0.05 005 005 0 05 
INa 0.00 0 .00 0.00 0.00 0 .00 0.00 000 
jK 0.00 0 .00 0 .00 0.00 0.00 000 000 
I Tot~c~~ '- -== - c a:~P.-:: - = -- 8 .05 8 .05 805 8.05 8.05 8.05 ---~~:·· - : 

I Fe/Fe+Mg + Ca+ Mn 53.01 53.40 52.94 53.88 53.17 53 47 53.69 
.Mg/FMCM 42.92 42.75 42.99 42.17 42.84 42 57 42.23 
Ca!F:\.1CM 1.55 1.56 1.53 1.51 1.48 1.56 150 
Mn/ FMCM 2.52 2.29 2 .54 2.44 2 5 1 2 40 2 51 I 
Si+Al 4.95 4 .94 4 .94 4.95 4.94 4 94 4a. l Fe+Mg+Mn + Ca 3.07 3 .10 3 . 11 310 3.10 3 10 312 

LFe~(Fe + Mg) 0.55 0 .56 0 .55 0.56 0 .55 0 .56 056 -. 



. --- -- ..::~- - . - - - . . 

/SAMPLE 
,MINERAL 
lcooE 

Si02 
no2 
AI20J 

I

F eO 
MnO 
MgO 

,c.o 

'

Na20 
K20 

I Total 

Is• 
Ti 
AI 
Fe 
Mn 
Mg 
c. 

I
N• 

~otal 
I 

!
Fe/Fe+ Mg + Ca + Mn 
Mg/FMCM 
Ce!FMCM 

/Mn/FMCM 

I
. Si + AJ 
Fe+ Mg + Mn + Ca 
Fei (Fe + Mg) 
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S - 88-2 S- &8-2 S - 90·.: ;· --·s .:go::-; - s:9o.:-f·-s::-go::-; - s ·.:gQ-1 
GNT GNT GNT GNT GNT GNT GNT 

C -QP~4 --~-:.O.f'.X_L C..=_0~~-9-0PX2 __ C:.::Q.~l5_~ _ _ 9.::Q~~-L F!.::.9P)(_ 

38.32 
0 .03 

22.05 
26.112 

1 .19 
11.28 

0 .61 
0.00 
0 .00 

99.50_ 

2 .115 
0 .00 
2 .00 
1 .67 
0 .08 
1 .29 
0 .05 
0 .00 
0 .00 
8 ,0,5 

54.09 
41 .78 

1 .62 
2 51 

4 .95 
3 . 10 
0 .56 

~i. 31 
0 .03 

2095 
25.53 

1.09 
12.84 
0 .51 
0.04 
0 .00 

100.31 

2.118 
0 .00 
1.88 
1.62 
0 .07 
1.46 
004 
0 .01 
0.00 
8.07 

50.811 
45.61 

1.30 
2.20 

4.87 
3.19 
053 

38.27 
0.02 

21.69 
27.42 

0.86 
11 .07 

0.19 
0.00 
0.00 

100.52 

311.02 
0 .01 

21.63 
27.59 

0.88 
11.02 

0 .18 
0 .01 
0 .00 

100.34 

39.01 39.02 
002 0 .03 

21 .75 21 .71 
27.88 

0.91 
10.74 

0.20 
0.00 
0.00 

100.51 

27.7"1 
0.84 

10.66 
0 .18 
0 .02 
0.00 

100.17 

311.00 
0.01 

21 .75 
27.62 

0.88 
10.55 

0.19 
0.01 
0.00 

100.02 

3.00 2.99 2.99 2 .99 3.00 
0 .00 0 .00 0.00 0 .00 0.00 
1.115 1.95 1.116 1.96 1.117 
1.75 1.77 1.78 1.78 1.77 
0.06 0 .06 0.08 0.05 0.06 
1.26 1.26 1.22 1.22 1.21 
0.02 0 .01 0.02 0 .01 0.02 
0.00 0 .00 0.00 0 .00 0.00 
0 .00 0 .00 0.00 0 .00 0.00 

8.()~ ·==== 't-~=~==~03_~=~~-=~~':_03 =-0.- -~·92 

56.82 
40.87 

0.50 
1.80 

57.06 
40.62 
0.48 
1.84 

57.85 
39.71 
0.53 
1.91 

57.99 
39.75 

0 .48 
1.78 

58.08 
39.53 

0.51 
1.87 

4.95 4.~ 4.95 4.96 4.96 

-~;~---·- ~:~------~:~-----~:~~---~:~j 
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r sAMPLE 
-- 4----·--

s .:. 90 ...: 2 S - 80-2 S-QQ-2 S·-90 - 2 S - 45 s 85 11 45 s 
ONJ I MINERAL GNT ONT ONT ONT GNT ONl 

COQ_~-·--- _ _ ·- ____ 9=0~X1 R-OPX3 C-OPX1 C-OPX4 C -· OPX1 R OPX4 c 01'X1: ·- ·· 

Si02 38.24 38.03 38.12 3820 38.33 3830 J8 !il5 
TI02 0 .00 0.00 0.00 0.00 0 .05 002 003 Al203 21 .75 21.74 21 .73 21 .90 21 83 21 86 21 58 

JFeO 27.48 27.84 27.91 27.76 27.39 27.25 24 85 
MnO 0 .89 089 0.90 083 0 .85 0 82 1 65 j MgO 10.89 10.68 1050 1080 10.85 10 75 11.61 ,c.o 0 .22 0.21 0.21 0.21 0 .19 0 20 061 
Na20 0 .19 0.13 0.03 0.05 0 .00 0 .00 

0001 IK20 0 .00 0.00 0.00 000 000 000 000 Total 99.66 99.53 99.40 99.74 99.48 99 20 99 28 r -- -

2 99 1 

I 

!Si 2 .95 2.95 2.96 2 95 296 2 97 

Jn 0 .00 0.00 0.00 000 000 000 ooo r 
AI 1.96 1.99 1.99 1.99 1 99 200 1 951 Fe 1.78 1.80 1.81 1 79 1. 77 1 76 1 60 1 ! Mn 0 .06 0.06 006 0.05 0 .06 0 05 011 

i Mg 1.25 1.23 1.21 1.24 1 25 1 24 1 33 !Ca 0 .02 0.02 0.02 0.02 0 02 0 02 0 OS Na 0 .03 0.02 0.00 0.01 0 .00 000 000 I K 0 .00 0.00 0.00 0.00 0 .00 000 0 00 , 
p :.q1al ' --~ 8 .07 ~807 805 806 8 04 8 04 8 OJ I 

I 

~ ~-~~;~~~+Ca+Mn 57.17 57.95 58.39 57.69 57 .27 57 38 51./8 1 40.37 39.61 39.14 40.00 40.42 40 34 43.1 I 
I CIPJFMCM 0 .59 0.56 056 0 56 0 51 0 54 1 63 1 I Mn/FMCM 1.88 1.88 1.91 1.75 1 80 1 75 3 48 

. j 

4.94 4.93 4.94 494 .. 95 496 4 95 
Si+AI 

[ Fe+Mg+Mn+Ca 3.11 3.11 3.10 3.11 3 .09 3 07 3 08 
~f~/.lF~!.M9) ... 0 .59 0.59 0.60 0 59 0 59 0 59 0 55 



!
SAMPLE 
MINERAL 

1
coot 

Js;o2 
' Ti02 
I AI203 
t FeO 
jMnO 
•MoO 

1 ~:;>0 
i K20 
i Total 

iSt 
: Tt 
IAI 
ire 
iMn 
Mg 
,c. 
: Na 
K I Total 

!Fe/Fe-+MgtCa -+ Mn 

'

Mg/FMCM 
C-.iFMCM 

!Mn/FMCM 

1 Sit AI 
! Fe t Mg t Mn tCa 
! Fe/(Fe + Mg) 

S-85-·1 
QNT 

C-OPX2 

38.92 
0 .00 

21 .58 
24.86 

1.73 
11 63 

0.58 
0.01 
0.00 

99.29 

2.99 
0.00 
1.95 
1.60 
0.11 
1.33 
0.05 
0.00 
0.00 
8.03 

51.71 
43.10 

1.55 
3.64 

4.94 
3.09 
0.55 
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5 ~~~~1 · · s .:~~~;··-· s·::!~~-,--s-~~2 ····s-~~;.2-s~~~~ 

R~3:~~3 C ~~:.:- -R -::--C=~!.:~--C=::---R~:~~ 
o.o1 o.o1 o.04 o.oo o.oo o.o! I 

21 .56 21 .83 21.76 22.00 22.04 22.09 
24.88 25.12 2536 24.35 24.91 24.83 

1.70 1.74 1.78 1.85 1.78 1.81 
11 .61 11.89 11 .46 12.19 11 .G4 11.71 

0.54 0 .59 0.55 0 .59 0.59 0.60 
0.02 0 .02 0 .01 0 .01 0.02 0.01 
0.00 0 .00 0 .00 0.00 0.00 0.00 

99.42 100.19 99.95 99.48 99.85 99.66 
- ---·-·--- ·-·- ------ ··- ·- ---------

3 .00 
0.00 
1.95 
1.60 

2 .97 
0 .00 
1.96 
1.60 

2 .98 
0 .00 
1.96 
1.62 

2 .95 
0 .00 
1.98 
1.56 

0.11 0 .11 0.12 0 .12 
1.33 1.35 1.31 1.39 
0 .04 0.05 0.05 0 .05 
0.00 0.00 0.00 0 .00 
000 ~00 000 000 

8.03~=~8~~5"·~~~-!·~==·"-~ 

51 .85 
43.12 

1.44 
3 .59 

51 .45 
43.39 

1.55 
3.61 

52.52 
42.29 

1.46 
3.73 

50.00 
44.60 

1.55 
3.85 

2 .95 
0 .00 
1.99 
1.59 
0.12 
1.36 
0 .05 
0 .00 
0 .00 
! ,06 

51.10 
43.65 

1.55 
3.70 

2.96 
0.00 
1.99 
1.59 
0.12 
1.34 
0 .05 
0.00 
0.00 

__ 8_,Q~ 

51.41 
43.20 

1.59 
3.80 

4.95 
3.08 
0 .55 

4 .93 4.94 4 .94 4 .94 4.95 
3. 11 3.09 3 .12 3.12 3.09 
o,_~~- ___ --~·§_5 __ ~.:§~ ___ '!· ~~---~-'~ 



r sAMPLE--- --

f~~~~-L-· --
1Si02 
\li02 
!Al203 
: FeO 
:MnO 
;MgO 
:cao 
i Na20 
iK2o I Total 

jSi 
In 
:At 
i Fe 

I
Mn 
Mg 

,c. 
i Na 
! K 

I Total 

Fe/Fe ~Mg+Ca+Mn 
Mg/FMCM 

ICa!FMCM 

I

Mn/FMCM 

Si+Al 
jFe+Mg+Mn+Ca 
, fe/(fe ! Mg) _ .. 

S-85~.:2 ··-·s-85:-2-- S-85-2 

GNT GNT GNT 
C_::QPXI R::O~X2_. _ C- BIOI 

38.82 
0.00 

22.16 
24.55 

1.91 
12.11 
0.59 
0.03 
0.00 

100.16 

295 
0.00 
1.99 
1.56 
0.12 
1.37 
0.05 
0.00 
0.00 
8.05 

50.29 
44.20 

1.55 
3.96 

4.94 
3.11 
0.53 

38.55 
000 

22.14 
24.34 

1.90 
1229 

0.54 
0.01 
0.00 

99.75 

2.94 
000 
1.99 
1.55 
0.12 
1.40 
0.04 
0.00 
0.00 
806 

49.82 
44.83 

1.42 
3.94 

4.94 
3.12 
053 

38.35 
0 .00 

21 .8<4 
26.70 

1 .70 
10 99 
062 
0 .03 
0 .00 

100.24 

2 .95 
000 
1 .98 
1.72 
011 
1.26 
0 .05 
0 .00 
000 
8 .07 

54.71 
40.13 

1.63 
3 .53 

4 93 
3 .14 
0 .58 

s - 85-2 
GNT 

R- 8104 

38.04 
0.00 

21 .78 
26.98 

1 73 
10.61 
059 
007 
000 

9982 

294 
0.00 
1.99 
175 
0.11 
1 22 
005 
0.01 
000 
8.07 

55.75 
39.07 

156 
3 62 

4.93 
3.13 
0.59 

248 

S-126 - 1 S 126 1 S 126 , 
GNT ONT GNl 

C - 810 C - 810 C BIOI 

38.45 
0 .00 

2180 
26.95 

0 .67 
10.89 
0.44 
001 
000 

99.20 

2 97 
000 
199 
1.74 
004 
1.25 
004 
0 .00 
0 .00 
804 

~62 

40.77 
1.18 
143 

4.96 
3.08 
0 .58 

38.1tit 
0.08 

21 70 
26. tit6 

0 74 
1063 

0 37 
0 .03 
0 .00 

9870 

2 97 
000 
1 99 
1 75 
0.05 
1.23 
003 
0 .00 
000 
8 .03 

57.21 
40.20 

101 
1 59 

496 
3.06 
0 59 

3907 
0 02 

21 67 
26 24 

075 : 
11 .76 

0 .39 
0 02 
000 

99 91 

2 99 1 
o oo ' 
1 9!i l 
1.68 ! 
005 1 
1.34 
003 
000 
000 
8 04 1 

I 
54 151 
43 25 . 

1 03 1 

I 
1 57 i 

I 
4 94 ; 

3 10 : 
0 56 : 



I SAMPLE 

I MINERAL 
CODE 

i s;o2 
1Ti02 
i Al203 
1
Fe0 

' MnO 
~ MgO 
CeO 
Na20 

: K20 

1 
Total 

:s; 
' li 

AJ 
fe 
Mn 
Mg 

, Ca 
: Na 
. K i Total 

1 Fe/FetMg 1 Cat Mn 
; Mg/FMCM 
. Ca!FMCM 
. Mn/FMCM 

Si I AI 
, Fe 1 Mgt Mn t Ca 
, f e/ (Fo 1 Mg) 

249 

s- 126-2 s -12e- 2 s ..: ;26:2 · s :.126= 2· -·s :.::;-o5 --··s=-1os·--·s-=To5 
ONT GNT ONT ONT ONT ONT ONT 

C - 8102 C - 6103 C_:- 810~- _. A::: 81()_5 _____ ~=.~19_!___ C = ~IQ_L __ 9 .-J~l.Q_3 

38.18 
0 .02 

21 .•9 
26.39 

0 .71 
11 .43 

0 .37 
002 
0 .00 

98.63 

3.00 
0 .00 
1.94 
1 69 
0 .05 
1.31 
0.03 
0.00 
0.00 
8 .02 

55.03 
42.48 

0.99 
1.50 

4.95 
3.07 
0 .56 

3U3 
0.04 

21.31 
27.48 

0.64 
10 75 

0.42 
0.00 
0.00 

99.58 

3.00 
0.00 
1.94 
1.77 
0.04 
1.24 
0.03 
0.00 
0.00 
8.03 

57.46 
4006 

1.13 
1.36 

4.94 
3.08 
0.59 

38.70 
0.03 

21.27 
28.46 

0 .70 
IUO 
0.43 
0.00 
0.00 

89.40 

3.01 
0.00 

38.28 
0.04 

20.94 
31.11 

0 .77 
7 .99 
0 .37 
0 .00 
0 .00 

89.50 

3 .01 
0 .00 

39.08 
0.02 

21 .81 
25.86 

0.78 
12.13 

0.41 
0 .01 
0 .00 

100.09 

38.98 
0 .02 

21 .87 
25.93 

0.72 
11.A7 

0 .36 
0.01 
0.00 

99.55 

39.18 
0.03 

21.58 
26.52 

0.76 
11 .46 

0.38 
0.01 
0.00 

99.91 
- ~+- - - - - • - - ---- - -- -

2 .98 
0.00 

2.99 
0.00 

3.00 
0.00 

1.95 1.94 1.96 1.96 1.95 
1 .85 2 .05 1.65 1.66 1.70 
~~ ~~ ~~ 0~ ~~ 

1.13 0 .94 1.38 1.35 1.311 
~04 ~~ 0.~ ~~ ~~ 

~00 ~00 ~00 ~00 0.00, 
0 .00 0 .00 0 .00 0.00 0.00 

8.02==~c -c."-· 0~~=~1'·()4 ~==c!.~ c=:==.,_8_j)] 

60.32 
37.01 

1.17 
1.50 

4.95 
3.06 
0.62 

66.76 
30.55 

1.02 
1.67 

4 .95 
3 .06 
0.69 

53.02 
44.32 

1.08 
1.58 

53.72 
43.82 

0 .96 
1.51 

55.02 
42.37 

1.01 
1.60 

4.93 4 .94 4.94 
3.11 3.09 3.08 
0.54 0 .55 0.56 

-- ·- --·-------- -- --- ·-·- -·· .. -
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r; ----- - s-1os _____ s:. 1os·-- s-127 S-12.7 

;~e~~--- - -
S-127 s -.. 127 s 77 

GNT GNT GNT GNT uNT GNT ONT 
C =.B~Q.". _ R-= ~IQ5 _ C-8101 C-8102 C - 8103 A . 8104 A HBL1 

02 39.06 38.63 311.25 38.92 38.58 38.59 37.81 
Ti02 0 .03 0.05 000 0 .02 004 0 04 0 19 
Al203 21.50 21 .36 22.02 21 .68 21 .75 21 .74 17 82 
FeO 26.81 29.1 1 25.09 25.34 25.87 2676 18.28 
MnO 0 .73 0.77 1.86 1.81 , 68 1 85 10 46 
MgO 10.88 9.45 11 .87 11 .41 1088 10 13 098 
CaO 0.42 0.39 0.58 0 .59 0 .57 0.55 14.3& 
Na20 0.01 0.01 0.01 0.02 000 001 0.03 
K20 0 .00 0.00 0.00 0 .00 000 000 000 
Total 99.44 99.76 100.70 99.76 9935 99.66 99 90 

Si 3.01 3.00 287 2.98 2.98 298 306 

I ~ 0.00 0.00 0.00 0 .00 000 0.00 0.01 
1.95 1.95 1.87 1.96 198 1.98 1.70 

! Fe 1.73 1.89 1.59 1.62 1 67 1.73 1 231 
Mn 005 0.05 0.12 0.12 011 012 . "I ' Mg 1.25 1.09 1.34 1.30 1.25 1.17 0.12 

1
ca 0 .03 0.03 0.05 0 .05 0 .05 0 05 1 24 

-Na 0.00 0.00 0.00 0.00 0 .00 0.00 0 .00 !K 0.00 0.00 0.00 0 .00 000 000 
0001 1 Total 8.02 8.02 8.04 8.04 803 8.03 808 - · ·.:.":.. _*_.:... . .: 

I 

i Fe/Fe + Mg+Ca+ Mn 56.47 61.&4 51 .34 52.51 54.28 56.47 37.27 
i Mg/FMCM 40.84 35.66 43.28 42.13 40.60 38 08 3.56 
; CatFMCM 1.13 1.08 1.52 1.57 1.53 1.49 37.55 
; Mn/FMCM 1.56 1.65 3.85 3.80 3.59 3 95 21 62 
! I 
: SI + AI 4.96 4.95 4.94 4.94 4 95 4.96 4761 
Fe+Mg+Mn +Ca 3.06 3.07 3.10 309 308 306 3.311 
,F~/{Fe+Mg) 0.58 063 0.54 0.55 0 57 0 60 0 91, -- -



I 

SAMPL( 
MINERAL 
CODE 

Si02 
T102 
Al203 
FeO 
MnO 
MgO 
CaO 
Na20 
1<20 
Total 

!s; 
; li 
i AJ 

:Fe 
I Mn 
: Mg 
JCa 
i Na 

~~olaf 
I 

I Fe/Fe 1 Mg 1 Ca 1 Mn 
i Mg/FMCM 

/
CatFMCM 
Mn/FMCM 

Si I AJ 
Fe 1 Mg 1 Mn 1 Ca 

. Fe/ (Fe 1 Mg) 

I S-77 
I GNT 
! R-HBL2 

I 
37.83 

0.19 
1794 
17.94 
11.22 

1.07 
13.62 
0 03 
000 

99.M 

3.08 
0 .01 
1.71 
1.21 
0 .77 
0.13 
1.18 
0 .00 
0 .00 
808 

36.87 
3.92 

3586 
2335 

4 .77 
329 
090 

s -_ 77 s =- 77 
GNT GNT 

C-HBL3 __ .C-HBL1 

38.08 
0 .20 

18.03 
17.97 
11 .24 

1.08 
1357 

0 .02 
0 .00 

100.18 

3.08 
0 .01 
1.71 
1 21 
0 .77 
0 .13 
1.17 
0 .00 
0 .00 
8.07 

36.93 
3 .95 

35.73 
23.39 

4 .78 
3 .28 
090 

37.77 
0 .21 

17.91 
18.14 
10.79 

1.01 
14.25 
001 
0 .00 

100.10 

3.05 
0 .01 
1.70 
1.22 
0 .74 
0 .12 
1.23 
0 .00 
0 .00 
8 .09 

36.93 
3 .66 

37.16 
22.25 

4 .75 
3 .32 
0.91 

251 

s-..:~,.7 

GNT 
R-HBL3 

-·s-=65--·-s-65 --· -- s-=-72-
GNT GNT GNT 

R - HBL1 CORE C-HBL1 

37.37 
0.17 

17.82 
1788 
10.42 

0.86 
15.12 

0.03 
0 .00 

9887 

37.93 
0.21 

17.92 
17.97 
10.78 

0.98 
14.25 

0.02 
0.00 

10008 

3.03 3.06 
0.01 0.01 
1.71 1.70 
1.21 1.21 
0 72 0.74 
0.10 0.12 
1.32 1.23 
0.00 0.00 
0 .00 0.00 

= 8 .1 1. _,=-"'~~!· 08 

36.24 
3.11 

39.26 
21 .39 

4.74 
3.35 
0 .92 

36.75 
3.57 

37.34 
22.33 

4.76 
3.30 
0.91 

37.86 
0 .18 

17.78 
17.86 
11 .09 

1.03 
13.64 

0 .01 
0 .00 

9948 

37.82 
0.19 

17.78 
17.56 
10.44 

0.86 
14 93 
0.00 
0.00 

99.57 

3 .07 3.06 
0 .01 0.01 
1.70 1.70 
1.21 1.19 
0 .76 0.72 
0 .12 0.10 
1.19 1.30 
0 .00 0.00 
0 .00 0.00 

~,97_ ~~--=-~~-

36.90 
3 .79 

36.10 
23.21 

4.77 
3 .28 
0 .91 

35.99 
3.14 

39.20 
21 .67 

4.76 
3.30 
0.92 



[ ~~~:~:·- ·- - - --
CODE_ _ _____ , 

Si02 
TI02 
Al203 
FeO 
MnO 
MgO 
CeO 
Na20 

[~~ -· 
I 
j Si 
I TI 
lAJ 

~~en 
JMg 
' Ca 
Na 
K 
Total 

'

FeiFe +Mg+Cr+ Mn 
Mg/FMCM 

j c.;FMCM 

I
Mn/FMCM 

Si+AI 

lFe+Mg+Mn+Ca 
f~/(F• -!.~9) . . . 

·s ..:-7i - l 

GNT 
__ R:- J-tBL2 

38.08 
0 .18 

17.67 
17.54 
10.28 
0.84 

14.98 
0 .01 
0 .00 

99.57 

3.08 
0 .01 
1.68 
119 
0 .70 
0 .10 
1.30 
0 .00 
0 .00 
8 .07 

36.06 
3.08 

39.46 
21 .41 

4 .76 
329 
0 .92 

252 
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APPENDII 3 

GEOTRERKOBAROMETRY 

3-1 Garnet-Biotite 

253 

The partitioning of Fe and Mg between garnet and biotite is a 

temperature sensitive equilibrium affected only to a slight 

degree by pressure. The relationship between the Fe-Mg 

distribution coefficient and temperature has been empirically 

calibrated as a thermometer by Saxena (1969), Thompson (1976) 

and Goldman and Albee (1977). Experimental calibrations have 

been presented by Ferry and Spear (1978) and Perchuk and 

Lavrent'eva (1983). 

The exchange reaction is 

Initial calibrations assumed that the solid solutions 

were ideal. Subsequently, several calibrations have been 

presented, which attempt to correct for the non-ideality in 

garnet caused by mixing of Fe and Mg and other elements, by 

introducing additional correction factors to the expression of 
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Ferry and Spear (1978) (e.g. Hodges and Spear (1982); Pigaqe 

and Greenwood (1982); Ganguly and Saxena (1984)). The effect 

of ca and Mn on the garnet Fe-Mg binary solution used in the 

Ferry and Spear (1978) calibration is taken into account by 

Pigage and Greenwood (1983). Indares and Martignole (1985) 

also presented an empirical calibration which in addition 

evaluated influences from Al and Ti in biotite. 

is 

The expression of Ferry and Spear (1978) calibration is 

: 0- 12454- 4.662T(°K) + 0.057P(bars) + R'I'(K)lnK 

T(°K) = (2089 + 9.56P)/(lnK + 0.782) 

where K = (FeiMg)garnet 1 (FeiMg)biotite. 

The expression of Hodges and Spear (1982) calibration is 

: T ( o K) = ( 2 o 8 9 + 9 . 56 P + 16 61 x'"•) I ( 1 nK + o • 7 8 2 + 

o. 755x~"•> 

where xc• = CaiCa+Mg+Fe+Mn in garnet. 

The expression of Pigage and Greenwood (1982) calibration 

1586Xca + 1308XMD + 2089 + 0.00956P(bars) 

I 0. 78198 - lnK 

where ~ = i 1 Mg+Fe+Ca+Mn in garnet. 



The expression of the Indares and Martignole 

calibration is : 

255 

(1985) 

T(°K) = (12454 + 0.057P(bars) + 3(rnXAI + nXTi) - (WcaXC• 

+ WmnXMI\)] I [4.662 -0.9616lnY.0 ] 

where K11 = (FeiMg)qarnet I (FeiMg)biotite and nand mare 

interaction parameters depending on the model adopted f . .,r the 

non-ideality in garnet. 

3-2 Orthopyroxene-Clinopyroxene 

Wood and Banno ( 1!:173) and Wells ( 1977) have investigated 

experimentally and theoretically temperature variations of the 

position and shape of the solvus in the pyroxene 

quadrilateral. The exchange reaction is : 

(Mg, FehSi206 = (Mg, FebSi206 

(cpx) (opx) 

Wood and Banno's (1973) calibration is based on the 

approximation that the solubility of enstatite in diopside co

existing with orthopyroxene is an ideal solution. 

Well ( 1977) 's calibration is a semi-empirical formulation 
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derived from available experimental data for the diopside -

enstatite miscibility gap. The solubility of Fe!t- in the 

pyroxene solution has been calibrated empirically usinq 

experimental data for multicomponent pyroxenes. 

The thermometric expressions of the calibrations of Wood 

and Banno (1973) and Wells (1977) are : 

Wood and Banno (1973) 

T(°K) = -10,202 1 [(lnK- 7.65X1'• + :S.88(X"') 1)- 4.6) 

Wells (1977) 

T ( ° K) = 7 3 4 1 I ( 3 . 3 55 + 2 . 4 4 ( X1
'') - 1 nK) 

where XFe is 'ie/ Fe+Mg in orthopyroxene. K is a'"1<~"1 1 a•nlur•l, 

where the activit:ies of enstatite (Mg2Si206 ) in clinopyroxene 

and orthopyroxene are calculated following the ideal mixing on 

sites model outlined in Powell (1978). 

3-1 Garnet-orthopyroxene 

Wood (1974), Harley and Green (1982), and Harley (1984) have 

experimentally calibrated the solubility of Al in 

orthopyroxene coexisting with garnet. The Fe-Mg exchanqe 

between coexisting garnet and orthopyroxene has also been 

calibrated as a geothermometer based on experiments in the 

CFMAS system (Harley 1984) and on thermodynamic analysis of 
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available data formulated for granulite facies conditions (Sen 

and Bhattacharya 1984). The thermometric expressions are: 

Harley (1984) 

T(°K) = (3740 + 140oXC• + o.02286P) 1 (1.96- 1.987lnK) 

Sen and Bhattacharya {1984) : 

T(°K) = [2713 + 0.022P + 3300:xL'• + 195(X"e-XM&)] 

I ( -1. 9 8 7 2 1 nK + o . 7 8 7 + 1. 5 xc•) 

where X' is CajCa+Fe+Mg, FejCa+Fe+Mg, and Mg/Ca+Fe+Mg in 

garnet, P is in bars, and K is (FejMg)"1" I (Fe1Mg)'"1• Sen and 

Bhattacharya (1984) assumed ideal solution for orthopyroxene, 

and ta~e into account the non-ideality from Fe-Mg and Ca-Mg 

interactions for garnet (WI'•M& from O'Neill and Wood (1979), 

w, .• ~.~~ from Haselton and Newton (1980)). 

2.-::-4 Garnet-Plagioclase-Al2SiO~-Ouartz 

Ghent (1976) developed the reaction 

3 anorthite 

CaA11Si10~ 

garnet 

Ca3Al 2Si30 12 

+ 2 Al-silicate + quartz 

J!.l2Si05 Si02 

as geobarometer, on the basis of the assumption of ideal solid 
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solution of garnet and plagioclase . The degree of non-ideality 

of grossular solid solution in garnet has estimated from 

calculations using the activity coefficients of anorthite in 

plagioclase and the kyanite-sillimanite curve as a limiting 

case for kyanite and sillimanite-bearing assemblages (Ghent et 

al. 1979). The equilibrium can be expressed by : 

0 -3272/T(°K) + 8.3969 - 0.3448(P-l)IT(°K) + log a~ 

-3log ar~ (kyanite) 

0 -2551.4/T(°K) + 7.1711- 0.2842(P-l)IT(°K) + loga~ 

-3log (Sillimanite) 

where a f. = ( xt:> l* ( ~) 3 and ac. = (x:·-'.> * < 'Yt~> 

~ = ca 1 Ca+Mg+Fe+Mn and X<', = Ca I Ca+Na+K 

'Y'l': = exp( (3300-1. 5T) * ( xpy + x •• xrY + xrtx., .• > I RT] 1 

'Y"r. = exp( (X,b2 (2025 + 9442X..,) I RT] 

Subsequently, the barometer was refined by experiments 

and thermodynamic analysis (Newton and Haselton 1981 ; Hodges 

and Royden 1984) . Among them, Newton and Hase 1 ton ( 1981) 

applied recent solution and low temperature calorimetry in 

addition to experimental phase equilibrium data on garnet and 

plagioclase solid solution. The result was a more precise, 

experimental determination of the Garnet Plagioclase 



Quartz assemblage, 
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making possible a major 

improvement on non-ideal formulations. 

Ganguly and Saxena ( 1984) revised the end member 

calculations for the garnet - plagioclase - Al2SiOs - quartz 

barometer proposed by Newton and Haselton ( 1981). The 

calibrated geobarometer is expressed as : 

0 13352- 36.709T(°K) + V(P-1) + 1.9872T(°K) ln(afn'Ja'!) 

(with kyanite) 

0 10055 - 31.101T(°K) + V(P-1) + 1.9872T(°K) ln(a~faf!) 

(with sillimanite) 

where v and P are expressed in calf bar and kbar, 

respectively. 

3-5 Garnet-Orthopyroxene-Plagioclase-Quartz 

The reaction of garnet with pyroxene solid solutions was first 

calibrated from experimental phase equilibrium studies as a 

geobarometer by Wood and Banno (1973). Newton and Perkins 

( 1982) calibrated two mineralogic geobarometers based on the 

assemblage garnet-plagioclase-pyroxene-quartz, which are 

applicable to granulite grade quartzofeldspathic and basic 

lithologies. The Mg equilibrium has been calibrated on the 
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