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ABSTRACT 

The Mount Cormack Subzone (MCSZ) is located in central 
Newfoundland and has been interpreted as a tectonic window 
which exposes rocks of the c.ander Zone through the 
surrounding Dunnage Zone. Structural evidence suggests that 
three deformation events caused the present geologic 
pattern. The first deformation was a result of thrusting of 
an ophiolite on to the Spruce Brook Formation (SBF) causing 
recumbent isoclinal F1 folds in the latter; subsequent 
tectonic shortening during the second deformation caused the 
formation of large- and small-scale sub-horizontal F, folds. 
Evidence of low-pressure, high-temperature metamorphism 
suggests that this phase of crustal shortening was followed 
by widespread crustal extension. This thinning of the crust 
was accompanied by crustal melting at depth causing high 
geothermal gradients in the SBF and the development of 
mineral reactions which have been recorded as reaction 
isograds. All earlier structures were refolded during the 
D3 deformation which rotated the D2 structures and the 
isograds and caused a broad doming. 

The mineralogy preserved in the metasedimentary 
rocks of the Mount Cormack Subzone indicates that the 
regional metamorphic grade increases from greenschist to 
upper amphibolite fa~ies. The reaction isograds crosscut 
the large-scale second generation folds in the area 
consistent with early thrusting (emplacement of oceanic 
crust of Dunnage Zone over Gander Zone) and shortening, 
followed by structural and thermal doming. The attitude of 
the 5 2 foliation within the terrane is approximately 
parallel to the edges of the MCSZ and dips away from the 
centre, consistent with a broad domal structure. 

Five reaction isograds have been mapped within the 
Mount Cormack Subzone as follows: 1) biotite-muscovite
chlorite isograd; 2) andalusite-biotite-muscovite isograd; 
3) sillimanite-biotite-muscovite isograd; 4) sillimanitc
K feldspar isograd; and 5) melting isograd defining the 
beginning of partial melting. Bulk rock compositions lie 
within the central part of the AFM diagram resulting in 
cordierite and staurolite being relatively rare. 

Mineral assemblages from both sides of the bathogradic 
reaction: 

biotite + garnet + andalusite + vapour ~ 
staurolite + muscovite + quartz + sillimanite 

occur in rocks of appropriate composition and temperature, 
indicating a pressure of approximately 3.2 kilobars at the 
bathograd. This bathograd is approximately coincident with 
the sillimanite-biotite-muscovite reaction isograd. 
Pressure increases slightly with increasing metamorphic 
grade (i.e. higher pressures occur on the high grade side of 
the isograd), consistent with interpretations that either 
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the high-grade areas underwent greater post-metamorphic 
uplift or that the syn-metamorphic Through Hill Granite 
dragged up its metamorphic aureole during emplacement. 

Results of geothermobarometry from samples from the 
Mount Cormack terrane indic<.te that pressure estimates range 
from 2.5- 3.5 kilobars and temperature estimates vary from 
525 - 600 oc for andalusite-biotite-garnet assemblages, and 
up to 650 oc for sillimanite-biotite-garnet assemblages. 
These estimates indicate high geothermal gradients of up to 
50 °C/km in the high-grade assemblages. Such high 
geothermal gradients are consistent with the suggestion that 
crustal thinning played an important role in the metamorphic 
d~velopment of the Mount Cormack Terrrane. P-T vectors from 
zoned minerals from high-grade rocks are shallow, indicating 
that the amount of syn-metamorphic uplift and erosion was 
small. Exhumation must have been delayed until after 
substantial post-metamorphic cooling, and is not recorded in 
the mineral assemblages. 

Interpretation of gravity and magnetic anomalies in the 
Mount Cormack Subzone ~ndicates a model for the subsurface 
geology that is consistent with that observed at the 
surface. Large magnetic and gravity anomalies are 
associated with the ophiolitic rocks, and there appears to 
be little effect from the other units in the study area. 
'l'he 1985 gravity profile is asymmetric; the anomaly 
associated with the coy Pond Complex is much smaller than 
that associated with the Pipestone Pond Complex, suggesting 
that the Partridgeberry Hills Granite (or similar low
density body) extends beneath this ophiolite. 

The magnetic low directly northwest of the Coy Pond 
Complex results from the fact that the dip of the ophiolite 
is similar to the inclination of the overall magnetic field. 
Smal~_-scale magnetic anomalies within the Mount Cormack 
Subzone are interpreted as traces of bedding defined by 
cordierite-magnetite sub-assemblages. The attitude of these 
features is consistent with structural measurements made at 
the surface. The magnetic anomaly associated with the high
grade pelites may be due to the breakdown of hematite to 
form magnetite in the presence of reducing fluids. 
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Frontispiece 

The author perched atop a qranite boulder, 
approximately 5 kilometres north 

of the Throuqh Hill Granite 
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CHAPTER I 

IJITIIODUC'l'I OJI 

1.1 Appalachia n orogen 

The Appalachian Orogen, located on the east coast 

ot North America from Alabama to Newfoundland, is a linear 

belt between - 100 and - 1000 k ilometre• in width , composed 

ot rocka that were deformed durin9 the Early and Middle 

Paleotoie. Its ex tension to the northeast is exposed in 

northweat !Urope where it is ter.ed the caledonian orogen. 

Moat aodern tectonic models of the Appalachian-Caledonian 

ayatea explain the orogen in teras of a Wilson cycle 

involving opening and closing ot an Early Paleozoic Iapetus 

Ocean (Williaaa, 1964; Wilson, 1966; Dewey and Bird, 1970). 

The Appalachian Orogen in North America has been 

divided into five zones based on strati9raphic and 

structural contrasts bet ween Cambrian-Ordovician a nd older 

rocka (Williams, 1978; Wi lliams, 1979; Williams and Hatcher, 

1982). These are, trom west to eaat, the Humber Zone 

(ancient eastern mar9in of North Aaerica)~ Dunnage Zone 

(relica ot Paleozoic ocean cruat and aaaociated arcs foraed 

in Iapetua OCean), Gander Zona (Early Paleozoic continental 

aar9in), Avalon Zone (tarrane ot older Preca•brian crust 

welded on to North America) and Mequaa Zone (Paleozoic 
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western margin of Africa or northeastern margin of South 

America) . The Avalon Zone is also correlated with Africa 

(Pan-African Orogeny). The four most westerly of these 

zones are exposed in Newfoundland (Figure 1-1; Williams et 

al., 1988). This four-fold zonation has been re-examined by 

recent workers. The work of Williams et al. (1988) has led 

to a further subdivision of the Dunnage Zone and a 

redefinition of the Gander Zone. 

1.2 Dunnage and Gander Zones 

The Dunnage Zone, traceable from Newfoundland into 

the New England Appalachians (Williams and Hatcher, 1983), 

is defined by the presence of Ordovician volcanic rocks and 

ophiolite suites that are inferred to have formed in the 

Iapetus Ocean. It has been subdivided into the Notre Dame 

and Exploits Subzones in Newfoundland on the basis of a 

variety of contrasts including stratigrcphy, lithology and 

structure (Figure 1-1; Williams et al., 1988). The main 

difference tetween the two subzones is the presence of 

Silurian marine greywackes and conglomerates in the Exploits 

Subzone and their absence in the Notre Dame Subzone 

(Williams et al., 1988). 

The Gander Zone, defined by the presence of 

Ordovician and earlier (?) metaclastic rocks and the lack of 

volcanic rocks, is traceable from Newfoundland to Long 

Island sound, New York (Williams and Hatcher, 1983). 
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Williams et al. (1988) further &ubdivided this zone in 

Newfoundland into the Cancer Lake Subzone (the type 

section), the Mount Cormack Subzone and the Meelpaeg Subzone 

(Figure 1-1). The western edge of the Gander Lake Subzone 

is in fault contact with the Exploits Subzone, the Gander 

River Ultramafic Belt (GRUB) marking the contact. The Mount 

Cormack Subzone is entirely surrounded by the Exploits 

Sub~one, and the Meelpaeg Subzone is also surrounded by the 

Exploits subzone except south of Victoria Lake, where it is 

in contact with the Notre Dame Subzone (Williams et al., 

1988). 

1.3 Geology of the Mount Cormack Subzone 

Rocks of the Mount Cormack Subzone (MCSZ) consist 

of metasedimentary units (interbedded quartzite and 

schist/phyllite, termed the Spruce Brook Formation (SBF) by 

Colman-Sadd, 1985). The terrane is largely devoid of 

volcanic lithologies and is intruded by local granitic 

bodies (Figure 1-2; Colman-Sadd, 1985). The MCSZ is 

surrounded by ophiolitic and sedimentary rocks of the 

Exploits Subzone and granite bodies (Partridgeberry Hills 

Granite and the Mount Peyton Intrusive suite); the 

ophiolitic rocks are interpreted to overlie tectonically the 

SBF. It is on this basis that the SBF is interpreted to be 

correlative with the Gander Group of the Gander Zone. 
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1.4 Purpose of the Study 

Colman-Sadd and Swinden (1984) postulated that 

during the Lower Paleozoic, emplacement of a major 

allochthon of oceanic rocks (Dunnage Zone) on to a 

continental margin sequence (Gander Zone) resulted in a two

layer crust. A possible consequence of this is that the 

two-layer crust would be thermally and gravitationally 

unstable, resulting in thermal and structural doming of the 

lower crust. This has led to modern interpretations which 

suggest that the MCSZ is a tectonic window through which are 

exposed rocks of the Gander Zone (Colman-Sadd and Swinden, 

1984). 

The MCSZ has been mapped by Colman-Sadd (1985) at 

a scale of 1:50,000. He also described the petrography and 

structure of the MCSZ and surrounding rocks, with 

preliminary estimates of pressure and temperature of 

metamorphism. However, no detailed studies of metamorphic 

petrology, geothermobarometry or geophysics had been done. 

Hence, this study was undertaken to: 

1) reexamine the petrography of the MCSZ, involving detailed 

samplin~ in an attempt to map accurately and characterize 

the metamorphic reaction isograds occurring within the 

terrane and characterize the metamorphic field gradient; 

2) reexamine the structure of the MCSZ to test the model of 

Colman-Sartd and Swinden (1984); 



3) conduct detailed geothermobarometric calculations on 

selected samples in order to determine pressures and 

temperatures of formation of the MCSZ, and to try to 

constrain the syn-metamorphic P-T-t path for the MCSZ; 

4) conduct gravity and magnetic modelling across the MCSZ 

using data collected during 1985 and 1988 in an attempt to 

create an acceptable model for the geology at depth; and 
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5) correlate the magnetic signature in the metamorphic rocks 

with the mineral assemblages present in order to interpret 

the origin of the first and second order magnetic features. 

1.5 Location and Access 

The Mount Cormack Subzone is located in central 

Newfoundland, between latitudes 48°15' and 48°38', and 

longitudes 55°24' and 56°05', North and West, respectively. 

The only road crossing the MCSZ is the Bay d'Espoir Highway 

which crosses the area in the northeast corner. However, 

there is a trail following the power line between St. Albans 

and Grand Falls, which is accessible with a four wheel drive 

vehicle. The power line runs approximately through the 

middle of the terrane. Although there are many lakes in the 

area, they are very shallow and rocky, making access by 

float plane impossib~9. The easiest access to the MCSZ is 

by helicopter. 
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1.6 Topoqraphy and Exposure 

The MCSZ is characterized by gently rolling hills 

which reach an average elevation of 250 m (Plates 1-1 and 1-

2). Mount Cormack and Through Hill are the exceptions to 

this, rising to nearly 400 m in elevation. The only area of 

low elevation is the Northwest Gander River, which is at 

approximately 130 m. Veqetation consists of large open bogs 

with sparse spruce forest in the high grade part of the 

MCSZ, and dense spruce forest with a few bogs in the low

grade part of the zone. These bogs are sources for water 

which drains into the Northwest Gander River via a system of 

tributaries. 

outcrop in the area is variable, with plentiful 

exposure in the high grade parts of the terrane, and sparse 

exposure in the lower grade areas. 

1.7 Methods 

The field work which provides the background for 

this study was done by the author and his assistant during 

the summe~ of 1989, using, as base maps, colour aerial 

photographs (scale 1:12,500) published by the Newfoundland 

Department of Lands and Forests. Most of the southwestern 

part of the MCSZ was mapped at that time (see Geoloqical Map 

and sample Location Map in pocket at back). In total, two

hundred-twenty-three samples were collected during the 

summer of 1989, representing the different rock types found 



P~ate ~-~. View looking north towards Miguel Mountain (taken from just 
north of Through Hill) . 

P~ate ~-2. View looking west towards the Pipestone Pond Ophiolite. 
Gravel in the foreground marks the contact with the MCSZ. 
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in the area. Sample localities are well distributed 

throuqhout the study area (see Sample Location Map), and, 

when combined with those of Colman-Sadd (1985), provide 

quite dense coverage of the area. 
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one-hundred-seventy-four samples were selected for 

thin sectioninq, including five from the granitic rocks, one 

from the Pipestone Pond Complex, one from a mafic dyke 

within the SBF, and the remainder from the metasedimentary 

rocks of the SBF. Petrographic data are presented in 

Chapter 4 as well as in Appendix A. In addition, mineral 

analyses were done on twenty-two samples from the MCSZ. 

These analyses are used in thermobarometric calculations 

presented in Chapter 5. Gravity surveys (not conducted by 

the author) were done during the summers of 1985 and 1988. 

These data were used with modellinq packages to interpret 

the subsurface geology. 

1. a Previous work 

The first recorded geoloqic observations in the 

MCSZ and surrounding area were made by W.E. Cormack 

(Cormack, 1823), after whom Mount Cormack is named. He 

reported the presence of ultramafic rocks (Pipestone Pond 

Complex) to the west of the MCT, and noted the presence of 

slates and granites. In 1876, J.P. Howley traversed from 

the west side of the island (Murray and Howley, 1881) and 

followed the Northwest Gander River to Burnt Hill. He noted 



the presence of ultramafic rocks (Coy Pond Complex), thl~ 

northeastern edge of the Partr idgeberry Hills Granite and 

also that the rocks downstream from the Coy Pond Complex 

consisted of slate, diorite, quartzite and "brecciated 

trap". 

1 1 

In the 1950's, Wolofsky (1951) and Slipp (1952), 

described the metamorphic rocks of the SBF. They noted the 

presence of andalusite-bearing schists within the SBF. In 

addition, the Through Hill Granite was described by 

Wolofsky, and Slipp examined the southwestern contact of the 

SBF, tracing the faulted contact of ophiolitic rocks from 

west of Newfoundland Dog Pond northwestward to the Pipestone 

Pond Complex. Grady (1952, 1953) mapped the ultramafic 

rocks of the Coy Pond Complex. He noted that to the west 

and northwest of the ophiolitic rocks, shales and sandstones 

occur, which are tightly folded and striking northeast. 

The Through Hill and Partridgeberry Hills Granites 

were studied as part of the Bay d'Espoir granite project 

(Colman-Sadd, et al., 1981; Elias, 1981; Elias and Strong, 

1982) • Elias and Strong ( 1982) concluded that the Through 

Hill and Partridgeberry Hills Granites were derived from 

partial melting of a heterogeneous crust, with mantle 

convection, magma intrusion, frictional heating and crustal 

thickening as possible heat sources for the formation of the 

this melt. 
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Colman-Sadd (1981) mapped the Burnt Hill area 

(20/5) and noted an increase in met~morphic grade towards 

the Through Hill Granite. Swinden and Collins (1982) mapped 

the Gr€at Burnt Lake (12A/8)- Cold Spring Pond (12A/1) areas 

and reported the presence of quartzite and mature greywacke 

interbedded with fine grained clastic sedimentary rocks. 

They stated that these rocks were the westward equivalent of 

the SBF in the MCT. In 1984, Colman-Sadd and Swinden 

suggested that the Mount Cormack Subzone may be a tectonic 

window exposing Gander Zone rocks through the Dunnage Zone 

(Colman-Sadd and Swinden, 1984). 

Colman-Sadd (1985) described in detail the SBF, 

noting the presence of a bull's-eye pattern of metamorphic 

isograds around two metamorphic culminations, one 

surrounding the Through Hill Granite and the other around a 

zone of "migmatization" north of Through Hill. 

During the summers of 1985 and 1988, two gravity 

surveys were conducted, the data from which are used in the 

present investigation. Most recently, in 1991, the 

Lithoprobe East Transect was conducted across Newfoundland, 

passing just south of the Mount Cormack Subzone. 

1.9 Geologic Settinq 

Recent mapping in central Newfoundland has 

indicated that certain Cambro-Ordovician volcanic and 

plutonic rocks of the Dunnage Zone with ophiolitic 
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affinities, overlie Ordovician metasedimentary rocks of 

continental origin (Colman-Sadd and Swinden, 1984). This 

has been interpreted to indicate the presence of a two-layer 

upper crust in which the ophiolite and overlying sedimentary 

and volcanic rocks of the Dunnage Zone are allochthonous and 

structurally overlie the metasedimentary rocks of the SBF, 

interpreted as equivalent to the Gander Group. The Gander 

Group, the type section of the Gander Zone, has been 

interpreted as a continental margin sequence that lies upon 

a basement of unknown affinity (possibly Avalon Zone). This 

has also been upheld by a recent LITHOPROBE EAST offshore 

deep marine seismic profiling study (Keen et al., 1986) 

which interpreted the existence of a two-layer crust under 

the Dunnage Zone. 

Three ophiolite complexes surround the MCT; the 

Pipestone Pond Complex to the west, the Great Bend Compl~. 

to the northeast and the Coy Pond Complex to the east. To 

the north, the MCT is in fault contact with sedimentary 

rocks (sandstone, siltstone and shale) of the Bay d'Esp0ir 

Group (Salmon River Dam Formation), as well as sandstone and 

siltstone which appears to be correlative with the Wigwam 

Formation of the Botwood Group (Colman-Sadd and Russell, 

1982). To the south and southwest, sedimentary and volcanic 

rocks of the Bay d'Espoir Group are faulted against the MCT. 

The sedimentary rocks consist of dark green phyllite and 

psammite, and the felsic volcanic rocks consist of 
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predominantly two lithologies; massive pale green rhyolitic 

flows and ash flows, and a more "mafic looking" rock 

consisting of a pale grey, siliceous groundmass with 

feldspar and quartz phenocrysts. Rhyolitic agglomerate 

andfor volcanic breccia is also present (Swinden and 

Collins, 1982). 

Two large intrusive bodies appear to cut the 

boundary of the MCT. The Partridgeberry Hills Granite, 

formally named by Colman-Sadd (1980), is in contact with the 

southeastern boundary of the MCT and has been divided into 

three phases by Colman-Sadd (1985). The main phase consists 

of a medium to coarse grained, chloritized and sericitized, 

perthitic microcline, biotite granite; the marginal phase is 

a strongly foliated, fine to medium grained, chloritized and 

sericitized biotite granite; and the high silica phase is a 

medium grained muscovite-biotite granite (Colman-Sadd, 

1985). The contact with the MCT has not been mapped. 

However, Colman-Sadd et al. (in press) interpret the contact 

to be intrusive. 

The Mount Peyton Intrusive Suite, in contact with 

the extreme northeast boundary of the MCT, consists of two 

main phases; a pyroxene gabbro and a younger granite phase 

which intrudes the gabbro (Strong, 1979). The granite phase 

is in contact with the MCT. 

Several smaller intrusions occur within the MCT, 

the largest of which has been termed the Through Hill 
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Granite by Colman-Sadd (1985). It occurs in the south

central part of the MCT, with other related intrusions 

occurring in the extreme western and eastern parts of the 

area. The mineralogy consists of quartz and feldspar w~th 

muscovite as the dominant mica (biotite only occurs at the 

contacts with the country rock), and garnet and tourmaline 

as accessory phases. This mineralogy indicates that these 

smaller intrusions are S-type granites which probably formed 

from melting of rocks of sedimentary origin. 

Granitoid intrusions occur locally within the high 

grade part of the MCT north of Through Hill. These are 

dominantly medium grained, unfoliated, biotite-rich 

granitoids containing modal cordierite and abundant 

inclusions of psammitic SBF, and are thought to originate 

from melting of the metasedimentary rock during metamorphism 

(i.e. syn-metamorphic; T. Rivers, pers. comm., 1989). These 

intrusions are interpreted as products of partial melting of 

the metasedimentary rocks of the SBF. 

Metasedimentary rocks of the SBF are metamorphosed 

from greenschist to upper amphibolite facies, culminating in 

the formation of migmatite and gneiss in the central part of 

the area (Colman-Sadd, 1985). The SBF consists of pelitcs 

and psammites, and is devoid of volcanic lithologies. It is 

on this basis that it is correlated with the Gander Group of 

the Gander Zone. 
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The above noted evidence indicates that a two

layer crust exists in the Mount Cormack Subzone area, and 

this two-layer crust rests on basement of unknown affinity. 

The ophiolitic rocks, alonq with their carapace of 

sedimentary and volcanic rocks, form the upper plate, and 

the metasedimentary rocks of the MCT form the lower plate. 

The small intrusive bodies within the MCT are formed as a 

result of partial melting of the metasedimentary rocks. 

1.10 Aqe 

The aqe of the metasedimentary rocks of the SBF 

had been previously determined from two fossil localities on 

the eastern margin of the terrane ( F on Figure 1-2). 

Colman-Sadd and Russell (1982) collected samples from 

limestone conglomerate which yielded brachiopods (and other 

fossils) that indicate an age of Llanvirn-Llandeilo. 

However, the contacts of this unit are unexposed, and 

provenance studies by Colman-Sadd et al. (in press) have 

shown that the limestone contains clasts of metasedimentary 

rocks (interpreted to be SBF) as well as detrital chromite 

grains from the ophiolitic units surrounding the MCT. 

Therefore, rocks of the SBF are older than the Llanvirn

Llandeilo age originally assigned to them, but no specific 

age has been determined. 

The age of the ophiolitic rocks surrounding the 

MCT has been determined from plagiogranite associated with 
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the Coy Pond and Pipestone Pond Complexes. Dunning and 

Krogh (1985) obtained U-Pb zircon ages of 493.9 +2.5/-1.9 Ma 

for the Pipestone Pond Complex and 489 Ma (minimum) for the 

coy Pond Complex. The authors suggested that since the age 

of the Coy Pond Complex was determined from only one 

analysis that is significantly discordant, the two ophiolite 

complexes could be equivalent in age. 

The Through Hill Granite (THG) has yielded a U/Pb 

age of 464 +4/-3 Ma from fine-grained needles of zircon 

(Colman-Sadd et al., in press). In addition, the 

"migmatitic'' or partially melted metasedimentary rocks have 

been dated (from monazites in the leucosome) and have 

yielded an age of 465 ±2 Ma. Since the THG and the 

"migmatite" are interpreted as having formed by partial 

melting of the metasedimentary rocks of the SBF, then this 

age can be correlated with the metamorphic event that caused 

the partial melting. Although the THG shows cross-cutting 

relationships with the SBF (implying that it formed at depth 

and was emplaced at its present level), the age equivalence 

with the "migmatite" implies that it formed d11ring the same 

metamorphic event. 

The age of the Partridgeberry Hills Granite is 

determined from zircon grains which idicate an age of 474 ±~ 

Ma (Colman-Sadd et al., in press). 



CHAPTER 2 

LITHOLOGIC UNITS 

2.1 Introduction 

There are three gross lithologic units that occur 

in the MCSZ area; metasedimentary rocks, ophiolitic rocks 

and intrusive rocks (see Geological Map in back pocket). 

This chapter includes descriptions of these units along with 

an assessment of their protoliths; emphasis is paid to the 

metasedimentary and intrusive units (THG and related 

intrusions) which were mapped during this study. Where 

samples were collected, petrographic descriptions are given; 

where no samples were collected, descriptions are taken from 

the literature. Mineral modal abundances were determined 

from thin section analysis; all samples were stained for the 

presence of K feldspar following the method of Hutchison 

(1974). The mineralogy of the metasedimentary rocks is 

described in detail in Chapter 4. 

2.2 Metasedimentary Rocks 

As previously stated, the SBF consists of pelites 

and psammites at various grades of metamorphism from 

greenschist to upper amphibolite facies, culminating in the 

formation of migmatite and gneiss in the central part of the 
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area {Colman-Sadd, 1985). Amphibolite-bearing gneisses 

occur in the highest grade part of the MCSZ, but occur 

outside the area mapped during this study. Rocks of the SBf 

consist of variable amounts of slate, phyllite, schist dnd 

quartzite. Quartzite layers are typically JO em thick but 

occur locally up to 2 m; these are light grey in colour and 

weather white. At low metamorphic grade, these layers 

preserve original sedimentary structures. In some areas 

along Spruce Brook, complete Bouma sequences were observed 

in sandstone, with sharp bases and fining upward sequences. 

In most outcrops, quartz veins cut the quartzite layers; 

these increase in abundance near the contact with the Coy 

Pond Complex. 

Quartzites are separated by layers of slate and 

phyllite which occur on scales from a few centimetres to 

several metres. These are dark grey to black in colour and 

become lighter with increasing grain size. These layers 

typically display fine-grained laminae defined by 

alternating quartz-rich and muscovite/chlorite-rich layers. 

Like the quartzites, they also preserve original sedimentary 

structures such as parallel lamination. Schists from the 

SBF co~tain evidence of two structural fabrics, an early 

fabric S1 sub-parallel to bedding and a later fabric that 

folds the 50/5 1 surfaces. 

At low grades of metamorphism, the rocks of the 

SBF are typically light to medium grey and weather to a tan 
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colour (Plate 2-1). They are very fine grained with an 

average grain size of 0.05 mm. Bedding, where evident, is 

generally fine scale(< o.s mm), but ranges in thickness up 

to 10's of em. It is defined by alternating quartz-rich 

(quartzite) and muscovite-rich (slate/phyllite) layers. As 

metamorphic grade increases, grain size increases and in 

some cases porphyroblasts of biotite and chlorite are 

visible in hand sample. These rocks are light grey ~nd 

weather to a tan colour (Plate 2-2). Pseudomorphs of 

cordierite also occur locally. 

Original sedimentary structures are locally well 

preserved in this zone, especially along Spruce Brook. In 

this area, original sedimentary layering is visible, with 

quartzite beds ranging in thickness from 10 em up to 2 m. 

The quartzite beds are separated by phyllite and slate units 

ranging in thickness up to 2 m, with individual beds ranging 

from 1 mm to 5 em. These are commonly parallel laminated, 

although cross-lamination is also present. 

At still higher metamorphic grade, grain size 

increases and the rocks are typically light grey and weather 

to a tan colour (Plate 2-3). Porphyroblast growth in the 

pelitic layers begins to obscure original sedimentary 

structures (Plate 2-4). The main porphyroblast phases 

include andalusite, garnet and staurolite, but cordierite 

pseudomorphs are also pr~sent. 
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Pl.ate 2-1. Typical low-grade rocks from the SBF showing fine-grained 
nature and original sedimentary structures. 
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Pl.ate 2-2. Samples from the SBF showing increased grain size and biotite 
porphyroblasts (sample SD-89-256) . Note cordierite pseudomorphs in 
sample SD-8 9-2 67 .. 



Plate 2-3. Samples of SBF showing porphyroblasts of andalusite, 
staurolite and garnet. 

Plate 2-4. Typical outcrop of SBF containing large (1 em) andalusite 
porphyroblasts. Original bedding can be seen between pelite and 
psammite layers. Sample SD-89-379. 
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At higher metamorphic grades, sillimanite replaces 

andalusi te and the rocks are medium to dark grey in colour 

and weather to light grey (Plate 2-5). These rocks are 

dominantly schists, although some psammi tic layers are 

present which preserve original bedding. This bedding 

becomes erratic and disrupted as metamorphic grade (and 

probably strain) increases and, in most cases, the only 

evidence of original bedding is in disrupted slabs of 

psanuni te which are up to several metres in length. In the 

higher grade parts of this zone, bedding is transposed into 

the main foliation and banded gneisses are developed (Plate 

2-6). In some locations, mylonites are formed in which 

quartz aggregates are stretched and boudinaged, and reach 

lengths of up to 7 em. 

Quartzite layers occur locally, but appear to be 

disrupted slabs with no consistency in the attitude of 

bedding. In the more pelitic layers, schists also display 

evidence of partial melting. In these areas, the rocks are 

typically dark grey on a fresh surface (Plate 2-7) and 

weather to a light grey (Plate 2-8). In one location, where 

cordierite-bearing granodiorite can be mapped as a separate 

unit (see Geological Map and Section 2.4.2), it is 

interpreted to have been formed from partial melting of the 

metasedimentary rocks. A large part of the area mapped as 

"migmatite" may in fact be cordierite-bearing grant1diorite 

thai:. is full of inclusions of the metasedimentary rocks. 
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Plate 2•6. Typical outcrop of ~ended gneiss from the SBP . Note pod of 
.ale just below lena CAp. - 140 $west of sample SD-89-008. 
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Plet e 2•7. Typi~l S&llples ot hi~h-grade SlY. G~y patett.s in SD•89- 145 
are 8il1Ulanlt• retroqre.ssed to a.~scovlte. 

Plate 2-8 . Outcz:op of high-gude SBF shovinq boudina;ecd Mlt pods and F 
2 

folding in sillimani t e layers (lower riQht). Alao note l a rge 
boudin of psa~te in lower lett ot photograph. ~ 275m west o f 
sample SD-89-127 . 



Distinction between the two is difficult without good 

exposure. 

2.3 ophiolitic Rocks 

These units were not examined during this study 

and the information has been taken from the literature. 

Three ophiolite complexes surround the MCSZ; the Pipestone 

Pond Complex to the west, the Great Bend Complex to the 

n~rtheast and the Coy Pond Complex to the east. These 

ophiolites preserve enough stratigraphy to indicate their 

facing directions, which in each case is upwards and 

outwards from the MCSZ (Colman-Sadd and Swinden, 1984; 

Williams et al., 1988). 

26 

The Pipestone Pond Complex displays a complete 

ophiolite stratigraphy consisting of peridotite at the base 

grading upwards into pyroxenite, gabbro, diabase, pegmatitic 

gabbro and trondhjemite, mafic pillow lava and scattered 

sedimentary rocks. This sequence is, however, disrupted by 

much internal faulting so that no single section through the 

sequence traverses the complete stratigraphic section 

(Swinden and Collins, 1982). 

The Great Bend Complex also displays a near 

complete ophiolite sequence, with internal faulting 

disrupting the stratigraphy. According to Zwicker and 

Strong (1986} the sequence consists of serpentinized 

peridotite grading into serpentine schist, pyroxenite, 



peridotite altered to talc-magnesite schist, gabbro and 

diabase. Colman-Sadd and Swinden (1984) proposed that the 

Great oend and Coy Pond Complexes were continuous with one 

another, although Zwicker and Strong (1986) were not in 

accord with this interpretation. 
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The Coy Pond Complex was mapped by Colman-Sadd 

(1985) as a complete ophiolite sequence from harzburgite 

through serpentinite, pyroxenite, gabbro and diabase, 

trondhjemite and keratophyre, mafic pillow lava and 

sedimentary rocks. However, mapping by A. Timbal during the 

summer of 1989 has indicated that the Coy Pond Complex is 

not a complete ophiolite sequence, but consists of at least 

two thrust slices, separated by zones of tectonic melange. 

The tectonic melange units consist of ophiolitic and minor 

metasedimentary blocks and fragments in a sheared 

serpentinite and/or magnesite matrix (A. Timbal and T. 

Rivers, pers. comm., 1989). 

2.4 Intrusive Rocks 

2.4.1 Felsic Intrusive Rocks (Through Hill Granite and 

Related Intrusions) 

Isolated localities of felsic intrusive rocks 

occur within the MCSZ (Colman-Sadd, 1985; unit 4 on 

Geological Map). These units are of similar mineralogy to 

the Through Hill Granite (THG), which is described below. 
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The THG is located in the southwest portion of the 

MCSZ (see Geological Map). It covers an area of about 

sixteen square kilometres and contains xenoliths of 

sillimanite grade metasedimentary rocks within it. It 

consists of approximately equal proportions of medium

grained rock and coarse pegmatite, the latter usually 

occurring as segregations rather than veins (Colman-Sadd, 

1985). In hand sample (SD-89-328), the granite is coarse

grained and light tan in colour (Plate 2-9). 

The mineralogy (thin section) consists of - 45 % 

plagioclase, 30 % quartz, 15 % K feldspar and lesser amounts 

of muscovite and garnet. Plagioclase, K feldspar and quartz 

are anhedral; the two feldspars are very coarse grained, 

ranging up to 10 mm in size, and quartz fills the spaces 

between them. Minor sericitization occurs in the feldspars. 

Primary muscovite occurs as large (> 5 mm) grains which form 

books and are visible in hand sample. Secondary muscovite 

is relatively fine grained (-1 mm) and occurs along fracture 

surfaces. Garnet is euhedral and commonly fine grained 

(with respect to the other minerals) ranging from 1 mm to 3 

rnrn in size (Plate 2-10). 

Another body of this unit outcrops - 7.5 km due 

north of the THG (see Geological Map). It is milky white in 

colour, with fine grained garnets throughout and a greenish 

tinge due to muscovite. A foliation is developed and is 
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P1ate 2-9. Typical samp1es of Through Hill Granite and related intrusions 
(SD-89-328, -156, and -170) showing coarse grained feldspar, quartz 
and garnet phenocrysts. 

P1ate 2-10. Sample SD-89-170 from a small granitic body north of the THG 
showing coarse - euhedral garnet with inclusions of quartz. Ppl., 
garnet is 6 mm in width. 



defined by the muscovite (Plate 2-11) which is variable in 

grain size and locally reaches 20 mm in size. 
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In thin section, the unit consists of 35 % quartz, 

30 \ plagioclase, 20 \ K feldspar, 10 \ muscovite and 5 t 

garnet; hematite is an accessory phase. Quartz is fine 

grained, surrounds the two feldspars and is often 

recrystallized. Plagioclase consists of anhedral grains 

which range in size up to 1 mm, but are commonly - 0.3 mm in 

size, and show well developed albite twins. These twins are 

typically offset along fractures within the grains. K 

feldspar is also anhedral and shows poorly developed cross

hatched twinning. The grains average 0.5 mm in size but 

range up to 2 mm. Muscovite is commonly fine grained (< 0.2 

mm) and defines a foliation. However, as mentioned above, 

large muscovite grains also occur within this unit. Garnet 

occurs as small (0.4 mm) euhedral grains. 

The mineralogy of the felsic intrusive rocks is 

typical of s-type granites (Barker, 1983; White and 

Chappell, 1983) and is interpreted to have formed from the 

partial melting of metasedimentary rocks. 

A Streckeisen (1976) modal plot (Figure 2-1) of 

these three granitic units indicates that two of them 

(samples SD-89-170 and SD-89-328) fall within the 

granodiorite field, although SD-89-170 is more quartz-rich, 

and the plagioclase/K feldspar ratio is higher than the 

others, so that it plots near the boundary between the 

. j 
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P1ate 2-11. Sample SD-89-096d from a granite within a shear zone north of 
the Through Hill Granite showing fine grained garnets and foliation 
defined by muscovite (greenish mineral). 

CM. 
IN. 

P1ate 2-12. Photograph of cordierite granodiorite, sample SD-89-218 
showing large K feldspar phenocrysts in a biotite-plagioclase
quartz matrix. 



32 

Quartz 

Alkali Feldspar Plagioclase 

Figure 2-1. Modal quartz-alkali feldspar-plagioclase plot (after Streck
eisen , 1976) of the three granitoid units and the average modal 
composition of the Through Hill Granite (square box) as deter
mined by Elias (1981). The location of sample SD-89-218 is also 
shown (cross) and is discussed further under Section 2.4.2. 
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granodiorite and tonalite fields (Figure 2-1) . Only sample 

SD-89-096d plots within the granite field, near the 

granite/granodiorite boundary. An average modal composition 

for the THG (calculated by Elias, 1981, from fifteen 

samples) also plots near this boundary (box on Figure 2-1). 

2.4.2 Cordierite Granodiorite 

Although many of the samples collected from the 

high grade zones (> sillimanite-biotite-muscovite isograd) 

contain appreciable amounts of "granitoid" melt due to 

partial melting, there is one location where "granitoid" 

material is mapped as a separate unit (see Geological Map). 

It shows a crosscutting relationship with the 

metasedimentary rocks surrounding it, and also contains 

abundant xenoliths of the surrounding rocks. This unit is 

distinct from the other granitic intrusive rocks in that it 

contains no garnet, but instead contains modal cordierite. 

In hand sample (SD-89-218; Plate 2-12), this unit 

is coarse grained and contains phenocrysts of K feldspar. 

The sample is light grey in colour and weathers to light 

brown. In terms of modal mineralogy, the sample consists of 

30 % plagioclase, 20 % biotite, 15 % quartz, 15 % 

cordierite, 10 % muscovite, 5 % K feldspar with le~ser 

amounts of sillimanite, chlorite, opaque minerals ~nd 

accessory zircon. Plagioclase is sub- to euhedral and 

averages 2 mm in grain size. Albite twinning is dominant, 

although some grains display "comb-style" twinning. The 
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grains are relatively unaltered, with only minor amounts of 

sericitization present. 

Biotite grains range up to 2 mm in size (average 1 

mm) and are subhedral. They are relatively inclusion free, 

with only a few zircon grains in~luded. Quartz grains are 

anhedral, - 2 mm in size and display undulose extinction. 

Cordierite grains are also anhedral and average 2 

mm in size, although they range up to 5 mm. They contain 

abundant yellow pleochroic haloes surrounding zircon and 

apatite (Plate 2-13), which facilitate their optical 

identification. Fine grained muscovite typically occurs 

along cracks and fractures (Plate 2-14). 

Muscovite occurs as primary subhedral grains which 

average 0.5 mm in size, and as mentioned above, as secondary 

fine grains along fractures in cordierite. K feldspar 

occurs as anhedral grains up to 3 mm in size (averaging 2 

mm). They show well developed cross-hatched twinning 

typical of this mineral. Graphic intergrowths of quartz 

with K feldspar (Plate 2-15) and quartz with plagioclase are 

also present (Plate 2-16) indicating that the quartz and 

feldspars crystallized together. Sillimanite occurs as 

prismatic needles with no preferred orientation. Chlorite 

is present not as a primary phase but occurs locally as a 

replacement mineral on biotite grains. Fe(-Ti) oxides are 

anhedral grains that average 3 mm in size. 



P~ate 2-13. Large anhedral cordierite grain from the cordierite 
granodiorite showing abundant pleochroic haloes occurring within 
the grain. Ppl., cordierite grain is- 8 mm in width. 
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P~ate 2-14. Same sample as Plate 2-13, but under cross polarized light. 
Notice the fine grained muscovite along cracks and fractures. 
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Pl.ate 2-15. Graphic intergrowth of quartz and K-feldspar from the 
cordierite granodiorite, sampl.e SD-89-218. Xpl., photo is 1.2 nun 
wide. 

Pl.ate 2-16. Graphic intergrowth of quartz and plagioclase from the 
cordierite granodiorite, sample SD-8 9-218. Xpl., photo is 1. 2 nun 
wide. 

36 
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When this unit is plotted on a Streckeisen (1976) 

diagram with the other granitic units (Figure 2-1), it plots 

near the other units within the granodiorite field. It is 

also interpreted to have formed from partial melting of the 

metasedimentary rocks. However, as this unit contains 

cordieri te, it is interpreted to have formed at a higher 

level (lower pressure) th2n the THG (and related intrusions) 

which contains garnet. Also, the THG and related intrusions 

cross-cut the structures in the SBF suggesting that they 

have intruded the SBF. 

2.4.3 Mafic Igneous Rocks 

Occurring within the metasedimentary rocks of the 

MCSZ are isolated outcrops of mafic igneous rocks. These 

are interpreted as dykes, although in one case (Sample SD-

89-246b) no clear boundary could be seen between the igneous 

phase and the local metasedimentary unit (quartzite). At 

this locality (within the biotite-muscovite-chlorite zone), 

the unit is dark grey-green in colour and predominantly 

equigranular, although small pyroxene phenocrysts are 

visible in places. In thin section, the mineralogy consists 

of approximately 70 % pyroxene (both clinopyroxene [augite] 

and orthopyroxene, with the former being more abundant), 15 

% plagioclase, 10 % epidote, and lesser amounts of opaque 

minerals (pyrite visible in outcrop) and chlorite. The rock 

is a diabase and is equigranular and fine grained, with the 

grains ranging from 0.05 mm to 0.20 mm (average 0.1 mm). 



However, some of the clinopyroxene grains are up to 1. 0 mm 

in length. 
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A second outcrop of the unit occurs within the 

andalusite-biotite-muscovite zone, southeast of the THG 

(Sample SD-89-386). Unlike the above unit, the boundaries 

of this body are well constrained (Plate 2-17). It is a 

mafic dyke, - 30 em in thickness, with an orientation of 

062/85 NW. It is dark grey-green in colour and contains 

visible pyrite and carbonate. In this case, the mineralogy 

consists of 60 % clinopyroxene, 15 % carbonate, 15 % 

chlorite and lesser amounts of opaque minerals, plagioclase 

and quartz (Plate 2-18). This sample is a fine- to medium

grained, inequigranular diabase. Carbonate grains in the 

diabase are xenoblastic, - 2 mm in size (average) and appear 

to be filling holes or pockets within the matrix. 

2.5 Protoliths 

The metasedimentary rocks of the SBF are 

equivalent to the rocks of the Gander Zone which are derived 

from"··· a monotonous sedimentary succession (that) is 

characterised by quartz-rich sandstones that have an 

apparent continental provenance." (Colman-Sadd et al., in 

press). At low grades of metamorphism, the original 

sedimentary nature of the SBF is preserved and it consists 

of a sequence of medium- to thick-bedded sandstone and 

shales with interbedded siltstone and fine-grained sandstone 
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Pl.ate 2-17. Photograph of - 30 em wide diabase dyke from the andalusite
biotite-muscovite zone, southeast of the Through Hill Granite 
(sample SD-8 9-38 6) . 

Pl.ate 2-18. Diabase dyke (sample SD-89-386) from the andalusite-biotite
muscovite zone southeast of the Through Hill Granitedisplaying 
elongate clinopyroxene grains (augite) . Xpl., photo is 3 mm wide. 



(Colman-Sadd and Swinden, 1984). Studies of the quartzite 

indicate that it is most likely derived from continental 

plutonic and metamorphic rocks (Colman-Sadd et al., in 

press) and was deposited on the eastern margin of the 

Iapetus Ocean. 
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The ophiolitic rocks that surround the MCSZ are 

interpreted as part of the allochthonous Dunnage Zone or 

Iapetus Ocean. Analyses of chromite grains from the three 

ophiolite complexes (Malpas and Strong, 1975; Colman-Sadd et 

al., in press) show that they have high Cr#/Mg# ratios and 

low TiOl contents. These data are characteristic of "Type 

III" alpine peridotites, i.e. those found in arc-related 

volcanic and intrusive rocks (Dick and Bullen, 1984; Hebert 

and Laurent, 1987). Jenner and Swinden (1989), on the basis 

of geochemical analyses, interpreted the Pipestone Pond 

Complex to record rifting of an island arc. 



CfiAPTER 3 

STRUCTURAL GEOLOGY 

3.1 Introduction 

The first modern structural mapping of the study 

area by S.P. Colman-Sadd and H.S. Swinden showed that the 

Mount Cormack Subzone comprises an oval area of 

metasedimentary rocks surrounded by ophiolite. In their 

synthesis paper (Colman-Sadd and Swinden, 1984), they 

interpreted the presence of a structural dome, with the corl' 

of the dome being occupied by metasedimentary rocks of 

variable metamorphic grade and the flanks by low-grade rock~ 

of ophiolitic affinity. From this interpretation, it 

followed that the ophiolitic and associated rocks of the 

Dunnage Zone overlie the metasedimentary rocks of Gander 

Zone affinity, and thus that there is a two-layer upper 

crust in this region. Prior to this, rocks of the Dunnage 

Zone were considered to be underlain by oceanic crust and 

mantle. 

Colman-Sadd's (1985} structural map of the MCSZ 

shows that the planar fabrics in the metasedimentary rocY.s 

(considered to be bedding, S0 by Colman-Sadd) are folded 

into a large, map-scale synform plunging towards the 

southwest in the southeastern part of the MCSZ, but 

41 
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elsewhere a distinctive large-scale fold pattern was not 

recognized. However, Colman-Sadd (1981) noted that facing 

directions in the metasedimentary rocks (determined mainly 

from grading) were not consistent across the major 

southwest-plunging fold and he postulated the existence of 

an earlier phase of deformation, although he could find no 

evidence for it in the field. Colman-Sadd (1985) noted that 

the large synform predated the establishment of the isograds 

in the MCSZ, as the latter are not folded. 

As part of this study, a structural analysis was 

undertaken to determine the cause of the conflicting 

structural interpretations of Colman-Sadd (1981; 1985) by 

collecting measurements of structural elements including 

bedding, cleavage, bedding-cleavage intersection lineations, 

foliations, high strain fabrics, F 2 fold axial planes and 

fold axes. These are shown on the Structural Map in the 

pocket at the back of this thesis. These and other data are 

used to constrain the structural model, and to resolve some 

of the associated problems. 

3.2 structural Elements 

Evidence of at least two major phases and one more 

cryptic phase of deformation has been found in this study of 

the Mount Cormack Subzone. Bedding, S0 , is defined in the 

SBF by alternating quartz-rich (psammitic) and nica-rich 

(pelitic) layers, ranging in thickness from a few 
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centimetres to several metres. No evidence of the first 

cleavage, 5 1 , was found in the field; however, from 

petrographic work, especially on samples from the chlorite

muscovite zone, a bedding-parallel fabric (Plate 3-1) was 

defined that is folded around the large southwest-plunging 

fold described above. This indicates that the f irsL 

deformation formed isoclinal folds, although no large-seal~ 

F1 isoclinal folds were mapped, implying that F1 structures 

were of sruall scale. 

S2 (originally termed 5 1 by Colman-Sadd, 1985) is 

defined by a penetrative cleavage in low-grade pelitic beds, 

and a schistosity at higher grades of metamorphism. In the 

high grade rocks, 50 ~ S1 is locally present in disrupted 

low-strain augen of psammite, but becomes transposed into 

the S2 foliation (Plate 3-2) in zones of high strain. s, 

foliation within the Mount Cormack Subzone has been 

subdivided into two domains on the basis of orientation (see 

Structural Map in pocket at back and Section 3.2.2). 

Numerous outcrop and larger-scale folds occur 

throughout the Mount Cormack Subzone at various grades of 

metamorphism. These are interpreted to be F1 structures. 

3.2.1 Bedding (S0) - First Cleavage (S.) 

Bedding (S0 ) in the Mount Cormack Subzone is most 

evident in low-grade rocks although it is locally preserved 

in high-grade rocks. All of the 5 0 measurements are from 
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Plate 3-1. Photograph of sample SD-89-243 from the chlorite-muscovite 
zone showing the orientation of two sets of foliation (S1 parallel 
to S0 and S2 at an angle). Xpl., photo is 1.5 mm wide. 



Plate 3-2. Deformed low-strain lozenge of psammite 
within a sillimanite-biotite-muscovite schist 
displaying original fabric (S0 IIS1 ) and 
transposition of this fabric into s2 at high 
grades. -125 m SE of sample SD-89-034. 

45 
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areas where 50 and 5 1 are subparallel, presumably limb 

regions of F1 folds . 5 1 is defined by the alignment vf 

fine-grained muscovite and chlorite. In the low-grade 

rocks, 50 U 5 1 is usually sub-parallel to the second cleavage 

(S 2). In Domain A, 50 ~ 51 has a general northeast-southwest 

orientation and is steeply dipping to both the northwest and 

southeast. A contoured stereonet plot of poles to bedding 

in Domain A (Figure 3-la, n=82) shows two point maxima; the 

plane to the first point maxima has an orientation of 054/84 

SE and the plane to the second is orientated at 075/80 SE 

indicating that there is some variation in orientation, 

presumably due to later folding. In Domain B, 50 H 5 1 , when 

present, is generally disrupted by the 5 2 foliation, so few 

measurements were taken. 

3.2.2 5 1 Cleavage 

52 cleavage is defined by the alignment of platey 

minerals (i.e. muscovite and biotite). In rocks of Domain 

A, 5 1 foliation is orientated northeast-southwest and is 

steeply dipping to the northwest and southeast, nearly 

parallel to~ U 51 (Figure 3-lb). The point maximum of 

poles to S1 foliation indicates that the overall trend of s1 

is 063/79° SE. Although the point maximum is nearly 

identical to that of the 50 H 5 1 , individual pairs of 50 U 5 1-

s! measurements commonly have a small angle between them so 
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that the sense of vergence and orientation of intersection 

lineations can be determined (see next section). 
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In Domain B, the orientation of the 52 foliation 

is more erratic (Figure 3-lc). The main point maximum 

indicates an overall foliation orientation of 173/74° E with 

another possible maximum of 165/80° NNE). This is 

significantly different than Domain A and is interpreted to 

imply folding between the domains (see below). 

3.2.3 ~Intersection Lineations 

L1 intersection lineations were determined from 

the intersection of 50 U 5 1 and ~ from Domain A. These data 

are shown in Figure 3-ld. Plate 3-3 is a field photogra~h 

showing the configuration of S0 , S 1 and S2 • The ~ lineations 

lie in a steep northeast-southwest trending plane, and the 

majority plunge towards the southwest moderately to steeply; 

they yielded two point maxima, one orientated at 232°/57° 

and the other at 210°/75°. These are in general agreement 

with the information of Colman-Sadd (1985). 

3.2.4 F2 Folds (Fold Axes, Axial Planes) 

F1 folds are abundant and occur throughout the 

area. At low-medium grades of metamorphism, F2 folds fold 

bedding and the sub-parallel S 1 foliation and commonly have 

wavelengths of less than five metres (Plate 3-4), although 

larger-scale folds are interpreted on the basis of 



P~ate 3-3. Photograph showing intersection between S0 , S1 and S2 from 
the andalusite-biotite-muscovite zone. The Soli S1 -S 2 intersection 
lineation has an orientation of 221°/40°. Note displacement of S0 lls1 
along S2 at top of photo and distinction of S0 and S1 on F1 fold limb 
(quarter for scale). Location SD-89-382. 

P~ate 3-4. Photograph of F2 folds folding So II sl (from the 
andalusite-biotite-muscovite zone). Location SD-89-012. 
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intersections between 5 0 II 5 1 and Sp Figure 3-2 shows the 

large-scale F2 folds defined on the basis of vergence of 

small-scale structures. At higher metamorphic grade, the F2 

folds are generally of smaller scale than those at lower 

grade, with wavelengths on the order of one metre and 

vergence is not consistent, so no larger fold structure has 

been interpreted. 

Figure 3-3a is a plot of F2 fold axes from Domain 

A and indicates that they are moderately to steeply plunging 

to the west-southwest; the point maximum has an orientation 

of 251 o I 4 4 o. F2 fold axes from Domain B are also moderately 

to steeply plunging, but to the north-northeast and south

southwest; they display two maxima, one with an orientation 

of 034°/61°, and a second with a possible orientation of 

200°/75°. These lie within the sam~ great circle and may 

represent variable plunge in the same axial plane, or cou!d 

possibly be explained by refolding. 

The orientation of F2 fold axial surfaces is shown 

in Figures 3-3c and 3-Jd. Again, as with the fold axes, 

there is a significant change in orientation of the fold 

axial planes between the two domains. In Domain A (Figure 

3-Jc), the mean orientation of the axial surface is 079/74 

SE. The comparable orientation is 019/69 SE in Domain B 

(Figure 3-3d). 

In Domain A, the orientation of F2 folds and sense 

or vergence trom sl. 11 s 1-s2 intersections indicates that a 
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/as bedding nf} F2 fold axial plane 

ao! s2 foliation ,{ F2 fold axis 

\ s2 high strain s sense of vergence of larger fold 
"gneissic" fabric from bedding//ScS2cleavage 

intersections 

Figure 3-2. Map of large synformal structure (modified from Colman
Sadd, 1985) within the MCSZ (determined from beddingll S1 -S2 
cleavage intersections and vergence of F2 fold axes) . Measure
ments from Domain B are shown for comparison. Plunge direction 
given by arrows in fold hinges. Plunge varies from about 80-40° 
to the southwest. 
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large-scale synform occurs in this area (Figure 3-2) 

collaborating the interpretation of Colman-Sadd (1985). 

3. 2. 5 03 Deformation 

Figure 3-4 shows the trends of S 1 foliation and F_, 

fold axes throughout the MCSZ obtained from tracing form 

lines; 5 2 form lines are axial planar to the large F .. synform 

just discussed, and are approximately parallel to the 

boundaries of the subzone. Dips of SI are steep and mostly 

outwards toward the boundary. Representative orientations 

of F1 fold axes indicate a plunge reversa 1 of F_, folds 

between the southwestern and northeastern parts of the Mc~;z. 

This implies that the MCSZ has an overall domal torm, in 

agreement with the observations of Colman-Sadd (1985). 

Formation of the dome post-dated the 5
2 

foliation. In 

detail, it is clear that the 5 1 form lines are truncated at 

the boundary of the MCSZ in several locations, implying the 

existence of late (post-51 foliation) faulting around the 

margins. 

Just northwest of the THG, traces of s, foliation 

appear to intersect near the boundary of the subzone (Figure 

3-4). The reason for this was not defined during the 

present study. If the interpretation of the trend lines is 

correct, it may imply the existence of a fault, or 

a 1 ternati vely it may be due to tightening of the 5
1 
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Figure 3-4. Trends of 52 foliation from the MCSZ with dip direction, 
along with F, fold axes (double arrows). The majority of 
measurements of S.J dip outward and are concentric around the 
cent t:e of the terrane. Measurements taken from the present study 
and: C-.Jlman-Sadd and Russell, 1981; Colman-Sadd, 1982; 1985: anC. 
Swinde:., 1988. Triple arrows are schematic F 3 fold axes. 



foliation, which is known to occur just north of this area 

(see next section). 

The dome shape defined by the S 2 form lines 

implies that S2 was originally sub-horizontal and that post

F2 folding about axes shown schematically on Figure 3-4 

(triple arrows) has given rise to the dome. Evidence of 

this was not seen in small-scale structures in the field, 

and it is interpreted only on the basis of the orientation 

of S1 surfaces. No fabric was seen that could be associated 

with the late doming. 

3.2.6 High Strain Fabric 

This fabric, defined by the alignment of platcy 

minerals (i.e. muscovite and biotite) and flattening ot 

others, is interpreted to be equivalent to the s! fabric 

mapped in Domain B, but is developed in areas of greater 

strain. The main occurrence is in a large north-trending 

vertical shear zone north of the Through Hill Granite 

(Figure 3-2) which outcrops over a strike length of about 

five kilometres. This ductile shear or mylonite zone is up 

to - 200 m wide in the north. To the south, the orientation 

of this shear zone changes, becoming more east-west. It is 

in this area that a syn-metamorphic granite (described in 

Chapter 2) occurs (see Geological Map). This granite is 

foliated, and contains recrystallized quartz and fractured 

feldspar grains indicating that it formed prior to or during 
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the deformation that caused the shearing. Abundant quartz 

veining is also present and the veins are commonly stretched 

and boudinaged (Plate 3-5). 

On a contoured stereonet plot of poles to high 

strain fabrics (Figure 3-3e), the pattern is approximately 

the same as that of 52 foliation from Domain B (Figure 3-

lc). Although the point maximum is more diffuse than that 

in Figure 3-lc, it is similar in orientation, indicating 

that the high strain fabric has an overall orientation of -

north-south and dips steeply to the east (Figure 3-Je and 

Plate 3-6). 

3.3 Timing of Events 

The first phase of deformation (01 ) formed small

scale F1 isoclinal folds in the SBF and a penetrative 5
1

-

cleavage sub-parallel to bedding (Su). It is inferred that 

these structures formed during the initial thrusting event 

which emplaced the ophiolitic rocks of the Dunnage Zone on 

to the SBF, although there is no conclusive evidence of 

this. 

The second phase of deformation (02) formed small

and large-scale folds throughout the SBF and an 5 2-cleavage 

inclined to the 0 1 structures. The orientation of F
2 

folds 

was probably initially sub-horizontal and their formation 

was probably also related to the ophiolite emplacement and 

subsequent thickening of the two-layer crust in response to 



P1ate 3-5. Photograph of shear zone north of the Through Hill 
Granite showing stretched and boudinaged quartz veins. 
Location SD-89-096. 
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P~ate 3-6. High strain fabric in mig.matitic gneisses 
(knife handle is 10 em in length) . Note lenses of 
low strain with sigmoidal S-fabric surrounded by 
higher strain C-surfaces. Location SD-89-033. 
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continued shortening. D1 and D2 may have formed part of a 

single progressive deformational event. 

A third stage of deformation (D 1) caused the 

observed pattern of 5 2 structures throughout the MCSZ (i.e. 

structural doming). Second deformation structural data from 

the present study have been separated into two domains on 

the basis of orientation (see Structural Map). D: 

structures (i.e. F 2 folds, F 1 fold axes, S: foliation and L, 

intersection lineations) of Domain A show an overall 

northeast-southwest orientation whereas those of Domain U 

are orientated approximately north-south. These two 

structural domains appear to lie on opposite sides of a 

major elongate structural dome. 

~he overall domal pattern of S: foliation shown in 

Figure 3-4 may have developed in either two separate events, 

or a single event with subhorizontal shortening in two 

directions. No evidence was found in this study to 

discriminate between these two possibilities. However, 

tightening of S 2 (and formation of high strain gneisses) in 

the northwest of the study area may have been a result of 

this deformation event. The fact that the 5 2 structures are 

truncated by the ophiolites suggests that the contact 

between the two became reactivated, possibly during this 

third stage of deformation (or during later extension). 

Granite emplacement within the SBF occurred after 

the D1 deformational phase and may have been associated with 
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or post-dated the 02 deformation. The small granite body 

within the shear zone north of the Through Hill Granite was 

probably pre-or syn-02 as it displays evidence of 

deformation. The Through Hill Granite (THG and associated 

intrusions) is a relatively undeformed granite which post

dates 02 since it cross-cuts the deformed 0 2 structures. The 

cordierite granodiorite, inferred to have formed from 

partial melting of the SBF, is also undeformed indicating 

crystallization after 0 2• However, other areas in the SBF 

show zones of partial melting that have been deformed. 

lienee, partial melting within the SBF is inferred to have 

occurred during the 0 2 phase of deformation, with 

crystallization in the latter stages or immediately 

following this event. Partial melting of the THG occurred 

deeper than the present erosion level, whereas for the 

cordierite granodiorite and migmatites, partial melting was 

approximately at the present erosion level. 

3.4 Interpretation 

The overall domal pattern of the MCSZ developed 

during three stages of deformation. F1 folds are rare and 

the 0 1 event is typically defined by a fine-scale foliation 

(S 1 ) nearly parallel to bedding (50 ). 01 may have been 

associated with obduction of the tectonically overlying 

ophiolite. 



The second stage of deformation, as mentioned 

above, may have occurred during continued shortening and 

thickening of the two-layer crust in response to the 

shortening. A penetrative 5 1 foliation is axial planar to 

small- and large-scale F1 folds. Subsequently, a third 

stage of deformation caused structural, and probably 

associated thermal, doming of the SBF resulting in the 

observed domal pattern. This may have also caused 

reactivation of the thrust contact between the SBF and the 

ophiolite as the 0 2 structures are truncated along the 

boundary of the MCSZ. 
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In the following chapter, metamorphic reaction 

isograds are discussed; these cross-cut the 0
1 

structures in 

the SBF and are possibly related to thermal doming after the 

D! deformation. 



CHAPTER 4 

MINERALOGY, REACTION ISOGRADS 
AHD MINERAL CHEMISTRY 

4.1 Intro~uction 

'rhis chapter includes descriptions of the 

mineralogy (stable mineral assemblages) of each metamorphic 

zone within the Mount Cormack Subzone (MCSZ) and 

interpretation of the reactions occurring at (and between) 

each metamorphic isograd. This is followed by an 

examination of the mineral chemistry (where available, from 

microprobe analyses) of the metasedimentary rocks within the 

MCSZ. Petrographic descriptions of each metamorphic zone 

are given (with representative sample descriptions), and the 

remainder of the sample descriptions are listed in Appendix 

A. In all cases, the samples were stained for K feldspar by 

the method of Hutchison {1974). In addition to the author's 

descriptions, sample descriptions of Colman-Sadd (1985) are 

referred to, where necessary, either to corroborate the 

author's data or to give information on areas not sampled 

during this study. 

The approximate location in P-T space of each 

reaction can be plotted (from published literature), along 

with locations of samples with appropriate assemblages; this 

information leads tu a qualitative P-T grid as well as 
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defining the approximate range of P-T conditions within the 

MCSZ. In addition to defining specific metamorphic reaction 

isograds, other reactions are used to define metamorphic 

bathograds to determine the depth of formation of the 

metasedimentary rocks (and, hence, the amount of post

metamorphic uplift) . 

The main emphasis of the following descriptions is 

on the prograde assemblages. However, there is a rather 

pervasive partial retrogression to chlorite, muscovite, 

quartz, ± feldspar at all metamorphic grades. 

4.2 Metamorphic Zones 

Rocks of the MCSZ are divided into metamorphic 

zones on the basis of mineral assemblage. Colman-Sadd 

(1985) defined these zones on the basis of individual 

indicator minerals, i.e. chlorite zone, biotite zone, 

garnet-staurolite-andalusite zone and sillimanite zone, 

culminating in a zone of melting (migmatization) and the 

formation of gneisses. 

In this study, each metamorphic zone has been 

defined by the stable mineral assemblage within it. 

Following this scheme, the metamorphic zones within the MCSZ 

are, with increasing metamorphic grade; the chlorite

muscovite zone, the biotite-muscovite-chlorite zone, the 

andalusite-biotite-muscovite zone, the sillimanite-biotite

muscovite zone, the sillimanite-K feldspar zone and the zone 
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of melting (partial melting and the formation of rnigmatite). 

The boundary of each zone is indicated by a reaction isograd 

defined by a specific metamorphic reaction. The locations 

of the reaction isograds, which are shown on Figure 4-1 

(along with location of samples used to define them), are 

only slightly modified from the locations of the "first 

appearance" isograds of Colrnan-Sadd (1985) and are examined 

in detail in Section 4.3. 

4.2.1 chlorite-Muscovite Zone 

Rocks of the chlorite-muscovite zone are the 

lowest-grade rocks in the area. They occur along the 

northeastern, eastern and southern margins of the MCSZ but 

are absent f1um the western margin, where biotite and 

andalusite grade rocks are in contact with the Pipestone 

Pond Complex (Figure 4-1). 

In terms of mineralogy, the stable mineral 

assemblage within the pelitic portion of the SBF in this 

zone is quartz-muscovite-chlorite±plagioclase. The samples 

consist of approximately equal amounts of quartz and 

muscovite (- 40 % each), 15 % chlorite, 5 % Fe(-Ti) oxides 

andjor graphite, plagioclase (minor when present) and 

accessory zircon, epidote and tourmaline. Discrimination 

between quartz and plagioclase in these fine grained rocks 

is difficult, although in some cases (samples 30-89-320 

and -325), plagioclase with well developed albite twinning 
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mineral assemblages 
[J chlorite-muscovite-quartz 
A biotite-chlorite-muscovite-quartz 
o andalusite-biotite-muscovite-quartz 

V sillimanite-biotite-muscovite-quartz 
• sillimanite-K-feldspar-biotite-quartz 
+ leucosome in metasedimentary rocks 
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Figure 4-1. Distribution of samples with mineral assemblages appropriate 
for reaction isograds mapped. Where no samples were taken, the !so
grads are taken from Colman-Sadd, 1985. B-M-C = biotite-muscovite
chlorite reaction isograd; A-B-M = andalusite-biotite-muscovite 
reaction isograd; S-B-M= sillimanite-biotite-muscovite reaction 
isograd; S-Kf = sillimanite-K feldspar reaction isograd; ZM = zone 
of partial melting; and AG =amphibolite-bearing gneisses. 
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occurs as 0.05 mm xenoblastic grains (Plate 4-1). Many of 

these grains (i.e. quartz and plagioclase in Plate 4-1) 

appear to be detrital in origin. 

4.2.2 Biotite-Muscovite-Chlorite Zone 

Rocks of the biotite-muscovite-chlorite zone 

define an area that is nearly concentric with the margin of 

the MCSZ except to the west where the zone is cut off by 

rocks of the Pipestone Pond Complex (Figure 4-1). This zone 

is widest in the east reaching a maximum width of nearly 

five kilometres. 

The mineralogy of the pelitic units is similar to 

the chlorite-muscovite zone except that biotite is present, 

and chlor~te is reduced in abundance. Detrital quartz and 

feldspar can still be recognized. Garnet appears locally, 

but is not sufficiently widespread to define a separate 

garnet zone. Five stable mineral assemblages are 

represented in different samples (all with quartz and 

muscovite) : 

biotite-chlorite 
biotite-garnet 
chlorite-garnet 
biotite-chlorite-garnet 
plagioclase 

This last assemblage is rare occurring in only one of 

sixteen samples. The rocks consist of approximately equal 

amounts of quartz/plagioclase and muscovite (30 % and 35 % 

respectively), 25 % biotite, 5 % chlorite, and 5 % opaque 
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Pl.ate 4-1. Albite twinning in plagioclase in sample SD-8 9-325 from the 
chlorite-muscovite zone. Xpl., plagioclase grain is 0 .1 mm across. 

Pl.ate 4-2. Outcrop of schist containing large porphyroblasts of 
andalusite, southeast of the Through Hill Granite (sample 
SD-89-379). 
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minerals. Biotite commonly occurs as subidioblastic 

porphyroblasts ranging in size up to 5 mm. The opaque 

minerals consist of two phases; subidioblastic grains of 

magnetite up to 1 mm in size, and minute (0.01 mm) 

xenoblastic grains which are probably graphite. Tourmaline, 

zircon and apatite form accessory phases. Although 

plagioclase is almost certainly present in all samples, in 

only two samples (SD-89-244 and -246a) does it show albite 

twinning. K feldspar was noted in one sample (SD-89-272). 

Garnet occurs in two samples (SD-89-252 and -272), 

the latter of which is located just above the biotite

muscovite-chlorite reaction isograd. This is lower grade 

than reported by Colman-Sadd (1985), who stated that the 

first appearance of garnet occurs"··· in the higher grade 

part of the biotite zone, southeast of the andalusite 

isograd." Garnet in sample SD-89-272 consists of 0.2 mm 

subidioblastic porphyroblasts which have a poikilitic 

texture. These grains comprise about 1-2. % (by volume) of 

the sample. In contrast, sample SD-89-252 contains 

approximately 5 % garnet consisting of 0.05 mm idioblastic 

grains which are free of inclusions. These are stable with 

biotite, quartz and muscovite. 

Pseudomorphs of cordierite have been found in 

sample SD-89-267 from the high grade part of this zone, 

northeast of the Through Hill Granite. They occur in a 

biotite-chlorite-garnet-quartz-muscovite assemblage. In 
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this sample, the pseudomorphs are green, elongate and have 

an ovoid structure in three dimensions. In thin section 

they consist of fine grained aggregates of muscovite, 

quartz, chlorite and opaque minerals. 

4.2.3 Andalusite-Biotite-Muscovite Zone 

A number of stable mineral assemblages is 

represented in this zone, with individual samples commonly 

consisting of more than one equilibrium assemblage on 

account of compositional layering. The following is a list 

of stable mineral assemblages (all with quartz and 

muscovite): 

andalusite-biotite 
andalusite-biotite-garnet 
andalusite-biotite-staurolite 
andalusite-staurolite 
biotite-staurolite-garnet 
biotite-garnet 
biotite 
biotite-plagioclase 
cordierite-biotite-chlorite-magnetite 

These rocks typically contain a groundmass of 

quartz and plagioclase (25-40 \) and muscovite (15-30 %); 

the quartz and plagioclase consist of 0.1 mm xenoblastic 

grains and muscovite occurs as 0.2 mm subidioblastic grains. 

However, quartz also forms veins up to 5 mm in thickness, 

and muscovite locally occurs as xenoblastic grains up to 2 

mm in size. Biotite typically occurs as 0.1 mm xenoblastic 

grains (15-30 %), but also as subidioblastic porphyroblasts 

up to 5 mm in size. These contain inclusions of zircon and 



opaque minerals. Chlorite is present (up to 15 % in some 

samples) and is retrograde after biotite. 
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Porphyroblast growth is quite extensive in this 

zone, with the porphyroblasts occurring predominantly in the 

pelitic and semipelitic layers (Colman-Sadd, 1985). 

Andalusite porphyroblasts are commonly xenoblastic and up to 

1 em long in cross section, but also occur as prismatic 

grains up to 3 em in length {Plate 4-2). Poikiloblastic 

texture is common, with inclusions of quartz, muscovite, 

biotite, garnet and graphite. Some andalusite grains 

contain randomly oriented inclusions (Plate 4-3) whereas 

others contain inclusions which appear to be continuous with 

the external fabric {Plate 4-4). In some cases, the 

porphyroblasts are free of inclusions (Plate 4-5). 

Garnet occurs locally as subidioblastic 

porphyroblasts up to 2 mm in size that contain inclusions of 

quartz, biotite and opaque minerals. In hand sample, 

garnets are bright red in colour. They are commonly wrapped 

by muscovite and have pressure shadows of muscovite, biotite 

and retrograde chlorite. As in the biotite-muscovite

chlorite zone, garnet is not extensive enough to map as a 

separate zone (Figure 4-2). Staurolite is locally present 

and forms idioblastic porphyroblasts up to 1 em in size, 

which are poikiloblastic and commonly twinned {Plate 4-6). 

The inclusion minerals are quartz, biotite, Fe(-Ti) oxides 

and garnet. Like andalusite, these porphyroblasts also show 
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Pl.ate 4-3. Randomly oriented inclusions in andalusite, sample SD-8 9-371. 
Xpl. , photo is 6 mm wide. 

Pl.ate 4-4. Traces of inclu~ions in andalusite parallel to the external 
fabric, sample SD-89-097a. Xpl., photo is 6 mm wide. 



Pl.ate 4-5. Inclusion-free andalusite grains adjacent to the Pipestone 
Pond Ophiolite (sample SD-89-195b) . Xpl., photo is 6 mm wide. 

Pl.ate 4-6. Twinned staurolite grains, sample SD-89-046b. Xpl., 
staurolite grain in extinction is 8 mm in length. 
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mineral assemblages ( + biotite + muscovite + quartz) 
• filled symbols indicate sillimanite present in assemblage 

c andalusite-gamet 
A andalusite-staurolite 
o andalusite-staurolite-gamet 

V garnet-staurolite 
~ staurolite 
+ cordierite pseudomorphs 
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Figure 4-2. Location of samples containing garnet, staurolite or cordier
ite (with or without an alurninosilicate phase) . Cordierite pseudo
morphs occur in biotite-muscovite-quartz schists which invariably 
contain andalusite, staurolite and/or garnet. 



74 

evidence of overprinting an earlier deformational event. 

Staurolite typically alters to fine grained muscovite and, 

in some cases, this alteration is quite extensive (Plate 4-

7). Like garnet, staurolite is also limited in abundance 

ar.d a separate staurolite zone was not mapped. 

Relict cordierite is found in four locations in 

the andalusite-biotite-muscovite zone: northeast of the 

Through Hill Granite; adjacent to the Pipestone Pond Co~plex 

(northwes~ of the Through Hill Granite}; and southeast and 

east of the Through Hill Granite (Figure 4-2). In all 

locations it appears to be spatially associated with the 

andalusite-biotite-muscovite reaction j~ograd. In most 

cases, the relict cordierite porphyroblasts are xenoblastic 

and have been completely replaced by quartz, muscovite and 

chlorite (Plate 4-8). However, in two locations, minor 

amounts of cordierite were found in the centres of the 

porphyroblasts. In these cases, the porphyroblasts are dark 

green in hand sample (Plate 4-9) and preserve the pseudo

hexagonal crystal form typical of cordierite (Deer et al., 

1966). 

In some of the samples, cordierite porphyroblasts 

preserve a pseudo-zoning defined by the distribution of the 

replacement minerals (see Plate 2-2, sample SD-89-267}; the 

centres consist of fine grained muscovite and quartz and the 

rims consist of coarser grained quartz, muscovite and 

chlorite. These porphyroblasts occur in schists with an 



P~ate 4-7. Staurolite (right side of photo) extensively altered to 
fine grained muscovite, sample SD-8 9-08 6. Xpl., photo is 6 mm 
wide. 
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P~ate 4-8. Cordierite-bearing biotite-muscovite-quartz-magnetite schist 
from the andalusite-biotite-muscovite zone. Sample SD-89-388. 



CM. 
IN. 

P~ate 4-9. Sample SD-89-299 containing large poikiloblasts of 
cordierite and abundant magnetite. 
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P~ate 4-10. Outcrop from sillimanite-biotite-muscovite isograd showing 
coexisting andalusite (large irregular shaped porphyroblasts) and 
sillimanite (Si) (fibrous zones within andalusite) . Sample SD-8 9-371. 



elevated content of magnetite in the matrix (Plate 4-9) 

which gives rise to local magnetic anomalies (Chapter 6). 
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Opaque minerals occur throughout the andalusite

hiotite-muscovite zone (generally less than 5 %) and 

typically consist of more than one phase. Graphite occurs 

in the matrix as xenoblastic grains up to 0.02 mm in size, 

reaching 0.1 mm where they form inclusions in andalusite. 

Subidioblastic grains of ilmenite are common throughout the 

zone (qualitative SEM identification). In addition, as 

mentioned above, magnetite occurs in association with 

cordierite (where it comprises up to 10 % of the sample) and 

typically forms idioblastic grains up to 2 mm in size. 

4.2.4 Sillimanite-Biotite-Muscovite Zone 

Rocks of the sillimanite-biotite-muscovite zone 

occur in two areas; a small area surrounding the Through 

Hill Grarite and a larger area to the north. 

The stable mineral assemblages preserved in rocks 

of this zone are (all with quartz and muscovite): 

sillimanite-biotite-plagioclase 
sillimanite-biotite 
sillimanite-biotite-garnet-plagioclase 
sillimanite-biotite-garnet-plagioclase-staurolite 
biotite-garnet-plagioclase 
biotite 

Sillimanite and andalusite are stable together at the 

reaction isograd (Plates 4-10 and 4-11). In terms of 

mineralogy, the rocks consist of three main phases. Quartz 

occurs as 0.5 mm xenoblastic grains which comprt3e 20-40 % 



Pl.ate 4-11. Sample SD-89-362 from the sillimanite-biotite-muscovite 
isograd showing prismatic sillimanite coexisting with andalusite. 
Xpl. , photo is 6 mrn across. 
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Pl.ate 4-12. Turbid knots of fibrolitic sillimanite typical of the 
sillimanite-biotite-muscovite zone (sample SD-89-312) . Xpl., photo 
is 6 mrn wide. Other phases include quartz, plagioclase, biotite and 
an opaque phase (ilmenite?) . 
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of the samples. Biotite comprises 15-30 % and consists of 

xenoblast;ic grains up to 1 mm in size. Minor chlorite is 

present ( 1-3 t) and is retrograde after biotite. Muscovite 

makes up 10-25 % of the samples and consists of elongate 

idioblastic grains up to 0. 5 mm in length which define the 

foliation. 

Garnet is present in approximately one third of 

the samples (in amounts < 10 %) as subidioblastic grains up 

to 3 mm in size. Sillimanite, comprising 5-15 % of the 

samples where present, occurs as either prismatic crystals 

or turbid knots of fibrolite (or both), the latter being 

more common (Plate 4-12) • Opaque minerals are present in 

minor amounts (< 3 %) and occur as three phases: ilmenite 

(most common) which forms xenoblastic grains up to 0.5 mm; 

graphite, which forms xenoblastic grains up to 0. 2 mm in 

size; and magnetite which forms idioblastic grains up to 2 

mm in size. Cordierite, although not abundant in this zone, 

occurs as xenoblastic grains up to 5 mm in size, which are 

commonly pinitized (Plate 4-13} and characteristically 

display well developed yellow pleochroic haloes around 

inclusions of zircon. In some cases, cordierite shows 

evidence of reaction to sillimanite. 

Plagioclase is relatively rare (< 10 % in isolated 

samples) in the lower grade part of this zone, but increases 

in abundance (> 20 %) as the metamorphic grade increases. 

This i·ocrease in plagioclase content may be due to bulk rock 
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P1ate 4-13. Sillimanite nucleating on cordierite from sample G-123-80 
from the sillimanite-K feldspar zone. Ppl., photo is 1. 5 mm wide. 

CM. 
IN. 

P1ate 4-14. Sample SD-89-212 from the zone of partial melting showing 
pods of melt that have been disrupted by the F 2 folding. 
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compositional changes, or due to partial melting of the 

metasedimentary rocks. Plagioclase generally forms 

xenoblastic grains about 0.2 mm in size which increase to -

o.s mm blocky grains at highar grades. Albite twinning is 

common, and evidence of sericite alteration occurs at higher 

grades. Sillimanite inclusions have been observed in 

plagioclase locally. Staurolite is stable in the lowest-

grade part of the sillimanite-biotite-muscovite zone in the 

western part of the map area just south of a small granitic 

intrusion (Figure 4-1). It is restricted to within 200 

metres of the sillimanite-biotite-muscovite reaction 

isograd. 

4.2.5 Sillimanite-K Feldspar Zone 

The mineralogy of this zone is equivalent to the 

previous zone with the exception that primary muscovite is 

removed from the miner!'ll assemblage and replaced by K 

feldspar and sillimanite. Secondary muscovite is present, 

however, and often preserves a foliation. At one location 

(sample G-123-80), primary muscovite coexists with K 

feldspar, cordierite, sillimanite, garnet and quartz. The 

stable mineral assemblages are (plus quartz and K feldspar): 

sillimanite-biotite-plagioclase-garnet 
sillimanite-biotite-cordie~ite

garnet-plagioclase-muscovite. 
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4.2.6 Zone of Migmatization and Partial Melting 

In the highest grade rocks above the sillimanite

biotite-muscovite zone, metamorphism has caused partial 

melting of the metasedimentary rocks and the formation of 

leucosomes, granitic pods and veins. Plate 4-14 shows a 

sample from this zone which displays layers of leucosome 

that have become deformed due to the F2 folding. 

In terms of mineralogy, the leucosomes are 

composed mainly of quartz and K feldspar with lesser amounts 

of plagioclase and biotite. In one location, partial 

melting has produced a dispersed cordierite granodiorite 

containing abundant inclusions of the unmelted (quartz-rich) 

schist. The mineralogy of this granodiorite (see Chapter 2) 

is consistent with derivation from the metasedimentary rocks 

that surround it. The schist consists of similar mineralogy 

to the sillimanite-biotite-muscovite zone. 

4.3 Reaction Isograds 

4.3.1 Definition of Reaction Isograd 

Traditionally, a metamorphic isograd was defined 

on the basis of "first appearance" of certain metamorphic 

indicator minerals, which were generally porphyroblastic 

phases. Colman-Sadd (1985) used this approach in defining 

the isograds in the MCSZ. Carmichael (1970) defined 

reaction isograds from the spatial distribution of 

metamorphic mineral assemblages that represent the reactants 
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and products of balanced metamorphic reactions. This 

approach is used in this study to determine the specific 

reaction (or reactions) that define these metamorphic 

isograds within the MCSZ. The reaction isograds are named 

for the stable mineral assemblages on the high grade side of 

the reaction isograd. 

4.3.2 React~on Isograds in the Mount Cormack Subzone 

Five reaction isograds have been defined which 

sub-divide the metamorphic gradient within the MCSZ (Figure 

4-3). In order of increasing grade, they are; the biotite

muscovite-chlorite reaction isograd, the andalusite-biotite

muscovite reaction isograd, the sillimanite-biotite

muscovite reaction isograd, the sillimanite-K feldspar 

reaction isograd (defining the disappearance of prograde 

muscovite) and the "melting" isograd, or migmatization 

isograd that marks the start of partial melting. There are 

two spatially separate sillimanite-biotite-muscovite 

reaction isograds, one surrounding the Through Hill Granite 

and the other to the north surrounding the amphibolite

bearing gneisses. 

In the following section, the reactions which 

occurred at each reaction isograd are evaluated. With the 

exception of the biotite-muscovite-chlorite reaction isograd 

(see below), mineral assemblages from both sides ~f the 

reaction isograds (and, where possible, directly from the 
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Figure 4-3. Gen0ralized geological map of the MCSZ area ehowir.y 
the pattern of metamorphi~ reaction isog~dds (modified 
from Colman-Sadd, 1985). 
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reaction isograd) were examined to determine the nature of 

the reaction(s) that caused the change in mineralogy. 

4.3.2.1 Biotite-Muscovite-Chlorite Reaction 

Isograd 

The biotite-muscovite-chlorite reaction isograd 

(Figure 4-3) separates the chlorite-muscovite and biotite-

muscovite-chlorite zones (Figure 4-4a,b). The main 

mineralogy of the chlorite-muscovite zone is chlorite-

quartz-muscovite, with accessory Fe(-Ti) oxides; that of the 

biotite-muscovite-chlorite zone is biotite-chlorite-quartz-

muscovite, also with accessory Fe(-Ti) oxides. The reaction 

iso~rad was not analyzed in detail in this study because the 

fine grain size of most minerals rendered them inaccessible 

under the electron microprobe system used. According to 

Colman-Sadd (1985), the biotite isograd is defined by the 

first appearance of biotite as an incipient replacement 

product of matrix chlorite. However, chlorite 

porphyroblasts are still stable. He inferred that if the 

matrix chlorite and porphyroblasts were of different 

composition, then a possible reaction for the appearance of 

biotite would be similar to that proposed by Kamineni and 

Carrara (1973): 

phengite + Al-poor chlorite = muscovite + 
Al-rich chlorite + biotite + quartz + H20 (1) 



a) 
A 

PyrophylliiD7 

·I ·I • I • I· I• I • 
I I I I I I 
++++++ 

KSP'I 

Ci) 
A 

Andaluoi"' 

e) 

bi) 

+ ......... .. 
KSP'I 

A 
Pyrophyllito7 

+quad& 
+ IIIDICOYito 

+quad& 
+ ziJucoviiD 

Abbreviations 

bii) 

A 

A 
PyrophylliiD7 

I 
• v v v 

KSP'I 

Cii) 

. . ..... .. 
• ~ KSP'I 

·~ . ... 
•• 
··~ 

·.~ • • 

A 
Sillimanito 

........ 
KSP'I 

86 

dii) 
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+ IIIDICOYito 

Clll. = chlorite; BIO = boitite; GNT = garnet; KSP = K feldspar; CRD = cordierite;STA = staurolite 

l'igure 4-4. AFM (projected through muscovite) and A' FM (projected through 
K feldspar) diagrams (Thompson, 1957) for observed assemblages 
from the MCSZ showing the mineralogy of the metamorphic zones 
and the inferred reactions between each zone. Dashed lines in
dicate inferred phases (except in e) . 
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such an origin seems reasonable, but was not tested in this 

study. 

Formation of ~arnet 

Garnet was fo: ~ below the andalusite-biotite-

muscovite reaction isograd in two locations {sample SD-89-

252 and SD-89-272). The first of these samples occurs just 

below the andalusite-biotite-muscovite reaction isograd and 

the latter just above the biotite-muscovite-chlorite 

reaction isograd. In both cases the garnet appears to be 

unstable breaking down to a combination of biotite, 

muscovite, chlorite and quartz. 

According to Colman-Sadd {1985), in the northern 

and central parts of the MCSZ, g~rnet occurs in the higher 

grade part of the biotite-muscovite-chlorite zone, just 

below the andalusite-biotite-muscovite reaction isograd. It 

is inferred that garnet formed in these samples because they 

are Fe-rich. The stable mineralogy is quartz, chlorite, 

muscovite, biotite, garnet and possibly feldspar. Thompson 

and Norton {1968) suggested the reaction: 

chlorite + muscovite + qu~rtz = 
almandine + biotite + H20 (2) 

which may explain the occurrences in the study area {Figure 
4-4bii}. 
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4.3.2.2 Andalusite-Biotite-Muscovite Reaction 

Isograd 

The andalusite-biotite-muscovite reaction isograd 

separates biotite-muscovite-chlorite grade rocks from 

andalusite-biotite-muscovite grade rocks (Figure 4-3). It 

is approximately concentric around the MCSZ but is truncated 

on the western boundary by the Pipestor.e Pond Complex. 

According to Colman-Sadd (1985), this isograd corresponds to 

the disappearance of prograde chlorite. This was 

substantiated in this study, as all chlorite present above 

the andalusite-biotite-muscovite reaction isograd is 

retrograde after biotite. The reaction: 

chlorite + muscovite + quartz = 
andalusite + biotite +- HzO (3) 

which was inferred by Colman-Sadd (1985), thus appears to be 

representative of the reaction isograd (Figure 4-4ci). The 

mineralogy of the andalusite-biotite-muscovite zone is shown 

in Figure 4-4ci and 4-4cii. As the andalusite-biotite tie 

lin~ migrates to more Mg-rich compositions with increasing 

T, chlorite breaks down and is replaced by biotite and 

andalusite. However, if the assemblage was derived from 

Figure 4-4bii, the garnet-chlorite tie line would be broken, 

and the reaction 

garnet + chlorite - andalusite + biotite ( 4) 

would have taken place. 
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Staurolite Forming Reaction 

Staurolite first appears north of Spruce Brook, 

just upgrade from the andalusite-biotite-musc~vite reaction 

isograd. It locally contains inclusions of garnet, biotite, 

muscovite and quartz; hence it is inferred to have formed in 

Fe-rich rocks tha~ originally contained garnet (Figure 4-

4bii) uy the following reaction (Winkler, 1979): 

garnet + chlorite + muscovite = 
staurolite + biotite + quartz + H20 (5) 

The resulting garnet-staurolite-biotite assemblage is shown 

in Figure 4-4ci. 

Staurolite is present in rocks of the SBF in two 

areas, north of Spruce Brook, and in the area north of the 

Through Hill Granite. It also occurs as inclusions in 

andalusite just southwest of the Through Hill Granite. 

Cordierite Forming Reaction 

Cordierite occurs just upgrade from the 

andalusite-biotite-muscovite reaction isograd in a 

cordierite-biotite-chlorite-magnetite-quartz-muscovite 

schist and is associated with a marked increase in the 

concentration of magnetite. Chlorite is restricted to 

cordierite and is inferred to be retrograde. One possible 

reaction to explain this occurrence is: 

~hlorite + muscovite + quartz = 
cordierite + biotite + H20 (6) 
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Cordierite occurs in a narrow band and the cordierite 

porphyroblasts (and poikiloblast&) are full of inclusions of 

quartz, muscovite, biotite and magnetite, and, in most 

cas~s, are nearly completely altered to aggregates of 

muscovite, quartz and chlorite. The presence of this 

cordierite-magnetite sub-assemblage is interpreted to be a 

function of a higher oxidation state than elsewhere in the 

pelites. Oxidation of some Fe2+ to Fe3+ resulted in the 

formation of abundant magnetita, leaving a low Fe2 +/Mg ratio 

in the silicates that favoured the stability of cordierite. 

The presence of the cordierite-magnetite sub-assemblage in a 

narrow band sugges·cs that the oxidation may have been a 

primary feature of the pelites. 

staurolite Breakdown Reaction 

The breakdown of staurolite can be attributed ~o 

both continuous and disconr.inuous reactions. Southwest of 

the Through Hill Granite, in samples SD-89-361 and -366, 

staurolite is absent from the matrix but occurs as 

inclusions in andalusite (Plate 4-15). This implies that 

the continuous reaction 

staurolite + muscovite = andalusite + biotite 

had taken place. Labotka {1981) documented such an 

occurrence of staurolite in a low-pressure metamorphic 

aureole in California. 

(7) 
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Pl.ate 4-1.5. Andalusite with staurolite inclusions (St) in sample 
SD-89-366 from the andalusite-biotite-muscovite zone. Xpl., photo 
is 6 mm across. 
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In addition, the discontinuous reaction 

staurolite + muscovite + quartz = 
garnet + Al2SiO~ + bioti tc + H10 (B) 

also occur in rocks north of the Through Hill Granite. Both 

andalusite and sillimanite occur as products of the 

staurolite breakdown reactions since staurolite is stable in 

a quartz-muscovite-plagioclase-staurolite-biotite-garnet-

sillimanite schist within the sillimanite-biotite-muscovite 

zone (sample G-147-80). 

4.3.2.3 Sillimanite-Biotite-Muscovite Reaction 

Isograd 

The sillimanite-biotite-muscovite reaction is0grad 

is easily mapped in the field (Figure 4-3) and marks the 

polymorphic transformation of andalusite to sillimanite. In 

thin section, sillimanite can be seen to occur within, or in 

close proximity to, andalusite grains suggesting that the 

reaction 

andalusite = sillimanite (9) 

proceeded without the participation of any other phases. 

This transformation causes no change in AFM topology (i.e. 

Figure 4-4ci to 4-4di) • 

4.3.2.4 Sillimanile-K Feldspar Reaction Isograd 

This reaction isograd is defined by the 

- ~~ ~--- ----~--~-- ~~ - - -- ~ . . 
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co·::!xistence of sillimanite and K feldspar and the removal of 

prograde muscovite from the mineral assemblage. Sillimanite 

appears to be forming f:com the breakdown of muscovite, as it 

typically forms within muscovite grains. K feldspar, on the 

other hand, contains no inclusions, although it is in 

contact with sillimanite and displays abundant cross-hatched 

twinning. The isograd is represented by the reaction 

defining the disappearance of prograde muscovite: 

muscovite + quartz = (10) 
sillimanite + K feldspar + H20 

4. 3. 2. 5 Reactions in the Zone of Partial Melting 

(labelled ZM on Figure 4-3) 

This reaction isograd occurs just upgrade from the 

sillimanite-K feldspar reaction isograd (Figure 4-3). The 

mineralogy of melt-absent schists within this zone is 

sillimanite-biotite-plagioclase-quartz-K feldspar. 

Leucosome-bearing rocks are composed of quartz-plag ioclase-K 

feldspar-biotite, implying that melting occurred first in 

bulk composition undersaturated in alumina. Numerous 

melting reactions have been proposed by others and the work 

of St-Onge (1984) appears to be particularly appropriate to 

the rocks of the study area. In the modal system albite-

orthoclase-muscovite-biotite-quartz-aluminosilicate-vapour, 

St-onge showed the arrangement of seven melt and dehydration 

reactions radiating from an invariant point (Figure 4-5). 
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Figure 4-5. Geometry of reaction curves radiating from an invariant point 
in the modal system albite-orthoclase-muscovite-biotite-quartz
aluminosilicate-vapour (modified from St-Onge, 1984) . Minerals in 
parentheses are absent from the reaction represented by the curve. 
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However, six of these reactiorts involve muscovite on the 

reactant side; since the sillimanite-K feldspar reaction 

isograd occurs at a lower grade than the melting isograd, 

muscovite would not be present to participate in the melting 

reaction. Thus it seems likely that the melt isograd, which 

marks the beginning of partial melting of the 

metasedimentary rocks, is defined by the reaction of 

Piwinskii (1968) 

sillimanite + biotite + K feldspar + 
plagioclase + quartz + vapour = liquid (11) 

in the MCSZ. 

High-Grade Cordierite Forming Reactions 

Cordierite occurs in high grade rocks associated 

with garnet and with granitoid melt. Cordierite and garnet 

coexist in pelites just upgrade from the first indications 

of melting (Colman-sadd, 1985) although there is no evidence 

of melting in the cordierite-garnet bearing rocks. The 

breakdown of the sillimanite-biotite tie line and its 

replacement by the stable assemblage garnet-cordierite 

implies that the reaction 

sillimanite + biotite+ quartz = (12) 
cordierite + garnet + K feldspar + H20 

has taken place. A similar reaction has also been recorded 

by Ashworth anct Chinner (1978) in migmatitic rocks of the 

Scottish Caledonides. 

A second reaction involving cordierite occurs in a 



96 

cordierite granodiorite (sample SD-89-218). This isolated 

outcrop occurs north of the Through Hill Granite, within the 

zone of migmatization. Large xenoblastic porphyrohlasts of 

cordierite occur with quartz, feldspar, biotite and minor 

sillimanite. The presence of these minerals indicates that 

the granite may have formed from partial melting of the 

metasedimentary rocks by a reaction of the type: 

quart~ + plagioclase + K feldspar 
+ biotite + Hp = cordierite + liquid. (13) 

4.4 Petrogenetic Grid 

Figure 4-6 is a schematic P-T diagram for the MCSZ 

showing the locations of reactions that occur in the rocks. 

Most of the reactions on the grid are at least divariant in 

the expanded seven-component system Kp-FeO-Nap-MgO-Al
1
0

1
-

Si02-H20 (KFNMASH) system, so that the positions of the 

curves is only fixed by fixing the X~ for all the phases 

and XH 0 for the system. The approximate range of the 
2 

metamorphic field gradient is also shown along with specific 

sample locations. The inferred metamorphic field gradient 

indicates that metamorphism was relatively low-pressure (< 4 

kilobars) and nearly isobaric. 

4.5 Metamorphic Bathoqrads 

A metamorphic bathograd is a special type of 

reaction isograd that is sensitive to pressure and takes 
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Reactions 

( 1) phcngitc + A1-poor chlorite = muscovite + Al-rich chlorite + 
biotite+ quartz+ water (Kamincni and Carrara, 1973) 

(2) chlorite + muscovite+ quartz= almandine + biotite+ water (Thompson and Nonon, 1968) 
(5) garnet+ chlorite+ muscovite= staurolite+ biotite+ quartz+ water (Winkler, 1979) 
(8) staurolite +muscovite+ quanz =garnet + AI 2Si05 +biotite + water 

(Carmichael, 1978) 
(9) andalusitc =sillimanite (Holdaway, 1971) 
(I 0) muscovite+ quartz= sillimanite+ K feldspar+ water (Kerrick, 1972) 
(II) sillimanite + biotite+ K-fcldspar + plagioclase +quartz+ vapour= liquid 

(Kerrick, 1972) 
( 12) sillimanite + biotite+ quartz = cordieritc + garnet + K feldspar+ water 

(Ashworth and Chmncr, 1978) 

Figure 4-6. Schematic P-T grid for metamorphic mineral assemblages in 
tlw MCSZ showing the location of reactions mentioned in the text 
along with AFM projections of mineral a5semblages. 
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place within a limited range of temperature. Carmichael 

(1978) defined a bathograd as"··· the mappable line that 

separates occurrences of a higher-P assemblage from 

occurrences of a lower-P assemblage." The line is defined 

by an invariant reaction involving all phases stable at the 

invariant point. In P-T space, bathograds are defined hy 

horizontal lines which extend from the intersection 

(invariant point) of two univariant reactions. 

4.5.1 Metamorphic Bathograds in the Mount Cormack 

Subzone 

Mineral assemblages that occur in rocks of 

appropriate composition and temperature higher grade than 

the andalusite-biotite-muscovite reaction isograd define a 

bathograd based on the six-component system K
1
0-FeO-MgO-

Al 203-Si01-H10 (KFMASH). The individual phases involved arc: 

quartz, muscovite, biotite, staurolite, garnet, andalusite 

and sillimanite. Only the andalusite-sillimanite transition 

is observed, implying that pressure was less than the triple 

point in the Al 2SiO~ system (Figure 4-7). The bathograd 

passes through the invariant point defined by the 

intersection of the reactions, 

quartz + muscovite + staurolite = 
biotite + garnet + Al 1SiO~ + Hp 

andalusite : sillimanite 

(8) 

(9) 
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staurolite + muscovite +quartz~ garnet + Al 2 Si05 + biotite + water 
(Carmichael, 1978) 

biotite + garnet + andalusite +water ~ 
staurolite + muscovite + quartz + sillimanite 

(Carmichael, 1978) 
alllhtlusite ~ kyanite +sillimanite (Holdaway, 1971) 
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Figure 4-7. P-T phase diagram for· part of the MCSZ showing the location 
of the invariant point on which the bathograd is based. The 
diagnostic mineral assemblages that constrain the bathograd are 
labelleJ on the appropriate side of the isobaric line extending 
from the invariant point. A lower pressure constraint is pro
vided by the second reaction (in grey) and an upper pressure 
constraint by the third reaction (also in grey). 



and the invariant bathogradic reaction can be written as; 

biotite + garnet + andalusite + vapour 
staurolite + muscovite + quartz + sillimanite 

This reaction separates the higher-pressure staurolite-

muscovite-quartz-sillimanite assemblage from the lower

pressure biotite-garnet-andalusite assemblage. 

Figure 4-7 is a P-T diagram showing that the 
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bathograd occurs at a pressure of about 3.3 kilobars (after 

Carmichael, 1978), assuming that P&~ = P~ and P~ = PH
10

• 

Kerrick (1972) showed that, as this is a dehydration 

reaction, decreasing the mole fraction of H20 in the vapour 

phase (i.e. lowering XH
20

) would lower the temperature of 

the reaction, thus shifting the invariant point to higher 

pressure. However, decreasing the XH
2
0 from 1.0 to 0.5 

would increase the pressure by less than 0.5 kilobars. 

Figure 4-8 is a map showing the locations of 

samples with assemblages appropriate to the bathograd which 

define the location of the bathograd. The bathograd appears 

to coincide with the sillimanite-biotite-muscovite reaction 

isograd, with the high-pressure bathogradic assemblage 

occurring on the high-temperature side of the reaction 

isoqrad (i.e. positive correlation between P and T locally). 

This could indicate that the high grade areas underwent 

greater post-metamorphic uplift or, in the Through Hill area 

at least, that the syn-metamorphic Through Hill Granite 
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Figure 4-8. Map of part of the MCSZ showing the location of samples 
which define the staurolite-muscovite-quartz-sillimanite bathograd. 
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dragged up its metamorphic aureole during emplacement as the 

map pattern indicates that it is surrounded by its own 

sillimanite-biotite-muscovite reaction isograd. However, 

the THG is not symmetrically related to either the 

sillimanite-biotite-muscovite reaction isograd or to the 

bathograd. Flood and Vernon (1978) suggested that the Cooma 

Granodiorite of Australia may have dragged up its 

metamorphic aureole during emplacemant; however, although 

such an origin appears feasible for the area adjacent to the 

THG, there is no granitoid body associated with the much 

larger sillimanite-biotite-muscovite reaction isograd in the 

north of the study area. 

4.& Metaaorpbic Microstructures 

Microstructural evidence preserved within rocks of 

the SBF suggests that mineral growth occurred prior to, 

during and after the second deformation (02). 

Andalusite porphyroblasts commonly show evidence 

of pre- and post-tectonic growth (with respect to 0 1). In 

most cases, inclusion minerals (commonly quartz and biotite) 

preserve a fabric which is approximately parallel to th~ 

external fabric (i.e. Plate 4-4) indicating a post-tectonic 

origin. However, in some cases, inclusion minerals are 

randomly orientated (i.e. Plate 4-3) suggesting that these 

porphyroblaats grew prior to the deformation. Although the 

inclusions in these porphyroblasts appear to be randomly 
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orientated, they are approximately continuous with those in 

the external fabric, indicating that they overgrew this 

fabric. In these samples, deformation may not have been 

very extensive as the minerals in the matrix show no 

preferred orientation. In some samples, there ap~ear to be 

two generations of andalusite. The first generation 

contains fine-grained inclusions of the matrix minerals 

which display no preferred orientation, possibly indicating 

that they are pre-tectonic. In the second generation, the 

matrix minerals (especially biotite) are coarser grained and 

are aligned parallel to the deformation fabric. In this 

case, the andalusite porphyroblasts are probably syn- or 

post-tectonic. 

Staurolite porphyroblasts developed prior to 0 2 

deformation as indicated by the fact that inclusions show no 

preferred orientation (Plate 4-6) and the porphyrcblasts are 

commonly wrapped by the deformation fabric. However, some 

staurolite porphyroblasts display rims altered to biotite; 

this reaction occurred after deformation as these biotite 

grains are random in orientation and often cross-cut the 

deformation fabric. Staut~lite also developed prior to 

andalusite since it locally occurs as xenoblastic inclusions 

in andaluaite porphyroblasts (reaction 7; Plates 4-4, 4-15). 

Garnets, at least at low and medium grades, are 

inferred to be pre-02 since they occur as rotated 

porphyroblasts which are typically wrapped by the 
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deformation fabric within the rock. However, garnet appears 

sporadically at low, medium and high grades, so timing of 

growth is not expected to be the same for all parageneses. 

Also, garnet occurs as inclusions in andalusite, staurolite 

(Plate 4-6) and cordierite. Although most garnets contain 

few inclusions (typically quartz), some contain inclusions 

of biotite along with quartz and these are randomly 

orientated. At low grades (i.e. below the sillimanite

biotite-muscovite isograd) garnets are typically idioblastic 

to subidioblastic; upgrade from the sillimanite-biotite

muscovite isograd, garnets are typically subidioblastic to 

xenoblastic. 

In the low-grade rocks (i.e. from the biotite

muscovite-chlorite zone), fine-grained biotite appears to 

have developed prior to the 02 deformation as it locally 

occurF as xenoblastic grains that have been flattened by the 

deformation and which are wrapped by the deformation fabric. 

However, biotite porphyroblasts have overgrown the 

deformation fabric indicating post-02 development. This 

latter statement is also true of biotites from higher 

grades, esp~cially within the andalusite-biotite-muscovite 

zone, where they have overgrown a fabric defined by fine

grained muscovite. 

Cordierite porphyroblasts in the low-grade rocks 

of the SBF are inferred to have developed after the 

formation of garnet (they locally contain garnet 
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inclusions). These porphyroblasts invariably preserve the 

pseudo-hexagonal shape typical of cordieri te (Deer et al., 

1966). However, they are nearly completely pseudomorphed by 

muscovite-chlorite-quartz assemblages; in only a few cases, 

primary cordierite is preserved in the cores. In some 

cases, cordierite pseudomorphs are deformed and flattened 

parallel to the cieformation fabric. These are inferred to 

have formed prior to the deformation; however, the 

pseudomorphing minerals are aligned approximately parallel 

to the external fabric, inferring that these cordierite 

porphyroblasts were pseudomorphed during the deformation. 

At higher grades (i.e. within the zone of partial melting), 

cordierite is inferred to be post-tectonic, although it 

occurs in rocks that display little effect of deformation 

and the porphyroblasts contain few inclusions. These grains 

also show evidence of reaction to sillimanite (Plate 4-13). 

Sillimanite grains are inferred to be both pre

and post-tectonic. In some cases, prismatic sillimanite 

grains are folded by small scale folds, or, are aligned 

parallel to the deformation fabric, as in the mylonite zone 

north of the Through Hill Granite. In other cases, fibrous 

sillimanite (fibrolite) appears to have formed from the 

breakdown of biotite, muscovite and/or cordierite; the 

fibres show no preferred orientation, although, in the case 

of biotite, the fibres appear to have grown parallel to the 

long axis of the grains. 
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The previous discussion has centred on the 

prograde mineral assemblages. However, as mentioned 

earlier, there is a pervasive retrogression within the rocks 

of the SBF defined by chlorite, muscovite and quartz (± 

feldspar). Some andalusite porphyroblasts are completely 

replaced by fine-grained muscovite; staurolite also shows 

evidence of retrograde reaction to fine-grained muscovite 

(i.e. Plate 4-7). In some cases, garnet and biotite show 

evidence of retrograde reaction to chlorite. 

Structural evidence given in Chapter J indicates 

that the metamorphic reaction isograds developed after the 

02 deformation as they cut the 0 2 structures (see Figure 3-

2). In most samples that show evidence of deformation, the 

52 fabric is dominant and there is little evidence of Su or 

51 • In some of these samples, though, evidence of the first 

deformation fabric is preserved in small-scale folds between 

zones of S2 foliation. Table 4-1 shows the relationship 

between porphyroblast growth and deformation. Porphyroblast 

minerals are listed in the inferred order of development. 

Table 4-1. Mineral growth in relation to defonnation in metapclites from the MCSZ 

biotite 

garnet 

staurolite 

andalusite 

cordierite 

sillimanite 

Dt 02 
Pre- Syn- Pust-

-------------

-------------____________ , 
-------------
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4. 7 Mineral Ch .. iatry 

4. 7.1 Analytical Techniques 

Semi-quantitative and quantitative analyses were 

conducted on twenty-three polished thin sections of pelites 

from the SBF higher grade than the andalusite-biotite

muscovite reaction isograd in order to obtain independent 

estimates of pressure and temperature and to attempt to 

reconstruct the P-T-t path (Figure 4-9). The semi

quantitative analyses were done at Memorial University using 

a Hitachi S570 Scanning Electron Microscope (SEM). The SEM, 

with a Tracor Northern energy dispersive system, was used to 

determine the compositions of opaque phases (ie. ilmenite, 

magnetite, graphite) and to locate unzoned plagioclase 

grains for the future microprobe work. 

The majority of the quantitative microprobe 

analyses were =onducted at the Regional Electron Microprobe 

Laboratory, Dalhousie University, using a JEOL 733 

Superprobe. Limited work was done at Memorial University 

(sample G-123-80 only) using a JEOL JXA-50A Electron Probe 

Microanalyzer. A wavelength dispersive set up was used with 

both instruments, involving up to four simultaneous analyses 

and automated spectrometer drive, to obtain analyses of ten 

major elements (Si, Ti, Al, Cr, Fe, Mg, Mn, Ca, Na, K; in 

the case of staurolite, Zn wae:. also analyzed). An 

accelerating voltage of 15 kV, a probe current of 5 nA and a 

beam diameter of approximately 1 x 10-' m were used. For the 
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Figure 4-9. Map of part of the MCSZ showing location of samples used 
in microprobe analyses. Samples prefixed SD were collected in 
this study; those prefixed F & G were collected by Colman-Sadd 
in 1979 and 1980 respectively. 
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JEOL 733, the data reduction (conversion of raw counts per 

second to corrected 'lllreight percent of oxides) was done using 

Tracor Northern ZAF software. For the JEOL JXA-50A, the 

Bence-Albee correction procedures were used. In total, 808 

analyses were carried out of which 553 are considered 

acceptable (approximately 70 t of total). Table 4-2 lists 

the minerals analysed and the ranges of weight percent 

oxides that were considered acceptable for the analyses, 

taking into account the error in the instrument and the fact 

that H20, C01 and F were not analysed: 

Table 4-2 

Mineral 
plagioclase 
garnet 
K feldspar 
cordierite 
andalusite 
staurolite 
biotite 
muscovite 
chlorite 

Approximate range of 
Weight Percent oxides 

99 - 101% 
99 101\ 
99 101\ 
98 
~18 

915 
94 
94 
87 -

100% 
100\ 
98\ 
96\ 
96\ 
90% 

In addition to the weight percent total, the stoichiometry 

of each analysis was compared with th·~ ideal stoichiometry 

and with published data in order to weed out analyses of 

poor quality. 

In each sample, the mineral compositions required 

for thermodynamic calculations (garnet, plagioclase, K 

feldspar, biotite, cordierite) were analyzed along with 

-~~~~--
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other coexisting phases (ie. muscovite, chlorite, 

staurolite, andalusite). Representative analyses are given 

in the text and the remainder are listed in Appendix B. 

4.7.2 Garnet 

Probe traverses across garnet indicate that the 

majority of the garnets are unzoned. Zoning is present in 

some samples, however. The majority of garnets is composed 

of almandine-spessartine-rich mixtures, with almandine 60 to 

70 mol t, spessartine 15 to 30 mol \, pyrope 5 to 10 mol \ 

and grossular 2 to 4 mol '· However, sample G-133-80 

contains almandine-pyrope garnets; they are unzoned and an 

average of eighteen analyses shows that they consist of 81 

mol ' almandine, 12 mol ' pyrope, 3 mol ' grossular and 4 

mol \ spessartine components. Table 4-3 lists some 

representative garnet analyses. 

An indication of the amount of Fe3 + substituting 

for Al in garnet (i.e. the amount of andradite) can be 

gauged from an examination of the stoichiometry. Ideally, 

in garnet, the M1 site contains 3 divalent atoms per formula 

unit (PFU) and the~ site contains 2 trivalent atoms PFU. 

If, with the assumption of all Fe as Fe2+, the M1 site 

contains more than 3 atoms PFU, and the ~ site contains 

less than 2 atoms PFU, there may be Fel+ substitution. From 

180 garnet analyses, the number of atoms in the M1 site 

ranges from 2.58 - 3.13 (averaging 3.037 atoms PFU) and the 
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Table 4-3 
Ff:pr·esenta t i ve analyses of garnets 

SIJ-89-.100 SD-89-353 SD-89-127 
(unwn.:d • A-8-M Zone) (prograde zoning- A-8-M Zone) (retrograde zoning • ZM) 

(rim) (core) (rim) (rim) (core) (rim) (rim) (core) (rim) 
Si<)z 36.66 36.36 36.57 36.4H 36.53 36.5H 36.55 36.70 36.25 
TiO P.02 O.OH 0.11 0.03 0.03 0.03 0.04 O.ot 0.06 
AI/), 21.02 20.57 20.56 21.15 20.74 20.96 20.87 21.16 20.65 
Crpj 0.06 O.o3 0.05 O.D3 0.00 0.04 0.04 0.06 0.00 
FcO :!lJ.33 2!!.!!0 29 .. B 34.35 3:!.24 34.06 25.90 27.94 25.42 
MnO M.7X <J.39 !!.77 4.35 (,.-+9 4.37 14.23 11.07 15.Dl 
MgO 2.42 2.33 2.46 2.16 1.6!! 2.07 1.12 2.31 1.12 
CaO 1.4H 1.52 1.5!! 1.60 1.60 1.72 0.93 0.76 1.00 
NaJ> 0.15 0.05 0.04 0.04 0.05 0.02 0.01 0.04 O.D3 
Kz 0.06 0.()2 0.()2 0,01 0.01 0.02 0.02 0.02 0.03 
lbtal 99.l)H 99.15 99.48 100.21 99.3!! 99.MH 99.72 100.05 99.56 

number of cations on the basis of 12 oxygens 
Si 2.97 2.98 2.98 2.96 2.99 2.98 2.99 2.98 2.98 
Ti 0.00 0.00 O.Dl 0.00 0.00 0.00 0.00 0.00 0.00 
AI 2.01 1.99 1.98 2.02 2.00 2.01 2.02 2.02 2.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 1.99 1.97 2.<X> 2.33 2.21 2.32 1.77 1.90 1.75 
Mn 0.60 0.65 0.61 0.30 0.45 0.30 0.99 0.76 1.05 
Mg 0.29 0.28 0.30 0.26 0.21 0.25 0.14 0.28 0.14 
Ca 0.13 0.13 0.14 0.14 0.14 0.15 0.08 0,07 0.09 
Na 0.02 0.01 O.DI O.oi O.Dl 0.00 0.00 0.01 0.00 
K O.()J O.(X) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
'lbtal lUJ3 !W3 !!.02 8.03 8.01 8.02 8.00 8.01 8.02 

Almandine 66.01 64.85 65.73 76.92 73.51 76.75 59.54 63.15 57.90 
Pyropc 9.71 9.35 9.!!2 8.62 6.!!3 8.31 4.59 9.30 4.55 
Grossular 4.27 4.39 4.54 4.59 4.67 4.97 2.74 2.20 2.92 
Spcssaninc 20.()1 21.42 19.91 9.87 14.99 9.97 33.13 25.34 34.63 

A 30.38 30.49 30.00 28.04 29.29 28.06 34.45 31.69 34.57 
F 0.87 0.87 O.ll7 0.90 0.82 0.90 0.93 0.87 0.93 
M 0. I 3 0.13 0.13 0.10 0.08 0.10 0.07 0.13 0.07 

ntg, Fe, Mn, C'a 3.01 3.()3 3.05 3.03 3.01 3.02 2.98 3.01 3.03 

~Fc,Mg,Mn 2.1l'l 2.9 I 2.91 2.89 2.86 2.87 2.90 2.93 2.93 
Fe/Fc+Mg+Mn 68.95 67.!!2 61l.!!6 80.62 77.12 H0.76 61.22 64.57 59.65 
Mn/Fc+Ivlg+Mn 20.9 I 22.40 20.!!5 10.34 15.72 10.49 34.07 25.91 35.67 
M!!!Fc+ Mg + Mn 10.14 9.78 10.29 9.03 7.16 8.75 4.72 9.51 4.68 
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M2 site ranges from 1.87 - 2.09 atoms PFU (averaging 1.994 

atoms), suggesting the presence of a minor andradite 

component (0.2- 1.2 mol\). 

Of seventeen samples analysed, four contained 

zoned garnets. This zoning is reflected by changes in the 

Fe, Mg and Mn contents from core to rim (Figure 4-10) as 

~ell as changes in Al content (Figure 4-11). This change in 

Al content may be due to Fe1+ substitution (see above). In 

Figure 4-11b, prograde growth in a garnet from sample G-150-

80 displays a nearly constant F/M ratio and shows that the 

andradite component increases with growth. Figure 4-11c 

shows a retrograde zoned garnet from sample SD-89-127 which 

indicates a slight reduction in andradite component and a 

reduction in the pyrope:almandine ratio from core to rim. 

Garnets in two of the samples (SD-89-353 and G-

150-80, both from the andalusite-biotite-muscovite zone) 

display prograde zoning (ie. core to rim increase in Mg and 

decrease in Mn; Tuccillo et al., 1990 and references 

therein; Figure 4-12). This decrease in Mn is on the order 

of 50 \ but in some cases Mn decreases by 2.5 times that in 

the core (27 -> 11 mol\ spessartine component). There is 

also an increase in the Fe and Mg contents in the rim, with 

Fe increasing by approximately 10-20 \ (65 -> 80 mol \) and 

Mg by about 15-25 \ (6.5 -> 8 mol\). The grossular 

component remains relatively unchanged at 4-5 mol \. 
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a) Prograde (Grnwth) Zoning in Garnet (andalusitc-biotite-muscm·ite zone) 
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Figure 4-10. Typea of zoning in garneta from aelected samples from 
the MCSZ (aamplea prefixed with F & G collected by S.P. 
Colman-Sadd) . 
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Figure 4-11. AFM plots (Thompson, 1957) of ga.rnet cornfJo:~iticjn:~. 
a) unzoned garnet compositions (n = 122); b) prograde zoning in 
garnet from the andalu:~ite-biotite-muscovite zone (sample 
G-150-80, n • 9); and c) retrograde zoning in garnet from the 
zone of partial melting (sample SD-89-127, n = 7), 
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Figu~a 4-12. Fe-My-Mn ternary atomic percent plot showing zoning patte~ns 
of garnets from the MCSZ. Arrows point from core to rim composi
tions. Filled arrows are samples from the andalusite-biotite
muscovite zone; empty a~~ows are samples from the zone of partial 
melting. 
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Garnets in two samples from the zone of partial 

melting display retrograde zoni~g (F-123-79 and SD-89-127; 

Figure 4-12). These garnets display core to rim increases 

in Mn (25 to 33 mol,), decrease in Fe (63 to 60 mol\) and 

decrease in Mg by 50 \ (in one case, the Mg content drops 

from 9.2 to 4.6 mole\). ca remains relatively unchanged. 

The zoning patterns in these garnets are 

consistent with other published data on zoned garnets (see 

Tracy, 1982 for a summary of zoning patterns in garnet). 

Woodsworth (1977) suggested that above - 600 oc, growth 

histories of garnets are lost and homogenization occurs. 

Lepezin and Y.orolyuk (1985) documented that with increasing 

metamorphism, the occurrence of garnets with prograde 

(growth) zoning decreases, and those with retrograde zoning 

increase in number. As discussed by Tuccillo et al. (1990 

and references therein), retrograde zoning is due to 

retrograde diffusion processes. During resorption (assuming 

equilibrium with biotite), garnet will become depleted in Mg 

relative to Fe, and Mn will be incorporated into garnet 

since it is not easily incorporated into cordierite or 

biotite. Yardley (1977) suggested that diffusion begins 

between 615° and 665°C, although this process is dependent 

upon kinetic factors, so a precise temperature is not 

especially meaningful. 
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4.7.3 Feldspars 

Both plagioclase and K feldspar were analyzed to 

determine their compositions and for use in thermodynamic 

calculations. 

Analyses of nineteen plagioclase grains indicate 

that zoning is negligible, but the compositional range 

between samples is extensive (Ana-31 ) • K feldspar was 

analysed in one sample from the sillimanite-biotite zone (G-

123-80). The analyses indicate that the average composition 

(exclusive of the albite-rich rims) is Or10.11 Ab19.1 and Aflo.t· 

Table 4-4 contains some representative analyses of the two 

feldbpars and Figure 4-13 is a plot of feldspar 

compositions. 

4.7.4 Biotite 

Two textural groups of biotites were analyzed; 

those near garnets and those in the matrix away from 

garnets. The analyses indicate that there is negligible 

difference between the two (Table 4-5). All Fe was assumed 

to be Fe2
+ since the Fe3+ in garnet is low. All biotites 

typically have an iron-magnesium ratio of 3:2, and Alv1 

ranges from 0.6-0.99 atoms PFU with an average of 0.83 atoms 

PFU. Minor sodium was detected (< 0.14 atoms PFU) and minor 

manganese (less than 0.07 atoms PFU) and titanium (0.15-0.38 

atoms PFU) are present. Figure 4-14 is a plot of biotite 

compositions with respect to Mg/Fe and Alv' variations. All 
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Table 4-4 
Representative an.1l yst~S of 
plagioclase and K ft:>ldsp.Jr 

SD-89-18-1 S/1-89-Jl~J G-113-80 
(plagioclase • S-B-!\1 Zone) (plagioclase· S-B-1\'1 Zolll') lK li:ldspar · S- Kf Zoru:) 

(rim) (core) (rim) (rim) (cor<!) (rim) 
SiD, 63.86 64.05 64.59 66.22 66.34 CdAS 65.-l!\ 65.19 65.22 
Ti~ 0.00 0.00 0.00 0.00 0.00 0.00 O.o2 0.(14 0.()4 
AI 22.99 23.03 22.68 21.62 21.45 21.93 19.50 1~U4 19.1XI 
CrA 0.00 0.00 (),03 0.00 0.00 0.00 0.00 0.00 O.o2 
FcO 0.08 0.00 O.DI 0.19 0.00 0.00 0.()4 0.(14 0.(14 
MnO 0.00 0.00 0.00 0.00 0.00 0.()() ().(X) O.<XI 0.00 
MgO 0.00 0.00 (}.(X) 0.00 0.00 0.00 O.(XI 0.00 0.00 
CaO 4.01 3.79 3.49 1.68 1.81 2.30 0.03 0.()2 0.00 
Nacf 9.23 9.48 9.20 10.35 10.66 10.41 1.29 3.02 2.:10 
Kz 0.09 0.05 0.06 l1.09 0.16 0.12 1.3.82 II.MO 13.14 
Total 100.25 100.39 10().()9 100.15 100.41 100.23 100.20 <.19.46 lJ9. 7M 

numba of cut ions on the basis of N UXJ)Ietls 

Si 2.81 2.!!1 2.S4 2.90 2.90 2.87 2.98 2.98 2.lJ9 
Ti ().()0 0.00 0.00 0.00 O.<XJ O.IXJ O.<XJ 0.00 0.00 
AI 1.19 1.19 1.1!\ 1.12 I. II 1.13 1.05 1.04 1.03 
Cr 0.00 0 .()() 0.00 O.<XJ 0.00 O.(X) 0.00 0.00 0.00 
Fe 0.00 0.00 0.00 O.DI 0.00 O.IXJ O.IXJ O.IXJ O.IXJ 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.IXJ 
Mg 0.00 0.00 0.00 0.00 0.00 0.00 O.<XJ O.IXJ O.IXJ 
Ca 0.19 O.IS 0.16 O.OM O.OH 0.11 0.00 O.<XJ 0.00 
Na 0.79 0.81 0.71S 0.88 0.90 0.89 0.11 0.27 0.20 
K O.oJ 0.00 0.00 O.oJ O.ot 0.01 O.liO 0.69 0.77 
Total 4.99 5.00 4.97 4.9S 5.00 5.DI 4.lJ5 4.98 4.99 

Albite 80.22 !\1.67 82.38 91.29 90.60 !!!!.52 12.40 27.98 21.01 
Anorthite 19.26 18.04 17.27 8.19 8.50 10.51 0.16 0.10 O.IXJ 
Orthocla.o;c 0.51 0.28 0.35 0.52 O.S9 0.67 !!7.44 71.lJ2 78.9l) 

LCa+Na+K 0.99 0.99 0.94 0.97 0.99 1.01 0.9 I O!·J6 0.97 

LSi+Al 4.00 4.00 4.02 4.02 4.01 4.(XJ 4.03 4.02 4.02 
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Or 

Figure 4-13. Plot of high-grade feldspar compositions from the MCSZ. 
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Table 4-5 
Repru.sentat i ve analyses of biotitt)s 

(all Fe assumed to b.;~ FL·!·) 

-------------- m:llJi.\ --------------- ------------ 1war gam\:!------------ no ganwt 
SJJ-89-0IJ7,l SIJ-H9-.112 SIJ-89-097,1 SIJ-89-311 S IJ-liiJ-199 

(S-13-~1 Zone) (S-B-;\1 Znn,·) ~A-13-M Zond 
SiOz 3-U9 34.119 34.:!1 34.61 34.67 3-1.75 34.lH 34.36 .l6.11 .\5.99 
Tica 2.23 2.35 3.13 3.33 2.55 :!.37 J.22 2.!i2 1.44 1.50 
AI 19.94 19.H2 19.30 19.12 :!0.06 19.94 l!l.93 I !i.49 IX.H:! IK.llli 
CrA 0.00 0.00 ().()5 0.05 ().(X) ().IX) 0.00 0.(14 0.00 0.02 
FcO 22.21 22.06 21.17 :!0.57 22.1XJ 22.1X 20.96 21.67 16.05 16.05 
MnO 0.26 0.16 0.4X 0.52 O.llJ ().(X 0.33 o.:" 0.29 OJ2 
MgO 7.00 7.00 7.38 7.58 7.06 ll.9!l 7.7ll 7.76 12.34 12.ll'i 
CaO 0.00 O.IXJ 0.00 0.00 0.00 0.00 ().(X) 0.00 0.00 0.00 
Nap 0.19 0.20 0.25 0.25 0.11 0.12 0.:!3 0.13 0.17 0.15 KP 8.68 8.60 9.06 9.20 X.62 K.69 9J9 9.29 lJ.02 lJ.O.l 
Total 95.36 95.23 95.24 95.21 95.27 95.22 95.41 94.91 94.26 IJll)l) 

number of cations on the /lmis of:!2 OX)'!Jl'n.\· 

Si 5.35 5.37 5.30 5.32 5.32 5J4 5 .. B 5.3.l 5.45 5.40 Ti 0.26 0.27 0.36 0.38 0.2'J 0.27 0.]7 0.33 O.lh 0.17 
AI 3.61 3.59 3.50 3.46 3.63 3.61 ].43 3.3!i .'U5 B4 
Cr 0.00 ().(X) 0.01 0.01 0.00 0.00 0.00 0.00 0.(1(1 0.00 
Fe 2.85 2.!l4 2.73 2.64 2.!i2 2.X5 2.70 2.!i I 2.1n 2.114 
Mn 0.()3 0.02 0.06 0.07 0.02 0.02 0.(14 0.05 0.1 )4 0.(14 
Mg 1.60 1.60 1.69 1.74 1.61 1.60 1.76 1.7'J 2.7X 2.Kh 
Ca O.~XJ 0.00 0.00 0.00 0.00 0.00 0.00 O.IX> O.<XJ 0.00 
Na 0.(>6 0.06 0,07 ().07 ().()) 0.(14 ().()7 0.04 0.05 0.(14 
K 1.70 1.69 1.71i 1.80 I.W 1.70 l.X4 I.X4 1.74 1.75 
Total 15.47 15.44 15.51 15.50 15.43 15.45 15.54 15.5X 15.60 15.65 

FcQ;c+Mg O.M 0.64 0.62 0.60 0.64 PJH o.w 0.(>1 0.42 0.42 
Al 1 0.96 l).96 o.xo 0.78 O.lJ5 0.96 0.76 0.72 IUH 0.74 
Al1v 2.65 2.63 2.70 2.68 2.6X 2.66 2.67 2.67 2.55 2.60 

A -20.11 -I <J.S I -26.21 -28.5X -19.26 -20.:!5 -30.69 -30.16 -24.05 -24.11 
F 0.64 0.64 0.62 0.60 0.64 0.64 O.W 0.61 0.42 0.42 
M 0.36 0.36 lUX 0.40 0.36 OJ6 OA 11 0.39 0.5X 0.5X 
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Fi.qure 4-14. Plot of biotite compositions from the MCSZ (c.ndalusite
biotite-muscovite zone and higher grade) modified from Deer et 
al., 1966. The two circled analyses are from sample SD-89-299 
(from the andalusite-biotite-muscovite zone) which contains 
cordierite and abundant magnetite. 
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of the compositions plot within the biotite field of Deer et 

al. (1966) and have a considerable siderophyllitefeastonite 

component. Figure 4-15 is an AFM plot of biotite 

compositions which also indicates the substantial variation 

in Al content between analyses. 

4.7.5 Cordierite 

Cordierite was analyzed in two samples; one from 

the sillimanite-biotite zone (G-123-80) and the other (SD-

89-299) from a cordierite-magnetite sub-assemblage within 

the andalusite-biotite-muscovite zone. They are of very 

different compositions. In the first sample, cordierite is 

relatively unaltered, and six analyses indicate that it is 

virtually anhydrous with oxide totals near 100 %. These 

cordierites contain minor Mn (0.05 atoms PFU) substituting 

for Mq and Fe and have an average molar Mg:Fe ratio of 

1:0.78. They also contain minor Na (0.06 atoms PFU) which, 

according to Deer et al. (1966), is probably located in 

axial channels. 

In the other sample, the oxide totals are 

approximately 96 %. These cordierites also contain minor Mn 

(0.07 atoms PFU) substituting for Mg and Fe. However, the 

molar Mg:Fe ratio is 1:0.38 (less than half of that in the 

other sample) and Na is elevated, averaging 0.27 atoms PFU. 

These low totals may be due to the fact that these 

cordierites contain H20 or C02 in the axial channel. In 
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Figure 4-15. AFM diagram (Thompson, 1957) of biotite compositions 
(projected from muscovite) from the MCSZ. The two high-Mg 
compositions are from sample SD-89-299, which contains 
cordierite and abundant magnetite. 
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addition, these cordierites are extensively pinitized; 

chlorite present in pinite may have been analysed, causing 

the observed low totals. However, an examination of the 

stoichiometry of these analyses indicates that there is a 

deficiency in the M site; the reason for this is not known. 

Figure 4-16 is an AFM diagram of cordierite compositions and 

representative cordierite analyses are listed in Table 4-6. 

4.7.6 Other Phases 

Muscovite was analysed in fifteen samples from the 

andalusite-biotite-muscovite and sillimanite-biotite

muscovite zones (Table 4-7 lists some representative 

muscovite analyses). In all cases, larger grains were 

analysed and not the fine grained muscovite occurring in the 

matrix. All of the muscovite& analysed contained 10 to 20 \ 

paragonite component (- 1 wt. % Na20) with no measurable 

margarite component (Figure 4-17a). Octahedral and 

tetrahedral aluminum are typically present in a 2:1 ratio 

(Table 4-7), indicating that phengite contents are low. 

However, minor Mq and Fe are present and substitute for 

Alv1• In addition, Si content varies from 2.99 mol % to 

3.30 mol% (averaging 3.09 mol%), indicating that minor 

phenqite substitution has occurred in these muscovites. 

Figure 4-17b shows an inverse correlation between 

(Fe+Mq+Mn+Ti+Si) and AlN+Alv1), which also indicates 

phenqite substitution. However, this substitution is not 



f ~\" 

---,--,--.--,-~ 
llll 112 0.4 ().(, U.M 1.0 

0.45 

0.25 

M/1'+\1 

I 

+ +-++ 
+ 

125 

M/F+M 0.90 

Figure 4-16. AFM plot (Thompson, 1957) of cordierite compositions. 
The three magnesium-rich compositions are from sample 
SD-89-299, which contains abundant magnetite. 
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Tab~e 4-6 
Representative analyses of cordieri te 

G-123-80 ~IJ-119-199 
(S-Kf ZOIIl') {A-B-M Zunc) 

Si02 46.80 48.83 48.20 48.42 48.43 4SA3 48.29 4X.S.1 4X.OX 
TiPA 0.00 0.00 O.DI o.os 0.()3 ().()3 0.00 ().(XI ().()() 
AI 33.()9 33.69 33.71 33.17 32.77 32.77 .32.93 _,2.67 32.69 
CrA 0.01 0.()4 0,03 0.00 O.IXJ 0.00 ().(XI 0.02 0.()1 
FcO 9.52 9.89 9.61 10.07 9.KO 9.XO 5.23 5.19 5.47 
MnO 0.60 0.54 0.58 0.48 0.59 0.59 0. 76 O.K3 0.70 
MgO 7.33 7.22 7.33 6.64 6.92 (1.92 7.70 X.OI 7.79 
CaO 0.00 0.00 0.02 0.00 0.()1 0.01 0.00 O.IXl O.!Xl N* 0.31 0.32 0.25 0.17 0.36 0.36 1.31J 1.29 1.36 
K. 0.00 0.00 O.DI 0.00 0.00 0.01 O.Oo O.<Xl (}.()2 
Total 99.46 100.53 99.77 99.()4 99.69 99.69 96.37 %54 96.13 

number vf cutions on the basis of 18 uxyf.:t'ns 

Si 4.99 4.96 4.94 5.00 S.(XJ 5.00 5.03 5.05 5.03 
Ti 0.00 0.00 0.00 0.00 O.IXJ O.IXl 0.00 0.00 O.IXl 
AI 4.00 4.()4 4.07 4.03 3.99 3.99 4.05 4.01 4.03 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.82 0.84 0.82 0.87 0.85 0.85 0.46 0.45 0.4K 
Mn 0.05 0.05 0.05 0.()4 o.os 0.05 0,07 0.()7 0.06 
Mg 1.12 I. ()I) 1.12 1.02 1.07 1.07 1.20 1.24 1.21 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.!Xl 0.00 
Na 0.(16 0.06 0.05 0.()3 0,07 0.07 0.2K 0.26 0.2K 
K O.IXJ 0.00 OJ)O 0.00 O.IXJ o.m 1).() I O.IX! 0.00 
Total 11.04 11.05 11.05 11.00 11.03 11.03 II.O'J II.OX 11.()1) 

A 50.81 51.06 51.15 51.63 5).()7 51.07 54.90 54.19 54.30 
F 0.42 0.43 0.42 0.46 0.44 0.44 0.2X 0.27 0.2K 
M O.Sii 0.57 0.58 0.54 0.56 0.56 0.72 0.73 0.72 

rMg+Fc+Mn 1.99 1.98 1.99 1.93 1.97 1.97 1.73 1.76 1.75 
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Table 4-7 
Representative analyses of muscovite 

SJJ-89-184 SD-89-329 SD-89-353 SD-89-364 
(S·B·M Zone) (S-B-M Zone) (A·B-M Zone) (S-B-M Zone) 

Si02 46.81 47.86 48.25 47.81 48.25 47.66 47.34 47.76 
TiO 0.61 0.52 0.50 0.50 0.28 0.22 0.67 0.82 
Alf~ 35.61 35.!!1 35.70 35.72 37.08 36.23 36.10 35.94 
Crtp 0.00 0.()1 0.00 0.04 0.00 0.00 0.00 0.00 
Fe 1.65 1.45 1.41 1.45 0.80 1.08 0.81 0.95 
MnO 0.00 O.CX> 0.00 0.00 o.oa 0.00 0.00 0.00 
MgO 0.45 0.53 0.60 0.59 0.38 0.64 0.42 0.55 
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Nacf 0.75 0.!!6 0.80 0.82 1.23 0.95 0.76 0.79 
Kz !1.79 8.77 8.70 8.53 8.31 7.59 8.42 8.12 
Total 94.67 95.!!1 95.96 95.46 96.33 94.37 94.58 94.93 

number of cations on I lie basis o/22 oxygens 

Si 6.21 ll.26 6.29 6.26 6.24 6.27 6.24 6.26 
Ti 0.06 0.05 0.05 0.05 O.o3 0,02 0.07 0.08 
AI 5.57 5.52 5.49 5.52 5.65 5.62 5.61 5.55 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.18 0.16 0.15 0.16 0.09 0.12 0.09 0.10 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.09 0.10 0.12 0.12 0,07 0.13 0.08 0.11 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na 0.19 0.22 0.20 0.21 0.31 0.24 0.19 0.20 
K 1.49 1.46 1.45 1.43 1.37 1.27 1.42 1.36 
Total 13.79 13.77 13.74 13.74 13.75 13.66 13.70 13.66 

AI IV 1.79 1.74 1.71 1.74 1.74 1.73 1.76 1.74 AI VI 3.78 3.78 3.78 3.78 3.91 3.89 3.85 3.81 
Fc+Mg+Mn+ Ti 0.33 0.31 0.32 0.32 0.19 0.27 0.24 0.29 

K/K+Nu+Ca 0.!!9 0.87 0.88 0.87 0.82 0.84 0.88 0.87 
Na/K+Na+Ca 0.11 0.13 0.12 0.13 0.18 0.16 0.12 0.13 
Ca/K+Na+Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

AllY+ A lVI 5.57 5.52 5.49 5.52 5.65 5.62 5.61 5.55 
Fc+Mg+Mn+ Ti+Si 6.5-t 6.57 6.61 6.58 6.43 6.54 6.48 6.55 



a) 

MUS 

b) 

U5 
+ 

I= 
+ c: 
~ 
+ 
Ol 
~ 
+ 
Q) 
u. 

7.00 

127 
0 

r

/ .. 11111111Ut 
MUS PAR 

PAR = Paragonite Na2AI 4 (A~~~0.!0)(0Hk 
MAR= Margarite Ca2AI 4 (A14SiA0 )(0H)

2 
MUS = Muscovite K2A1 4 (AI~io020)(0H)2 

0 
I 

+ andalusite-biotite-m~.~scovite zone 

A sillimanite·biotite-muscovite zone 

o zone ot part1al molting 

6.00 -+---------.------------. 
5.20 

6.20 
AIIV +AI VI 
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oirectly related to temperature and pressure as there in no 

correlation between amount of substitution and metamorphic 

grade (Figure 4-17b). Other factors (i.e. activities of 

solid components) must have accounted for the degree of 

substitution. For example, the activities of certain 

components are undefined in some samples; Al203 would be 

maximized in muscovite& coexisting with an aluminosilicate 

phase, but an aluminosilicate phase is not present in the 

mineral assemblage of some samples. Also, if a Ti-bearing 

phase such as ilmenite were absent from the mineral 

assemblage, the activity of Ti would be undefined, which 

would affect its concentration in muscovite at any given T. 

staurolite was analysed in six samples from the 

andalusite-biotite-muscovite zone. In nineteen analyses, it 

shows a restricted range in Fe/Fe+Mg ratio (0.81-0.91, 

averaging 0.88), although there is some variation in 

aluminum content (Figure 4-18); this variation may be due to 

Fe3+ substituting for Al. This is unlikely, however, since 

Al is in excess (> 9 cations PFU) and the metal cations are 

depleted. This implies that either Al substitutes for Si 

(Si is slightly depleted), Al substitutes for the metal ions 

(Fe, Mg, Mn, Zn), or both. The analyses show that 

staurolite contains less than 2 wt. % ZnO (average of 0.78 

%). No analyses were performed for lithium, but the wt% 

totals of - 97.5 suggest that it is not a significant 

component. 
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Andalusite analyses indicate the presence of minor 

iron (< 0.2 wt.,), which according to Deer et a1. (1966) is 

likely to be ferric. Table 4-8 shows some representative 

analyses of staurolite and andalusite. 

4.7.7 Coexisting Phases 

Results of probe analyses from coexisting garnet

biotite, garnet-biotite-staurolite and garnet-biotite

cordierite assemblages are plotted on AFM diagrams in 

Figures 4-19 and 4-20. Biotite-garnet pairs (Figure 4-19) 

display a restricted range in composition with respect to 

the AFM components. However, biotites tend to increase 

slightly in Fe-content with increasing metamorphic grade 

(Figure 4-19b and c). This pattern changes at the 

sillimanite-K feldspar reaction isograd where biotite is 

slightly more Mg-rich (Figure 4-20b). This increase in Mg 

content should be expected since the rocks in this area 

contain abundant cordierite. 

The majority of tie lines shown on Figures 4-19 

and 4-20 are approximately parallel implying that, at least 

in the samples analysed, the minerals were in equilibrium 

when they formed. 
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Table 4-8 
Representative analyses of staurolite and andalusite 

staurolite am/a/usill' 
SJJ-89-097 A SD-89-353 SJJ-89-J.U S/ J.II9-J6.J 

(S-B-1\1 Zone) (A-8-M Zone) (A-U-M Zunt:) (S-R-1\1 Zun~·) 
Si02 27.33 27.37 26.98 2(,.75 SiDz 35.72 35.W 35.94 
Ti~ 0.54 0.54 0.47 0.45 TiO, O.<Xl 0.00 0.00 
AI 55.60 55.51 55.06 56.09 AIJ\ 63.l>O 63.41 64.01 
CrA 0.00 0.00 0.00 0.00 Crp, O.ot 0.00 0.00 
FcO 12.14 12.06 13.8'J I i . .\7 FcO 0.19 0.16 0.20 MnO 0.46 0.46 0.23 0.26 MnO 0.00 0.00 0.00 
MgO 0.68 0.78 1.06 0.78 MgO 0.~ 0.02 0.03 
CaO 0.00 0.00 O.Go 0.00 CaO 0.00 0.00 0.00 

~~ 0.(•.! 0.02 0.00 0.00 Nat 0.02 0.01 0.00 
0.00 0.00 0.00 0.00 K2 O.ot O.(XJ (J.O I 

ZnO 0.54 0.62 0.17 0.28 Total 99.89 99.54 100.19 
Total 97.32 97.36 97.78 97.97 

number of cations on tlze basis of 24 oxygens 
number uf mtiuns un the btuis of 5 uxy~:en.1· 

Si 0.97 0.98 0.97 
Si 3.96 3.96 3.91 3.86 Ti O.<KJ 0.00 O.lKJ 
Ti 0.06 ().()6 0.05 0.05 AI 2.04 2.0J 2.!14 
AI 9.49 9.47 9.41 9.55 Cr 0.00 0.00 O.<XJ 
Cr O.<K> 0.00 0.00 0.00 Fe O.(XJ* O.!XJ• O.(XJ • 
Fe 1.47 1.46 1.67 1.62 Mn 0.00 0.00 0.00 
Mn 0.06 ().()6 0.()3 ().()] Mg 0.00" o.oo• 0.00. 
Mg 0.15 0.17 0.23 0.17 Cu ().(X) 0.00 0.00 
Ca ().(X) 0.00 0.00 0.00 Na 0.00 0.00 0.00 
Na ().()) O.ot 0.00 0.00 K 0.00 ().()0 0.00 
K 0.00 0.00 0.00 0.00 Total 3.01 3.01 1.01 
Zn 0.06 0.()7 0.02 0.03 
Total 15.24 15.25 15.33 15.31 • AvcrJgc of nirll! analyses shows that 

:mdalusitc contains minor amounts of A 74.59 74.42 71.21 72.MI Fe (0.0043) and Mg (0.0013) cations. 
F 0.91 0.90 0.88 0.91 
M O.()l) 0.10 0.12 O.o9 

l:,Mg+Fc+Mn 1.68 1.69 1.93 U~2 
l:,Mg+Fc+Mn+Zn 1.74 1.76 1.95 1.85 
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zone). 



5.1 Introduction 

CHAPTER 5 

QUANTXTATIVE ESTXMATXON OF 
PRESSURE AND TEMPERATURE 

One of the objectives of this study is to estimate 

quantitatively the metamorphic pressure and temperature 

conditions within the MCSZ from compositions of coexisting 

minerals in selected samples. These P-T estimates are 

derived from experimentally calibrated geothermobarometr ic 

expressions. This chapter includes a description of the 

methodology used in the thermobarometric calculations along 

with the P-T results obtained from those calculations. 

Temperatures and pressures are listed in the text. Where 

zoning is present, the P-T vectors (Mengel and Rivers, 1989) 

have been determined, which represent sections of the P-T-t 

path for individual samples. In addition, in one sample 

with favourable mineralogy, an estimate of aH
2
0 is 

determined from which the local mole fraction of water in 

the fluid phase can be estimated (with certain assumptions; 

see Section 5. 5) . 

5. 2 Methodoloqy 

5.2.1 Geothermometry 

Temperature estimates have been determined from 

selected samples within the MCSZ on the basis of Fe-Mg 

135 
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exchange between coexisting garnet-biotite and garnet

cordierite pairs utilizing the thermometers of Ferry and 

Spear (1978; with corrections by Hodges and Spear, 1992) for 

garnet-biotite and Perchuk et al. (1985) for garnet-

cordierite. 

The assemblage garnet-biotite is stable throughout 

the andalusite-biotite-muscovite and sillimanite-biotite-

muscovite zones. In addition, sample G-123-80 from the 

sillimanite··K feldspar zone (just below or concurrent with 

the beginning of melting) contains the equilibrium 

assemblage garnet-biotite-cordierite-sillimanite

plagioclase-K feldspar. These assemblages allow for the 

comparison of the two mineralogical thermometers. 

The garnet-biotite thermometer of Ferry and Spear 

(1978) is based on the partitioning of Fe and Mg between the 

two phases. The cation exchange reaction is: 

Fe3Al 2Si30 12 + KMg,AlSi30 10 (0Hh = 
Almandine Phlogopite 

Mg1Al 2Si30 12 + KFe1ALSi 1010 (0Hb 
Pyrope Annite 

Ferry and Spear (1978) conducted experiments on synthetic 

garnet and biotite, but the method is considered to be 

applicable to natural assemblages with compositions in the 

interval 0.80 > Fe/(Fe + Mg) < 1.00 in which Mg and Fe in 

garnet and biotite are inferred to mix ideally. However, 

they also ,mggested that caution be used when applying their 
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results to systems that contain appreciable amounts of Ca, 

Mn or Ti. The analyses in the present study indicate that 

titanium is low in biotite (average of 124 analyses, Ti02 = 
2.05 wt %), calcium is negligible in garnet, but the garnets 

contain a high proportion of manganese ex~ = 0.20 or 

greater). 

In order to extend the useful compositional range 

of the geothermometer, Hodges and Spear (1982) included 

formulations for mixing models in the solid phases in a 

revised version of the geothermometer. They suggested that 

Fe-Mg mixing in garnet is non-ideal (Appendix C1), but that 

Fe-Mn solutions mix approximately ideally. They accounted 

for the non-ideality in garnet solid solutions by 

introducing the non-ideal activity-composition relations 

(activity coefficients) into the equilibrium constant 

expression. However, the differences in temperature 

utilizing their revised model are minimal (less than 10 °C) 

when compared to the accuracy of the thermometer (± 50 °C) 

for the compositions used in this study. Nevertheless, in 

this study, the model of Ferry and Spear (1978) with Hodges 

and Spear (1982) corrections for non-ideal mixing is 

followed. 

Coexisting garnet and biotite were analyzed in 

nineteen samples. In each sample, matrix biotite as well as 

biotite near garnet was analyzed, and probe traverses were 

done across garnets to determine whether or not they were 
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zoned. The computer program PTCALC (written by F. Mengel, 

Memorial University), into which the Ferry and Spear (1979) 

and Hodges and Spear (1992) calibrations are programmed, was 

used to calculate temperatures of formation for selected 

analyses, combining garnet cores with matrix biotites and 

garnet rims with adjacent biotites. An assumption is made 

that all garnets analyzed are true cross-sections (through 

the core) and that matrix biotites are separate from any 

garnets (at least in the plane of the thin section). If the 

garnet sections are not through the core, the measured 

zoning profile will exhibit a less extreme compositional 

range than the real profile and thus the results will tend 

to understate the range of temperature. 

The garnet-cordierite thermometer is also based on 

the exchange of Fe and Mg between the phases. The exchange 

reaction (from Perchuk et al., 1995) is: 

1/3M9JA12Si30 12 + 1/2Fe2Al4Si,01M = 
Pyrope Fe-cordierite 

l/3Fe3Al 2Si 40 12 + l/2Mg2Al4 Si~0 1 " 
Almandine Mg-cordierite 

Mixing of Fe and Mg is assumed to be ideal in both phases, 

at the metamorphic grades in this study. However, this 

assumption may not hold true at higher temperatures. In a 

recent paper by Bhattacharya et al. (1998), data were 

presented from granulite facies rocks which indicate that 

Fe-Mg mixing in cordierite is approximated by a symmetric 
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regular solution in the temperature range of 620-860 °C. 

They showed that Fe-Mg substitution displays positive 

deviation from ideality at these temperatures. 

5.2.2 Geobarometry 

Pressure estimates have been determined from 

appropriate assemblages using the garnet-plagioclase-Al2Si05-

quartz geobarometer of Newton and Haselton (1981) and the 

garnet-cordierite-sillimanite-quartz geobarometer of Perchuk 

etal. (1985). 

The calibration of the plagioclase-garnet-Al2Si05-

quartz barometer (Newton and Haselton, 1981) is based on the 

volume change of the reaction: 

3CaAl2Si20 8 
Anorthite 

= Ca~l2Si1012 
Grossular 

+ 2Al2Si05 + 
Al-silicate 

Si02 
Quartz 

as ca-plagioclase breaks down and the Ca is partitioned into 

the garnet. 

The garnet-cordierite-sillimanite-quartz 

geobarometer (Perchuk et al., 1985) utilizes the volume 

change of the reaction: 

1/2Mg~l4Si 50 18 
Mg-cordierite 

= 1/3M9JA12Si30 12 + 2/3Al2Si05 + 5f6Si02 
Pyrope Sillimanite Quartz 

as Mg-garnet (pyrope) breaks down and the Mg is partitioned 

into the cordierite (Appendix C2) • 

Analytical results were entered into PTCALC for 

the first barometer; pressures from the second geobarometer 
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were calculated manually. For the garnet-plagioclase

sillimanite-quartz geobarometer, a pair of curves was 

generated for zoned samples by combining garnet and 

plagioclase core analyses and then utilizing rim analyses 

from the same pairs. In all samples containing an 

aluminosilicate phase, sillimanite was the species present. 

For each assemblage, a family of temperature

dependent curves was developed by solving the thermodynamic 

expressions for the appropriate thermometer over a pressure 

range of 0-10 kilobars. Similarly, pressure-dependent 

curves were generated by solving the appropriate barometric 

expressions over a temperature range of 0-1000 °C 

{subsequently reduced to 450-750 °C since the temperature

dependent curves fall within this range over the specified 

pressure range). 

Assuming that the barometer and thermometer closed 

at the same time and under the same P-T conditions, we can 

combine the temperature- and pressure-dependent curves from 

the same sample, and define a unique P-T point. Where zoned 

minerals are used in the calculations, curves for core and 

rim compositions are plotted, resulting in the definition of 

a P-T vector {i.e. a line joining P-T estimates of core and 

rim in samples with zoned phases; Mengel and Rivers, 1989). 

P-T vectors can outline part of the P-T path followed during 

subsequent erosion and uplift (Mengel and Rivers, 1989; 

Hodges a:~ Royden, 1984; Royden and Hodges, 1984). However, 
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if the assumptions about closure conditions were incorrect, 

and the thermometer continued to re-equilibrate after the 

barometer closed, spurious P-T paths would result (i.e. 

Selverstone and Chamberlain, 1990). 

5.3 Results of Geotbermobaroaetry 

5.3.1 Geothermometry Results 

Some of the temperature-dependent curves resulting 

from the garnet-biotite thermometer are plotted on P-T 

diagrams (Figures 5-1 and 5-2) and listed in Table 5-l. The 

majority of the results plot within the 550-700 °C 

temperature range, over a pressure change of 0-10 kilobars. 

However, some curves from selected samples showed a wide 

variation in temperature (in one case, more than 300 °C). 

These curves were omitted from further calculations on the 

basis that the minerals used in the calculations are in 

textural disequilibrium (garnet not stable with biotite). 

The most striking feature of the temperature

dependent curves shown in Figures 5-l and 5-2 is that most 

of the estimated rim temperatures indicate closure 

temperatures of about 575 °C (±25 °C) for the thermometers 

(at a pressure of- 3 kbar). Al~o, core temperatures are 

approximately constant at about 610 °C (±15 °C). There 

appears to be no difference between metamorphic zones. A 

notable exception to this is sample G-133-80 from the zone 

of partial melting. Temperature-dependent curves in this 
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Figure S-2. Represer.tative temperature-dependent curves from samples from 
th,!: a) sillimanite-biotite-muscovite zone; b) sillimanite-
K feld:~p.:~r zone; and c) thE zone of partial melting. Those 
pn)f h:ed F and G collected by S .P. Colman-Sadd. 
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Table 5·1. Results of Garnet-Biotite Thermometry 

T1 =Ferry & Spear (1978); T2 =Ferry and Spear (1978) with corrections by 
Hodges & Spear (1982) 

rim = garnet rim with adjacent biotite; core = garnet core with matrix biotite 
Temperatures in ''C 

F-123-79 (ZM) G-16360 (A) 
nm1 nm2 co:e1 core2 nm1 nm2 core1 COr412 

P (Koar) T1 T2 T1 T2 T1 T2 T1 12 P (Kbur) T1 12 11 12 T1 12 11 12 
2 749 760 571 582 753 763 577 587 2 tiOti 615 607 618 594 610 588 005 
4 758 769 579 589 "162 772 585 595 4 614 623 615 626 601 618 595 612 
6 768 778 586 597 771 782 592 603 6 622 li31 623 634 609 626 603 ti20 
8 777 788 594 604 780 791 600 610 8 630 639 631 642 617 634 611 628 
10 786 797 602 612 790 800 608 618 10 636 647 639 650 625 ti42 619 ti35 

G-133·80 (ZM) 50·89-103 (A) 
nm1 nm2 core1 core2 nm1 rom2 amt1 core2 

P (Kbar) T1 T2 T1 T2 T1 T2 T1 T2 P(Kbar) T1 T2 T1 12 T1 12 11 T2 
2 590 603 630 643 693 706 667 679 2 601 614 552 5ti2 619 634 598 612 
4 598 610 638 651 701 714 675 688 4 609 622 560 570 627 642 tiOti 620 
6 606 618 646 659 710 723 684 696 6 617 630 567 577 636 650 614 628 
8 614 626 tl55 667 719 732 692 704 6 625 637 575 584 644 658 622 636 
10 621 634 663 616 728 740 701 713 10 633 645 582 592 li52 666 630 644 

SD-89-312 (S) G-15880 (A) 
rim1 rlm2 core1 core2 nm1 rom2 corv1 core2 

P (Koar) T1 T2 T1 T2 T1 T2 T1 T2 P (Kbar) T1 12 T1 T2 T1 T2 T1 T2 
2 565 575 535 544 587 598 595 604 2 596 613 588 605 009 627 601 620 
4 573 582 543 551 595 605 603 612 4 604 621 596 613 617 835 609 628 
6 580 590 550 558 602 613 610 619 6 612 629 604 621 625 643 617 636 
8 588 597 557 565 610 621 618 627 8 619 637 612 6211 633 651 625 643 
10 596 605 565 573 618 628 626 635 10 627 644 620 636 641 659 633 651 

S0-89-329 (S) S0-89-353 (A) 
rim1 rorn2 core1 core2 mn1 nm2 coral core2 

P (kbar) T1 T2 T1 T2 T1 T2 T1 12 P(Kbar) T1 T2 T1 T2 11 T2 T1 12 
2 593 597 622 632 598 607 624 634 2 589 607 579 598 513 531 498 516 
4 601 605 631 640 606 615 633 642 4 500 615 587 606 520 538 505 523 
6 609 613 639 6~8 614 623 641 650 6 o04 623 595 613 527 545 512 530 
8 616 620 647 656 •>22 631 649 658 8 612 li30 602 ti21 534 552 519 537 
10 624 628 655 664 630 638 657 667 10 620 638 610 628 541 559 526 544 

SD 89-097a (A·S) SD-89 046a (A) G·11880(A) 
nm1 wn2 core1 core2 rom1 COrt!l nm1 coral 

P (Kbar) T1 T2 T1 T2 T1 T2 T1 12 P(Kbar) T1 T2 T1 T2 T1 T2 I 1 T2 
2 666 686 501 511 615 635 597 612 2 562 571 552 571 St;o 569 500 613 
4 674 695 508 518 623 643 605 620 4 569 579 559 578 567 517 604 621 
6 683 703 515 525 631 651 613 628 6 577 586 567 585 575 584 612 629 
8 691 712 522 532 640 659 621 636 8 584 594 574 593 582 592 620 637 
10 700 720 529 539 648 667 629 644 10 592 602 562 600 590 599 628 644 

S0-89-364 (A·S) SD-8!1302 (A) 
rim1 core1 rlill1 cor.,, 

P(Kbar) T1 T2 T1 T2 P (Kbar) 11 T2 T1 12 
2 602 620 615 634 2 596 616 561 580 
4 609 628 623 642 4 604 623 we 588 
6 617 636 ~32 650 6 612 631 576 595 
8 625 644 640 658 8 620 639 583 603 
10 633 652 648 606 10 628 647 591 610 

S0-89-397 (A) 
rimt rim2 core1 core2 

P (Kbar) T1 T2 T1 T2 T1 T2 T1 T2 
2 561 568 548 553 576 586 573 581 
4 568 576 554 561 583 594 580 588 
6 576 583 561 568 591 601 588 596 
8 583 591 568 5l5 599 609 596 603 
10 591 598 576 583 606 617 603 611 
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sample indicate closure temperatures at about 650 °C. 

Garnets in this sample also record some of the highest core 

temperatures in this study (* 700 °C) and have the most Fe

rich compositions (greater than 80% almandine component). 

The reason for this difference is not readily apparent. 

However, local factors (i.e. strain, activity of solid and 

fluid phases) may have influenced the closure temperature. 

Also, aH
2
0 may have been very low, as all H20 previously in 

equilibrium with solid phases may have been incorporated 

into the melt phase. Low aH
2
0 would be compatible with slow 

transport of elements between phases (presumably by 

diffusion) . 

The majority of the results indicates decreasing 

temperature following peak metamorphic conditions (i.e. 

garnet rims are lower T than garnet cores). However, three 

of the fifteen samples plotted (G-163-80, SD-89-353 and sn-

89-302) from the andalusite-biotite-muscovite zone show rim 

temperatures higher than core temperatures. A possible 

explanation for this is that these garnets never reached a 

high enough temperature to cause homogenization. Garnets 

from the first two samples display prograde (or growth) 

zoning; garnets in SD-89-353 are idioblastic and show no 

evidence of resorption. The cores, therefo~e, would 

preserve temperatures at the time of formation, not peak 

metamorphic conditions (i.e. peak temperature) as with 

homogenized and retrograde zoned garnets. As temperature 
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increased, garnet would continue to grow, and the rims would 

preserve these elevated temperatures. Sample SD-89-302 

shows evidence of retrograde metamorphism (biotite altering 

to chlorite). Elevated rim temperatures may be due tore

equilibration with chlorite, which occurs approximately 2 mm 

from the garnet. 

One sample in this study contains g~rnet, biotite 

and cordierite (sample G-123-80). Temperature estimates 

using the garnet-biotite and garnet-cordierite 

geothermometers yield nearly identical results with a 

limited temperature range of< 25 oc (Figure 5-Ja). 

5.3.2 Geobarometry Results 

Calculated pressure-dependent curves have been 

plotted on Figure 5-3b and Figure 5-4 and representative 

pressure estimates are listed in Table 5-2. The slope ~f 

the garnet-cordierite-quartz-sillimanite reaction (Figure 5-

3b; dP/dT = 0.4 barsf°C) is much lower than that of the 

garnet-plagioclase-sillimanite-quartz reaction (dP/dT = 12.2 

bars/°C). The estimated pres~ure-dependent curves for the 

former reaction are nearly isobaric at - 3 kbar between 500 

and 700 °C; those of the latter reaction vary from - 0.5 to 

- 3 kbar in the same temperature range. This difference in 

pressure between the two reactions is approximately 1.5 kbar 

at the calculated temperatures in sample G-123-80; the 

latter pressure is lower than the majority of the calculated 

pressures from the other samples (Figure 5-4). 
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G-123-80 
a- garnet core/matrix biotite 
b- garnet rim/biotite ncar 
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500 700 

Figure 5-3. Tempera~ut.::-dependent and pressure-dli;lpendent curves from 
Sdtnple G-123-80 f~:om th.o> sillirr.anite-K feldspar reaction isograd. 
Dashe,l l in~'s an; g3 t·n.:t -co t·dier i te-biot ite-si lliman i te-qua rt z 
asserrJ.•la<J(!S, solid lines are garr.et-biotite-plagioclase-sillimanite
"-1~l,·lrt ~ (l!.L5t!Oi'ld~0S. 
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Table 5-2. Results of Garnet-Sillimanite
Plagioclase- Quartz Barometry 

Newton and Haselton, 1981 
rim '"garnet rim/plagioclase rim; core =- garnet coretplagioclase core 

Pressure in kilobars 

F-123-79 (ZM) 
core1 rim1 rim2 core2 rim3 core3 

T (''C) p p p p p p 
200 -4 1 -4.1 ·4.4 ·4.4 -4.3 -4.3 
400 -0.8 -0.8 ·1.0 -1.1 -1.0 -1., 
600 2.5 2.6 2.3 2.3 2.4 2.2 
800 5.8 6.0 5.6 5.6 5.7 5.5 
1000 9.1 9.4 8.9 8.9 9.1 8.7 

G-133-80 (ZM) 
rim1 rim2 rim3 core1 core2 core3 

T ('C) p p p p p p 
200 -42 -4.1 -4.1 -4.0 -4.2 -4.1 
400 -1.0 -0.9 ·0.9 -0.7 ·1.0 -0.9 
600 2.2 2.3 2.4 2.5 2.2 2.3 
800 5.4 5.5 5.6 5.8 5.4 5.5 
1000 8.6 6.7 8.9 9.0 8.6 8.7 

SD-89·312 (S) 
rirn1 rim2 core1 core2 

T ('·"C) p p p p 
200 -3.8 -4.9 -4.1 ·4.2 
400 -0.2 -1.8 -0.6 -0.8 
600 3.4 1.3 2.9 2.7 
800 7.0 4.5 6.4 6.1 
1000 10.6 7.6 9.8 9.6 

SD-89-184 (S) SD-89-127 (2M) 
rim core core rim 

T (C) p p p p 
200 -3.9 -3.6 -3.9 -3.8 
400 -0.3 0.0 -0.4 -0.1 
600 33 3.6 3.1 3.5 
800 6.9 7.2 6.6 7.2 
1000 10.5 10.7 10.2 10.9 
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The pressures estimates determined using the 

latter reaction are interpreted to be erroneous, possibly 

due to disequilibrium (garnet not in equilibrium with 

plagioclase). P-T estimates from the reactions suggest thdt 

this sample occurs at approximately 3 kbar and ~75 oc (usinq 

the reaction data of Holdaway, 1971, and Ashworth and 

Chinner, 1978). These estimates are also corroborated by 

probe data of cordierite and garnet from this sample; 

Aranovich and Podlesskii (1983) calculated isopleths at 

Mg/(Mg + Fe) for coexisting garnet and cordierite 

compositions. Average compositions from probe data ot 

garnet and cordierite from sample G-123-80 (Appendix B) 

indicate that x~~mcl = 0.10 and x~~~Jonll,, = 0. 56, suggestinq a 

pressure and temperature of - 3 kbar and 570 oc (see 

Aranovich and Podlesskii, 1983, Figure 10). Therefore, in 

the case of this sample, the barometer of Perchuk et al. 

(1985) is used. 

Figure 5-4 shows representative pressure-dependent 

curves calculated for other samples in the MCSZ. The 

majority of curves plots within a pressure range of < 2 

kilobars; within each sample, however, the range is 

restricted to less than 0.5 kilobars. Within ~oned 

minerals, the analyses show both core to rim decreases and 

increases in pressure, although both are small. 
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5.4 Pr•••ure-T .. perature-tiae (P-T-t) Path 

By combining the temperature- and pressure

dependent curves from the geothermometers and geobarometers 

for individual zoned grains, P-T vectors can be plotted. In 

all cases, garnet cores yielded higher temperature than 

rims, and the majority also indicate a slightly higher 

pressure (two vectors have negative slope). Figure 5-5 

shows the resulting P-T vectors. In most cases, vectors 

from individual samples are nearly isobaric and imply 

cooling of 25-40 °C (Figure 5-5). Although the pressure and 

temperature differences implied by the vectors are small 

(less than the error of the estimates themselves), the sense 

of temperature displacement is consistent implying that it 

is likely meaningful. From Figure 5-5, it is clear that 

although the samples display similar vector orientations, 

the cores of same mineral pairs record lower P-T conditions 

than the rims of other pairs. Although the P-T vectors are 

of very different orientation, a similar pattern was 

reported for the Torngat orogen in the Saglek area of 

northern Labrador by Mengel and Rivers (1989), who 

interpreted that the closure time of individual pairs of 

grains was a function of temperature, strain and other local 

factors (i.e. variations in a
820

) leading to a concept of 

domainal equilibrium. 

Using the interpretation of Mengel and Rivers 

(1989), these samples define part of the P-T-t path that 
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ranges from 3.5 kilobars and 680 °C to 2.3 kilobars and 560 

°C. These low pressures and high temperatures suggest that 

a very high geothermal gradient of 50-60°C/km was present in 

the MCSZ during metamorphism and that uplift was rather slow 

(no rapid change in pressure with temperature). 

The P-T range as defined above is also equivalent 

to that inferred from analyses of the metamorphic reactions 

that occur in the MCSZ (Figure 4-5). Since all the samples 

used in the calculation of the P-T vectors occur upgrade 

from the sillimanite-biotite-muscovite isograd, then these 

vectors define only the retrograde part of the P-T-t path 

{i.e. the post-peak metamorphic conditions) for the high

grade rocks. 

In addition, the garnets used in the calculations 

showed effects of retrograde zoning. This is consistent 

with interpretations that increasing temperature tends to 

homogenize garnet and ultimately cause retrograde diffusion 

to occur under decreasing temperature (see Section 4.5.2). 

Metamorphic rocks most commonly preserve mineral assemblages 

that occur at, or after, the peak pressure and temperature 

corresponding to the lower half or retrograde part of the P

T-t loop. Therefore, the P-T vectors calculated for the 

MCSZ represent post-peak metamorphic conditions. 

The data in Figure 5-5 are compatible with a 

clockwise P-T-t path, but indicate that th~ P-T-t path 

followed by rocks within the MCSZ was probably quite shallow 
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(in P-T space) in that pressure remained nearly constant as 

temperature dropped following peak metamorphic conditions. 

Nearly isobaric cooling paths have also been reported from 

granulite terranes in the Adirondacks (Bohlen et al., 1985), 

although they are much higher pressure than that observed in 

the SBF. Bohlen et al. (1985) inferred that intrusion of 

magmas and subsequent decay of the high geothermal gradients 

occurred prior to unloading. The nearly isobaric cooling 

path reported for the MCSZ suggests that a similar process 

may apply for the MCSZ, although there is no evidence of 

large-scale magma intrusion. 

s.s Activity of Water 

It is pass ible to estimate aH
1
0 if the P, 1' and 

other variables in a balanced chemical dehydration reaction 

are known. In this study, the activity of water can be 

determined locally within the MCSZ. By definition (Wood and 

Fraser, 1986), the activity of component h in phase i (JJ.1',) 

reflects the difference in the chemical potential of h in 

phase i under given conditions of P,T and composition, 

compared to JJ.h
0 in the standard state (at P0

, 1'11
). If a 

standard ~tate at the P-T of interest is chosen, it reflects 

the difference in thermodynamic concentration (JJ.) of the 

component in the mixed substance and in the pure end member. 

The complete thermodynamic expression used is 

.:1G = ~ - Tj.S + (P-1).1-V + RTlnK, + RTlnfH 0 + RTlna!!~;~ 
l 
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where RTlnf • RTlnP + R1'lnr (r is the fugacity coefficient) 

and RTlna • RTlnX + RTlnl (l is the activity coefficient). 

Assuming ideal mixing between H20 and other (unknown) 

components of fluid phases, l =1 so the latter term is 

reduced to RTlnX. RTlnK, is the equilibrium constant tor 

the solid phases; it involves an X and l term for each solid 

phase. If an assumption of ideal mixing is made, the l 

terms again drop out leaving terms for mole fractions of 

components in the solid phases. 

Sample G-123-80 contains the assemblage garnet

biotite-muscovite-sillimanite-cordierite-quartz which are 

interpreted to be in equilibrium. The presence of 

coexisting sillimanite and K feldspar with quartz and 

muscovite in sample G-123-80 indicates that the upper 

stability of muscovite and quartz has been reached, but not 

surpassed, and the reaction (univariant in the KASH system) 

muscovite + quartz = K feldspar + sillimanite + H20 

has not gone to completion. The presence of sillimanite 

indicates that the sample lies within the sillimanite field 

on the aluminosilicate phase diagram. 

Firstly, the position of this reaction boundary 

was calculated for x
820 

= 1, assuming that all solid phases 

are pure. However, the P and T of formation of this sample 

have been independently calculated using the garnet-biotite 

thermometer and the garnet-cordierite-sillimanite-quartz 
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barometer. By utilizing the independent estimates of 

pressure and temperature from sample G-123-80, the XHO for 
l 

the assemblage in that sample can be determined. Assuming 

that the minerals are in equilibrium at the same temperature 

and pressure as that calculated for the sample (from 

thermometry and barometry), then the muscovite+ quartz 

breakdown reaction boundary must pass through the same 

point. Substituting these values of P and T into the 

expression for ~G allows the equation to be solved for anp· 

Powell (1978) showed how the position of the 

muscovite + quartz reaction boundary changes in P-T space as 

a result of changes in XH
2
0 (Figure 5-6). Figure 5-6 only 

applies to assemblages containing pure muscovite 

assemblages, however, muscovite may contain paragonite 

solution, and alkali feldspar can contain albite and 

anorthite in solid solution. This would have the effect of 

lowering the temperature, at a particular pressure and XH
10

, 

thus moving the reaction boundaries to the left (Powell, 

1978). Although no analyses of muscovite were carried out 

on G-123-80, a reasonable estimate can be made by comparison 

with other muscovites analyzed from the sillimanite-biotite-

muscovite zone and higher grade. From these other analyses 

(n ~ 12), XK in muscovite is estimated at 0.87 ±0.03; XK in 

K feldspar in this sample is 0.80 ±0.08 from an average of 
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Figure 5-6. P-T diagtarn (after Powell, 1978) showing the positions of 
isopleths of X:1 2u (= a.t,ol for the MU + Q = KF + ALS + H2o reaction, 
with the independently estimated P-T location of sample G-123-80 
<*l . Black dashed line is value of ~~0 calculated for garnet rim 
composition; grey dashed line is value of XH

2
o calculated for 

g.unet cor .. · composition. Aluminosilicate triple point is from 
Holdaway (1971). 
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four analyses. As shown in the calculations in Appendix o, 

this has the effect of raising the XH
2
0 slightly, if 

pressure and temperature remain constant. If we assume 

ideal mixing in the fluid, then XH
2
o = aH

2
o· 

From Figure 5-6 and the thermodynamic data of 

Powell (1978), along with the compositional data and 

independent P-T estimates (P = 2.95 kbar; T = 565 °C) of 

this study, the XH
2
0 value is determined at 0.31 (see 

Appendix D). With the assumption of ideal mixing with 

another (unknown) component, aH
20 

also equals 0.31. The P-T 

estimate shown on Figure 5-6 (*) is from a garnet rim and 

adjacent biotite, although little change would occur with a 

garnet core and matrix biotite (increase T by 20°C and P by 

0.1 kbar; grey line on Figure 5-6). Error estimates are 

given in Appendix D. With correlation of errors in P and T, 

the error in estimated aH
2
0 is 0.31~f~ . Since the curves 

are quite steep, the error on the thermometer (±12 °C) has 

more of an effect than the error on the barometer (±1 kbar). 

The low calculated value of XH
2
0 suggests that the 

metamorphic fluid consisted of H20 diluted by one or more 

other components. The most likely component is C02 as 

metamorphic fluids are usually considered to be H20-C02 

mixtures (Powell, 1978). Also, evidence for light (organic) 

carbon has been found in magnesite in the structurally 

overlying Coy Pond Complex that was most likely derived from 

the SBF (A. Timbal, pers. com., 1991). 
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such a low value of XHO from just below the zone 
2 

of partial melting implies that melting did not occur under 

water saturated, minimum melt conditions. Similar low 

values of XH
2
0 have been reported from migmatites in South 

Brittany in France {Triboulet and Audren, 1985). These 

authors found that at low temperatures {550-600°C), XH
2
0 

values were low, but that this value increased with 

increasing temperature. Further work should be undertaken 

to better document the XH
2
0 values throughout the MCSZ. 

Although muscovite-quartz-sillimanite-K feldspar rocks are 

rare, muscovite-quartz-andalusite/sillimanite-plagioclase 

rocks are more widespread, which would allow the use of the 

sodium analogue of the reaction in which the paragonite 

component in muscovite breaks down to albite + 

aluminosilicate, if suitable mixing models were available. 

5.6 Post-Metamorphic Uplift Conditions 

P-T conditions within the SBF are typical of 

andalusite-sillimanite facies series metamorphism 

(Miyashiro, 1961). Maximum pressures recorded within the 

SBF reach only 3.5 kbar at - 700°C. These pressures 

correspond to a depth of -13 km and indicate very high lower 

crustal geothermal gradients of 50-60°C/km. 

The majority of the P-T vectors shown in Figure 5-

5 indicate decompression on the order of 0.5 kilobars 

associat€d with cooling of approximately 50 °C. The nearly 
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isobaric P-T trajectories also indicate that the amount or 

post-peak metamorphic uplift and erosion was very small, or 

was long delayed from the time of the metamorphic event. A 

possible explanation for this is th~t since the rocks were 

not buried to a gr~at depth, isostatic equilibrium was not a 

powerful driving force. 

The Trois Seigneurs Massif of the Hercynian 

Pyrenees is typical of low-pressure metamorphic terranes 

within the Pyrenees. Wickham and Oxburgh (1987) suggested 

that low-pressure metamorphism in the Pyrenees may have been 

associated with rifting and intrusion of mafic material. 

This may explain the high geothermal gradient observed in 

thP. Trois Seigneurs Massif which locally reaches >100 °C/km 

(Wickham and Oxburgh, 1987). High geothermal gradients have 

also been reported from the Basin and Range Province of the 

western U.S. (i.e. Lachenbruch and Sass, 1978). The authors 

suggested that the high geothermal gradients are related to 

crustal extension rather than injection of magma. However, 

as high grade metamorphic rocks typically remove all 

evidence of the prograde metamorphic path (due to re

equilibration), intrusion of magmas into the base of the 

crust and raising the base of the lithosphere during 

thinning would leave similar thermal signatures (Thompson 

and Ridley, 1987). 

In New South Wales, Australia, Flood and Vernon 

(1978) suggested the presence of high geothermal gradients 



161 

associated with the C-Joma Granodiorite, which they inferred 

formed fcom partial melting of the metasedimentary rocks 

that surround it. They further suggested that basaltic 

magma injection was an unlikely cause of the high geothermal 

gradients (since there is no evidence of mafic intrusive 

rocks) or that, if this were a factor, it occurred at a much 

deeper level than that of the Cooma Grancdiori te. 

In contrast, Enqland and Thompson (1984) examined 

P-T-t paths of regionally metamorphosed tectonically 

thickened crust and found that kyanite-sillimanite facies 

series metamorphism will occur in the lower crust as a 

response to crustal thickening by a factor of two or more. 

such metamorphism could cause partial melting and, as the 

melts move upward, remova 1 of heat via thermal convection, 

resulting in lower pressure metamorphism in the upper crust. 

They also stated that andalusite-sillimanite facies 

metamorphism, such as that within the MCSZ, can occur as a 

result of regional granitic intrusion, or could develop from 

kyanite-sillimanite facies metamorphism via rapid uplift or 

tectonic unroofing. However, there is no evidence of 

higher-pressure metamorphic facies in the rocks of the MCSZ. 

Regional plutonism is also unlikely as only isolated 

localities of volumetrically subordinate plutonic rocks (THG 

and related intrusions) occur within the SBF. 

Thompson and Ridley ( 1987) suggested that crustal 

thickening followed by extension can lead to the development 
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of low-pressure metamorphic terrains. Extension would 

result in thinning of the crust and could produce high 

geotherma 1 gradients such as are inferred for low-pressure 

metamorphic terrains. This seems a likely scenario for the 

MCSZ; limited crustal thickening, as a result of thrusting 

and emplacement of the oceanic rocks of the Dunnage Zone on 

to the continental margin sequence of the Gander Zone, was 

followed by crustal extension causing thinning and the 

development of high geothermal gradients. This extension 

must have been pre-peak metamor~hism and followed by post.-

metamorphic cooling to account for the pattern reported 

earlier and to get the high geothermal gradient. However, 

very little field evidence for extension within the MCSZ Wils 

found in this study with the exception of a small amount of 

SBF observed to structurally overlie the CPC (A. Timbal, 

pers. com., 1991) . 

. : ' - . . . . ' ~ . -



CHAPTER 6 

GEOPHYSICS 

6.1 Introduction 

During the summers of 1985 and 1988, two gravity 

surveys were conducted across the Mount Cormack Subzone in 

an attempt to decipher the geology at depth. These two 

survey lines traverse parts of the 20/5 and 12A/8 map areas 

(Figure 6-1). In each survey, gravity measurements were 

carried out at approximately 2. 5 kilometre station 

intervals, and rock samples collected by the Newfoundland 

Department of Mines and Energy were ana lysed for density and 

magnetic susceptibility. Limited work was done on these 

data until the present project was undertaken in the fall of 

1988. 

Geophysical modelling of gravity and aeromagnetic 

data was done by the author using computer programs (both 

commercial and written at Memorial University), and has 

resulted in a model of the subsurface geology beneath the 

Mount Cormack Subzone. This model provides some new 

constraints on the geology at depth. 

6.2 Methodology 

Two gravity surveys were conducted across the 

Mount Cormack Subzone, that in 1985 running east-west, and 
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that in 1988 being orientated approximately northwest

southeast. These two surveys intersect at Mount Cormack, 

just north of the Through Hill Granite (Figure 6-1). 
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The gravity data were collected at approximately 

2.5 kilometre station spacing using a LaCoste and Romberg 

land gravity meter. The survey was tied to elevation and 

gravity control at the Northwest Gander River Bridge, with 

the gravity base tied to the Canadian National Gravity 

Network. These data were subsequently reduced to Bouguer 

anomalies using the 1967 international gravity formula, the 

IGSN71 (Morelli et al., 1971) base system with a crustal 

density of 2.67 g*c•1
• No corrections for Earth tide 

effects or for terrain effects were applied to the 

calculated anomalies. 

Rock samples collected from the Mount Cormack 

Subzone area by S.P. Colman-Sadd and others of the 

Newfoundland Department of Mines and Energy were analysed 

for density and magnetic susceptibility. Table 6-1 shows 

the average densities, density contrasts and magnetic 

susceptibilities for the geological units in the area. 

Density contrast is calculated as the difference between the 

measured density of the samples and a mean crustal density 

of 2.67 g*cm~. These data were used to construct the 

geological model presented here. 

Magnetic profiles along the two survey lines were 

taken from 1:63,360 scale GSC aeromagnetic maps for the 
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Table 6-1 
GRAVITY AND MAGNETIC DATA 

(Standard Deviations given in brackets) 

Rock Type 

Metasedimentary 
rocks (SBF and 
equivalent; n=50) 

Granite (THG, 
PHG and unnamed 
granite; n=23) 

Density 
(g*cm-3 ) 

2.70 
(0.04) 

2.63 
( 0. 05) 

Density 
Contrast 

0.03 
(0.04) 

-0.04 
( 0. 05) 

Coy Pond & Pipestone Pond Ophiolites 

Gabbro (n=10) 2.77 0.10 
(0.09) (0.09) 

Meta-Pyroxenite 
(n=7) 

Meta-Peridotite 
(n=4) 

2.86 
(0.19) 

2.68 
(0.20) 

Baie d 'Espoir Formation 

Volcanic rocks 2. 66 
(n=15) (0.07) 

Sedimentary 
Rocks (n=2) 

2.65 
(0.02) 

0.19 
(0.19) 

0.01 
(0. 20) 

-0.01 
( 0. 07) 

-0.02 
( 0. 02) 

Magnetic 
Susceptibility 

(*10-3 emu) 

0.03 
(0.05) 

0.01 
(0.01) 

1.00 
(2.81) 

3.00 
(2.19) 

4.00 
(1.83) 

0.01 
( 0. 01) 

0.01 
(0.01) 

(Abbreviations used: SBF -> Spruce Brook Formation; THG -> 
Through Hill Granite; PHG -> Partridgeberry Hills Granite; 
n -> number of analyses) 
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Mount Cormack Subzone. The station localities for the two 

surveys lie on or near the respective profile lines. 

Gridded map data were extracted from the GSC digital gridded 

data set for Canada with a grid interval of 200 metres. 

These data were used to examine the magnetic signature of 

the MCSZ and to plot maps that were produced at Memorial 

University by R. Wiseman using the computer program Geosoft. 

Both the gravity and magnetic modelling were 

conducted using two-dimensional modelling packages written 

at Memorial University. The surface geology is from 

1:50,000 scale geologic maps of the 2D/5 (Colrnan-Sadd, 1985) 

and 12A/8 (Swinden, 1981) map areas, as modified in this 

study. Tables 6-2 and 6-3 list the surface geology along 

the 1985 and 1988 survey lines, with the zero points located 

at the western and northwestern extremities, respectively. 

The modelling programs involve calculating the 

gravity and magnetic effects of blocks representing the 

geologic units mapped at the surface, as well as those 

interpreted to exist at depth. Each block was assigned a 

shape based on the inferred geological model, and a specific 

density contrast and magnetic susceptibility according to 

the rock sample analyses. By manipulating the size and 

shape of each block, a close match may be obtained between 

the calculated and observed anomaly. The model obtained is 

consistent with all the available geological and geophysical 

information. 



Table 6-2 

I . ' .u:; 

GEOLOGY ALONG THE 1985 GRAVITY AND MAGNETIC LINE 

DISTANCE 
( frr"'ffi WPSt) 

0.00-1.55 
1. 55-2.70 
2.70-4.35 
4.35-4.60 
4.60-5.35 
5.35-6.25 
6.25-9.10 
9.10-9.80 
9.80-10.7 

12.1-17.8 
17.8-18.4 
19.4-21.3 
21.3-23.0 
23.0-36.4 
36.4-37. 5 
37.5-37.9 
37.9-40.2 
40.2-42.3 
42.3-43.3 
43.3-44.3 
44.3-47.9 
47.8-53.3 

RQ('K TX!'E 
granodiorite (m.g., grey, bio, [XHphyriti-:/<."q~:iqtanuLil) 
P.lvtas.edimei•tary :rocks (Fs,:un:nit<J/pel il~) 
granite (::1egdcrystic, pink, bic, stt·v::-J~Y toll.lteci) 
r:•,nasedi.r::entar·y rocks (psanmit"/pt:} i1 ,_.) 
g~anitc: (sa;r . .::: as <:li.·uve) 
1~10 f i c f...l i .!_ l.::H\' l d v d :3 , m...t s s i \' 8 l.; .).::) d l t , r i. 1 1 "~-...; L' l \j i..: ~~ i d 

gabbto (coarse to r..,.·uium grairu.•.i) 
St-dirr.entary rocks (psamrnit.€!/si lt3t ,,.~r~ .... ·, ;::u::q 1 ~.~tb ... ~t at,~) 
pyro,:enite (coarse to medium gtdliH:•.l) 

pe~idotite (i .g., pyroxer.e ct·y::>L.lls .1. d!::>:;. chrumil<') 
m>'-tasedi:nentary ::·ock::; (psdrrJnit<•lpelitc;) 
granite (pegmatite, gt-r:.our-mu [Tht..Jt.:')h Hill]) 
m~,;tasedi:nentary rocks (~!Sdmmite/peliL<.!) 
granit,; (Througtt Hill) 
rr.;:t as c:d irr.er. t a ry rocks ( ps arr.:ni te I p..:• l i ~. <' l 
han:bt.:rg i te 
sheared serpentinite 
pyroxenite 
gabbro 
trondhjemite 
:nafic oillow lava 
felsic./ interraodiate flows d:.J cry:;L, l I 1 ith ic tut.!:.; 
ccnylomt::rate, sar.<.ist<.-n..,, ::>ilt::>tor•<=, ~.llyLli!..e 

Table 6-3 
GEOLOGY ALONG THE 1988 GRAVITY AND MJ'.GNETIC LINE 

DISTJ\NCE 
!from n.w~s.t.L 

0.00-6.75 
6.75-8.50 
8.50-12.8 
12.8-14.6 
14.6-22.9 
22.9-26.1 
26.1-36.4 
36.4-50.2 
50.2-53.2 
53.2-

M.ClLl'.TI'..E 
:n<:ti!St.<l. rocks (psan~r.ite/p<:lite, r: .• d ic dyk•.;::..>) 
granite (megacrystic, pink, bio, :;t.l .>rtyl y fol ~itt<:d) 
gaLJt:O (coarse to rnedium grair.cd) 
pyroxenite (coarse to ntedluw grain..,d) 
metasedimentary rocks (psa:nmite/p(:liL·~) 
granite (pegmatite, gt-tour-rr.u [Tt.rou<Jh Hill]) 
metasedimentary rocks (psamrnite/pclit•.:) 
gri!nite (Partridgeberry Hills) 
g~bbro 

volcanics 

(Abbreviations u,;ed: rn.g. ->medium grained; bio -> t.irJtite; f.g. ->tine 
grained; diss. -> dlssemir:ated; gt -> garr.e:t..; t':;IH -> tcurrr•a line; mu -> 
muscovite) 
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The first profile calculated was the 1988 gravity 

profile. Once a geologically suitable model had been 

obtained for the 1988 gravity data, the density contrasts 

were replaced by magnetic susceptibilities and the model was 

transferred to the 1988 magnetic data. The same was done 

for the 1985 data, first calculating the gravity profile and 

then the magnetic profile. 

6.3 Regional Gravity Signature of the MCSZ Area 

The majority of the gravity data stations within 

the MCSZ lie on or near the two survey lines. Only a few 

regional gravity stations (at a spacing of 13 kilometres) 

lie within the study area, and a map produced using these 

few data points and the survey data would contain little 

additional information specific to the MCSZ. Therefore, the 

gravity signature of the MCSZ area is taken from the two 

survey lines and is discussed in Sections 6.5.1 and 6.6.1. 

6.4 Regional Maqnetic Signature of the MCSZ Area 

Figure 6-2 is a magnetic anomaly map of the MCSZ 

area with the gross elements of geology superimposed. The 

most prominent features on the map are the large positive 

magnetic anomalies associated with the ophiolitic rocks of 

the Coy Pond Complex (CPC) and Pipestone Pond Complex (PPC) 

with the other units composing a relative background. 

Smaller positive anomalies located at the southern contact 



THG
PHG
PPC
G-

nT 

1:295 000 

Abbreviations used In Figures 6-2 and 6-3: 
Through Hill Granite CPC - Coy Pond Complex 
Partridgeberry Hills Granite SBF - Spruce Brook Formation 
Pipestone Pond Complex SBF* - SBF equivalent 
Granite CS- Colman-Sadd sample locations 
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Figure 6-2. Magnetic anomaly map of part of the MCSZ with the two 
survey lines and gross elements of geology superimposed. Sample 
numbers are referred to in text. Box shows location of Figure 
6-3. 
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of the MCSZ and to the west of the PPC are due to the 

presence of ultramafic rocks (serpentinite and peridotite, 

respectively) which outcrop in these areas. 

The magnetic signature of the CPC is asymmetric 

with a large magnetic low immediately to the northwest, and 

the anomaly associated with the PPC is displaced to the east 

compared with the surface geology (Figure 6-2). The low 

immediately northwest of the CPC is an artifact of the 

interaction between the present magnetic field and the dip 

of the CPC; the CPC dips to the east which is the same 

direction as the overall present magnetic field. The 

magnetic low is termed an "edge effect" and occurs when the 

dip of a body and the ma~netic field are in the same 

direction. The reason that the magnetic anomaly occurs to 

the east of the surface geology of the PPC is possibly due 

to ophiolite occurring at depth beneath the surface 

expression of the anomaly (see Section 6.6.2). 

Another important feature of the regional magnetic 

anomaly map (Figure 6-2) is that there is an increase in the 

strength of the magnetic anomaly approximately coincident 

with the regional increase in metamorphic grade in the MCSZ. 

The highest-grade rocks (i.e. within the zone of partial 

melting) appear to be more magnetic than lower-grade rocks. 

This becomes even more evident when the effect of the 

ophiolites is removed (Figure 6-3). A possible explanation 

for this increased anomaly is that sedimentary organic 
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carbon became mobilized in the highest grade rocks; this 

carbon would have reacted with local hematite (see below) to 

form magnetite by a reaction such as 

2C + 6Fe20 3 = 4Fe304 + C02 

The C02 produced by this reaction would have migrated 

through the SBF (and overlying CPC) as an intergranular 

fluid through microscopic ephemeral cracks and fractures. 

Indirect evidence to support this theory is present in the 

CPC which, from c-isotope work (A. Timbal, pers. com., 

1991), contains light carbon in magnesite that was most 

likely derived from the SBF. This would also account for 

the observation that hematite is present in the low-grade 

rocks, but absent from those at high grade. Also, the local 

activity of water (as determined from sample G-123-80) is 

very low, possibly indicating that a C02-rich fluid was 

present. 

When the effect of the ophiolitic rocks is removed 

(Figure 6-3), other features within the MCSZ become 

apparent. East and southeast of the THG, small positive 

magnetic anomalies are plainly visible. These smaller 

anomalies are approximately linear features which trend 

north-south and northeast-southwest; these features are sub

parallel to the trace of bedding in the folded SBF and are 

interpreted to be due to the presence of magnetite, as it is 

abundant in the four samples (SD-89-388, -315, -299 and -

267) collected from this area. 
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The mafic dyke rocks appear to have little 

magnetic effecT.. In two localities mapped by S.P. Colman

Sadd (Unit 13 of Colman-Sadd, 1985; labelled cs on Figure 6-

3) they appear to have no magnetic signature. Whether the 

two mafic dykes mapped by the author do have an effect on 

the map pattern is not clear. This is because sample SD-89-

386, a 30 em mafic dyke, occurs within a larger anomaly due 

to the cordierite-magnetite sub-assemblage. Sample SD-89-

246b was taken from an outcrop which occurs within a small 

positive magnetic anomaly northeast of the other anomalies 

associated with the cordierite-magnetite sub-assemblage 

(Figure 6-3). This magnetic anomaly is most likely due to 

an extension of the cordierite-magnetite sub-assemblage 

which follows the trace of bedding in the area. At the 

scale of the map, and given the fact that the dykes are < 1 

metre in width, it is unlikely that they would have much of 

a magnetic signature (assuming they do not widen 

significantly at depth). 

6.5 1985 survey 

6.5.1 Gravity Data 

Gravity modelling of the 1985 data has led to the 

inference of geological features previously unmapped in the 

area of the Mount Cormack Subzone. Figure 6-4a shows the 

gravity data (crosses) along the 1985 survey, as we~l as the 

calculated gravity anomaly (solid line) from the geologic 
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model at the bottom of the figure. Positive gravity 

anomalies are associated with the mafic and ultramafic 

rocks, negative gravity anomalies are related to the 

granitic bodies, and there is little effect from the 

metasedimentary and volcanic rocks. 
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One point of particular interest is that the 

gravity anomaly due to the western PPC is much larger than 

that due to the eastern CPC (Figure 6-4a) . This implies 

that there is either a lo\..,r density body at depth below the 

CPC or that there is a smaller volume of ophiolitic rocks in 

the CPC (according to the inferred model, either of these 

could be correct) . The Partridgeberry Hills Granite (PHG) 

outcrops just south of the profile line (Figure 6-1), and is 

interpreted to extend north beneath the r.Pc. The size of 

the negative anomaly makes it necessary to extend the PHG, 

or a body of equivalent density (SBF and/or basement to 

SBF), to a depth of nearly sixteen kilometres. The nature 

of the contact between the PHG and the CPC in the field, and 

the implications of the depth extent of the PHG are 

discussed in Section 6.7. 

The THG has been mapped as a pegmatitic granite by 

Colman-Sadd (1985) who interpreted it as an irregularly 

shaped body. Since it has little effect on the gravity 

data, the interpretation of Colman-Sadd (1985) is maintained 

in the present model (Figure 6-4a) . 

When the gravity model is compared to that 
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calculated from the magnetic data (see next section and 

Figure 6-4b), some notable differences emerge. The most 

prominent is the size differential of the PHG. In the 

gravity profile, the PHG is modelled to extend beneath the 

CPC and the Spruce Brook Formatjon (SBF). As noted above 

this is necessary to accommodate the gravity low observed in 

this area. However, the models are restrictive in that only 

th~ geology at depth below the two survey lines is 

incorporated in the calculated anomaly. If we assume that a 

low density body exists to the east, then this would have 

the effect of lowering the calculated anomaly if the PHG 

were reduced to the size in Figure 6-4b. A granitic body 

does occur to the east of the profile line (H. Miller, pers. 

comm., 1992) and t!1is is interpreted to contribute to the 

gravity low in the area. 

Figure 6-4b shows a subsurface granitic body 

intruding the PPC. This was inferred due to a small 

magnetic low in the observed anomaly, just west of the large 

positive magnetic anomaly due to the PPC. The body was 

interpreted as granitic since granite outcrops to the west; 

however, it could be of any composition of equally low 

magnetic susceptibility. Additional work is required to 

refine the geology at depth. 

6. 5. 2 Magnetic Data 

Figure 6-4b shows the extracted magnetic data 

along the 1985 profile line and the calculated anomaly from 
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the geologic model shown. The calculated anomaly assumes a 

background magnetic anomaly of 950 nT which has been 

subtracted from the observed magnetic data. As expected, 

there are high magnetic anomalies associated with the two 

ophiolite bodies and little effect from the other units. 

The PHG is again interpreted to extend beneath the CPC 

(Figure 6-4b), but it has little effect on the magnetic 

anomaly pattern since it has a very small ~agnetic signature 

(see Table 6-1). 

However, there are two small magnetic anomalies 

located approximately five and twenty-nine kilometres from 

the west~rn extent of the profile (Figure 6-4b). These can 

also be seen on the magnetic anomaly map of the area (Figure 

6-2). The first of these small anomalies is due to the 

presence of peridotite which outcrops in the area. The size 

and nature of the anomaly (Figure 6-2) suggests that it is 

not extensive at depth and that it may be part of the 

dismembered PPC. Swinden {1981) inferred that this unit is 

in fa11lt contact with the surrounding units. 

The second anomaly is located east of the THG and 

shows up as a series of small elongate curvilinear north

south to northeast-southwest trending anomalies on the 

magnetic anomaly map of the area (Figure 6-3). The area is 

predominant!} underlain by SBF, with subordinate (< 1%) 

mafic dykes. The anomaly may be due in part to the presence 

of the mafic dykes, but appears to be at least in part due 
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to the presence of abundant magnetite in the SBF locally 

(part of a sub-assemblage with cordierite, See Chapter 4}. 

Not only is it possible to pinpoint the surface 

location of this cordierite-magnetite sub-assemblage, but 

the dip can also be estimated. It is shown in Figure 6-4b 

as dipping approximately 60° to the west; by combining the 

magnetic and structural data (Figures 6-4 and 3-5), a good 

correlation is achieved between small-scale bedding 

measurements taken in these areas and the large-scale 

measurements inferred from the magnetic anomalies (Figure 6-

5}. However, there are places where the trend of the 

magnetic anomalies does not easily fit with form lines of 

major structures (i.e. southern extent of the middle two 

trends on Figure 6-5). If the anomaly is due to original 

chemical (Eh) differences in the sediments, it is not clear 

why it is not more extensive. 

&.6 1988 Profile 

6.6.1 Gravity Data 

The most prominent feature of the 1988 gravity 

data is the presence of a positive gravity anomaly 

associated with the PPC. The ophiolite is modelled as quite 

extensive, reaching a maximum stratigraphic thickness of 

nearly ten kilometres (Figure 6-6a). such a conclusion is a 

result of using a reasonable value of density contrast (0.20 

g*cm·3 for the ultramafic part of the ophiolite, and 0.10 
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although the trend does not always fit well with the structures 
infcn·0ct from form lines (i.e bottom of two middle anomalies). 
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g•cm·J for the gabbro), and may be explained by imbrication 

of thrust slices. 

The CPC only occurs in the extreme southeastern 

part of the profile, and has little effect on the gravity 

anoraly (Figure 6-6a). The PHG is the main unit in the 

southeastern half of the profile, modelled as extending to a 

depth of approximately twenty kilometres to account for the 

large, negative gravity anomaly in the area. However, rocks 

of comparable density could explain the observed profile. 

This negative gravity anomaly is known to extend further to 

the southeast (G. Kilfoil, pers. comm., 1989), suggesting 

that the PHG or a similar low-density body has a large 

subsurface extent. 

The THG displays a small negative effect on the 

gravity profile (r'igure 6-6a). It is modelled as somewhat 

thicker than on the 1985 profile, since the 1988 profile 

pas~es nearer the centre of the body (Figure 6-2). 

6.6.2 Magnetic Data 

The magnetic anomaly profile for the 1988 data is 

shown in Figure 6-6b. As with the 1985 data, a background 

anomaly of 950 nT was removed from the observed magnetic 

data. Like the gravity profile, there is a large magnetic 

anomaly due to the high susceptibility ophiolitic rocks of 

the PPC, with little effect from the other units. 

However, in the northwest part of the profile, 

metasedimentary rocks (psammites and pelites) equivalent to 
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the SBF display a slightly positive magnetic anomaly (Figure 

6-6b). This is uncharacteristic of metasedimentary rocks in 

general, which typically have low or negligible magnetic 

susceptibilities (Telford et al., 1987). However, this unit 

has been intruded by mafic dykes (Swinden, 1981), and this 

is interpreted as the cause of the anomaly. These 

metasedimentary rocks were assigned a slightly higher 

magnetic susceptibility (0.005 emu) to account for the 

presence of the mafic dykes. 

Also, a small magnetic anomaly occurs 

approximately twenty-nine kilometres from the northwestern 

edge of the profile (Figure 6-6b). As in the 1985 profile, 

this is interpreted as due to the cordierite-magnetite sub

assemblage in the SBF which has been mapped at this 

location. The dip of the anomaly is consistent with the 

1985 data, and again indicates that in this location, 

bedding appears to dip approximately 60° to the west, in 

general agreement with the structural measurements from this 

area (Figure 6-5). 

6.7 Interpretation 

A model for the subsurface geology of the Mount 

Cormack Subzone and surrounding area is inferred from the 

g~avity and magnetic modelling of the 1985 and 1988 data 

sets. This model is not significantly different from that 

proposed by Colman-Sadd and Swinden (1984), but adds some 
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thickness and depth constraints and indicates the presence 

of the PHG (or similar low density/magnetic susceptibility 

body) and the effect of the c:·:dierite-magnetite sub

assemblage. 

The PHG is interpreted to extend north beneath the 

CPC and northwest beneath the SBF. This interpretation is 

necessary to accommodate the large negative gravity 

anomalies in the eastern and southeastern portions of the 

two surveys (Figures 6-4a and 6-6a). However, since the PHG 

and the SBF are similar in density and magnetic 

susceptibility (see Table 6-1), some of the material 

inferred to be PHG may in fact be SBF. 

Colman-Sadd (1985) and Colman-Sadd et al. (in 

press) reported that the PHG is in intrusive contact with 

the CPC. They noted that the granite cross-cuts the banding 

in the ophiolite, that it contains xenoliths of serpentinite 

and is cut by numerous quartz veins. The gravity data 

suggest that a low density body extends beneath the SBF 

(Figure 6-6a), which is interpreted as an extension of the 

PHG. However, some of this low density unit (interpreted as 

the PHG) may be SBF itself (or its basement) since the 

standard deviations (Table 6-1) are as large or larger than 

the density contrasts used for these two units. If this 

were the case, the model would not change significantly but 

the spatial extent of the units would change. 

The size of the negative gravity anomaly 
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associated with the PHG is also of importance. The anomaly, 

which reaches a peak of -10.9 milligals on the 1985 profile 

(Figure 6-4a) and -27.7 milligals on the 1988 profile 

(Figure 6-6a), illustr~tes the necessity of extending a low

density body to ~depth of approximately fifteen kilometres 

beneath the 1985 profile and twenty kilometres beneath the 

1988 profile. If correct, this model suggests that the PIIG 

(or similar body) is rooted in the crust. However, as 

stated above, this is not cor.clusive s1nce some of this unit 

may be SBF. 

The most prominent features of the magnetic dat~ 

are the presence of the ophiolitic units (sharp, positive 

Magnetic anomalies), and the low magnetic signature of the 

other units. These data also indicate that the ophiolitic 

units dip outward from the MCSZ. The work of Stucklcss 

(1975) indicated an angle of dip of these units. He 

determined that the PPC dips 60° to the west and the CPC 

dips 80° to the east. These conclusions are approximately 

correct; however, his determination was strictly 

mathematical and assumed that the ophiolitic units were 

dyke-like and of infinite length. 

The smaller-scale magnetic anomalies which occur 

within the MCSZ are interpreted as traces of bedding of 

units pearing unusual amounts of magnetite; the depth 

configuration of these anomalies is consistent with 

structural measurements made in these areas (Figure 6-5). 



CHAPTER 7 

DISCUSSION AND CONCLUSIONS 

7.1 Introduction 

This chapter brings together the results from the 

previous pages in an attempt to refine the tectonic model 

for the evolution of the Mount Cormack Subzone (MCSZ). This 

is not intcDded as an exhaustive analysis; the model 

presented is consistent with the information reported 

herein, but it is not a unique interpretation. Other 

possible mod~ls are briefly alluded to in the text. 

7.2 Petrogenesis of the Mount Cormack Subzone 

As discussed previously, the Mount Cormack Subzone 

consists of metasedimentary rocks of Gander Zone affinity 

\Spruce Brook Formation), surrounded by ophiolitic rocks of 

the Dunnage Zone; this configuration has led others to 

interpret the Mount Cormack Subzone as a tectonic window 

which exposes Gander Zone rocks through rocks of the Dunnage 

Zone (i.e. Colman-Sadd and Swi11den, 1984). 

Rocks of the Spruce Brook Formation (SBF) consist 

of metamorphosed equivalents of a continental margin 

sequence (sandstone, siltstone and shale); the sediments 

were derived from continental plutonic and metamorphic ~ocks 

186 
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and were deposited on the Gondwanan eastern margin of 

Iapetus (Colman-Sadd ~tal., in press). However, it is 

still not clear which continent the sediments were shed from 

(i.e. Africa or South America). This continent is, 

therefore, referred ~o as Gondwana. No precise age has been 

assigned to the SBF, but it is older than Llanvirn-Llandeilo 

(see Section 1.10 for reasoning). Figure 7-la shows a 

schematic section of a typical continental margin on the 

easteL·n sidt! of an ocean (i.e. Iapetus). 

At some point in the Lower Paleozoic, the Iapetus 

Ocean began to close. Subduction of Iapetus ocean crust 

occurred in the early stages of closure (Figure 7-lb). The 

change from subduction to obduction (Figure 7-lb to 7-lc) 

may have been the resul~ of the proximity of the North 

American craton. v~n Staal (1987) suggested that in the 

Miramichi Highlands of New Brunswick, a back-arc basin 

developed (eastward of Iapetus) in response to east-directed 

subduction. During final closure of the Iapetus Ocean, a 

new west-dipping subduction zone developed in the back-arc 

basin. An analogous situation may have occurred in 

Newfoundland; the Pipestone Pond Complex has been 

interpreted to have formed from rifting of a volcanic arc 

(Jenner and Swinden, 1989). If this were the case, Figure 

7-1c would then show the latest stages of this "westward" 

subduction, which resulted in obduction of oceanic crust on 

to the Gondwana margin. Figure 7-1d shows the final stages 



occauic ~:rust of 
Iapetus Ocean 

b) oceanic subduction 

C) fn.mation of accretionary wedgt>s, imbrication of oceanic crust 

d) obduction of imbricated crust 
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Figure 7-1. Sin·plitied diagram for the closure of the Iapetus Ocean (by 
c~,nt inentul collision) accompanied by obduction of oceanic crust. 
Th<~ oceanic crust becomes imbricated by thrusting at c) and also 
at d). Box shows location of Figure 7-3. See text for discussion. 
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of ophiolite obduction; emplacement of imbricated oceanic 

crust of the Dunnage Zone on to the eastern margin of 

Gondwana. Imbrication of the ophiolitic rocks in the MCSZ 

area is inferred from t:"le fact that major shear zones occur 

within the Coy Pond Complex (CPC) (Rivers et al., 1990). 

Figure 7-2 illustrates the process of imbrication. The age 

of ophiolite emplacement can be inferred from fossils within 

black shales which are interpreted to unconformably overl ic 

the CPC. This gives a maximum age for emplacement of late 

Arenig (-490-480 Ma, Tucker et al., 1990; Williams et al., 

in press). Colman-Sadd et al. (in press) inferred a minimum 

age of emplacement of 4 74 Ma, the age of the Partr idgcbcrry 

Hills Granite (PHG) which is interpreted to intrude both tht.' 

CPC and the SBF. This is also consistent with the minimum 

age constraint that can be inferred from the age of the 

Through Hill Granite (THG) (464 Ma; Colman-Sadd et al., in 

press) which is interpreted to be due to partial melting of 

the SBF. However, the THG is discordant into the SBF and, 

hence, did not form at the present level of erosion. 

Melting at depth could have taken place at a (slightly) 

different time to metamorphism at the current level of 

erosion. However, high-grade migmatites from north of the 

THG are of equivalent age (465 ±2 Ma; Colman-Sadd ct al., in 

press) suggesting they formed at the same time as the peak 

of metamorphism. 
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Ophiolite 

Spruce Brook Formation (SBF) 

Mafic 
Transition 

Te~:wnitc 

SBF 

Fiqure 7-2. Me>del for the imbrication of ophiolite (Rivers et al., 1990), 
Thu ultramdfic tectonic melange is a shear zone in which blocks of 
ultramafic lithologies "float" in a serpentine matrix. 
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If we now look at the right (eastern) side of 

Figure 7-ld, we can examine the model for the development of 

the MCSZ in greater detail. Figure 7-3 shows an inferred 

sequence of events leading to the present surface gcoloqy in 

the MCSZ. During emplacement of the imbricated ophiolite 

and the development of the two-layer crust, simultaneous 

deformation (DJl is inferred to have occurred in the SBF and 

was expressed by isoclinal folds (Figure 7-Ja) which hnve 

been inferred from petrographic observation of 511 II S1 (seC' 

Chapter 3). Following this, the second deformational event 

occurred causing sub-horizontal folding in the SBF 

accompanied by shortening and thickening of the two-layer 

crust (Figure 7-Jb). 

Following formation of the F! folds, a period of 

crustal thinning in an extensional environmental is 

proposed. Evidence for such an event is circumstantial and 

comes from the inference of a high geothermal gradient in 

the MCSZ. No structures associated with such an extensional 

event have been identified, but Thompson and England (1984) 

and Thompson and Ridley ( 1987) suggested that low-pressure 

metamorphic terrains (i.e. andalusite-sillimanite facies 

series of Miyashiro, 1961) are characterized by crustal 

extension and it appears to be a suitable model in this area 

also, as is illustrated in Figure 7-Jc. The extension would 

have been associated with formation of in situ anatectic 

melts in the SBF (THG and associated plutons, the cordieritc 



a) shurtcni ng 

_____ _/ _, / Ullnunafic Tee tunic Melange 
()(ltUiliiiC ..).~~ 
1\ 1\ N " 1\ 1\ -+-

--.,. ---.::::.__ SIIF ~ "2.. h -lsodimJ 
'""'-- c:::::::::-___ early fol<Js 

in SIIF 

b) shortening and structural doming 

..... =:::~BF ~ 
7_2 

192 

) <' 
C extension closely following b) gives rise to 
low-pressure high-temperature metamorphism 

Fz • sub-horuontal 
folds refolding Fa 

and associated crustal melting at depth 

d) short~:ning after c) causing large-scale F3 doming, rotation of 
-+- D2 structures and fum1ation of high strain fabric .,._. 

e) late extensional faulting 
~-----~~--

f) erosion 

~')nna.l n.~.;:h:li\'ottitm ; SBF ' ••f ••arly thrust hmh'! 

Figure 7-3. lnft~rLad sequence of events in the development of the Mount 
Corm,lck Subzone (modified from Rivers et al., 1990), No attempt 
i~~ m;Hie to include the Partridgeberry Hills Granite. 



granodiorite), and by extensive migmatization in the 

highest-grade rocks. 
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The geometry of the two-layer crust at that time 

was probably gravitationally unstable, with low-density hot 

metasedimentary rocks underlying higher-density cooler 

ultramafic/mafic rocks. Crustal melting at depth 

(associated with crustal thinning) could have facilitated 

thermal do~ing of the two-layer crust, which would have 

accompanied partial melting in the SBF and the development 

of metamorphic isograds in a rising thermal front (Figure 7-

3c). Assuming the THG and cordierite granodiorite formed in 

response to partial melting of the SBF, and since they arc 

relatively undeformed, this dates the end (or climax) of 

metamorphism at -465 Ma. Since the reaction isograds are 

approximately parallel to the boundaries of the MCSZ, they 

probably developed in response to the thermal doming and 

prior to (or during) the mechanical doming related to the 

third stage of deformation (01). This third stage of 

deformation was probably non-penetrative and caused rotation 

of the sub-horizontal S 2 fabric along with the reaction 

isograds (Figure 7-Jd) as a result of gravitational rise of 

the hot SBF and enclosed magmatic rocks. 

Gravitational or diapiric rise has also been 

suggested for the origin of the Cooma Granodiorite, New 

South W~les, Australia. Flood and Vernon (1978) ~uggested 

that the Cooma Granodiorite is a diapiric intrusion formed 
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by in situ crustal melting and intrusion of a pluton that 

dragged up its thermal aureole during emplacement, causing 

the layers around the diapir to undergo thinning. The THG 

may also be such a diapiric intrusion as it cross-cuts the 

structures in the metasedimentary rocks and is encircled by 

its own sillimanite-biotite-muscovite isograd. However, in 

places it also cross-cuts the isograd indicating that final 

emplacement occurred at a later time. 

As a response to the gravitational instability, 

renewed extensional faulting may have occurred in the MCSZ. 

This second phase of extension would have been long delayed 

from metamorphism (the post-peak metamorphic cooling path 

was nearly isobaric), and is indicated by the truncation of 

the foliation at the margins of the MCSZ. In addition, 

mapping by A. Timbal has indicated the presence of slices of 

SBF structurally overlying the CPC; this evidence has been 

incorporated into Figures 7-Je and 7-Jf. 

This sequence of events does not take into account 

the PHG. Its radiometric age places it as pre-THG and the 

fact that it is relatively undeformed (except in the 

southeast; Colman-Sadd, 1985) may indicate that it closely 

followed the thickening and shortening of the double crust 

depicted in Figure 7-Jb. 
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7.3 conclusions 

The present investigation has yielded much new 

information about the development of the Mount Cormack 

Subzone. The main conclusions are summarized below. 

1) The structural data indicate an overall domal 

structure within the MCSZ. First deformation structures are 

preserved as foliations parallel to bedding (~,) implying 

the presence of isoclinal folds. The second deformation, 

associated with shortening and thickening of the two-layer 

crust, formed a large-scale synformal structure in the low-

grade units of the SBF. 01 deformation within the SBF 

rotated the 02 structures along with the reaction isograds 

into a major domal structure. 

2) Five reaction isograds have been defined within the 

Mount Cormack Subzone as follows: i) biotite-muscovite-

chlorite isograd; ii) andalusite-biotite-muscovite isograd; 

iii) sillimanite-biotite-muscovite isograd; iv) sillimanite-

potassium feldspar isograd; and v) melting isograd defining 

the beginning of partial melting. These isograds crosscut 

the large-scale second generation folds in the area, 

consistent with an evolution of early thrusting and 

shortening, followed by structural and thermal doming. 

3) Mineral assemblages from both sides of the 

bathogradic reaction, 

biotite + garnet + andalusite + vapour 
staurolite +muscovite+ quartz + sillimanite 
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occur in rocks of appropriate composition and temperature 

indicating a pressure of 3.2 kilobars at the bathograd. 

Pressure increases slightly with increasing metamorphic 

grade (the bathograd approximately coincides with the 

sillimanite-biotite-muscovite reaction isograd), consistent 

with interpretations that either the high-grade areas 

underwent greater post-metamorphic uplift or that the syn

metamorphic Through Hill Granite (which is surrounded by its 

own sillimanite-biotite-muscovite isograd) dragged up its 

metamorphic aureole during emplacement. 

5) Results of geothermobarometry have confirmed the 

estimates of the P-T conditions within the high-grade part 

of the Mount Cormack Subzone; pressure estimates range from 

2.5 - 3.5 kilobars and temperature estimates range from 

525 - 600 oc from andalusite-biotite-garnet assemblages up 

to 650 °C from sillimanite-biotite-garnet assemblages. No 

estimates were obtained from the low-grade units. 

6) P-T vectors from rocks upgrade from the sillimanite

biotite-muscovite isograd are shallow indicating that the 

rocks underwent principally isobaric cooling initially. 

7) Gravity and magnetic modelling have been employed to 

produce a model for the geology beneath the MCSZ. This 

model is consistent with structural information from surface 

outcrops and suggests that the ophiolites dip outward and 

away from the MCSZ, and the Coy Pond Complex is underlain by 



197 

a low-density body (perhaps the Partridgeberry Hills Granite 

or Spruce Brook Formation). 

8) The small-scale magnetic anomalies within the MCSZ 

southeast of the Through Hill Granite are due to cordierito

magnetite assemblages which are interpreted as traces of 

folded bedding surfaces. The dip of this bedding estimated 

from magnetic modelling (- 45°) is consistent with 

structural measurements. 
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Petrographic Sample Descriptions 208 
(Abbreviations listed on Page 211) 

Mineralogy Accessory Phases 

Sample II a P K 13 M Ch G A S Cd St Px Cc Cz Op Ap Z H Ti T E Zone 

SD-89-002 40 30 5 25 <1 ZM 
SD-89·003a 15 45 20 15 S(r) <1 <1 ZM 
SD-89-003b 25 5 10 5 3(r) 30 10 1 5 2 1 2 ZM 
SD-89-004 35 30 20 12 2(r) 1 ZM 
SD-89·011 30 25 10 15 15 1 (r) 1 s 
SD-89-012 45 20 25 10 1 (r) 1 2 s 
SD·d9·015 30 20 15 20 S(r) 8 2 s 
S[l-89·020 35 20 15 5 S(r) <1 20 ZM 
SD-89·025a 40 20 20 15 3 ZM 
SD·89·025b 40 15 15 17 10 2 ZM 
SD-89·028 50 40 S(r) 3 1 ZM 
SD-89·030 40 20 25 15 ZM 
SD-89·033 35 20 20 15 5(r) 5 1 1 ZM 
SD·89-034a 35 25 20 17 2(r) 5 1 ZM 
SD·89·034b 40 10 30 15 2(r) 3 1 ZM 
SD·89·034c 25 20 30 20 2(r) 5 1 ZM 
SD-89·034d 25 20 30 15 1(r) 8 1 ZM 
SD·89-034e 35 20 20 15 2(r) 5 1 ZM 
SD-89·043 40 30 30 1 1 A 
S0-39-046a 25 30 33 3 7 2 A 
SD-89·046b 35 30 20 2(r) 4 10 2 A 
SD-89-048 25 5 40 25(r) 5 1 A 
SD-89-067 30 15 30 20 5 2 ZM 
SD-89-076a 30 10 25 25 5 <5 1 ZM 
SD-89-076b 40 15 10 20 15 1 ZM 
SD-89-077 25 10 15 35 S(r) ZM 
SD-89-079 1 0 10 20 35 15 1 (r) 5 s 
SD-89-085 20 15 60 S(r) 5 2 5 A 
SD-89-085a 30 1 50 10 1 <1 5 A 
SD-89·086 30 15 25 15(r) 10 <5 A 
SD-89·087 40 15 30 5(r) 5 <5 A 
SD-89·091a 40 20 25 10 2(r) 1 ZM 
SD·89-091b 15 5 55 15(r) 10 <5 ZM 
SD-89-096 45 10 7 35 3(r) 1 ZM 
SD-89-096d 35 30 20 10 5 ZM 
SD-89·097a 30 30 20 5 <5 10 <1 1 A-S 
SD-89-097b 20 20 50 5 2 <1 2 A·S 
SD-89-102a 25 25 40 10 <1 1 A 
SD-89-102b 45 25 15 <1 10 <5 A 
SD-89-103 50 20 20 3 5 2 A 
SD-89·104a 55 30 10(r) 1? 4 1 A 
SD·89-104b 40 2 40 10(r) 3 2 A 
SD-89-107 40 1 15 25 3 15 1 s 
SD-89·110 45 10 15 15 2 3(r) <1 10 1 s 
50·89·112 40 5 15 20 1 15 2 s 
SD-89·114 25 20 35 15 5 1 s 
SD-89-116 45 10 10 25 3(r) 1 5 1 s 
SD-89-127 30 5 30 25 2 6 2 ZM 
SD-89·128 25 40 25 2 7 1 ZM 
SD-89·143 30 20 25 2(r) 3 15 5 ZM 
SD-89-145a 50 15 5 30 s 
SD-89-145b 23 5 40 15 15 2 2 s 
SD-89-155 50 20 20 10 2 ZM 
SD-89-156 45 25 20 4 3(r) <1 ZM 
SD-89-160 30 30 20 10(r)5 5 1 ZM 
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Mineralogy Accessory Phases 
Sampla li Q p K B M Ch G A S Cd St Px Cc Cz Op Ap Z H T1 T E Zone 

SD-89-160a 45 20 1 20 10 2 .:1 <1 ZM 
SD-89-161 15 45 20 15 5(r) 1 1 ZM 
SD-89-162 25 5 10 5 3(r) 30 ZM 
SD-89-170 35 35 5 20 1(r) 1 G 
SD-89-171 25 30 35 2(r) 2 1 A 
SD-89-174 35 15 40 3(r) 5 2 A 
SD-89-175 30 30 15 3(r) .:1 15 2 2 A 
SD-89-176 35 15 25 S(r) 1 5 5 3 A 
SD-89-178 35 10 50 5(r) 5 2 A 
SD-89-182 60 20 1 10 5 1 (r) 1 2 s 
SD-89-184 35 3 35 20 3(r) 2 2 s 
SD-89-186 40 2 20 30 1 (r) 5 2 s 
SD-89-187 20 25 10 1(r) 40 2 A 
SD-89-188 20 20 40 5(r) 10 3 A 
SD-89-190a 50 20 15 3(r) 5 5 2 A 
SD-89·190b 50 25 10 3(1) 5 5 2 A 
SD-89-195a 30 20 35 5(r) 1 2 2(p) 3 A 
SD-89-1 95b <1 <1 15 5(r) 75 2 A 
SD-89-200 45 20 20 5 3 <1 3 2 s 
SD-89-201a 40 30 20 5 1 (r) 2 <1 s 
SD-89-201b 20 10 30 15 10(r) 10 5 1 s 
SD-89·209a 16 12 20 35 10 5 <1 <1 <1 s 
SD-89-209b 30 2 20 30 15 1 2 <1 s 
SD-89-212 25 15 35 20 5 <1 <1 <1 ZM 
SD-89-213 45 2 25 25 1 1 <1 <1 ZM 
SD-89-218 15 30 5 20 10 2(r) 15 2 <1 G 
SD-89-220 25 15 35 25 ZM 
SD-89-221 35 30 15 10 5(r) 5 ZM 
SD-89-227 25 5 25 35 5 5 <1 s 
SD-89-229 55 2 10 25 2(r) 2 <1 3 <1 <1 A 
SD-89-235 30 25 35 5 <1 <1 5 A 
SD-89-236 30 20 35 2(r) <1 <1 10 A 
SD-89-237 40 1 25 20 5(r) 3 5 A 
SD-89-243 50 25 20 5 c 
SD-89-244 40 5 10 35 5 3 <1 1 B 
SD-89-246a 60 5 2 10 3 <1 20 B 
SD-89-246b 15 2 70 5 10 B 
SD-89-247 40 10 40 5 5 B 
SD-89-252 40 10 40 5 <1 2 B 
SD-89-256 30 20 40 5 3 B 
SD-89-259 60 15 15 10 1 B 
SD-89-260 25 45 20 5(r) 5 1 A 
SD-89-261 20 35 40 5 B 
SD-89-262 25 25 35 1 O(r)2 A 
SD-89·266 30 15 455;r)2 3 A 
SD-89-267 40 15 25 10 5 10(p) 5 B 
SD-89-268 25 15 50 2 7 B 
SD-89-272 80 2 10 5 2 2 <1 <1 1 B 
SD-89-276 35 <1 15 25 10(r)5 5 1 O(p) 5 A 
SD-89-277 60 15 15 2(r) 5 1 A 
SD-89-278 25 5 35 20 5 1 (p) 3 A-8 
SD-89·280 40 15 30 15 2 8 
SD-89-281 40 20 30 5 3 B 
SD-89-282 40 20 30 5 3 8 
SD-89-284 60 15 20 1(r) 5 4 <1 A 
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Mineralogy Accessory Phases 

Sample II a p K 8 M Ch G A s Cd St Px Cc Cz Op ApZ H Ti T E Zone 

S0-89-285 40 20 15 1 O(r) 3 7 2 1 A 
S0-89-287 35 30 30 3(r) 5(rt) 1 A 
S0-89-288 35 30 20 4(r) 5 5(p) 4 1 A 
S0-89-289 30 25 35 2(r) 5(rt) 1 2 A 
SD-89-291 70 10 10 5 2 <1 <1 B 
S0-89-294 45 20 20 10 3 B 
S0-89·295a 75 10 15 5(r) 2 A 
S0-89·295b 25 25 35 1 O(r)3 2 A 
S0-89-295c 25 5 40 20(r) 10 1 <1 A 
S0-89·296 25 25 25 15(r) 7 3 A 
S0-89-297 70 1 10 103(r)5 2 A 
S0-89-298 30 30 35 5(r) 1 A 
S0-89·299 30 10 25 5(r) 20 10 2 A 
S0-89·300 25 20 20 S(r) 5 20 5 1 A 
S0-89·302 55 1 5 25 10(r)3 2 A 
S0-89·304 40 2 40 10 2(r) 1 5 1 1 s 
S0-89·306 20 5 45 15(r) 10 1 2 s 
S0-89·307 40 10 5 20 5 10 1 1 5 s 
S0-89·310 25 2 2 20 40 5(r) 5 1 s 
S0-89·312 50 5 20 10 5 10 s 
S0-89-313 40 2 5 35 10 2 5 B 
S0-89·315c 10 5 65 5 15 B 
S0-89·315d 40 15 30 10 5 <1 B 
S0-89·319 35 15 45 1 3 <1 B 
S0-89·320 40 5 45 5 3 <1 c 
S0-89·325 50 20 25 2 <1 <1 c 
S0-89·327 50 30 15 5 1 <1 c 
S0-89·328 30 45 15 7 2 G 
S0-89·329 15 5 35 25 10 10 <1 <1 <1 s 
S0-89-331 30 1 35 20 2(r) 10 <1 <1 s 
S0-89-334 35 5 25 20 1 (r) 10 1 1 s 
S0-89·344 60 10 15 15 1 (r) 1 s 
S0-89·347 35 3 10 25 15(r) 5 1 5 s 
S0-89·348 35 1 15 40 5(r) 5 2 A 
S0-89·349 10 25 15 25 15 2 A·S 
S0-89·350 55 1 30 10 1 A 
S0-89·351 80 10 8 <1 (r) 1 A 
S0-89·352 30 25 35 2(r) 5 2 1 A 
S0-89·353 25 1 25 30 1 (r) 3 10 2 3 A 
S0-89·354 15 15 30 15(r) 20 5 A 
S0-89-356 55 2 1 15 20(r) 10 1 s 
S0-89·357 45 5 25 10 1 O(r) 5 s 
S0-89·361 45 20 20 1(r) 3 10 1 A·S 
S0-89-362 20 30 10 30 10 1 A·S 
S0-89·364 25 15 10 5 40 5 1 A-S 
S0-89·366 35 25 20 15 1 2 1 A-S 
S0-89-367 40 25 15 20 1 1 A-S 
S0-89·369 30 30 15 5(r) 20 1 1 A·S 
S0-89-370 30 30 20 15 3 1 A-S 
S0-89·371 20 35 10 30 5 1 A-S 
S0-89-373 60 10 15 10 1 1 s 
S0-89-374 25 30 35 10 <1 A 
SD-89·375 50 25 15 5 5 s 
S0-89-377 40 35 20 5 1 A 
S0-89·379 15 20 10 5(r) 50 2 A 
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Mineralogy Accessory Phastts 
Sample# a P K B M Ch G A s Cd St Px Cc Cz Op Ap Z 

so 69-382 25 30 30 10(r)1 2 
SD-89-386 10 5 15 65 5 
SD-89-387 55 15 15 10(r)3 2 
SD-89-388 10 15 50 10(r) 5 10 
SD-89-392 25 15 30 15(r) 10(p) 3 
SD-89-393 65 5 20 10 1 
SD-89-394 25 35 25 2(r) 10 1 
SD-89-395 35 30 25 5(r) 2 I 
SD-89-396 35 30 30 3 1 
SD-89-397 55 20 15 2(r) 5 3 

Abbreviations Used: 

0- quartz P - plagioclase K - potassium feldspar 
M - muscovite 
S - sillimanite 
Cc - carbonate 
Z- zircon 
E- ep!dote 

Zone Abbreviations: 

Ch - chlorite G - garnet 
Cd - cordierite St -staurolite 
Cz - clinozoisite Op - opaque 
H - hematite Ti - titanite 
(r) - retrograde phase (rt) -relict phase 

C - chlorite-muscovite zone 
8 - biotite-muscovite-chlorite zone 
A-8 - andalusite-biotite-muscovite isograd 
A- andalusite-biotite-muscovite zone 
A-S - sillimanite-biotite-muscovite isograd 
S - sillimanite-biotite-muscovite zone 
ZM - zone of partial melting 
G- granite 

H 

1 

Ti T E Zone 

A 
A 
A 
A 
A 
A 
A 
A 
A 

2 A 

8- biotite 
A - andalusite 
Px - pyroxene 
Ap- apatite 
T - tourmaline 
(p) - pseudomorph 
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Garnet 

S0-89·329·4 50·89·329-2 
(core) (rim) (mid) (mid) (rim) (mid) (mid) (lllld) (core) (mid) 

5102 36.68 36.75 36.86 36.73 36.56 36.74 36.70 36.86 36.66 36.66 
r 102 0.00 0.03 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Al205 20.75 20.95 20.59 20.66 20.96 20.28 20.77 20.72 20.52 21.06 
Cr201 0.04 0.03 0.07 0.04 0.05 0.06 0.05 0.00 0.07 0.00 
leO 30.74 29.84 30.41 30.79 29.74 29.66 30.43 29.62 30.50 30.00 
MnO 9.11 9. 72 9.42 9.22 10.27 9.66 9.93 9.83 9.85 9.48 
MyO 2.13 2.00 2.17 2.21 1.88 1.94 1.88 2.06 1.96 2.08 
CuO 0.82 0.79 0.80 0.77 0.84 0. 75 0.70 0.73 0. 74 0.65 
Na20 0.02 0.04 0.00 0.03 0.03 0.00 0.01 0.02 0.01 0.04 
k20 0.00 0.02 o.oz 0.01 0.00 0.01 0.01 0.00 0.02 0.02 
Total 100.29 100.15 100.34 100.46 100.33 99.10 100.49 99.84 100.33 100.00 

nuri>cr of cations on the basis of 12 o~ygcns 

51 2.98 2.99 2.99 2.98 2.97 3.02 2.98 3.00 2.99 2.98 
T 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.OG 0.00 
At 1.99 2.01 1.97 1.98 2.01 1.96 1.99 1.99 1 .97 2.02 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
lc 2.09 2.03 2.07 2.09 2.02 2.04 2.07 2.02 2.08 2.04 
Mn 0.63 0.67 0.65 0.63 0.71 0.67 0.68 0.68 0.68 0.65 
Mg 0.26 0.24 0.26 0.27 0.23 0.24 0.23 0.25 0.24 0.25 
Ca 0.07 0.07 0.07 0.07 0.07 0.07 0.06 0.06 0.06 0.06 
Na 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
k 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
IOtiJl 8.02 8.01 8.02 8.03 8.02 8.00 8.02 8.00 8.03 8.01 

fc/fMCM* 68.60 67.42 67.81 68.31, 66.73 67.62 68.02 67.04 67.90 67.96 
Mg/FMCM* 8.47 8.05 8.62 8.74 7.52 7.88 7.49 8.31 7. 78 8.40 
Ca/fMCM* 2.34 2.29 2.29 2.19 2.41 2.19 2.00 2.12 2.11 1.89 
Mn/fMCM* 20.59 22.24 21.28 20.73 23.34 22.31 22.48 22.53 22.21 21.75 

S I•Al 4.97 4.9Y 4.97 4.96 4.98 4.98 4.97 4.99 4.96 5.00 
II)•Mg•Cu+Mn 3.05 3.01 3.05 3.06 3.03 3.01 3.04 3.01 3.06 3.00 
fc/(fc•Mg) 0.89 0.89 0.89 0.89 0.90 0.90 0.90 0.89 0.90 0.89 

A 29.75 30.59 29.68 29.51 3~.87 30.12 30.20 30.49 29.78 30.51 
0.89 0.89 0.89 0.89 0.90 0.90 0.90 0.89 0.90 0.89 

M 0.11 0.11 0.11 0.11 0.10 0.10 0.10 0.11 0.10 0.11 

Fc•Mg•Mn 2.98 2.94 2.98 2.99 2.96 2.95 2.98 2.95 3.00 2.95 
fc/Fc•Mg•Mn 70.24 69.00 69.40 69.87 68.38 69.14 69.42 68.49 69.37 69.27 
Mn/fc+Mg+Mn 21.08 22.76 21.77 21.19 23.92 22.81 22.94 23.02 22.69 22.17 
Mg/lc•My•Mn 8.67 8.2:. 8.83 8.94 7.70 8.06 7.64 8.49 7.94 8.56 

*fMCM=fc•Mg+Cn•Mn 



.' j ·, 

Gilrth.'t 

S0-89·329·2 so 89· 300 
(mid) (mid) (rim) (rim) (nli d) (core) (nil d) (1'1111) 

Si02 36.73 36.75 36.76 36.66 36.59 36.3b 36.10 lb.~/ 
T i02 0.00 0.00 0.01 0.02 0.07 0.08 0.08 0. 11 
Al203 20.89 21.16 21.07 21.02 20.63 20.57 20.7b ~O.'H1 
Cr203 0.05 0.01 0.02 0.06 0.03 0.03 0.09 Ll.ll~ 
FeO 29.99 29.68 29.49 29.33 28.92 28.80 2!:i.91 N.l5 
HnO 9.93 9.93 10.67 8.78 8.91 9.39 9.13 ll.l/ 
HgO 2.09 2.09 1.81 2.42 2.43 2.3.$ 2 --~~ ? -··b cao 0.75 0.62 0.33 1.48 1.45 1. 52 1.6? 1. ~H 
Na2o 0.00 0.01 0.01 0.15 0.06 0.05 0.01 u.u .. 
K20 0.01 0.02 0.00 0.06 0.03 0.02 0.01 0.02 
Total 100.45 100.28 100.15 99.98 99.13 99. 1~ 99.10 •N.ioB 

nunber of cations on th~ bas1s ut 12 0A.Y9L'I\S 

Si 2.98 2.98 2.99 2.97 2.99 2.118 ?.Yil ? . •;H 
T 1 0.00 0.00 0.00 0.00 0.00 0.00 U.UI) U.U1 Al 2.00 2.02 2.02 2.01 1.99 1.99 l.W l.~ll 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.01 O.Ull 
Fe 2.04 2.01 2.01 1.99 1.98 1. 97 1. 9/ ". Ull Hn 0.68 0.68 0. 73 0.60 0.62 O.b5 U.ld 0. t-1 Hg 0.25 0.25 0.22 0.29 0.30 0.28 0.78 0 . .$(1 
Ca 0.07 0.05 0.03 0.13 0.13 0.15 U. 1S 0. li. 
Na 0.00 0.00 0.00 0.02 0.01 0.01 u.uo U.LI1 
K 0.00 0.00 0.00 0.01 0.00 0.00 0.00 li.Ull 
Total 8.02 8.01 8.00 8.03 8.02 8.0.! 8.01 II. Ul 

Fe/FHCH* 67.04 67.06 67.11 66.01 65.53 64.85 65.0? (/).IS 
Hg/FHCH* 8.33 8.42 7.34 9.71 9.81 9.35 \1 • .!11 9.1lt 
Ca/FHCM* 2.15 1. 79 0.96 4.27 4.21 4 . .!9 4.81 '· . t.Jt. Mn/FMCM* 22.48 22.73 24.59 20.01 20.45 21.42 20.1$0 1 '1. '11 

Si+Al 4.98 5.00 5.01 4.98 4.98 4.9/ 4. 'ltl ~ •• '-ICJ 
Fe+Mg+Ca+Hn 3.04 3.00 2.99 3.01 3.02 3.04 5.02 .$,1)1, 
fe/(Fe+Mg) 0.89 0.89 0.90 0.87 0.87 0.87 0,8/ U.ll/ 

A 30.36 30.80 31.22 30.38 30.33 30.49 30.63 so. uo 
f 0.89 0.89 0.90 0.81 0.87 :>.87 0.81 !i.ll I 
M 0.11 0. 11 0.10 0.13 0.13 O.H o.n u. 1S 

Fe+Hg+Mn 2.97 2.95 2.96 2.89 2.89 2.91 2.1l8 7. '11 
Fe/Fe+Mg+Mn 68.51 68.29 67.76 68.95 68.41 67.82 68 . .!0 01.11(, 
!-ln/Fe+Mg+Mn 22.98 23.14 24.83 20.91 21.35 22.40 21.85 ?U.H'> 
Mg/Fe+Mg+Mn 8.51 8.57 7.41 10.14 10.24 9.78 •;.e~ 1". :!'1 

*FMCM=Fe+Mg+Ca+Mn 



21b 

Garnet 

so. 89·127· 3 
(rim) (mid) (mic.) (core) <mid) (mid) (rim) (rim) (mid) (mid) 

S102 36.55 36.79 36.77 36.86 36.70 36.78 36.25 36.39 36.96 36.82 
T 102 0.04 0.00 0.01 O.QO 0.01 0.01 0.06 0. 05 0.01 0.00 
Al20! 20.87 20.94 20.93 21.14 21.16 21.26 20.65 20.90 20.96 20.87 
Cr703 0.04 0.05 0.06 0.02 0.06 0.04 0.00 0.03 0.02 0.04 
FcO 25.90 26.54 27.62 28.08 27.94 27.47 25.42 25.62 26.59 27.40 
MnO 14.23 12.47 12.0?. 11.43 11.07 11.73 15.01 14.60 12.83 11.98 
MgO 1.12 1 .87 2.22 2.32 2.31 2.29 1.12 1.34 1.94 2.16 
C~JO 0.93 0.79 0.80 0.80 0.76 0.80 1.00 0.39 0.83 0. 76 
Nu?O 0.01 0.00 0.04 0.03 0.04 0.05 0.03 0.02 0.01 0.00 
~20 0.02 0.01 0.02 0.01 0.02 0.00 0.03 0.02 0.03 0.02 
Total 99.77 99.46 100.49 100.69 100.05 100.43 99.56 99.37 100.20 100.0!, 

n1.611bcr of cations on the basis of 12 oxyqcns 

Si 2.99 3.00 2.98 2.98 2.98 2.97 2.98 2.99 3.00 2.99 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 2.02 2.01 2.00 2.01 2.02 2.03 2.00 2.02 2.00 2.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 1.77 1. 81 1.87 1.90 1. 90 1.86 1. 75 1.76 1.80 1.86 
Mn 0.99 0.86 0.82 0.78 0. 76 0.80 1.05 1.02 0.88 0.82 
Mq 0. 14 0.23 0.27 0.28 0.28 0.28 0.14 0.16 0.23 0.26 
Ca 0.08 0.07 0.07 0.07 0.07 0.07 0.09 0.03 0.07 0.07 
N" 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 
I( 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Tot~l 8.00 7.99 8.02 8.02 8.J1 8.02 8.02 8.00 8.00 8.01 

~e.'F .. CM* 59.54 60.99 61.69 62.66 63.15 61.79 57.90 59.18 60.29 61.77 
M9/FHCH* 4.59 7.66 8.84 9.22 9.30 9.18 4.55 5. 52 7.84 8.68 
Ca/ f ~CM* 2. 74 2.33 2.29 2.29 2.20 2.31 2.92 1.15 2.41 2.20 
Mn/fHCH* 33.13 29.02 27.19 25.83 25.34 26.72 34.63 34.15 29.46 27.35 

Si+Al 5.01 5.02 4.98 4.99 5.00 5.00 4.98 5.01 5.00 4.99 
fe+Mg•Ci~+Mn 2.98 2.97 3.03 3.03 3.00 3.01 3.02 2.97 2.99 3.01 
f<'/Cfc+Hg) 0.93 0.89 0.87 0.87 0.87 0.87 0.93 0.91 0.88 0.88 

A 34.45 33.03 31.78 31.59 31.69 32.20 34.57 34.40 3? .86 31 .94 
f 0.93 0.89 0.87 0.87 0.87 0.87 0.93 0.91 0.88 0.88 
H 0.07 0. 11 0.13 0.13 0.13 0.13 0.07 0.09 0.12 0.12 

fc•H,J•Mn 2.90 2.90 2.96 2.96 2.93 2.94 2.93 2. 94 2.92 2.95 
f c/ f c+Hg +Mr. 61.22 62.44 63.13 64.12 64.57 63.25 59.65 59.8~ 61.78 63.16 
Mn/fc•Mg+Hn 34.07 29.72 27.83 26.44 25.91 27.35 35.67 34.55 30.19 27.91 
Hg/fc•Mg•Hn 4.72 7.84 9.04 9.44 9.51 9.40 4.68 5.58 8.03 8.87 

• FHCHcf c+Mg•Cu•Mn 



.' j 

Garnet 

SD-89·127· 3 so 89 JQZ 
(core) (mid) (mid) Cr im> (rim) (nnd) ( 1111 d) (1111 d) ( l ~ll '.) 

Si02 36.27 36.95 36.97 36.45 36.95 3b. 7U .S0.62 3b. b~~ ~(J. ,. .s 
T i02 0.00 0.00 0.00 0.02 0.02 0. 0~ 0.05 U.ll, Li.llll 
Al203 20.85 20.95 21.04 20.80 20.88 20.81 20.73 ~·o.lle !U.VLI Cr203 0.06 0.07 0.06 0.03 0.07 0 OS O.Ot O.ULI U. Oto 
FcO 27.42 27.12 26.90 25.29 29.44 2t.bb Z8.63 t'B.bt> .'1!.-.1 MnO 11.69 12.35 12.70 14.58 9.26 9.46 9.29 9,03 V.lo.' HgO 2.20 2.17 1.99 0.99 2.29 2 .2~ 2.17 ? . ~l) t

1
• 1 / 

CaO 0.76 0.82 0.80 1.04 1.b 1. 76 1.1~ 1. /II 1.1•'-' Na20 0.01 0.01 0.00 0.03 O.J4 0.04 0.00 0.0~ ll.li'J 
K20 0.01 0.00 0.00 0.03 0.02 0.00 0.03 0.01 ll.(lil 
Total 99.27 100.44 100.46 99.26 100.62 99.71 99.52 'N . .St, 'N.tJt) 

n~cr of cations on the basis o! 12 0XY9l'lh 

Si 2.97 2.99 2.99 3.00 2.:;18 ?.9tl 2.W l. \1'-; ;I '-J'J 
T i 0.00 0.00 0.00 0.00 0.00 0.00 0.00 u.uu !l.tJ•J 
Al 2.01 2.00 2.01 2.02 1.99 1.99 2.ll0 t!.IJtl ;-'.Uti 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 u.oo U .(H.• U.llrr Fe 1.88 1.84 1.82 1. 74 1.99 1.95 1. 'I~ 1 . l}l) 1 . 'I I Mn 0.81 0.85 0.87 1.02 0.63 0.6~ 0.6. U. r./ ll.l-1· Mg 0.27 0.26 0.24 0.12 0.28 0.21 0.?6 ll.?B IJ . .'I• Ca 0.07 0.07 0.07 0.09 0.14 u. 1~ ll. 1~ u. lt, II. ]•l 
Na 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 O.fll 
K 0.00 0.00 0.00 0.00 0.00 0.00 0. 00 IJ.OU 11.1.)11 
Total 8.02 8.01 8.00 8.00 8.02 8.02 1:1.01 II. 01 !!.111 

Fe/FMCM* 62.10 60.88 60.68 58.60 6~.40 64.40 61..85 ()/, .ll6 fA. ) 1 Hg/FMCM* 8.88 8.68 8.00 4.09 9.07 9.01 8.16 •;. ?8 B. t"J Cal FMCM* 2.21 2.36 2.31 3.09 4. 70 5.01 S.Oil '). 16 4. 110 Mn/FMCM* 26.82 28.08 29.01 34.22 20.84 21.53 ?1 .. ~1 .'0. /0 / ,> .U·~ 

Si+Al 4.99 4.99 5.00 5.02 4.97 4.'f8 4.9/l 4. (J(J '· .9
1

1 F e+Mg+Ca•Mn 3.03 3.01 3.00 2.97 3.04 3.03 .S.U1 s.u 1 S.IJ1 Fe/( Fe•Mg) 0.87 0.88 0.88 0.93 0.88 0.88 O.I!IJ 0 .Ill IJ.1!B 

A 31.89 32.27 32.75 35.04 30.44 30.99 30.9'2 ~u. 'I'· ~ 1. ~/ F 0.87 0.88 0.88 0.93 0.88 0.81:! 0.8/J 0.11/ fJ.1!H M 0.13 0.12 0.12 0.07 0.12 0.12 0.12 o.u 0. 1.' 

Fe+Mg•Mn 2.96 2.94 2.93 2.88 2.90 2.87 2./Jb ? .116 t .l~f. Fe/Fc+Mg•Mn 63.50 62.35 62.11 60.47 68.63 67.83 03.51 ~'~. 5(1 U _I, I 
Mn/Fe•Mg•Mn 27.1.2 28.76 29.70 35.31 21.86 ?2 .68 ?7.4~ 11 .e.~ II. PI 
Mg/ Fe+Mg•Mn 9.08 8.89 8. 19 4.22 9.51 9.49 "'-"~ 

1
1. I'd .,. ,)(J 

*FMCM=Fc•Mg•Ca•Mn 



Garnet 

50·89·312·2 50·89·312·3 50·89·312·5 
( r i rn) (core) (rim) ( r i ml (core) ( r iml (rim) (core) (rim) 

5102 36.92 36.61 36.50 36.58 36.74 36.76 36.34 36.35 36.47 
I iO? 0.01 0.02 0.02 0.00 0.00 0.02 0.00 0.00 0.02 
Al20.S 20.62 20.38 20.32 20.87 20.58 20.69 20.62 20.69 20.69 
Cr203 0.07 0.02 0.00 0.07 0.04 0.07 0.04 0.07 0.07 
Ft>O 26.68 26.51 27.02 26.93 27.27 27.38 26.39 26.95 26.15 
MnO 13.08 12.72 12.85 12.81 12.79 13.05 13.31 13.09 13.34 
HgO 1.68 1.85 1.63 1.64 1.81 1.62 1. 57 1. 75 1.56 
CaD 0.79 0.90 0.77 0.68 0.76 0. 71 0.90 0. 74 0.62 
Na20 0.00 0.04 0.02 0.00 0.00 0.00 0.01 0.03 0.00 
K20 0.00 0.03 0.02 0.04 0.01 0.03 0.00 0.03 0.00 
Total 99.85 99.07 99.15 99.62 100.00 100.33 99.18 99.70 98.90 

n~Albt>r of catior.s on the basis of 12 oxygens 

51 3.01 3.01 3.01 2.99 3.00 2.99 2.99 2.98 3.00 
II 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 1.98 1.97 1.97 2.01 1. 98 1.99 2.00 2.00 2.01 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
fc 1 .82 1.82 1.86 1.84 1.86 1.86 1.82 1.85 1.80 
Mn 0.90 0.89 0.90 0.89 0.88 0.90 0.93 0.91 0.93 
Hg 0.20 0.23 0.20 0.20 0.22 0.20 0.19 0.21 0.19 
Ca 0.07 0.08 0.07 0.06 0.07 0.06 0.08 0.06 0.05 
Na 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
( 0.00 0.00 0.00 0 00 0.00 0.00 0.00 0.00 0.00 
Total 7.99 8.01 8.01 8.00 8.01 8.01 8.01 8.02 7.99 

ft>/IMCH" 60.73 60.47 61.51 61.63 61.39 61.68 60.22 60.87 60.48 
Mg/fMCH" 6.81 7.52 6.61 6.69 7.26 6.50 6.38 7.04 6.43 
CatfHCH" 2.30 2.63 2.25 1.99 2.19 2.05 2.63 2.14 1.84 
Mn/IHCH" 30.15 29.38 29.63 29.69 29.16 29.77 30.76 29.94 31.25 

Si+Al 4.99 4.98 4.98 5.00 4.98 4.98 4.99 4.98 5.01 
fc+Hg+Ca•Hn 3.00 3.01 3.02 2.99 3.03 3.02 3.02 3.03 2.98 
fc/Cfc+Mgl 0.90 0.89 0.90 0.90 0.89 0.90 0.90 0.90 0.90 

A 32.88 32.41 32.30 32.87 32.20 32.41 33.24 32.56 33.51 
f 0.90 0.89 0.90 0.90 0.89 0.90 0.90 0.90 0.90 
M 0.10 0. 11 0.10 0.10 0.11 0.10 0.10 0.10 0.10 

Fc+Mg•Hn 2.93 2.93 2.96 2.93 2.96 2.96 2.94 2.97 2.92 
ft>/fe+Mg•Mn 62.16 62.10 62.93 62.88 62.76 62.97 61.85 62.20 61.61 
Mn/Fc+Hg+Mn 30.87 30.18 30.31 30.29 29.81 30.40 31.59 30.60 31.84 
Mg/Fc+Mg+Hn 6.97 7. 72 6. 76 6.82 7.42 6.64 6.56 7.20 6.55 

•FHCH=ft>+Hg+CJ+Hn 



.'I" 

Garnet 

SD-89- 046;~-1 SD IN 0-.t>.o I 
(rim) (mid) (mid) (mid) (core) (mid) (mid) (lllld) (1"1111) 

Si02 36.53 36.69 36.64 36.51 36.43 36.76 3b. 5~ 31>. ~b .So.:,l) 
Ti02 0.00 0.05 0.04 0.03 0.04 0.05 0.05 o.o.s 0.00 
Al203 21.00 21.04 21.00 20.77 20.85 20.87 20.9~ /O.Ilb .'0 .1111 Cr203 0.03 0.03 0.00 0.02 0.01 0.05 0.04 O.Ob u. LllJ FeO 34.84 33.84 33.51 33.11 33.73 33.43 H.8~ _;;,_51 .s~ . .s~ MnO 4.48 4.61 5.18 5.15 5.16 4.98 4.67 ,., 

4.?8 ... , .. 
MgO 2.11 2.03 1.8~ 1.87 1.86 1.112 1.~8 2.00 2 .or CaO 0.83 1. 56 1 .71 1.61 1.63 1.62 1. ~.s 1. ~ 1 0.1>9 Na20 0.05 0.05 0.04 0.04 0.05 0.04 0.0~ o.u~ u.u~ K20 0.00 0.00 0.01 0.02 0.00 0.00 o.o.s 0.0;> 0 u.s Total 99.86 99.90 99.97 99.14 99.78 99.70 119.59 1JO. 11 V'Y .l') 

nu-nbcr of cat ions on the basis ot 12 oxygL'fh 

Si 2.98 2.98 2.98 2.99 2.97 2.99 2.98 ?.'fl! ".'f/ T i 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 u.oo Al 2.02 2.02 2.01 2.01 2.01 2.(10 7.01 2.1.:0 (.Ill Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 U.OO ll.lJO Fe 2.37 2.30 2.28 2.27 2.30 2.28 2 . .SI 2.H l.4/ Mn 0.31 0.32 0.36 0.36 0.36 0.34 0.34 u .. H U. IIJ Mg 0.26 0.25 0.22 0.23 0.23 0.23 0.24 
1). "" 

U.l~ Ca 0.07 0.14 0.15 0.14 0.14 0.14 0.13 u. 11 ll.ll(, Na 0.01 0.01 0.01 0.01 0.01 0.01 0.01 U.Ul o.u 1 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 I) JJ(J IJ.IHI Total 8.02 8.01 8.01 8.01 8.02 8.00 11.02 1!. Ul ~.IJIJ 

Fe/FMCM* 78.82 76.69 75.74 75.73 76.04 76.03 /6.46 /6.'1~ /'1.1!/ Mg/FMCM* 8.51 8.20 7.45 7.62 7.47 7.78 /. 9/ /.'N H.~ •• 
Ca/fMCM* 2.41 4. 53 4.95 4. 72 4.71 4.72 4 .4.1 '·. ~l. I .IJIJ Mn/FMCM* 10.27 10.58 11 .86 11.93 11.78 11 .4 7 11.14 10. /l •;.Hu 

S i•Al 4.99 5.00 4 .. 99 5.00 4.98 5.00 4.99 4. 'Ill '•. 
1i'l F e+Mg+Ca+Mn 3.01 3.00 3.01 3.00 3.03 2.99 3.02 5 .IJ s S Jlc Fe/(fe+Mg) 0.90 0.90 0.91 0.91 0.91 0.91 0.91 U.YI u -'' 1 

A 27.72 28.36 28.65 28.59 28.40 28.53 28.22 ;r .Yu ?I.!Y F 0.90 0.90 0.91 0.91 0.91 0.91 0.91 IJ.\11 (J,<;l 
M o. 10 0.10 0.09 0.09 0.09 0.09 0.09 I) .lJ'I U.ll'" 

Fc+Mg+Mn 2.94 2.86 2.86 2.86 2.1J9 2 .8) 2 .liB I. 'IU 1.'11. Fe/fe+Mg+Mn 80.77 80.33 79.68 79.48 79.80 79.79 eo.oo 110.41, Hl.'J() 
"'n/fe+Mg+Mn 10.52 11.08 12.48 12.52 12.36 12.04 11.66 II. ?1 10.1JfJ 
Mg/fe•Mg+Mn 8.72 8.59 7.84 8.00 7.84 8.11 8. 34 H.9t B.lJl 

* FMCM=fc+Mg+Cu+Mn 



Garnet 

SD-89-034c·3 SD-89·184·2 
(core) (core) (rim) (mid) (mid) 

Si02 17.18 37.60 37.01 37.51 37.23 37.21 36.17 36.25 36.62 
T i02 0.00 0.02 0.00 0.01 0.00 0.00 0.01 0.00 0.00 
Al203 21.12 21.39 21.31 21.38 21.54 21.16 20.95 20.94 20.88 
Cr203 0.05 0.06 0.03 0.00 0.00 0.00 0.03 0.06 0.00 
FcO 33.90 34.00 34.07 33.90 34.30 33.95 28.58 30.35 30.48 
MnO ?.91 1.25 1.18 1.24 1.28 1.39 10.94 8.89 8.65 
MgO ?.60 4.03 4.32 3.96 3.95 3.88 1. 75 2.33 2.39 
CaO 1.37 1.44 1.30 1.40 1.49 1.46 0.85 0.87 0.87 
Na20 0.02 0.02 0.02 0.01 0.00 0.02 0.01 0.02 0.00 
K20 0.01 0.01 0.01 0.02 0.00 0.00 0.02 0.01 0.02 
Total 99.17 99.81 99.26 99.42 99.79 99.07 99.30 99.72 99.91 

number of cations on the basis of 12 oxygen,; 

51 3.02 3.00 2.98 3.01 2.98 :!.00 2.97 2.96 2.98 
li 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
AI 2.02 2.01 2.02 2.02 2.03 2.01 2.03 2.02 2.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 2.30 2.27 2.29 2.27 2.30 2.29 1.96 2.07 2.07 
Mn 0.20 0.08 0.08 0.08 0.09 0.09 0. 76 0.61 0.60 
Mg 0.31 0.48 0.52 0.47 0.47 0.47 0.21 0.28 0.29 
Ca 0.12 0.12 0.11 0.12 0.13 0.13 0.07 0.08 0.08 
Na 0.00 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 
Total 7.98 7.99 8.01 7.98 8.00 7.99 8.02 8.03 8.02 

Fe/FMCM* 78.41 76.76 76.34 77.03 77.00 76.91 65.15 68.02 68.32 
Mg/fMCM* 10.72 16.21 17.25 16.04 15.80 15.66 7.11 9.31 9.55 
Ca/fMCM* 4.06 4.17 3.73 4.08 4.29 4.24 2.48 2.50 2.50 
Mn/FMCM* 6.82 2.86 2.68 2.85 2.91 3.19 25.26 20.18 19.64 

SJ+Al 5.04 5.02 5.00 5.03 5.02 5.01 5.00 4.98 4.98 
Fc•Mg•Ca+Mn 2.93 2.96 3.00 2.95 2.98 2.98 3.01 3.05 3.04 Fc/(Fe+Mg) 0.88 0.83 0.82 0.83 0.83 0.83 0.90 0.88 0.88 

A 27.84 26.77 26.42 26.84 26.86 26.74 31.71 29.93 29.69 
F 0.88 0.83 0.82 0.83 0.83 0.83 0.90 0.88 0.88 M 0.12 0.17 0.18 0.17 0.17 0.17 0.10 u. 12 0.12 

Fe+Mg+Mn 2.81 2.84 2.89 2.83 2.86 2.85 2.94 2.97 2.9u 
Fc/fe•Mg•Mn 81.73 80.10 79.30 80.31 80.45 80.31 66.81 69.76 70.07 
Mn/Fe+Mg•Mn 7.11 2.98 2.78 2.98 3.04 3.33 25.90 20.70 20.14 
Mg/Fc•Mg+Mn 11.17 16.92 17.92 16.72 16.51 16.36 7.29 9.54 9. 79 

* r MCM oF c• Mg • (,,, Mn 



.'.' l 

Garnrt 

S0-89-184-2 
(mid) (mid) (mid) (core) (mid) (mid) (lUI d~ (IIIIJ) ( 1111 d) (1'1111) Si02 36.78 36.90 36.82 36.52 36.92 36.64 3!. 10 H.1? .'kl.r:o,· \t• .• ~l Ti02 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 o.uu n.uc, Al203 21.02 21.14 20.97 21.20 21.12 ?0.94 21.18 ?l.li/ n.u1 ,'t'. /'J Cr203 0.05 0.04 0.05 0.04 0.04 0.05 0.02 ll,Uj u.n:, ll.llll FcO 31.18 31. 12 31.40 31.57 31.28 31.45 31.89 ~1.0~ _s 1 .I ,' .'t· . .'1 "nO 8.13 7.54 7.20 6.84 6.89 0.70 6./5 0.99 ! .10 1··. (,', MgO 2.61 2.68 2.84 2.85 2.92 2.90 3.00 2 .ll5 ?.~/ u.\JH CaO 0.91 0.89 0.85 0.81 0.80 0.80 0./5 0.68 O.lll 1.01 Na20 0.02 0.00 0.02 0.02 0.04 0.04 0.00 0.04 () .00 li.U.' K20 0.03 0.01 0.02 0.00 0.00 0.02 0.02 0.07 U.O/ tt .ll/ Total 100.74 100.31 100.20 99.86 100.02 99.54 lOU. f1 llJO. ~ 1 '-J\J.~ •• •t•; .'JB 

number of cations on the• basis ol 1/ OII)"'Jt'f\'~ 

Si 2.97 2.98 2.98 2.96 2.98 2.98 ?.\Ill l.'-1~ i .'Jtl ·'. 'i! T i 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 u.uu lJ .li(J Al 2.00 2.01 2.00 2.03 2.01 2.01 2.01 ?.uu ? .01 ? .Ill Cr r..oo 0.00 0.00 0.00 0.00 0.00 ll.UO C.llll u.uu 11.1111 Fe 2.10 2.10 2.12 2.14 2.11 2.14 ? - 14 ?. B 2.11 1.BU Mn 0.56 0.52 0.49 0.47 0.47 0.46 0 -'-6 0.411 0. ~I 1 .IIi Mg 0.31 0.32 0.34 0.34 0.35 0.35 U • .S6 0- 14 0.11 n. 1.:' Ca 0.08 0.08 0.07 0.07 0.07 0.07 0.06 O.UIJ 0.11!\ II ,II/ Na 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 o.uu ll.llll K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 U.IJU lJ,I_ItJ Total 8.03 8.01 8.02 8.02 8.01 8.02 8.02 8.01 !l. U.' 1!.11,' 

Fe/FMCM• 68.93 69.66 70.02 70.76 70.31 70.19 /U.Il1 /U.il6 (1'-i. II '/J.t.', Mg/FMCM* 10.28 10.69 11.29 11.38 11.70 11 .63 11.!1/ 11 . It, 1 tl. ?I.~ s. ';1, Ca/FMCM* 2.58 2.55 2.43 2.33 2.30 2.31 (- 13 1 • 'f':. / .'JIJ .. '. ~,., Mn/FMCM* 18.20 17.09 16.26 15.53 15.69 15.(7 15- 11l 1 ., .Ill 1/. 1)11 ~ .1 • t ,(. j 

Si•Al 4.97 4.99 4.98 4.99 5.00 4.99 4. y'J '•. YlJ {I • ljiJ 1, . ';<; Fc•Mg+Ca•Mn 3.ll5 3.02 3.03 3.03 3.01 3.02 3.0~ s. 01 1.01 ~.ld Fe/( Fc+Mg) 0.87 0.87 0.86 0.86 0.86 0.86 o. tu, {J .IJ(;, U.ll/ u. 'I•. 

A 29.16 29.30 28.78 28.96 28.98 28.66 ?8.~6 ?II. !1 ?'1.111 ~4 . ~~· F 0.87 0.87 0.86 0.86 0.86 0.86 0.8<'> 0.111. U.ll/ IJ. 'I,, M 0.13 0.13 o. 14 0.14 0.14 0.14 0.14 u. 14 (J- 11 IJ,IJf, 

Fe+Mg+Mn 2.97 2.94 2.96 2.96 2.94 2.95 2.96 ?.'1) ? .t-;() /.'it, Fe/Fe+Mg+Mn 70.76 71.49 71.77 72.45 71.97 72.46 12. ~6 li.l/ /1- ',1 1.1 ,, 
·'I Mn/Fe+Mg+Mn 18.69 17.54 16.67 15.90 16.06 15.63 1~.51 1t.;. PJ 1/ _';', ~·· 1,/ Mg/Fe+Mg+Mn 10.55 10.97 11.57 11.65 11.97 11.91 1?- 1.1 11 . ',lj 1 (J. 1)1, '· () '~ 

"FMCM=Fc+Mg+Ca•Mn 



222 

Garnet 

SD-89 397-2 so -89-397-4 
(rim) {mid) (mid) (core) (mid) (mid) (rim) (rim) (mid) (mid) 

S1DZ 36.46 36.54 36.83 36.41 36.62 36.62 36.79 36.94 33.92 36.60 
T 102 0.04 0.04 0.04 0.05 0.07 0.06 0.06 0.05 4.23 0.08 
Al203 20.79 20.63 20.82 20.76 20.65 20.78 20.64 20.55 19.27 20.70 
Cr203 0.07 0.03 0.07 0.00 0.06 0.04 0.00 0.05 0.02 0.04 
feQ 28.45 28.42 28.66 28.66 28.61 28.32 28.29 28.32 29.36 28.81 
MnO 10.57 10.48 10.30 10.15 10.50 10.75 11.19 11.37 10.56 10.42 
MgO 2.43 2.50 2.41 2.33 2.40 2.40 2.15 2.24 2.12 2.44 
CaD 0.65 0.71 0.79 0.88 0.74 0.70 0.63 0.62 0.60 0.67 
Na20 0.00 0.04 0.04 0.05 0.65 0.00 0.02 0.04 0.04 0.03 
K20 0.01 0.02 0.02 0.02 0.00 0.01 0.03 0.03 0.03 0.02 
Total 99.49 99.42 99.98 99.33 99.70 99.68 99.79 100.22 100.61 99.80 

number of cations on the basis of 12 oxygens 

S1 2.98 2.99 2.99 2.98 2.97 2.98 3.00 3.00 2.79 2.98 
T i 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.26 0.00 
Al 2.00 1.99 1.99 2.00 1.98 2.00 1.98 1.97 1.87 1.99 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 1.94 1. 94 1. 95 1.96 1.94 1.93 1.93 1.92 2.02 1.96 
Mn 0. 73 0. 73 0.71 0.70 0.72 0.74 0.77 0.78 0.74 0.72 
Mg 0.30 0.30 0.29 0.28 0.29 0.29 0.26 0.27 0.26 0.30 
Ca 0.06 0.06 0.07 0.08 0.06 0.06 0.06 0.05 0.05 0.06 
Nil 0.00 0.01 0.01 0.01 0.10 0.00 0.00 0.01 0.01 0.00 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
T Dlill 8.02 8.02 8.01 8.02 8.08 8.01 8.01 8.02 8.01 8.02 

Fc/FMCM* 64.19 64.01 64.55 64.81 64.34 63.81 63.91 63.47 65.83 64.64 
Mg/FMCM* 9.77 10.03 9.67 9.39 9.62 9.64 8.66 8.95 8.47 9.76 
Cu/flolCM* 1.88 2.05 2.28 2.55 2.13 2.02 1.82 1. 78 1.72 1.93 
Mn/FiolCM* 24.16 '-3.91 23.50 23.25 23.91 24.53 25.61 25.81 23.98 23.68 

S1 +Al 4.98 4.97 4.98 4.98 4.95 4.98 4.98 4.97 4.b7 4.97 
Fc+Mg•Mn+Ca 3.03 3.0) 3.01 3.03 3.02 3.02 3.02 3.03 3.07 3.04 
Fct(Fc+Mg) 0.87 0.86 0.87 0.87 0.87 0.87 0.88 0.88 0.89 0.87 

A 30.86 30.60 30.74 30.77 30.68 30.97 31.07 30.85 28.97 30.49 
f 0.87 0.86 0.87 0.87 0.87 0.87 0.88 0.88 0.89 0.87 
M 0.13 0.14 0.13 0.13 0.13 0.13 0.12 0.12 0.11 0.13 

f c+Mg+Mn 2.97 2.97 2.95 2.95 2.96 2.96 2.96 2.98 3.02 2.98 
Fe/Fe+Mg•Mn 65.42 65.35 66.06 66.51 65.74 65.13 65.10 64.62 66.98 65.91 
Mn/Fc+Mg+Mn 24.62 24.41 24.04 23.86 24.44 25.04 26.08 26.28 24.40 Z4. 14 
Mg/fc+Mg+Mn 9.96 10.24 9.90 9.64 9.83 9.84 8.82 9.11 8.62 9.95 

*FMC!ol = Fc+Mg+Ca+Mn 



--~ _, J 

Garnet 

SD-89·397-4 SD-89-397-4 so 119 .)t; .. .> (mid) (core) (rnld) (mid) (mid) (rim) ( r llll) (nil d) (1111 d) \lllld) Si02 36.53 36.69 36.82 36.48 36.70 36.70 lb.81 .ib.l5 5t>.~LI I c._ tl.' Ti02 0.04 0.06 0.06 0.04 0.03 0.00 0.01 0.05 ll.llli ll .ll I Al203 20.71 20.50 20.86 20.76 20.73 20.68 21. 12 ?0.79 20.111 /0.9~ Cr203 0.05 0.03 0.05 0.04 0.04 0.07 0.06 0.03 o.o•, ll.llll FeD 28.82 28.87 28.92 28.39 28.79 27.41 28.96 50.28 2'<1.!1 .• .''<1.!11 MnO 10.74 10.46 10.50 10.50 10.53 12.35 9.39 9.01 9.0U ~~. t>H MgO 2.40 2.44 2.44 2.40 2.32 1.81 1.8.3 2.0b 2.UU ! . 1? CaO 0.65 0.68 0.67 0.66 0.65 0.67 1.56 1.13 1. 51 1. 1-. Na20 0.00 0.03 0.06 0.03 0.04 0.01 0.02 0.0') o.o~ LI.D.' K20 0.03 0.02 0.01 0.00 0.02 0.04 0.02 0.01 O.LI.' U.Ul Total 99.97 99.79 100.41 99.30 99.85 99./5 W./8 IOU. 18 'N.~'I 9'1. /I 

number of cations on the b.-.sls of 12 o• Y9L''" 

Si 2.98 2.99 2.98 2.98 2.99 3.00 2.99 7 .'N ?.{.fU /. Y(J 
T 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.uo U.OII II.OlJ Al 1.99 1.97 1.99 2.00 1.99 1.99 7.02 l.YQ ?.Ul 1.01 Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.IJU u .ll/1 ll.llll Fe 1.96 1.97 1.96 1.94 1.96 1.87 1.9/ ?.Ob 2. 0·~ .'.(J\ Mn 0.74 0.72 0. 72 0.73 0.73 0.85 0.6'> o.r>? U.t..' u. r-11 Mg 0.29 0.30 0.29 0.29 0.28 0.22 0.?? u. ~~ U./"• u .. 't· ca 0.06 0.06 0.06 0.06 0.06 0.06 0.14 0.10 0.11 " I.' Na 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 O.U1 U.llll K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 U.IJiJ ()_()I) 
Total 8.03 8.02 8.02 8.01 8.02 8.01 8.00 8.0? I!.IJl 11.111! 

Fe/FMCM* 64.32 64.61 64.61 64.31 64.81 62.29 66.2? IJ/.9? rJ/, 'J 1 (./ .t.lt Mg/FMCM* 9.54 9. 73 9.71 9.69 9.31 7.33 /.46 IU5 !l. Ub ll. '•I Ca/FMCM* 1.86 1.95 1.92 1.92 1.87 1.95 4. 5/ 5.2~ s .Ill! ~. H'l Mn/FMCM* 24.28 23.71 23.76 24.09 24.01 28.43 21. 7') ?U.t.U .:'U .tJI 1 r;. lJI. 

Si+Al 4.97 4.96 4.97 4.99 4.98 4.99 ')_01 4.\18 4.lrJ ~ .IJU Fe+Mg+Mn•Ca 3.05 3.05 3.03 3.02 3.03 3.01 2.97 3. (J 5 5. IJI I . IJIJ Fe/<Fe+Mg) 0.87 0.87 0.87 0.87 0.87 0.89 O.C,.O O.!l'; u .e~.~ fJ .1!/i 

A 30.51 30.25 30.62 30.94 30.67 32.10 51.53 5U. 1? SIJ -'•' 111. •,rJ F 0.87 0.87 0.87 0.87 0.87 0.89 0.90 U.!l9 (J .1:'1 fJ !!'I M 0.13 0.13 0.13 0.13 0.13 0.11 0.10 u. 11 IJ. 11 IJ.11 

Fe+Mg+Mn 3.00 2.99 2.97 2.96 2.97 2.95 2.84 ~.'II ? . 'IU a!.l!l! Fe/Fe+Mg+Mn 65.54 65.89 65.87 65.56 66.05 63.53 69.40 10.19 1'J. Hl /(), v. Mn/Fe+Mg+Mn 24.74 24.18 24.22 24.56 24.47 28.99 2?.19 t 1. 50 i' 1 -'·'· /IJ. /1, Mg/Fe+Mg+Mn 9.73 9.92 9.90 9.88 9.48 7.48 1.1!1 e.•J1 g. ~~~ H.,, 1 

*FMCM = Fc+Mg+Cu+Mn 
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Garnet 

so ·89· 364 ·2 f-123·79·1 
(core) (mid) (mid) (mid) (rim) (Rim) (Core) (Rim) 

5102 36.57 36.63 36.58 36.86 36.63 36.53 36.67 36.32 
r 102 0.22 0.01 0.00 0.01 0.02 0.02 0.02 0.03 
Al203 20.95 21.07 21.02 20.92 20.79 20.62 20.74 20.59 
Cr203 0.00 0.05 0.04 0.03 0.00 0.00 0.00 0.00 
fcO 29.94 29.37 30.14 29.71 29.60 29.45 29.08 28.83 
HnO 8.39 8.50 8.61 8.59 9.79 8.03 7.97 9.36 
HgO 2.12 2.17 2.12 2.07 1.89 3.35 3.33 2.47 
cao 1. 57 1.82 1.86 1.77 1.35 0.88 0.86 0.92 
Nu20 0.03 0.04 0.03 0.04 0.02 0.01 0.03 0.00 
K20 0.03 0.02 0.00 0.00 0.02 0.00 0.00 0.00 
Total 99.83 99.68 100.40 99.99 100. 11 98.89 98.69 98.54 

nunbcr of cations on the basis of 12 oxygcns 

Si 2.97 2.98 2.96 2.99 2.98 2.98 2.99 2.99 
r, 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
AI 2.01 2.02 2.01 2.00 2.00 1.99 2.00 2.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
fc 2.04 2.00 2.04 2.02 2.02 2.01 1.98 1.98 
Hn 0.58 0.59 0.59 0.59 0.68 0.56 0. 55 0.65 
Hg 0.26 0.26 0.26 0.25 0.23 0.41 0.41 0.30 
Ca 0.14 0.16 0.16 0.15 0.12 0.08 0.08 0.08 
Na 0.00 0.01 0.00 0.01 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 
Iota I 8.01 8.01 8.03 8.01 8.02 8.02 8.01 8.01 

fc/fHCH* 67.70 66.48 66.95 66.96 66.35 65.91 65.81 65.69 
Hg/fHCH* 8.54 8. 75 8.39 8.31 7.55 13.36 13.43 10.03 
Ca/FHCH* 4.55 5.28 5.29 5. 11 3.88 2.52 2.49 2.69 
Hn/fHCH* 19.21 19.49 19.37 19.61 22.23 18.20 18.27 21.60 

Si•Al 4.98 5.00 4.97 4.99 4.98 4.91 4.99 4.99 
fc•Hg•Hn+f.il 3.01 3.00 3.05 3.01 3.04 3.05 3.02 3.02 
fc/(fc+Hg) 0.89 0.88 0.89 0.89 0.90 0.83 0.83 0.87 

A 30.36 30.82 30.40 30.63 30.70 29.09 29.45 30.40 
0.89 0.88 0.89 0.89 0.90 0.83 0.83 0.87 

H 0.11 0.12 0.11 0.11 o. 10 0.17 0.17 0.13 

lc•Hg+Hn 2.87 2.85 2.89 2.86 2.92 2.97 2.94 2.94 
fc/fc•l4g•Hn 70.92 70.19 70.69 70.57 69.02 67.62 67.49 67.50 
Hn/fc•Hg•Hn 20.13 20.57 20.45 20.67 23.12 18.67 18.74 22.20 
Hg/fc+Hg•Hn 8.95 9.24 8.86 8.76 7.8:i 13.71 13.77 10.31 

*fHCH : fc•Hg+Ca•Hn 



~ .' ., 

Garnet 

F·123· 79· 3 F·123·79 ~ 
(Rim) (Hidl <Core) (Rim) (Mid) (Corel (Mid) (111111) 

Si02 36.26 36.28 36.02 36.09 36.26 36.13 3b.52 .SC>.lN Ti02 0.03 0.01 0.07 0.03 0.00 0.04 0.01 o.o;• 
AL203 20.56 20.62 20.64 20.46 20.42 20.65 20.88 ?U.b:' Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.uu FeO 27.92 29.72 28.13 28.34 28.51) 29.34 28.93 )8. u HnO 10.66 8.70 11.08 10.92 10.12 9.10 9.36 10.2\1 HgO 2.12 2.59 2.0S 1.97 2.69 2.96 2.91 2.~4 cao 0.90 0.89 0.90 0.90 0.86 0.85 0.89 0.89 Na20 0.00 0.00 0.01 0.02 0.00 0.00 0.01 0.00 K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Total 98.44 98.82 98.91 98.72 98.86 99.06 99. ~0 98.58 

nl611ber of cations on the basis of 12 oxygen' 

Si 2.99 2.98 2.97 2.98 2.98 2.96 2.9{ 2.9/ Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ll.OU AL 2.00 2.00 2.01 1.99 1.98 2.00 2.00 ?.ou Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 u.oo Fe 1.93 2.04 1.94 1.96 1.96 2.01 1.9/ 1.91, Mn 0.75 0.61 0.77 0.76 0. 70 0.63 0.6~ U./? Mg 0.26 0.32 0.25 0.24 0.33 0.3b 0. 3~ u. 31 Ca 0.08 0.08 0.08 0.08 0.08 0.07 O.Oil U.Oil Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.ou 
I( 0.00 0.00 0.00 0.00 0.00 0.00 0.00 (J.OIJ Total 8.01 8.02 8.02 8.02 8.03 8.04 8.01 8.02 

Fe/rHCN* 63.97 67.11 63.70 64.32 63.84 65.32 64.67 t..3.62 Hg/FMCH* 8.66 10.42 8.27 7.97 10.74 11. 74 11. ~9 10.?4 Ca/FMCH* 2.64 2.57 2.61 2.62 2.47 2.42 2. ~~ 2.~11 Mn/FMCM* 24.74 19.90 25.41 25.10 22.96 20. ~2 21.19 2!>.~1 

Si+Al 4.99 4.98 4.91 4.97 4.9() 4 .91> 4. 'f8 4.911 Fe<Hg+Mn+Ca 3.01 3.04 3.04 3.04 3.07 3.08 3.0~ .s. (J'J Fe/( Fe+Hg) 0.88 0.87 0.89 0.89 0.86 0.85 0.8~ 0.81, 

A 31.37 29.74 31.40 31.17 30.18 29.1>0 30.14 .SO.IlO F 0.88 0.87 0.89 0.89 0.86 0.85 0.8~ 0.86 

"' 0.12 0.13 0.11 0.11 0. 1L. 0.15 0.15 0.14 

Fe+Mg+Hn 2.93 2.96 2.96 2.96 2.99 3.00 2.97 2 .'if Fe/ Fe+Hg+Hn 65.70 68.8(1 65.41 66.04 65.45 66.94 66.31> 6~.30 Mn/Fe+Hg+Hn 25.41 20.42 26.09 25.77 23.54 21 .03 21. 75 ?4. 19 Hg/Fe+Hg+Hn 8.89 10.70 8.49 8.18 11.01 12.03 11.89 1 () . • , 1 

*FHCH = Fc+Mg+Ca+Mn 
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Garnet 

G-118·80·1 G-163-80·3 
(Rim) (Mid) (Core) (Mid) <Rim) (Rim) (Hid) (Hid) (Hid) (Core) 

5102 36.20 3~.92 36.11 36.16 36.01 35.97 39.95 36.04 3~ .74 35.21 
1102 0.04 0.10 0.08 0.03 0.05 0.03 0.07 0.06 0.09 0.06 
Al203 20.02 19.99 20.04 20.24 20.22 20.54 20.56 20.29 20.57 20.44 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 31.95 29.83 29.10 29.78 31.84 32.80 32.01 31.44 31.72 31.51 
MnO 7.88 9.33 9.90 9.97 8.08 7.08 7.62 7.94 8.45 8.20 
MgO 2.06 1.98 2.00 2.01 2.09 2.01 2.00 2.00 1.96 1.87 
CaO 0.84 1.41 1.42 1.23 0.92 0.81 0.95 0.97 1.13 1.46 
Nu20 0.01 0.01 0.02 0.00 0.00 0.02 0.02 0.03 0.05 0.03 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
lotal 99.00 98.57 98.68 99.42 99.20 99.25 99.18 98.78 99.72 98.77 

number of cations on tne basis of 12 oxygen,; 

51 2.99 2.98 2.99 2.98 2.97 2.96 3.12 2.98 2.94 2.93 ,, 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 o.u1 0.00 
AI 1. 95 1.95 1.95 1.96 1.97 2.00 1.89 1.98 2.00 2.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 2.21 2.07 2.01 2.05 2.20 2.26 2.09 2.17 2.18 2.19 
Mn 0.55 0.66 0.69 0.69 0.56 0.49 0.50 0.56 0.59 0.58 Mg 0.25 0.24 0.25 0.25 0.26 0.25 0.23 0.25 0.24 0.23 ca 0.07 0.13 0.13 0.11 0.08 0.07 0.08 0.09 0.10 0.13 
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Iota I 8.03 8.04 8.03 8.04 8.04 8.04 7.93 8.03 8.06 8.07 

fc/FHCM" 71. ~1 66.86 65.38 66.13 70.87 73.56 71.92 70.99 70.15 69.99 
Mg/fHCM" 8.22 7.91 8.01 7.95 8.29 8.03 8.01 8.05 7.72 7.40 
Cal fHCM" 2.41 4.05 4.09 3.50 2.62 2.33 2. 73 2.81 3.20 4.16 Mn/fMLM" 17.86 21.18 22.53 22.42 18.22 16.08 17.34 18.16 18.93 18.45 

S!+Al 4.94 4.93 4.94 4.94 4.94 4.96 5.01 4.96 4.94 4.93 Fc+Hg+Mn•Ca 3.09 3.10 3.08 3.10 3.10 3.07 2.91 3.06 3.11 3.13 Fc/(Fc•Mg) 0.90 0.89 0.89 0.89 0.90 0.90 0.90 0.90 0.90 0.90 

A 28.37 29.69 30.19 29.95 28.61 28.47 28.94 29.01 29.17 29.25 
f 0.90 0.89 0.89 0.89 0.90 0.90 0.90 0.90 0.90 C.90 M 0.10 0.11 0.11 0.11 0.10 0.10 0.10 0.10 0.10 0.10 

Fe+Mg+Hn 3.01 2.97 2.95 2.99 3.02 3.00 2.83 2.98 3.01 3.00 Fc/Fc+Mg+Mn 73.28 69.68 68.16 68.52 72.78 75.31 73.94 73.04 72.47 73.03 Mntfc+Mg+Mn 18.30 22.07 23.49 23.24 18.71 16.46 17.83 18.68 19.55 19.25 Mg/Fc+Mg+Mn 8.42 8.24 8.35 8.24 8.51 8.22 8.23 8.28 7.91:l 7.72 

•rMCH = Fc•Mg+Ca•Mn 



.' .. ~ / 

Gilrnet 

SD-89-353·4 SD 89·353-~ 
(rim) (mid) (mid) (mid) (mid) (core) (m1d) (Ill! d) (lllld) (Ill! d) Si02 36.48 37.02 36.68 ~6. 72 36.56 36.53 36./1 3~.16 )b. j',· It>. /I! Ti02 0.03 0.02 0.05 0.05 0.02 0.03 0.03 0.06 0.0'• o.u .. Al203 21. 15 21.03 20.68 20.95 20.82 20.74 20.88 ?1.0? 2\.tl.' .'0 . .-~ Cr203 0.03 0.05 0.03 0.08 0.05 0.00 0.05 0.06 0.05 U.llll Feo 34.35 33.50 33.41 32.99 32.76 32.24 32.64 3?.8/ H.?U H. I.' MnO 4.35 5.20 5.67 6.07 6.47 6.49 6.49 6.0? ).o,llJ ~ . .'1 MgO 2.16 1.95 1.83 1.78 1.73 1.68 1. II 1.8~ 1. o,1 I 1. ~5 CaO 1.60 1.67 1.58 1.67 1.68 1.60 1.60 1.62 1. (>(• 1 till Na2o 0.04 0.04 0.04 0.00 0.02 0.05 0.04 0.0'> 0. u.s ll. u. K20 0.01 0.02 0.02 0.01 0.01 0.01 0.0? 0.02 U.U.' U.U! Total 100.21 100.52 100.00 100.33 100.12 99.38 100.22 lLJ0.3.l 1 Ill) .. ,,, •J•i. /-. 

niJ!Iber of cations on tne basis of 12 o"yger" 

Si 2.96 2.99 2.99 2.98 2.98 2.99 2.91l 2.9tJ .?.i.JU \.l!ll T i 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.ou LJ. UU U.llO Al 2.02 2.00 1.99 2.00 2.00 2.00 2.00 :.o1 I.U1 1 . ·~·; Cr 0.00 0.00 0.00 0.01 0.00 0.00 u.oo u.oo li.OU ll.llil Fe 2.33 2.26 2.28 2.24 2.23 2.21 ?.n ? .?I /. ~~~ .' •' I Mn 0.30 0.36 0.39 0.42 0.45 0.45 0.45 o.-<1 LJ. ··'' (J. lr· Mg 0.26 0.23 0.22 0.22 0.21 0.21 0.?1 o.n 0. ~) -~ 1.1./~ Ca 0.14 0.14 0.14 0.15 0.15 0.14 0.14 0. 11. fl. lit IJ.l·t Na 0.01 0.01 0.01 0.00 0.00 0.01 0.01 U.01 lJ.tJ!J U.LJ1 I( 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.uu U.IJII 11.{111 Total 8.03 8.01 8.02 8.01 8.02 8.01 8.0? !l. 01 II. U.' 11.111 

Fe/FMCM* 76.92 75.48 75.18 74.22 73.54 73.51 13.48 /4. 1.1 /4 . .'IJ ;l ·' 1).'•' Mg/FMCM* 8.62 7.83 7.34 7.14 6.92 6.83 7. 10 1.44 l.r.'l /. I'J Ca!FMCM* 4.59 4.82 4.56 4.81 4.83 4.67 4.62 '• .liB ... /', •• _g/ Mn/FMCM* 9.87 11.87 12.92 13.83 14.71 14.99 14.80 1 I .7~ 1 ~. ~tJ 1 1 . r;tJ 

Si+Al 4.99 5.00 4.98 4.99 4.98 4.99 4.98 4.'1'-1 4. 'Ill '•. (;•; Fe+Mg+Mn+Ca 3.03 3.00 3.03 3.02 3.03 3.00 3.02 3.01 I. 0 I I. ()1 Fe/(Fe+Mg) 0.90 0.91 0.91 0.91 0.91 0.92 0.91 0.~1 u .. , 1 u.-n 
A 28.04 28.55 28.38 28.96 29.02 29.29 29.01 i:'9.0U Ill. I I Ill .I. I) F 0.90 0.91 0.91 0.91 0.91 0.92 0.91 0.91 U.'Jl IJ .. , 1 M 0.10 0.09 0.09 0.09 0.09 0.08 0.09 U.U'/ U.IJ'I I;. u·• 
Fe+Mg+Mn 2.89 2.86 2.89 2.87 2.89 2.86 2.88 ?.8/ 2 .llll I.HIJ Fe/ F e+Mg+Mn 80.62 79.31 78.77 77.97 77.27 77.12 11.04 II .II II.'Jl /r, "i I Mn/Fe+Mg+Mn 10.34 12.47 13.54 14.53 15.46 15.72 15.51 14. 1d 14.UI 1/. 'J'J Mg/Fe+Mg+Mn 9.03 8.23 7.69 7.50 7.27 7.16 7.44 /.llO B. f;/ ~- 1'J 

*FMCM = Fe+Mg+Ca+Mn 



Garnet 

SD-89-353·4 SD-89·353·5 SD-89·353·5 
(rim) (rim) (rim) (mid) (mid) (mid) (mid) (mid) (mid) (core) 

Si02 36.58 36.45 36.62 36.82 36.44 36.21 36.02 36.53 36.86 36.85 
I i02 0.03 0.06 0.03 0.06 0.03 0.06 0.04 0.03 0.05 0.05 
Al203 20.96 20.94 20.89 20.86 21.00 20.93 20.75 20.98 21.00 20.85 
Cr203 0.04 0.04 0.05 0.00 0.05 0.00 0.07 0.07 0.00 0.04 
fl'() 34.06 34.00 34.22 32.98 32.64 32.41 31.63 31.80 31.17 31.07 
HnO 4.37 5.22 4.68 5.63 6.29 6.52 7.18 7.67 8.10 8.28 
HgO 2.07 1.96 2.03 1.88 1.79 1.65 1.65 1.64 1. 55 1.48 
cao 1.72 1.67 1.61 1.64 1.62 1.68 1.63 1.58 1.60 1.69 
Na20 0.02 0.04 0.04 0.04 0.06 0.09 0.03 0.04 0.02 0.04 ao 0.02 0.02 0.00 0.02 0.01 0.04 0.03 0.01 0.03 0.03 
Total 99.88 100.33 100.17 99.93 99.93 99.59 99.02 100.35 100.38 100.37 

number of cations on the basis of 12 oxygens 

Si 2.98 2.96 2.98 2.99 2.97 2.97 2.97 2.97 2.99 2.99 
It 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 2.01 2.01 2.00 2.00 2.02 2.02 2.02 2.01 2.01 2.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 2.32 2.31 2.33 2.24 2.23 2.22 2.18 2.16 2- 11 2.11 
Hn 0.30 0.36 0.32 0.39 0.43 0.45 0.50 0.53 0.56 0.57 
Hg 0.25 0.24 0.25 0.23 0.22 0.20 0.20 0.20 0.19 0.18 
Ca 0.15 0.15 0.14 0.14 0.14 0.15 0.14 0.14 0.14 0.15 
Na 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01 
I( 0.00 0.00 0.00 0.00 o.co 0.00 0.00 0.00 0.00 0.00 
Total 8.02 8.03 8.02 8.01 8.02 8.03 8.02 8.02 8.01 8.01 

Fe/FHCH* 76.75 75.69 76.66 74.73 73.72 73.48 72.00 71.44 70.54 70.20 
Hg/FHCH* 8.31 7.78 8.10 7.59 7.20 6.67 6.69 6.57 6.25 5.96 
Ca/FHCH* 4.97 4.76 4.62 4.76 4.69 4.88 4.75 4.55 4.64 4.89 
Hn/fHCH* 9.97 11.77 10.62 12.92 14.39 14.97 16.55 17.45 18.5 7 18.95 

Si+Al 4.99 4.97 4.98 4.99 4.99 4.99 4.98 4.98 5.00 4.99 
Fe+Hg+Hn•Ca 3.02 3.05 3.03 3.00 3.02 3.02 3.03 3.03 3.00 3.01 
Fe/(Fe•Hg) 0.90 0.91 0.90 0.91 0.91 0.92 0.91 0.92 0.92 0.92 

A 28.06 28.18 28.01 28.75 29.20 29.31 29.63 29.83 30.27 30.26 
r 0.90 0.91 0.90 0.91 0.91 0.92 0.91 0.92 0.92 0.92 
H 0.10 0.09 0.10 0.09 0.09 0.08 0.09 0.0!! 0.08 0.08 

Fe+Mg+Hn 2.87 2.91 2.89 2.86 2.88 2.87 2.88 2.89 2.86 2.86 
Fe/fe+Hg+Hn 80.76 79.48 80.37 78.46 77.35 77.25 75.59 74.84 73.97 73.81 
Hn/ r e+Hg+Hn 10.49 12.36 11.13 13.57 15.10 15.74 17.38 18.28 19.47 19.92 
Hg/fe+Hg•Hn 8. 75 8.16 8.50 7.97 7.56 7.01 7.03 6.88 6.56 6.27 

*FHCH = Fe+~g•Ca•Mn 



.'.'" 

Garnet 

G-133-80·1 G-133-80-2 li· 1.>; 8ll 
(Rim) (Core) (Rim) (Mid) (Core) (Mid) (Rim) (R 1111) (Mid) { t\.1rl') Si02 36.50 36.49 36.62 36.81 36.o5 36.73 3b.~b Sb.IB s I•, ··~I 5~'- _\() Ti02 0.00 0.00 0.02 0.02 0.01 0.01 0.03 0.00 O.llO o.u. Al203 20.78 20.87 20.77 20.95 20.58 20.74 20.74 !0.9b ;'0.91 ?Ll.!tS Cr203 0.00 0.00 0.00 0.00 0.00 0.00 L1 • 00 0.01 0.01 lJ.ll-. FeO 37.04 36.05 36.96 36.83 36.83 36.45 36.62 31.60 3ll. Sb s 1 .. ,I MnO 1.93 1.85 2.03 1.87 1.83 1.89 ,_ 91 '1.02 ILIJO l). ,J 1 

MgO 2.51 3.13 2.85 3.19 3.01 3.10 2.8? 1.95 I. YO 1 • 'Jr) CaO 1.07 1. 13 1.08 1.09 1.06 1.08 1.12 0.~2 0.61 li.C>1 Na20 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 U.llll K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 U.Ull Total 99.83 99.53 100.33 100.75 99.97 100.01 99.79 101.00 100.11 1tJtJ, 1
1•o 

m.mber of cation~ on the basis of 1? oxygcns 

Si 2.97 2.97 2.97 2.96 2.98 2.98 2.97 2.1JH I.UI l. ''b T i 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 u.ull Al 2.00 2.00 1.98 1.99 1.97 1.98 1.99 ?.uo i.UU /.Uti Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.ou o.uu U.llll Fe 2.52 2.45 2.51 2.48 2.50 2.41 2.49 ? . 11, .'.Ill> ,>. 1• Mn 0.13 0.13 0.14 0.13 0.13 0.13 0.13 0.62 0 .I> 1 O.r.:, Mg 0.30 0.38 0.34 0.38 0.36 0.37 0 •. S4 0.2'• U.d u.,'·• Ca 0.09 0.10 0.09 0.09 0.09 0.09 0.10 o.u~ 0.11~ () .li'J Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.uo u.uo u.ou 
k 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.uu O.Uil Total 8.03 8.03 8.04 8.04 8.04 8.03 8.03 B.U7 1.'11 ll. us 
Fe/FMCM* 82.61 80.20 81.27 80.41 81. 11 80.51 B1.3~ /U.41 u~ .I~ 1/1.1'1 Mg/FMCM* 9.98 12.41 11.17 12.41 11.81 12.20 11.16 1.14 1. Ill 1.11> Ca/FMCM* 3.06 3.22 3.04 3.05 2.99 3.06 .L 19 l.l.!j 1- 1'1 1./1, 
Mn/FMCM* 4.36 4.17 4.52 4.13 4.08 4.23 4.30 .'O . .l6 .'U. /1) /fJ. /1 

Si+Al 4.97 4.97 4.95 4.95 4.95 4.96 4.'16 4.98 I_) .IJ/ .•. 'If• Fc+Mg•·Mn+Ca 3.06 3.06 3.08 3.09 3.09 3.0/ 3.06 .l.U4 r. ·~~~ s. ()/ Fc/(re+Mg) 0.89 0.87 0.88 0.87 0.87 0.87 0.88 0.9U IJ _ 11U 1), 1~1 I 

A 26.08 26.11 25.83 25.78 25.58 25.83 25.98 2~. ~·; 3f.J.I.U lfJ. ll'J 
F 0.89 0.87 0.88 0.87 0.87 0.87 0.88 O.YU O.'fl) (). 'lfJ M 0.11 0.13 0.12 o. 13 0.13 0.13 0.12 0. 10 ff.lll fJ.1(J 

Fe+Mg+Mn 2.96 2.96 2.99 2.99 2.99 2.98 2.91 S. OfJ 2.',11) ).UI Fe/Fe+Mg+Mn 85.21 82.87 83.82 82.93 83.61 83.05 84.03 11.H 11. (J s /() .1!1, 
Mn/Fe+Mg+Mn 4.50 4.31 4.66 4.26 4.21 4.36 4.44 20.b/ .'1. IJ I ;> 1 . 1'1 
Mg/Fe+Mg+Mn 10.29 12.82 11.52 12.80 12.18 12.59 11.55 ll.lHJ 1. '1.'1 I' •;IJ 

*FMCM = Fc+Mg+Ca+Mn 



2JO 

Garnet 

G-133-80-3 G·133·80·3a 
(Rim) (Mid) (Corel (Mid) (Rim) (Rim) (Core) (Rim) 

St02 36.77 36.71 36.74 36.90 36.57 36.84 36.58 36.47 
lt02 0.00 0.04 0.02 0.02 0.00 0.02 0.01 0.03 
Al203 20.73 20.83 <0.77 20.74 20.78 20.91 20.82 20.88 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 36.42 36.21 35.75 36.24 36.49 36.36 36.28 36.66 
MnO 1.68 1.67 1.66 1. 77 1. 77 1. 70 1.69 1.79 
MgO 2.71 3.08 3.14 3.14 2.93 3.05 3.01 2. 71 
CaO 1.09 1.07 1.07 1.09 1.07 1.07 1.06 1.07 
Na20 0.00 0.00 0.01 0.02 0.00 0.00 0.02 0.00 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 79.46 99.62 99.17 99.91 99.62 99.94 99.48 99.61 

nurrber of cations on the basis of 12 oxygcns 

Si 2.99 2.98 2.99 2.99 2.98 2.98 2.98 2.97 
T i 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 1.99 1.99 1.99 1.98 1.99 2.00 2.00 2.01 
Ct· 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
fe 2.48 2.46 2.43 2.45 2.48 2.46 2.47 2. 50 
Mn 0.12 o. 11 0.11 o. 12 0. 12 0.12 c. 12 0.12 
Mg 0.34 0.37 0.38 0.38 0.36 0.37 0.37 0.33 
Cit 0.10 0.09 0.09 0.09 0.09 0.09 0.09 0.09 
Na 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 
Total 8.01 8.02 8.01 8.02 8.03 8.02 8.02 8.02 

fc/fMCM* 81.93 80.90 80.52 80.49 81.32 81.00 81.14 82.06 
Mg/fMCM* 11.10 12.26 12.60 12.43 11.64 12.11 12.00 10.81 
Ca/fHCH* 3.14 3.06 3.09 3.10 3.05 3.05 3.04 3.07 
Mn/ fMCM• 3.83 3.78 3.79 3.98 3.99 3.84 3.83 4.06 

Si+Al 4.98 4.98 4.99 4.97 4.97 4.98 4.98 4.98 Fc+Mg+Mn+Cn 3.03 3.04 3.02 3.05 3.06 3.04 3.04 3.04 
Fc/(fc+Hg> 0.88 0.87 0.86 0.87 0.87 0.87 0.87 0.88 

A 26.11 26.04 26.15 25.89 25.99 26.07 26.06 26.18 
f 0.88 0.87 0.86 0.87 0.87 0.87 0.87 0.88 M 0.12 0.13 0.14 o. 13 0.13 0.13 0.13 0.12 

Fc•Mg•Mn 2.93 2.95 2.93 2.95 2.96 2.95 2.95 2.9S 
fe/fc+M~•Mn 84.58 83.45 83.09 83.07 83.88 83.55 83.68 84.66 
Mn/fc•Mg•Mn 3.95 3.90 3.91 4.11 4.12 3.96 3.95 4.19 
My/fc•Mg•Mn 11.46 12.65 13.00 12.83 12.00 12.49 12.37 1 1. 15 

*fMCM = fc+Mg+C~•Mn 



.'!I 

Garn..:-t 

G· 133·80·4 G 15ll 30· 
(I! im) (Core) (Rim) (R irn) (Mid) (Mid) (Mid) ( Ctll"l') \Mid) 1.Mtd) Si02 36.46 36.67 36.80 36.29 35.90 36.04 .S~ .Bl lb. 1? 5t}. tl s lr•. uti T i02 0.02 0.01 0.00 0.16 0.03 0.05 0.07 0.[1., [l.ll( li.lL" Al203 20.62 20.65 20.65 20.35 ?.0.39 ?0.41 20.~1 ?O.?t> .'lU 1 .'LI. I 1 Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.Oll ll.llll ll.llll FeO 36.77 36.03 36.96 35.22 30.71 29.53 27.9/ {(.(>; // .Hr" •

1H.H/ MnO 1. 90 1.68 2.05 5.05 8.88 10.16 11.67 11.8/ 11 . ~) ,. }l\. ~~~~ MgO 2.39 2.90 2.30 1.80 1 .34 1. 29 1. 16 1.15 1.1'J 1. j., 
CaO 1.11 1. 09 1.07 0.95 1.41 1.39 1. 41 1.3/ 1. I I 1. •,,, 
Na20 0.02 0.00 0.00 0.00 0.00 0.03 0.03 0.0! O.U,' U.\11 r2o 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ll.liU O.l>>l Total 99.28 99.04 99.83 99.82 98.67 98.91 WJ.50 98.~6 Yli. )1, in~./.' 

number of cauons on the basis ot 12 O)l.ygt•rh 

Si 2.99 3.00 3.00 2.98 2.98 2.98 2.98 I. Oll .\' llll .'. !JtJ 
T i 0.00 0.00 0.00 0.01 0.00 0.00 0.00 u.ou U. t)1l 0. ~HI Al 1.99 1. 99 1.98 1.97 1.99 1.99 1.99 1.9U 1.'1'1 1 'IJI, Cr 0.00 0.00 0.00 0.00 0.00 0.00 ll.OO fi.IJIJ 1).1111 li .!HI Fa 2.52 2.46 2.52 2.42 2.13 2.04 1.9'> 1.'H 1. y., fill Mn 0.13 0.12 0.14 0.35 0.62 0.71 0.!3? lUI·; il.lll 11. /r. Mg 0.29 0.35 0.28 0.22 0.17 0.16 0. 11, 0. ,,, :1.1·· IJ.1., Ca 0.10 0.10 0.09 0.08 0.13 0. 1;> 0.13 0. 1,> 11.1.' '1.1•, Na 0.00 0.00 0.00 0.00 0.00 0.00 o.ou O.Oil 11.!!(1 t ~ I !( I 
I( 0.00 0.00 0.00 0.00 0.00 0.00 0.00 u.ou tl.llll IJ.Illl Total 8.02 8.01 8.01 8.03 8.02 8.02 8.0? B.U1 H.ll1 l' .. H: 

Fe/FMCM* 82.86 81.34 83.05 78.69 69.96 67.2/ 64.06 (, s. e .• ~ ,,, . ;, II ,,.1 'I) Mg/FMCM* 9.60 11.67 9.21 7.17 5.44 5.24 4.13 _.. tJS ... / ~ '• (,., 
Ca/FMCW 3.20 3.15 3.08 2. 72 4.12 4.06 .... 14 I •. {) S ). 'I ·j ··.·•'J Mn/FMCM* 4.34 3.84 4.67 11.43 20.49 23.4~ 21.01 U.',U ,.1 l .lJ., ;;, '~~~ 

Si+Al 4.98 4.98 4.98 4.95 4.97 4.91 '·. 91 4. 'ill lo,'l'-1 ••. 'II Fc•M9+Mn+Ca 3.04 3.03 3.03 3.07 3.05 3.04 3.04 I. uz Llll ~ ,lh Fe/( F c+Mg l 0.90 0.87 0. 90 0.92 0.\13 0.\13 0 .... 5 u. 'i.l l.l. '/) II, 'I~ 

A 26.16 26.11 26.17 27.18 30.28 31.13 32. ce S.?. ~~~ ~? . .ill 11 . u, F 0.90 0.87 0.90 0.92 0.93 0.93 U.9S 0.'13 IJ. 'I) 11. 4d M 0.10 0.13 0.10 0.08 0.07 0.01 0. 07 O.IJ/ u .I)/ f.I.IJ/ 

Fe+Mg+Mn 2.94 2.93 2.94 2.99 2.9( 2.92 2.91 I t;O ;'.H'I i. 'If. Fe/ F e+Mg+Mn 85.60 83.99 85.68 80.89 72.96 70.11 1>6.81 1.6. '>? u .. II t/1' (Jf_J Mn/Fe+Mg+Mn 4.48 3.97 4.81 11.75 21.37 24.43 28.24 ?8.1.1. ~~~. 1;, ,)1,.1i, 
Mg/ F e+Mg+Mn 9.92 12.05 9.50 7.37 5.67 5.46 4. 1-1'• 4.HI 't. ·,; 1, .Ef. 

*FMCM FC!+Mg+Ca+Mn 



232 

Garnet 

G· 150·80· 1 G-158·80·4 G-150·80·4 
O•hd) (Rim) (R 1m) (Mid) (Mid) (Core) (Rim) (MId) (Mid) (Core) 

Si02 36.02 36.27 36.01 36.20 56.05 36.05 36.19 35.95 35.68 35.75 
'102 0.05 0.03 0.02 0.06 0.03 0.05 0.04 0.06 0.06 0.09 
AI ?OS 20.56 20.50 20.36 20.33 20.41 20.32 20.63 20.44 20.44 20.48 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
feD 30.60 33.70 34.11 33.39 33.08 33.16 31.88 29.85 28.76 27.90 
MnO 8.43 5.50 4.38 4.96 5.39 5.41 6.i'1 9.07 10.86 1 1.13 
MgO 1.34 1.70 2.29 2.36 2.23 2.19 1 .9.l 1. 71 1.5<' 1.45 
CaO 1.45 1.40 1.48 1.47 1.54 1. 51 1.6(. 1.51 1.40 1.45 
Na20 0.05 0.00 0.03 0.01 0.03 0.03 0.~0 0.00 0.03 0.02 
K?O 0.00 0.00 0.00 0.00 0.00 0.00 ~.00 0.00 0.00 0.00 
Tot at 98.50 99.10 98.67 98.78 98.76 98.72 99.10 98.59 98.75 98.28 

nllTiber of cations on the basis of 12 oxygen~ 

SJ 2.98 2.99 2.97 2.98 2.97 2.98 2.97 2.98 2.96 2.97 
11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
AI 2.01 1.99 1.98 1.97 1.98 1.98 2.00 1.99 2.00 2.01 Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 2.12 2.32 2.36 2.30 2.28 2.29 2.19 2.07 2.00 1. 94 
Mn 0.59 0.38 0.31 0.35 0.38 0.38 0.47 0.64 0. 76 0. 78 
Mg o. 17 0.21 0.28 0.29 0.27 0.27 0.24 0.21 0.19 0.18 Ca 0. 13 0.12 0.13 0.13 0.14 o. 13 0.15 0.13 0.12 0. 13 
N~ 0.01 0.00 0.00 0.00 O.OJ 0.00 0.00 0.00 o.uo 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Tot<~! 8.01 8.02 8.04 8.03 8.03 8.03 8.02 8.02 8.0<, 8.02 

f c/ FMCM* 70.53 76.43 76.61 75.03 74.36 74.56 71.91 67.81 64.98 63.97 
Mg/FMCM* 5.50 6.87 9.17 9.45 8.93 8. 77 7.96 6.92 6. 12 5.92 
Ca/fMCI4* 4.28 4.07 4.26 4.23 4.44 4.35 4.80 4.40 ~.OS 4.26 
Mn/fMCM* 19.68 12.63 9.96 11.29 12.27 12.32 15.33 20.87 24.85 25.85 

Si +AI 4.99 4.98 4.96 4.96 4.96 4.95 4.97 4.97 4.96 ~.98 
fc+Mg+Mn+Ca 3.01 3.04 3.07 3.07 3.07 3.07 3.05 3.05 3.07 3.03 
Fc/(fc+Mg) 0.93 0.92 0.89 0.89 0.89 0.89 0.90 0.91 0.91 0.92 

A 30.52 28.23 27.31 27.60 27.97 27.87 29.11 30.46 51 .4G 32. 14 
F 0.93 0.92 0.89 0.89 0.89 0.89 0.90 0.91 0.91 0.92 
M 0.07 0.08 0.11 0.11 0. 1 1 0. 1 1 0.10 0.09 O.U9 0.08 
F c+Mg•Mn 2.88 2.91 2.94 2.94 2.93 2.94 2.90 2.91 2.95 2.90 
Fc/fc•Mg•Mn 73.69 79.67 80.02 78.35 77.81 77.95 75.54 70.93 67.72 66.82 
Mn/fc•Mg•Mn 20.56 13.17 10.41 11.79 12.84 12.88 16.10 21.83 25.90 27.00 
M~!f c•M~+ Mn 5.75 I. 16 9.57 9.87 9.35 9.17 8.36 7.24 6.38 6.19 

*JMCM : fe•Mg•C,1•Mn 



.' l I 

G'"lrnC't 

G·150·80-4 G·158-80-7 Sl> !W· l~.' ' (Mid) (Mid) (Rim) (Rim) (Mid) (Core) (Mid) (R 1111) {MIJ) (Mid) Si02 35.90 36.08 36.08 36.07 35.94 36.0~ 36.05 5b. 1.1 ~~ .!W ~~l • i.J9 1 i02 0.06 0.04 0.04 0.09 0.05 0.09 0.04 o.o~ O.tl~ Ll .tl\ Al203 20.49 20.44 20.62 2n.4o 20.29 20.46 ?0.40 .?O.•tQ ?Ll. tJ .. .'ll. 11 Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.Oll U.Ull ll.lltl FeO 28.75 30.82 33.54 34.03 33.75 33.06 B.?U SI.M 12 .w. .'L11 MnO 9.99 8.71 5.28 4.55 4.81 5.08 4.96 ~.I I ~.V) (). 'J•; 
MgO 1. 54 1.66 2.12 2.27 2.37 2.29 2.50 ? ... l .'.)0 /. ~t· CaD 1.46 1.46 1.39 1.43 1.47 1.61 1.41 1 ~1 1.(>.' 1.1>1 Na2o 0.04 0.02 0.00 0.02 0.03 0.03 0.01 O.Ull 0.!1? tl.o •• K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.uo u .lltl l~ . lit! Total 98.25 99.22 99.08 98.86 98.70 98.67 \18.4~ ~ ... 4,' '}'}. ~~~ IJB ..... 

number of cations on the bn->ts of 12 oxyu~·ns 

Si 2.98 2.97 2.97 2.97 2.97 2.97 2.911 ?.Qt, .'. 'J., I . 1., 
T i 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.1111 0 ,1)0 ,, ll!l Al 2.01 1.99 2.00 1.98 1.98 1.99 1.99 1.QB 1 .. ,., .il'J Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.01] li.UO U.fll.l II I hi Fe 2.00 2.12 2.31 2.35 2.35 2.28 ?.<'9 .'. 11 {. ,lf, I. rei Mn 0. 70 0.61 0.37 0.32 0.34 0.35 0 .. 1) li. \r, u ..• l (I Mg 0.19 0.20 0.2:. 0.28 0.29 0.28 I].;>!! 0. ll• 0. '.1 ll.ll Ca 0.13 0.13 0.12 0.13 0.15 0. 1 '· 0. 15 u. 15 (I 1-. ,, I'• Na 0.01 0.00 0.00 0.00 0.00 0.00 0.00 U.llll (J.OIJ tJ,I/1 K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 IJ.I)fl IJ."'.I U.llll Total 8.02 8.03 8.03 8.03 8.04 8.03 8.01 B.O~ IL•!t) I.B.' 

Fc/FMCM* 66.12 69.30 75.46 76.45 75.46 74.55 I'>. 10 lt. ,/,? ll.···· (/J . .-'11 Mg/FMCM* 6.31 6.65 8.50 9.09 9.44 9.20 9.21 9./5 'i. /'; i 1 .Ht1 Ca/FM01* 4.30 4.21 4.01 4.12 4.21 ~.65 4.26 :, ,;•H •. '1rJ I J • ~l ~) Mn/FM.:M• 23.27 19.84 12.03 10.35 10.89 11.60 11.56 11.~8 l S. ;;n II. 1/ 

Si+Al 4.99 4.96 4.97 4.95 4.94 4.96 4.9/ '· .94 ,,_ .. .,,. 'l . ,> ~ Fc+Mg+Mn•Ca 3.02 3.07 3.06 3.07 3.09 3.06 5. ()(. $, 1 IJ ~. l,J /. ')H Fe/( Fc+Mg) 0.91 0.91 0.90 0.89 0.89 O.!l9 O.ll'f U./111 () .Ill~ (J • /~'> 

A 31.44 29.90 28.03 27.41 27.36 27.97 ?7.82 n.~, .JH.IJ!J )t, ~,, 

F 0.91 0.91 0.90 0.89 0.89 0.89 O.IN u.eiJ U. HI! (.J. ~~·) M 0.09 O.OQ 0.10 0.11 0.11 0. 11 0.11 0. ll (). 1.' ,,_,., 
Fe+Mg+Mn 2.89 2.94 2.94 2.94 2.96 2.92 2.9? ?. 9/ 7.';1! ;' . '· ~ Fe/Fe+Mg+Mn 69.09 72.35 78.61 79.73 78.71 78.18 lll.4~ l/. /t, I'>. 1i 1 fJ''. I~ Mn/fe+Mg•Mn 24.32 20.71 12.53 10.80 11.37 12.17 11 .87 I?. 11'1 1 ~. H ~ lfl. 1/ Mg/Fc+Mg+Mn 6.59 6.94 8.85 9.48 9.86 11.6) 9.61l 1fo. 1/ 1 (j. l/tJ ,,_,>1) 

*FMCM = Fc+Mg•Ca+Mn 



234 

Garnet 

SD-89·352·2 SD-89·103·1 
(Core) (Mid) (Mid) <R 1m) <Rim) (Mid) (Mid) (Mid) (Core) (Mid) 

5102 36.05 36.04 35.99 36.00 36.16 36.03 35.97 36.31 36.15 36.06 
I i02 0.03 0.06 0.03 0.07 0.04 0.09 0.06 0.08 0.08 0.05 
Al203 20.25 20.42 20.42 20.30 20.47 20.57 20.70 20.71 20.62 20.39 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
feO 32.19 32.46 32.78 33.62 32.67 32.60 32.10 32.45 32.38 32.24 Mn() 6.22 5.95 5.72 5.15 7.14 6.75 7.00 7.15 7.01 6.66 
MgO 2.04 2.20 2.09 2.18 2.00 2.14 2.16 2.17 2.09 2.18 cao 1. 70 1.58 1.53 1.53 1.05 1.15 1. 21 1.26 1.21 1.23 
Na20 0.04 0.03 0.03 0.01 0.03 0.01 0.02 0.02 0.05 0.03 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 u.oo 0.00 
lot at 98.50 98.75 98.59 98.87 99.56 99.33 99.21 100.14 99.59 98.86 

nurber of cations on the basis of 12 oxygcns 

S1 2.98 2.97 2.97 2.97 2.97 2.96 2.96 2.96 2.96 2.97 
11 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 Al 1.98 1.99 1.99 1.98 1.98 1.99 2.01 1.99 1. ··9 1.98 Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Fe 2.23 ~.24 2.27 2.32 2.24 2.24 2.21 2.21 2.22 2.22 Mn 0.44 0.42 0.40 0.36 0.50 0.47 0.49 0.49 0.49 0.47 Mg 0.25 0.27 0.26 0.27 0.24 0.26 0.26 0.26 0.26 0.27 Ca 0.15 o. 14 0.14 0.14 0.09 0.10 0.11 0.11 0.11 0.11 Nil 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Ictal 8.03 8.03 8.03 8.04 8.04 8.04 8.04 8.04 8.04 8.03 

Fc/FMCM* 72.66 7'3.06 74.07 75.24 72.91 72.89 71.99 71.84 72.35 72.54 Mg/FMCM• 8.21 8.82 8.42 8.69 7.95 8.53 8.63 8.56 8.32 e. 74 Ca/FMCM• 4.92 4.56 4.43 4.39 3.00 3.29 3.48 3. 57 3.~b 3.55 Mn/FMCM• 14.22 13.56 13.09 11.67 16.14 15.29 15.90 16.03 1). 8!, 15. 1!! 

Si +At 4.96 4.96 4.96 4.95 4.95 4.96 4.96 4.95 4.96 4.9b Fe+Mg•Mn+Ca 3.07 3.07 3.06 3.08 3.08 3.07 3.07 3.08 3.07 3.07 fe/(Fe•Mg) 0.90 0.89 0.90 0.90 0.90 0.90 0.89 0.89 0.90 il.89 

A 28.49 28.35 28.28 27.61 28.48 28.48 28.87 28.67 28.70 28.46 F 0.90 0.89 0.90 0.90 0.90 0.90 0.89 0.89 0.90 0.89 M 0.10 0.11 0.10 0.10 0.10 o. 10 0.11 0.11 0.10 0.11 
Fe+Mg+Mn 2.91 2.93 2.92 2.95 2.99 2.97 2.96 2.97 2.96 2.96 Fc/Fc+Mg+Mn 76.42 76.54 77 .so 78.70 75.16 75.38 74.58 74. so 74.95 75.20 Mn/Fc•Mg•Mn 14.95 14.21 13.70 12.21 16.64 15.81 16.47 16.63 16.43 15.73 Mg/Fc+Mg+Mn 8.63 9.24 8.81 9.09 8.20 8.82 8.94 8.88 8.62 9.0b 

°FMCM = fc•Mg+Cu+M~ 



,., 

G,lrnct 

50·89·103·1 SD 89 09l.t ~ 
(Mid) (Mid) (Rim) (Rim) CHid) (Mid) (Core) (loll d) lMid) 11;.1111) Si02 35.90 35.93 36.00 36.16 3b. 51 36.39 .S6.2!1 .lb.~ .. _)tl .• ·• ~ lt-.1-J Ti02 0.06 0.05 0.04 0.04 0.03 0.02 0.04 Ll. 0.1 o. u.~ ll.tl') Al203 20.63 20.53 20.52 20.56 20.69 20.13 20.bi' .'ll. ~8 .'Ll .I> I .'li , .. Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Ll. 0Ll 0 .L1LI li.tl\ FeD 32.40 32.80 33.21 31.07 31.67 30.93 .S l ... ~ .11 .0~ ) 1 ... ~) \1 /I MnO 6.99 6.74 7.04 8.88 8.08 7.17 /. ~~ !1.01 l~. // •J 11· MgO 2.11 2.02 1. 76 1.43 1.90 1.99 1.9l 1.89 1 . ill 1 Ill CaO 1.13 1.12 0.87 0.91 1.31 1. 40 1 . .'9 1. ?II 1 ,'1 II vI Na20 0.02 0.03 0.06 0.03 0.02 0.01 0 .0.1 0.01 tl. u .• U.liU K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O,(ll\ Ll. !HI Total 99.24 99.22 99.49 99.08 100.20 99.24 <,19,41 'N.3~ 1110.1..\·· lilll.11 

nunbcr of cations on the baSIs of 12 oxygPfl.., 

Si 2.96 2.96 2.97 2.98 2.98 2.98 2.Y8 ?.W .. _1. 'JH ••. t; / T i 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.Uii O.UII I) .U!l Al 2.00 1.99 1.99 2.00 1.99 2.00 2.00 1.'11J 1. -J<~ ~~ . Ill I Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ll.tJil ll.l>l) Fe 2.23 2.26 2.29 2. 14 2.16 ?.. 1? 2.16 ;>. 1) ? . ,., ' 111 Mn 0.49 0.47 0.49 0.62 0.56 0. 54 0. ~·· u. '>(_. U. ',; IJ.r .• , Mg 0.26 0.25 0.22 0.18 0.23 0.24 0. ?_S 0. ,.., ) U . .' .. ~ li ,,, 
Ca 0.10 0.10 0.08 0.08 0.11 a. 12 <.l.11 II 11 0.:1 ll.tl/1 Na 0.00 0.00 0.01 0.00 0.00 0.00 0.00 u.no U.il1 11.1111 K 0.00 0.00 0.00 0.00 0.00 0.00 ~.uo o.no IJ.IJU U.llO Total 8.04 8.04 8.04 8.01 8.03 8.01 ILO?. H.iJi' H.iJ~ H.''~ 
Fc/FMCM• 72.50 73.4t 74.48 10.97 10.51 10.01 /U.I!/ /u. "iu (.!_')·• () .'H Mg/FMCM• 8.41 S.c.:'> 7.03 5.82 7.54 8.03 l. /1 /.(o/ /. 11 ';./I} Ca/FMCM• 3.24 .',.21 2.50 2.66 3. 74 4.06 .1. /1 Lll L-.l! <I • ( ,.1~ Mn/FMCI<!• 15.84 1~•.n 15.99 20.54 18.22 17.83 1/.69 Hl.H 1t!. (.,/ ,'O.H.-, 

Si+Al 4.96 4.96 4.96 4.99 4.96 4.99 4.1J/ &:..«Je '•. 'II !, . ';I Fc+Mg+Mn+Ca 3.08 3.08 3.07 3.02 3.06 3.03 3.04 s. 0.1 LO'J S.fJIJ Fe/: Fc•Mg) 0.90 0.90 0.91 0.92 O.'JIO 0.90 0.90 IJ.C,II) IJ 'II I). r;' 

A 28.68 28.45 28.47 30.12 29.38 ?9. 7l ?~ .4/ ?9' (,,') "' '•<' ~~~.I '·• 0.90 0.90 0.91 0.92 0.90 0.90 0.'111 (). C;l) !I .. ,, ,, ;I M 0.10 0.10 0.09 0.08 0.10 0.10 0. 1U f.i.1IJ (J IJ',.r IJ. IJ / 

Fc+Mg+Mn 2.98 2.98 2.99 2.94 2.95 2. 90 4:'.<,1$ / .. ,.~ ? . •;.-. I. '1/ Fe/Fe+Mg+Mn 74.93 75.88 76.39 72.91 73.24 73.04 /3.1>1 /1.111 /\ /Jf~ I~.::. Mn/Fc+Mg•Mn 16.37 15.79 16.40 21.11 18.93 18.58 111.3/l 1';. lj/J 1 ·,. S'J 11 .,1 Mg/Fc+Mg+Mn 8.70 8.33 7.21 5.98 7.83 e.sr !l. 01 1. r,_, 1. 1Jf! ' " J, ;J 

*FMCM Fc+Mg+Ca+Mn 



2Jb 

Garnet 

S0-89-097a-4 
Cllim) (Mid) (Mid) (Core) (Mid) (Mid) (Rim) 

5•02 36.32 36.43 36.24 36.43 36.60 36.46 36.60 
r io2 0.03 0.03 0.02 0.03 0.01 0.04 0.01 
A1203 20.77 20.79 20.73 20.48 20.83 20.71 20.87 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
r co 31.17 31.53 31.86 32.56 32.68 32.02 32.03 
MnO 6.98 6.65 6.40 6.31 6.49 6. 71 6.95 
MgO 1.93 2.01 2.06 2.09 2.14 2.09 2.03 
CaO 1. 70 1.80 1. 70 1.66 1.51 1.48 1.59 
Na20 0.03 0.02 0.02 0.02 0.01 0.01 0.03 
1(20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 98.92 99.26 99.03 99.59 100.28 99.53 100.10 

nlnlber of cat ions on the basis of 12 oxygens 

51 2.98 2.98 2.98 2.98 2.97 2.98 2.98 
r i 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
AI 1.01 2.01 2.01 1.98 2.00 2.00 2.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 2.14 2.16 2.19 2.23 2.22 2.19 2.18 
Mn 0.49 0.46 0.45 0.44 0.45 0.46 0.48 
Mg 0.24 0.15 0.25 0.25 0.26 0.25 0.25 
Ca 0.15 0.16 0.15 0.15 0.13 0.13 0.14 
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
I( 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
r otal 8.01 8.02 8.02 8.03 8.03 8.02 8.02 

F c/FMCM* 71 .07 71 .41 72.10 72.68 72.6"2 72.06 71.62 
Mg/FMCM* 7.84 8.11 8.31 8.31 8.47 8.38 8.09 
Ca/FMCM* 4.97 5.22 4.93 4.75 4.30 4."27 4. 55 
Mn/FMCM* 16.12 15.25 14.67 14.26 14.61 15.29 15.74 

S 1 +A l 4.99 4.99 4.98 4.96 4.97 4.98 4.98 
f c+Mg+Mn+Ca 3.01 3.02 3.03 3.07 3.06 3.04 3.04 
f C/(Fc+Mg) 0.90 0.90 0.90 0.90 0.90 0.90 0.90 

A 29.73 29.44 19.14 28.46 28.69 29.00 29.21 
f 0.90 0.90 0.90 0.90 0.90 0.90 0.90 
M 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

I c+Mg•Mn 2.86 2.86 2.89 2.9"2 2.93 2.91 2.90 
fc!Fc•Mg•Mn 74.79 75.35 75.83 76.30 75.88 75.27 75.04 
Mn/Fc+Mg+Mn 16.9b 16.10 15.43 14.98 15.26 15.98 16.49 
Mg/ f c•Mg+Mn 8.25 8.56 8. 74 8.73 8.85 8.75 8.47 

*FMCM : Fc+Mg+Ca+Mn 
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Biotite (near) 

F-123·79·1 F-123·79·4 G-118·80-1 
5102 34.25 33.89 34.74 34.08 34.34 34.10 
1102 2.48 2.01 2.68 2.81 2.94 1.48 
Al20.S 19.06 17.73 19.74 18.69 19.22 18.67 
Cr20.S 0.00 0.00 0.00 0.00 0.00 0.00 
FcO 20.62 22.30 18.98 20.80 20.08 21.58 
MnO 0.13 o.n 0.12 0.11 0.09 0.13 
MgO 8.44 8.32 '!.55 8.37 8.08 8.01 
Ct.O 0.00 0.00 0.00 0.00 0.00 0.01 
Na20 0.14 0.06 0.22 0.18 0.25 0.12 
K20 9.63 8.83 9.81 9.33 9.35 9.69 
Total 94.76 93.28 94.86 94.35 94.35 93.80 

number of cat ions on the basis of 22 oxygcns 

Si ~-30 5.36 5.32 5.30 5.31 5.36 
II 0.29 0.24 0.31 0.33 0.34 0.18 
AI 3.48 3.31 3.57 3.43 3.51 3.46 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 2.67 2.95 2.43 2.70 2.60 2.84 
Mn 0.02 0.02 0.02 0.01 0.01 0.02 
Mg 1.95 1.96 1.95 1.94 1.86 1.88 
(:'J 0.00 0.00 0.00 0.00 0.00 0.00 
Na 0.04 0.02 0.07 0.05 0.07 0.04 
K 1.90 1. 78 1.92 1.85 1.85 1.94 
Total 15.64 15.64 15.58 15.C>1 15.55 15.72 

fe/fMCM* 57.61 59.85 55.27 58.06 58.09 59.95 
Mg/FMCM* 42.02 39.79 44.37 41.63 41.65 39.65 
Ca/FMCM* 0.00 0.00 0.00 0.00 0.00 0.04 
Mn/FMCM* 0.37 0.35 0.35 0.31 0.26 0 .. 37 

5 I •AI 8. 78 8.67 8.89 8.72 8.82 8.83 
Fc•Mg•Mn•Ca 4.63 4.93 4.40 4.66 4.47 4. 74 
f e/ (F ctMg) 0.58 0.60 0.55 0. 58 0. 58 0.60 
Octa AI 0.78 0.67 0.89 0.72 0.82 0.83 

A -31.79 -26.20 ·33.23 ·29.69 ·29.47 ·33.58 
F 0.58 0.60 0.~5 0.58 0.58 0.60 
M 0.~2 0.40 0.45 0.42 0.42 0.40 

*FMCM Fc•Mg+Ca•M'1 



: 1'1 

B1vt1tc (ne~r) 

G-163·80·3 ~·133 8l1 
Si02 33.29 33.49 33.67 33.3~ 34.72 33.61 3~.06 
Ti02 2.13 2.19 2.18 2.29 2.33 2 .6• 2 .. 16 
Al203 19.34 19.54 19.37 19.75 19.17 18.72 1H.MO 
Cr2C3 0.00 0.00 0.00 0.00 0.00 0.00 0. LlO 
FeO 22.74 23.09 22.74 23.20 21.52 22.49 n. ~~ 
MnO 0.14 0.10 0.13 0.12 0.08 0.12 0.()9 
MgO 7.02 7.25 7.18 7.07 1.83 7.93 t. 9 r 
CaO 0.00 0.01 0.00 0.00 0.01 0.00 0.00 
Nil20 0.15 0. 11 0.10 0.14 0.12 0.09 0. 1~ 
K20 8.23 8.22 8.28 8.29 9.25 8.21 11.!17 
Total 93.04 94.01 93.66 91..21 95.03 93.81 90:..64 

number of cut ions on the ba•." of 22 o-..yq<·rh 

Si 5.27 5.25 5.29 5.22 5.36 5.?7 ~ . .su Ti 0.25 0.26 0.26 0.27 o.n 0.11 0.?!1 
AI 3.61 3.61 3.59 3.65 3.49 3.46 .S.jt'J 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 O.Oll 
Fe 3.01 3.03 2.99 3.04 2.7H 2. 9S i. •11 
Mn 0.02 0.;)1 0.02 0.02 0.01 0.0? 0.01 
Mg 1.66 1.69 1.68 1.65 1.80 1.8~ 1.11'> 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na o.os 0.03 0.03 0.04 0.04 0. 01 u. u~ 
K 1.66 1.64 1.66 1.66 1.82 1 .64 1. /6 
Total 15.53 15.53 15.51 15.54 15.56 1~.~3 1~.W 

fe/FMCM* 64.25 63.92 63.76 64.59 1>0. 51 61.21 eJU.Y'J 
Mg/FMCM* 35.35 35.76 35.87 3'). 07 39.23 38.4t. .~e. ltJ 
Ca/FMCM* 0.00 0.04 0.00 0.00 0.04 0.00 \..1.011 
Mn/FMCM* 0.40 0.28 0.37 0.34 0.23 0. 33 U.?~ 

Si+Al 8.88 8.86 8.87 8.87 8.84 II. 13 B. l~ 
Fe+Mg+Mn+Ca 4.69 4.73 1..68 1..70 4.50 4.11<! '•· /1 Fe/(Fe+Mg) 0.65 0.64 0.61. 0.65 0.61 0.61 0.61 
Octahedral A 0.88 0.86 0.87 0.87 0.84 0.13 0. /~ 

A ·17 .31 ·16.26 ·17. 51 ·16.1.2 ·27. 52 ·18.02 2.S.Bil 
F 0.65 0.64 0.61. 0.65 0.61 0.61 0.61 
M 0.35 0.36 0.36 0.35 0.39 0.39 O.l9 

*FMCM = Fc+Mg•Ca+Mn 
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Bictitc (ncar) 

G-133·80·4 G-150·80·1 G-150·80·4 
SI02 34.56 34.31 34.27 33.65 32.95 33.25 32.98 33.05 33.97 33.08 
1102 2.44 2.01 2.51 1.42 1. 51 1.46 1.59 1.44 1.61 1. 48 
A120.S 18.90 19.06 18.59 19.18 19.24 19.48 19.67 19.85 19.31 19.68 
Cr20.S 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
reo 21.60 22.28 22.00 22.99 24.24 23.31 23.53 22.89 23.19 23.13 
MnO 0.10 0.07 0.11 0.08 0.07 0.06 0.07 0.07 0.06 0.05 
MgO 8.16 8.14 8.04 7.61 8.01 8.06 7.91 8.00 7.50 7.89 
CaO 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0. 00 
Na20 0.16 0.13 0.15 0.08 0.07 0.07 0.05 0.10 0.09 0.10 
K20 9.16 9.07 9.20 7.70 7.00 7.38 7.43 8.10 7.96 8.34 
Total 95.09 95.07 94.88 92.75 93.09 93.08 93.25 93.50 9.5.68 93.76 

m.rnber of cat ions on the basis of 22 o•ygcns 

S1 5.33 5.31 5.32 5.33 5.22 5.24 5.20 5.20 5.33 ).21 
I i 0.28 0.23 0.29 0.17 0.18 0.17 0.19 0.17 0. 1'i 0.18 
AI 3.44 3.48 3.40 3.58 3.59 3.62 3.66 3.68 3. 57 3.65 
cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0() 0.00 
fc 2. 79 2.89 2.86 3.04 3.21 3.07 3.10 3.01 3.04 3.05 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Mg 1.88 1.88 1.86 1. 79 1.89 1.89 1.86 1.88 1. 7) 1 .85 
Cn 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Na 0.05 0.04 0.05 0.02 0.02 0.02 0.02 0.03 0.03 0.03 
K 1.80 1. 79 1.82 1. 55 1. 41 1.49 1. 50 1.63 1. 59 1.68 
Total 15.59 15.63 15.62 15.51 15.53 15.52 15.53 15.61 15.51 15.6~ 

fc/fMCM* 59.60 60.45 60.38 62.67 62.82 61.78 62.42 61.50 63.33 62.11 
Mg/FMCM* 40.12 39.36 39.32 36.97 36.99 38.06 37.39 38.31 36.50 37.75 
Ca/fMCM* 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.00 o.co 0.00 
Mn/FMCM* 0.28 0.19 0.31 0.22 0.18 0.16 0.19 0.19 0. 17 0.14 

Si•Al 8.77 8. 79 8.72 8.90 8.81 8.87 8.86 8.89 8.90 8.86 
I c•Mg•Mn•Ca 4.68 4.77 4.73 4.85 5.11 4.98 4.97 4.90 '".8'J ..... 0 
Fe/( Fc•Mg) 0.60 0.61 0.61 0.63 0.63 0.62 0.63 0.62 0.63 0.62 
Octahedral A 0.71 0. 79 0.72 0.90 0.81 0.87 0.86 0.89 ll.\,10 0.80 

A ·26.80 24.84 ·28.01 ·12 .64 ·6.81 ·9. 15 ·9. 10 ·13.94 ·1~ ,41 ·16.::.J 
f 0.60 0.61 0.61 0.63 0.63 0.62 0.63 0.62 0.63 0.62 
M 0.40 0.39 0.39 O .. F 0.37 0.38 0.37 0.38 0.37 0.38 

*FMCM f c•M\J•Ca•Mn 

--~~--~-
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BlOtltC (nct~r) 

G·158·80·4 G-1~8-Bu- / Si' !h Ll•,','ol •t 

Si02 33.48 32.58 31.54 33.86 31. '" 33.2\1 _i5 • • ·~ s .•. ,"\ -~ .... )~. ')., 
- ~~-· Ti02 1.38 1.37 1.30 1. 58 1.46 l.<o3 1.'>1 :'. ()ll ;'. It• . :~.' Al203 19.97 18.73 18.85 19.32 18.91 1tl.5b 19 ..'.3 ~\.1. p, 1-.· .r·H I·~ .•til Cr203 0.00 0.00 0.00 0.00 0.00 0.00 O.OLl l) .til! U.llu ll,l\l) FcO 22.26 24.15 24.17 22.88 24.67 24.03 22 . .?8 ~'I. 'l1 l'/ .r ... .·,•. /U MnO 0.06 0.06 0.06 0.04 0.05 0.0/ ll.O~ 0. ?.' 0.111 ll . .'.' MgO 7.74 8.47 8.19 7.82 8.90 7.88 /.86 t> • 9~1 I•. 111. C• . .'C• CaO 0.02 0.00 0.06 0.00 0.00 0.00 0.00 0.00 U.l11 li.Utl Na20 0.10 0.06 0.07 0.08 0.05 0.04 0.09 0.11 u. J •• U.tl'J K20 7.64 6.77 6.58 8.30 6.73 /.54 8.60 BS1 !i.Bu ~\ . l/'1 Total 92.64 92.20 91.42 93.88 '12. 52 92. 81. 93.-00 y., .8/ '; .. _:,·· ·;-,_II 

number of cations on the ba-;" ot 22 OA'r'Yl.'n .. , 

Si 5.28 5.21 5.10 5.30 5.08 5.30 '>.I? ~. 1<. ~. 1-. •, ~~' T 1 0.16 0.16 0.16 0.19 0.18 0.1! t). 111 0 .. lti " '' 11 \ ~ ,, 
Al 3. 71 3.53 3.59 3. 57 3. 57 3.~8 L~! 5 .I·~ ',J '•'• Cr 0.00 0.00 0.00 0.00 0.00 u.ou U.UU U.IJU U.OII IJ,tlll Fe 2.94 3.23 3.21 3.00 3.30 3.20 ? . 95 ? . I/ . -~-. 'I • 'j i Mn 0.01 0.01 0.01 0.01 0.01 0.01 O.U1 U.IIS 11,11,' U.l!~ Mg 1.82 2.02 2.12 1.83 2.12 1.87 1. e~ 1 .ld I l_.,n },.,., 
Ca 0.00 0.00 0.01 0.00 0.00 0.00 0.00 O.Otl 1-',IIIJ IJ 1111 
~a 0.03 0.02 0.02 0.02 0.02 0.01 O.lH IJ .ll; (J.!L, II.H'j 
K 1.54 1.38 1.36 1.66 1.37 1. )3 1.15 1.t.1l 1. /., I. it. Total 15.49 15.56 15.64 15.57 15.6) 15.5b 1'>.60 1~ ,<,(1 p) .. ·,) J', .•o/ 

Fe/FMCM* 61.60 61.44 60.47 62.08 60.79 63.00 b 1. .11 t.?. ~J'; ~, ,·. ·; I rA •. ~.l Mg/FMCM* 38.17 38.40 39.19 37.81 39.08 36.81 38.55 11 .. <.o li. II -;,· .n Ca/FMCM* 0.07 0.00 0.19 0.00 0.00 0.00 0.00 O.IJU IJ.jJ •• II.IJII Mn/FMCM* 0.17 0.15 0.15 0.11 0.12 0.19 0. fl. U.t>5 I) c, .• o.r~', 

Si•Al 8.99 8.74 8.69 8.87 8.65 8.713 !!.1111 ll. ,_, H.,., 1!.'11 Fe•Mg+Mn+Ca 4.76 5.26 5.41 4.8.3 5.4.3 ~.(!1 ~. /IJ 4. 1'1 ••. $/ ., .:.n Fe/(Fe+Mgl 0.62 0.62 0.61 0.62 0.61 0.63 IJ.I, 1 (J • t~ ~ I ~ ~~ I ~- / Octahedral A 0.99 0.74 0.69 0.87 0.65 O.lll O.!l!J I). 'I' I u. ·--~, I),IIJ 

A ·10.43 -6.20 ·4.65 -17.10 -5.39 ·12.31 2U.j1 1';. 14 ,' S, I If. ,•c,, I 
F 0.62 0.62 0.61 0.62 0.61 0.65 U.IJ1 fJ .l.l I; , .~( ll.f. M 0.38 0.38 0.39 0.38 0.39 0.3r O.N u. s r f).·;.· ,, . ~ 

*FMCM F e•Mg+ Ca+Mn 
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Biotite (near) 

S0-89-097a·S 034e·3 S0-89·302·2 312-2 312-3 312-5 
SiO? 34.67 34.75 34.06 34.38 34.45 34.86 34.84 34.95 34.64 34.36 
T 102 2.55 2.37 2.45 2.90 1.96 1.75 1.53 3.31 3.22 2.82 
Al2G3 20.06 19.94 20.39 18.89 18.98 17.?7 18.06 19.59 18.93 18.49 
Cr205 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.07 0.00 0.04 
FcO n.oo 22.18 22.48 23.69 20.98 21.81 21.17 19.98 20.96 21.67 
MnO 0.19 0.18 0.18 0.16 0.08 0.20 0.21 0.31 0.33 0.35 
M90 7.06 6.98 6.82 6.30 8.88 8.77 9.00 7.12 7.70 7.76 
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 
Na20 0.11 0.12 0.08 0.06 0.12 0.03 0.08 0.31 0.23 0.13 
K20 8.62 8.69 8.17 8.58 9.15 9.66 9.13 9.10 9.39 9.29 
Total 95.27 95.22 94.62 94.97 94.64 94.85 94.01 94.75 95.41 94.91 

nuutJer of cationli ·Jn the basis of 22 oxygcns 

Si 5.32 5.34 5.27 5.35 5.33 5.42 5.43 5.37 5.33 5.33 ,, 0.29 0.27 0.?8 0.34 0.23 0.20 0.18 0.38 0.37 0.33 
Al 3.63 3.61 3.72 3.47 3.46 3.26 3.32 3.55 3.43 3.38 
Cr 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.~1 0.00 0.00 
Fe 2.82 2.85 2.91 3.08 2.71 2.84 2.76 2.57 2.70 2.81 
Mn 0.0? 0.02 0.02 0.02 0.01 0.03 0.03 0.04 0.04 0.05 
Mg 1.61 1.60 1. 57 1.46 2.05 2.03 2.09 1.63 1.7c 1. 79 
Col 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na 0.03 0.04 0.02 0.02 0.04 0.01 0.02 0.09 0.07 0.04 
K 1.69 1. 70 1.61 1. 70 1.80 1.92 1.82 1.78 1.8~ 1.84 
Ictal 15.43 15.45 15.41 i5.44 15.63 15.71 15.65 15.41 15.54 15.58 

Fe/fMCM" 63.27 63.73 64.57 67.53 56.88 57.94 56.57 60.53 59.86 60.44 
Mg/FMCM" 36.18 35.74 34.91 32.00 42.90 41.52 42.86 38.44 39.19 38.57 Ca/IMCM* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.00 Mn/FMCM" 0.55 0.52 0.52 0.46 0.22 0.54 0.57 0.95 0.95 0.99 

Si+Al 8.95 8.96 8.98 8.81 8.79 8.68 8.75 8.91 8.7b 8.72 
Fe+Mg•Mn+Ca 4.46 4.47 4.50 4.56 4.77 4.90 4.88 '·. 24 4.50 4.65 Fe/(fc+Mg) 0.64 0.64 0.65 0.68 0.57 0.58 0. 57 0.61 0.60 0.61 Octahedral A 0.95 0.96 0.98 0.81 0.79 0.68 0.75 0.91 0.76 0.72 

A -19.26 -20.25 ·14.26 ·22 .10 -25.85 ·34.39 -28.10 ·27.35 ·30.69 ·30. 16 
0.64 0.64 0.65 0.68 0.57 0.58 0.57 0.61 0.60 0.61 M 0.36 0.36 0.35 0.32 0.43 0.42 0.43 0.39 0.40 0.39 

*JMCM = Fc•Mg•C.o•Mn 
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Biotite (ncur) 

300·1 184·2 127·3 046a·1 127·3 329·4 SD II"' sv,· ? Sp }h1 -\.•J .' 'I 

Si02 34.77 33.72 34.20 34.62 33.88 34.49 3 •• ~., 55.c,i( -~··. t' / ~ ... ':. .. 
Ti02 1.54 2.22 1.95 1.68 2.31 2.07 1.1>8 1./0 1. /.' 1 . / ~ 
Al203 18.75 18.15 18.31 20.15 18.01 20.07 19.25 1/l.t>S IV.u ~ 1 \.).I,. I{, 
Cr203 0.04 0.03 0.06 0.04 0.08 0.00 O.Oo 0.011 ll.ll(> tl .II~ 
FeO 20.45 23.98 23.28 22.06 22.70 22.51 10.70 {0 ... 1 :'Ll.llt, /U .ll.' 
MnO 0.16 0.32 0.32 0.05 0.28 0.38 0.25 0.1"' Ll • ~' .• d . .'\ 
MgO 9.28 7.15 7.87 7.64 7.45 7.27 9.6~ 9. ('o "'·"·' •J . .. ''J 
CaO 0.00 0.00 0.00 0.02 0.04 0.00 0.01 0.0~ Ll.lltl ll .lPJ 
Na20 0.13 0.09 0.13 0.18 0.16 0.32 0.11 ll. IU U. I t• ll. IS 
K20 9.34 8.98 9.28 8.38 8. 75 8.76 8.61 8./1! \1.!~ .,,11.1 
Total 94.45 94.64 95.40 94.83 93.66 95.86 93.87 95.19 <f,·,. /;l ..;~ .~.n 

msnber of cations on the basis of 22 oxygcns 

Si 5.38 5.31 5.32 5.33 5.35 5.29 ~.54 ~.H ~. I•, '>.1', 
T i 0.18 0.26 0.23 0.19 0.27 0.24 0.20 0.(0 tl.,'ll U . .'l! 
Al 3.42 3.37 3.36 3.66 3.35 3.63 3. 50 .L4l, ~. ··'1 s. .. .' 
Cr 0.00 0.00 0.01 0.00 0.01 0.00 0.01 U.01 U.tl1 U.U1 Fe 2.65 3.16 3.03 2.84 3.00 2.89 2.54 ?..1>11 {.'>II / _l,'J 
Mn 0.02 0.04 0.04 0.01 0.04 0.05 0.0:'· ll. lJ S l/. IJ) II f.l) 
Mg 2.14 1.68 1.83 1. 75 1. 75 1.61> {.22 i'. lr, .' . 1 ~~ /. 1) 
Ca 0.00 0.00 0.<:!0 0.00 0.01 0.00 ll.OU 0.01 (),tJII U.UI Na 0.04 0.03 0.04 0.05 0.05 0.10 U.ll5 u.us 0 (I'J ll.lJ .• K 1.84 1.80 1.84 1.65 1.76 1.71 1. /0 1. llJ 1.H/ 1 .Ill 
Tot2l 15.67 15.66 15.70 15.49 15.60 15.56 ~~-~/ I~ .tA 1 '> .I.{. l'J.t,f. 

Fe/FMCM* 55.05 64.73 61.87 61.71 62.52 62.79 ~3.04 '),·· •• 91 '>UIS '>•• . ) ) Mg/FMCM* 44.52 34.39 37.27 38.08 36.56 31>. 11. 1,6, 30 l,t. ,/4 () •• 'J. ')/ .... /I Ca/FMCM* 0.00 0.00 0.00 0.07 0.14 0.00 0 .0) 0.1/ 1/.IJ!J IJ. S 1 
Mn/FMCM* 0.44 0.87 0.86 0.14 0.78 1.07 0.63 0.~;> (j 1 11) IJ. (,I 

Si+Al 8.80 8.68 8.69 8.99 8.71 8.92 ll.!ll, II. :'/ t... ,.., 1LHI Fe+Mg+Mn+Ca 4.81 4.88 4.90 4.60 4.80 4.60 4.60 '·.Ill • .E!1 <,. /r, 
Fe/(Fe+Mg) 0.55 0.65 U.62 0.62 0.63 0.1>3 0. ~3 lJ. ~·, IJ. ')/1 (J_'l'J 
Octahedral A 0.80 0.68 0.69 0.99 0.71 0.92 0.84 U./1 I.J. ('I IJ. HI 

A -28.29 ·26. 78 ·28.75 ·16.20 ·2).58 ·19.95 19.99 {5 jl, !t._,_i.'J ? I. ~g 
F 0.55 0.65 0.62 0.62 0.63 0.6~ lJ. ~3 IJ. ~) U. 'JI, IJ.'/J 
H 0.45 0.35 0.38 0.38 0.37 0.37 0 ,1, 7 0.'•') (j .",1, (J_,.•, 

*FHCM Fc+Hg+Ca+Hn 
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Bi•,tite (ncar) 

353·4 SD -89 353-5 so -89-364-2 329-2 G-123-80 
S10? H.59 33.26 33.28 34.10 34.11 34.43 35.44 
11ui 1. 50 1.69 1. 59 3.01 3.04 3.01 2.67 
Al203 19.27 19.06 18.85 19.70 19.51 19.24 18.83 
Cr?03 0.08 0.06 0.04 0.06 0.06 0.00 0.05 
leO 23.89 24.22 24.30 21.95 22.21 21.78 20.93 
MnO 0.11 0. 11 0.00 0.25 0.34 0.41 0.22 
MqO 7.94 7.80 8.00 7.07 6.83 6.98 8. 77 
c~o 0.00 0.03 0.00 0.00 0.00 0.00 0.00 
Na20 0.04 0.07 0.04 0.21 0.14 0.22 0.23 
Ki'O 7.53 7.33 7.12 8.48 8. 58 8.94 9. 77 
Total 93.93 93.63 93.23 94.85 94.83 95.00 96.93 

number ot cations on the ba,is of 22 O)l.ygcns 

S1 5.27 5.?.4 5.26 5.27 5.28 5.32 5.36 
11 0.18 0.20 0.19 0. 35 0.35 0.35 0.30 
Al 3. 56 3.54 3.51 3.59 3.56 3.51 3.36 
Lr 0.01 0.01 0.00 0.01 0.01 0.00 0.01 
fe 3.13 3.19 3.21 2.84 2.88 2.82 2.65 
Mn 0.01 0.01 0.00 0.03 0.04 0.05 0.03 
Mg 1.85 1.83 1.88 1.63 1.58 1.61 1.98 
Ca 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
N~ 0.01 0.02 0.01 0.06 0.04 0.07 0.07 
K 1. 51 1.47 1.44 1.67 1. 70 1. 7~ 1.89 
Total 15.53 15.53 15.51 15.45 15.45 15.49 15.63 

fe/fMCM* 62.62 63.29 63.03 63.07 63.96 62.89 56.90 
Mg/f MCM* 37.09 36.32 36.97 36.20 35.05 35.91 42.49 
Cil/f MCH* 0.00 0.10 0.00 0.00 0.00 0.00 0.00 
Mn/FMCM* 0.29 0.29 0.00 0.73 0.99 1.20 0.61 

Si+Al 8.83 8.78 8.f7 8.86 8.85 8.83 8.72 
f t•+Mg+Mn+Cil 5.00 5.04 5.10 4.50 4.50 4.48 4.65 
fc/(fe•Mg) 0.63 0.64 0.63 0.64 0.65 O.b4 0. 57 
Octahedr-al A 0.83 0.78 0.77 0.86 0.85 0.83 0.72 

A ·10.61 -9.60 -8.4~ -19.01 -20.64 -25.24 -33.24 
f 0.63 0.64 0.6~ 0.64 0.65 0.64 C. 57 
H 0.37 0.36 0.37 0.36 0.35 0.36 0.43 

'FMCH f e•MiJ+C.~+Mn 



.'·• 

0 1 ._,t 1 t l' {•II..Jt r 1).) 

G-118·80-2 G-1e3-80-1 lo 1o3 ·:JU 
" ~ '• ~ :~ ' Si02 33.05 33.98 35.27 5 ... 03 53.1~ Jl. ~I> .II. : .• :\,' . .'1 ) ~ .. ·. ),' T i02 1.37 1.39 2.21 2.18 2.?9 ? . ?l1 .:' . ~ .... l.•t 1 ,, 1. ,, Al203 18.37 18.:.8 19.42 19.82 19.0~ i9.c""'8 1Y. •'-' 1-; . ., I h'. )~ '· ~~ . Cr203 0.00 0.00 0.00 o.co 0.00 0. 0Ll U.tl\l ll.h1 l' ,q· ,, FcO 23.08 22.30 25.10 22.24 ?2 .92 ?2 .tlJ ~· .) . ~' IJ .~ i ..... ,. •, ,' . ~I,. . ·~ . MnO 0. 11 0.12 0.11 0.10 0.12 C1. 11 0. 1.' Ll.l-,(, ll . (I~\ I I dl MgO 8.20 8.28 7.22 7.11 7.09 l. 1 tl .'.]<,) ~~. 1 C• ,.'. !· ~ ·; CaO 0.00 0.00 0.00 0.00 0.00 U.I)U 0 .lhl Ll.LlU ll.t•t• ll jl:l Na2o 0.04 0.08 0.15 0.19 0.10 O.D!l ll.lr, li,L! \i,!' 1

) (, K20 9.34 9.59 8.29 8.74 8.:.7 8 .. l5 H. L? ,',.'H H. It• [1,' Total 93.56 94.21 94.36 94.41 9.:. .39 93.~1> <,)., • <• I "~ l ~\~. \.,; ~ 1'1 •,:·j " 
nu111bcr· of cat ton-... on tho b.:J ... I!'.. ,,, 4'? .;;,.,~-yt·n·. 

Si 5.26 5.34 5.22 5.29 5.26 5.21! ~-21> ',. 1a ., . ,'~\ .. 1'' T i 0.16 0.16 0.26 0.26 0.21 0.?{, O.h• P. lH ll 1-. l' Al 3.45 3 . .;2 3. 59 3.63 3.1>1 .1. '>ll 5. '>B ~. t.'. (.I 
'· 

Cr 0.00 0.00 0.00 0.00 O.O:J u.uu u.uu ll.Ull " \ 1\! iii Fe 3.07 2.93 3.11 2.89 2 .'N .l.l.!U S. U/ ) . 1,' .;_ : Mn 0.01 0.02 0.01 0.01 0.02 0.U1 u .tl.·' u U1 l!.111 Mg 1 .94 1. 9i. 1.69 1.65 1 .o5 1 .t>B I .r./ ' ... : ~~· ' 
,, Ca 0.00 0.00 0.00 0.00 0.00 0.1)0 J.UI) U.' ~ I , I I i ' Na 0.01 0.02 0.05 O.G6 o. c•3 o.u:· tJ.fl'> K 1.90 1.92 1.66 1. 73 1.69 1 .t>/ 1 . (• 1 1.··· .r., I .I Tot~l 15.81 15.70 15. ~8 15.53 1 ~. ~2 1~-~.' 1') ',,--, 1'•.')t, ~ '. '·' ,, 

Fc/FMCM* o1.os 59.98 ~·-bZ 1>3. 5? ~~ .2~ L.l. ~~~ t,. ••• 'J,; t·l. 11
,J ~ .. ',1: ..... Mg/FHCM* 3B.t>5 39.69 35.08 31>. 19 .5':>. 41 ~). ~.j -~.-' . 'J'~ ~ .1 ~ , ! I t ... 

~' ·; l ~ ,, Cu/FMCM* 0.00 0.00 0.00 0.00 O.UIJ u.uu u .1 ~u 'j .'!!I Mn/ FMCM* 0.29 O.H 0.30 u.n 0' 34 u. ~ 1 .. s-) .J.1•, 
Si•Al B. 71 8. 76 8.81 8.93 !l./.!8 l!.Hr, i' .ll,, !L ~~ ·i .. '!t " ~I ~ Fc+Mg+Mn•Cu 5.03 4.89 4.81 4. 5~ 4 .6~ ., • 1(.! ., . /(, (J .Ut; ··.l' .. ,j fc/Uc•Mg) 0.61 0.60 0.65 0.6. O.M U.t.•. i)J') u.r;/ ), (. ·; 1,; Oct a Al 0. 71 0.76 0.81 0. 93 0 .8/l o.eo U.11~. lj .HS 

' j • l~ ~ " "' A ·28. 78 ·31 .70 ·16.88 . 20 .e!l -18.42 11J. 15 1 '>. I':> ~.11 1•. ·''·' '· ,., 0.61 0.60 0.6'> 0.64 0.64 u.e. .. fj. (/) I).~./ .. '· ~ '' ~ 
M 0.39 0.40 0.35 0.36 0.3D 0. ib 0. I':> '.-. H~ I •;/ .'. 

*fMCH Fc•Mg•Cu+Mn 
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H•ot ltc (111~t r 1 A) 

(,- 1')0 80 3 G-158-80-2 (,-JSIJ 80-5 
S 10t 33.29 33.90 3~.86 33.70 :B.41 33.73 33.99 34.00 33.4~ 33-92 
I10t 1.43 ,_52 1.60 1.59 1.63 1.52 ,_ 72 1.50 ,_ '>2 1- 1>5 
Al20S 19.66 19.38 19.35 19- 1 7 18.74 19.85 19.53 19.33 19.01 19.38 
(I (05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0-00 
f l>Q ?3. 72 'l3 .46 22.90 22 .l4 23.69 2?.86 22.31 22.48 ?3.2~ 21. ';6 
Mn() 0.07 0.04 o.os 0.06 0.0') 0.07 0.06 0.06 0.07 0. 03 
My() 7.99 7.88 l.SS 7.74 8.16 8. 1 1 7.65 7.95 8.07 8. 01 
Cilll 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 
NatO (J. 10 0.02 0.12 0.07 0.08 0.07 0.10 O.C6 o.c-9 (.;. 12 
K?O 8.26 7.84 8. 54 7.93 7.47 7.99 U3 8.25 7.?8 8.37 
JotiJl <;.:,. 5.5 94.0i. 93.76 93.01 93.25 94.21 9.5.88 93.63 93.23 93 . .:.5 

"l.lror of cut1ons on the tlnSJ, ut 22 o•ygc-n, 

S1 5.21 5.30 5.31 5.32 5.28 5.25 5. 31 5. 33 5.28 ~- 32 
11 0.1' 0.18 0.19 0.19 0.19 0.18 0. 20 0.18 0.1!! (). 19 
Al 3.62 3. 57 3. 58 3.57 3.49 3.64 3.60 3.57 3.5~ 3.58 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0(1 0.00 0.00 
f ~ .L10 3.07 3.00 3.00 3.13 2.98 2.92 2.94 3.07 2.88 
Hn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 
My 1.86 1.84 1.77 1.82 1.92 1.88 1. 78 1.86 1. 9C 1. 87 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.oc 0.00 N., 0.03 0.01 0.04 0.02 0.02 0.02 0. 03 0.02 O.C.5 0 .• ;;, 
I. 1.65 1.56 1.67 1.60 ,_51 1. 59 ,_ 70 1.65 1 . 57 l.U Tut.rl 15.1>5 15.5? 15.56 15.52 15.55 15.5') 15.55 15.55 15." r 15.55 

h•/f MCM' 62.31 62.49 62.90 62.12 61.88 61. 1S c1.97 (j 1. 2.:. t>1 .l>b 60.~3 My!f Ml'H' .57.44 H.40 3c. 96 37.68 37.98 38.66 l7.86 .SB. 59 3e. 1s ,;;,3') 
Co/fHCM' O.QU 0.00 0.00 0.03 0.00 0.0() 0.00 0.00 0. JJ ..... u.:. 
Mn/f M(H' 0.19 0.11 0. 11. 0.17 o.n 0. 19 0.17 0. 17 0. ,. s. ~·8 
SI•Al 8.83 8.87 8.89 8.88 8. 77 8.90 8.91 8.89 e u-- 8.?J . "' h'•My .. Mn+Cd 4.97 4.91 4. 78 4.83 5.06 4.87 ". 71 4.81 ~.98 "'. 75 F~/(l'e•Mg) 0.62 0.63 0.63 0.62 0.62 0.61 0.62 0.61 0.62 O.o1 Octa Al 0.83 0.87 0.89 0.88 0. 77 0.90 0.91 0.89 (1.82 o.vJ 
A -15.32 -12.88 . 17.62 -14.53 ·11.31 ·13.00 ·19.06 -16.73 -13. 2e 1l'.8l 

0.62 0.63 0.63 0.62 0.62 0.61 O.e2 0.61 0.1>2 0.61 M 0.38 0.37 0. 37 0.38 0.38 0.39 0.33 0.39 0.38 0.3:; 

'l~t:M fl.'•My•Co~+Mn 



. 
~ .. 

61 ~~ i ~~ (dl,lt r 1 >..) 

so~ 89·105· 3 :)l) tN l)'Y ,·.I 
SiD2 33.74 33.41 33.86 31.48 3 •. ~I 3 •.•• .) ... /~ ;. !h' ) .. .)\• ... .'11 
T iD2 1.60 1. 70 1.70 1.24 2.32 2.31! ? . ;? ) 2. )~ ,,,,,(1 1 ..• 
Al2D3 19.27 19.51 19.49 20.08 19.';0 19.t>'> 19.9. , ~. ~\/ Jt..l, ~;~. ,!, :1 
Cr203 0.00 0.00 0.00 0.00 0.00 O.OL' 0.00 ;J,0\..1 U.llt· \ ' • l '~~ 
FeO 22.36 23.28 22.25 23.97 22.55 22.59 •

1 :!. 21 .'.' .Llb /1. !\,' ,'\ 1'· 
MnO o.os 0.08 0.07 0.08 0.20 0.?1 O.?b Ll. 1.:, ,, .. ' \ ,._ ur. 
MgO 7.74 7.30 7.39 8.16 7.00 r'.O!! /.UJ / .lltl 1· ~Ill !\.·."; 
c~o 0.00 0.00 0.03 0.00 0.01 O.OQ o.uu o.uu ,_l_:'ll \>,\!'' 

Na20 0.09 0.06 0.11 0.05 0.16 0.11 0.19 u.:-o n.u·,: 11.11 
K20 8.54 8.39 8.78 6.51 8. 70 8 .• 1,1 !1. t>M a.~Ll ll. .. .. \. . ' Total 93.38 93.72 93.68 91.56 95.08 9 .... .:, ~'> . .St> :;') • _l .l ; .. _,'{• ... , ,'11 

number· of Celt 10n.., on thl.' b~ .... , .• ~ -, t ~)I) ~.... ... .,. t}l'l\" 

Si 5.31 5.26 5.31 5.06 5. 35 '>.3\ ., . ,., \,' ·,, -~~ 
T i 0.19 0.2J 0.20 0.15 0.21 o.!e tl . ~' (; .'r 
Al 3.58 3.o2 3.61 3.81 5.~., 5.'>11 3 ~ ~ 1 S.t),; .. -~ , 
Cr 0.00 0.00 0.00 0.00 0.00 u.uu U.{li.:· ,, till 1 i,o;l! 

Fe 2.94 3.07 2.92 3 ~22 2.92 t.ll9 ?~e'> /.B .• ~L' . ' 
Mn 0.01 0.01 0.01 0.01 0.03 0.03 0. fJ.S ,, 

' ''···1 . ~~ I 

Mg 1.82 1. 71 1. 73 1. 96 l.bl 1. 63 1.6(. I rd.! \) ~~ 
Ca 0.00 0.00 0.01 0.00 0.00 0.00 U.lll' U.I'U I• Oil '· ,Ill 

Na 0.03 0.02 0.0.~ 0.02 0.05 0. LJ'J n. uc) U.il(. 11, I ' i l -~ 
~ 1. 71 1.69 1. 76 1.3<. 1. 72 1.t>/ 1. /r_l .t.l 1. I ~ \~ ·~ 
Tot ill 15.58 15.58 1S.58 15 '56 15.49 1'> '~ / 1'> .~' l'l,•t'O i' .. I' 1-. 

f C/ FMCM* 61.76 6<..01 62.63 62' 11 63.99 t>.S . .,, b5. 'J'J tl s. 'J !~ ~- S. r ,,. ·n 
Mg/FMCM* 38.10 35.77 31.07 37.b8 35.40 5~ '!li S'-1. t.Jr; )t,_·/, .;t,~,•,) .·. ' ; 
Ca/FMCM* 0.00 0.00 0.11 0.00 0.0~ O.(JlJ U.IJO U.tJII •.•.'1' 
Mn/FMCM• 0.14 0.22 0.20 0.21 0.51 0.61J ,, .·~ . ,, • .. !1 • ,, 
Si•Al 8.89 8.88 8.92 8.87 8.90 !1. .,., B. •.,r) u ,,, .. 

" 
... 

Fc+Mg•t-ln+Co 4, 77 4. 79 .:..66 5.19 4.56 ... ~:-. ..... ~. ,, i, . '·(~ .. .• s . /'1 
f~/( Fc•Mg) 0.62 0.6t. 0.65 0.62 0.6~ u.r.J~ IJ.t..•. u ·'-''' ,, '··· " " Oct a Al O.Bv 0.88 0.92 0.8/ 0.90 0.91 IJ. 'It> (). ',~, \1 ,., " ' 
A ·19.74 . 17 .61) ·21.86 ~ 1 '9 7 21 .. 3b 111 9~ .'IJ. 11 i ". e ~ .'I '>1 /.~~ j) 
F 0.62 0.6t. 0.63 0.62 0.6~ 0.64 OJ:, IJ.'.·· ,, •, .. . ·~I 
M 0.38 0.36 0.31 0.38 0.36 o. so u. ;b '' \1. '.J' ~,I ' .. \ 
*FMCM F ~+Mg•Ca+Mn 



Blutltc (u~..t,-,,) 

su · ~~ o 3.:. c · 1 SD·B•·502·4 ;:.>-e;;-312-1 so~t, 312-o 
S102 54.10 34.84 3~.61 34.87 35.21 34.26 3~.38 3•.20 3 ... 42 3~ .o1 
1102 2.17 1.82 1.96 1. 57 1.60 2 ..... 2.97 3.26 3.13 3.33 
Al?03 18.53 18.68 17.94 18.29 18.17 19.27 19.84 19.25 19.30 19.12 
Cr20S 0.11 0.11 0.03 0.03 0.05 0.06 0.04 O.Od 0. OS 0.05 
11.'0 20.92 20.75 20.89 21.08 21.35 20.85 20.68 21.06 21.17 20.57 
HnO 0.07 0.04 0.04 0.22 0.17 0.36 0.36 0.39 0.48 0.~2 
HgO 9., 9.11 9.41 9.23 9.11 7.73 7.13 7.32 7.38 7. 58 
CiJO 0.02 0.01 0.02 0.02 0.04 0.00 0.04 0.02 0.00 0.00 
N;s20 o. 12 0.09 0.08 0.09 0.08 0.29 0.28 0.35 0. 25 0.25 
K20 8.97 9.06 9. 38 9.07 8.9) 8.93 8.90 8.82 9.Co 9.20 
!oral 94.75 94.50 95.37 94.48 94.73 94.70 94.62 94.73 95. 2 .. ~5.21 

numbC"r c.f cations on the ba~ 1 s of 22 oxygc•ns 

51 5. 35 5.38 5.46 5.40 5.44 5.30 5.30 5.29 5. 3C 5.32 
I' 0.25 0.21 0.23 0.18 0.19 0.34 0.3 .. 0.38 0.3t 0.38 
Al 3.37 3.40 3.24 3.34 3.31 3.51 3.61 3.51 

3 ·"' 
3.-t 

Ct 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.01 
I c 2.70 2.68 2.68 2. 73 2.76 2.70 2.07 2.72 ( .73 2 .6:. 
Mn J.01 0.01 0.01 0.03 0.02 0.05 0.05 0.05 0.0t 0.07 
My 2.10 2.10 2.15 2.13 2.10 1. 78 1 .64 1.69 1.69 1. 7• c. 0.00 0.00 0.00 0.00 0.01 0.00 c..o1 0.00 o.uo 0.00 
Nu 0.04 0.03 0.02 0.03 0.02 0.09 0.08 0.10 0.07 0.07 
K 1. 77 1. 79 1 .83 1. 79 1.76 1. 76 1. 7~ 1. 7;, 1.78 1.80 
lot•>l 15.60 15.61 15.62 15.65 15.61 15.53 15.46 15.50 15.51 15.50 

le/IMCH* 56.05 56.02 55.37 55.80 56.47 59.59 61.18 o1.00 60.82 59 ..... 
Mg/ I MCM* 43.69 43.83 44.45 43.5~ 42.94 39.31' 3 7. 59 37.78 37 .l';J 3>.03 
Ca/fMLM• 0.07 0.03 0.01 0.07 0.14 0.00 0.15 0.07 0.00 o.oc 
Hn/FMCW 0.19 0.11 0.11 0.59 0.46 1.04 1.08 1.14 1 . io( 1. 52 

S1 •Al 8. 72 8.78 8.70 8. 75 8.75 8.81 8.91 8.eo 8.80 8.78 F"c+Mg•Mn+C.J 4.82 4.78 4.84 4.90 4.88 4.52 4.36 •.4o 4.48 ..... 5 
fe/(fe•M9l 0.~6 0.56 0.55 0.56 0.57 0.60 0.62 0.62 0.62 0.60 
Octa Al 0. 72 0.78 0. 70 o. 75 0.75 0.81 0.91 0.80 0.~0 0.78 

A ·25 .08 ·25. 72 ·30.58 ·26.51 . 25.65 ·24.67 ·23.63 ·24.06 ·26.21 ·28.58 
f 0.56 0.50 0.55 0. 56 0.57 0.60 O.o2 0.62 0.62 O.e>O 
M 0.44 0.44 0.45 0.44 0.43 0.40 0.38 0.38 0.38 0.40 

"fMCM •L'•M~f+Ca•Mn 



.'·t'' 

B 1 "-'t I tl' (n •• .t r 1 "') 

50·89-184-1 S~·8;1 o.6a-2 127-1 so !19 .'99 ' ~ •.. ' p·; )·.:. 
Si02 33.92 34.20 34.47 .h.OO 3 •. 21 5~. ~-~ St>. 11 S I . .; 1 \ ... ;, ~ ... / .. Ti02 2.33 2.22 1.78 1.84 2.01 uo 1 •.•.• 1 • :1 1

) 1. I ~\1 Al203 18.21 18.65 19.43 19.58 18.06 1~.b~ 1!l.tl? Hl. ~5 1-J .u .• l'l,t 1'\ Cr203 0.07 0.09 0.00 0.00 0.03 0.0/ \I.UO Ll.UH ' ll,' [I \, .. FcO 23.75 23.25 22.77 22.53 23.71 1b.O~ 1to.ll~ .' 1 .. 'I .'ll. ·''-' 1·1 !\(, MnO 0.32 0.28 0.06 0.07 0.5. \). j,' u .. !~.J l) .• ' .• \1 . ."5 I .. MgO 7.23 7.38 7.40 7.b0 7. 12 1? .e~ 1.-' . .S ... " .. <J .'C• 'I ,·/ CaD 0.00 0.00 0.00 0.00 0.00 o.ou o.uu Ll. UU u U\1 I ·,111 
Na20 0. 11 0.11 0.09 0.1~ 0.11 0. 1~ l). 1/ o.u!l ll. I! I 11 K20 9.28 9.12 8.50 8.~1 9. 1b 9.05 9.U/ tl.tl5 11 r:,·,. ·; ll'i Total 95.21 95.30 94.50 9~.17 95.~1 "'.! -~' ~ .• . 2b •;., .d 1 .,·) ~~ ~ •i., .I 

nunbcr of cation~ on tile b.1 .... 1~ ~· 
~} ,) U-''ftjo·fl•, 

Si 5.31 5.32 5.36 5.30 5.34 ~ .40 s ... s S.N '. I I \.,_st. T 1 0.27 0.26 0.21 o.n 0.24 o. 1/ u. 1t> 0. 11-i 11 •• '1 I• ,'I Al 3.36 3.42 3.56 3.60 3.32 3 • .s. \.5~ I ..• 1 I '• Cr 0.01 0.01 0.00 0.00 0.00 O.UU o.ou \I.U1 l;. 1.11 !,,llj Fe 3.11 3.02 2.96 2.9.:. 3.10 2 .Qi, .'.us ' .. t, s 'Jr. <" •' I Mn 0.04 o.o .. 0.01 0.01 0.04 o.u .• U.U~ u .t.tl I ··) Mg 1.69 1.71 1.71 1.77 1.79 2 .Bb i. lH l. ,1t.J 1. '· Ca 0.00 0.00 0.00 0.00 0.00 0.00 O.Ou IJ.UU 0.11: .. I ]!I.> Na 0.03 0.0.! 0.03 0.0~ 0.03 o.o .• o.os f) ()~I li il'i 1;_!1., 
~ 1.85 1.81 1.68 1 .bl 1 .!!2 1. ,·~ 1. ,-:. 1 /t. I 

' ' Total 15.68 1' .1>3 15.51 15.')4 1).69 1S .t>~ 1l}. ~)u 11
1 I. ' 

,., •,·" I• / ... 

Fe/FMCM' 64.26 63.38 ~3.22 b2.33 62.11 ··I. 74 •• 1 . ,!1/ ''• 11 ... .. . .. Mg/FMCM' 34.86 35.85 36.61 37.47 31\.H ~ 1.1? 1)/. 'St, ,, ·~ . 1 ,, '•'> .. 
Ca/FMCM' 0.00 0.00 0.00 0.00 0.00 o.uu u.tiu U. UtJ IJ. 1,:11 Mn/FMCM' 0.88 0. 77 0.17 0.20 0.91 0.~1 (" .. 

II. ~' l f .. , I .,,. .J.II 

Si+Al !l.67 8. 74 8.91 8.90 8.6b ll. /. ll.'l1 H.lu " .. IL ~~ ~ Fc•Mg+Mn+Ca 4.8.:. 4. 77 4.68 4.71 4.94 •. 94 l,_lj., I.J.!.1l ••. ~~ l / ~ Fe/(Fc•Mg) 0.65 0.64 0.65 0.62 0.6~ 0 .•.t u ..• ? l),ll!', iJ.;J 1l I .... Oct a Al 0.67 0. 7io 0.91 0.~0 O.bb ll./<. u.~n u./u " ·~ ~ 
A . 29.75 . 26.93 · 1\I.Ob . 17.71 . 2!!. 10 ?4.11 ..... l)~ / s. ue /1 ·,, .. I• F 0.6'; 0.64 0.63 0.62 O.b~ ()_<,? o.~? [). l;t_.. I .,,, ., 

" "' 0.35 0.36 0.37 0.3!! 0.1/ o. ~e fJ . '.> ~! l.•··· 
., ... .1 ••• 

*fMCM Fc+Mg+Ca•Mn 



2 '>(J 

Btotttc (n•<•trix) 

50. !l'i . .S~3. 1 50·89·353·2 50·89· 364·1 Sil-89·329 1 G-123·80 !.tO? 35.86 33.61 34. 15 34.03 33.97 34.25 34.19 34.23 34.63 35.43 ItO? 1.67 1.58 2.00 2.15 2.86 2.52 2.24 2.10 2.05 2.93 Al205 19.43 19.22 19.62 19.25 19.09 19.30 19.98 19.63 19.88 17.89 Cr203 0.03 0.08 0.04 0.08 0.04 0.08 0.05 0.04 o.o~ 0.08 Ft·O 23.08 22.71 22.55 22.49 21.71 22.25 21.72 22.24 21.56 22.33 MnO 0.11 0.12 0. 13 0.16 0.30 0.29 0. 23 0.25 0.31 0.28 M\jCJ 7.98 7.95 7.87 7.68 7.16 6.94 7.55 7.35 7.16 8.14 CaO 0.00 0.06 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.01 Nil20 0.08 0.10 0.10 0.10 0.28 0. 19 0.16 0.39 0.46 0.15 k20 7. 73 7.65 8.31 8.23 8.34 8.27 8.32 8.51 8.82 9.68 Total 93.96 93.07 94.76 94.16 93.77 94.08 94.44 94.73 94.91 96.92 

nlnlbcr of cations on the basis of 22 oxygen; 

St !>.29 5.29 5.29 5.30 5.31 5.34 5. 29 5.31 5 .3<. 5.40 ,, 0.20 0.19 0.23 0.25 0.34 0.30 0. 26 0.24 0.2~ 0.3~ Al .s. ~8 3. 57 3.58 3.54 3.52 3.55 3. 64 3.59 3.1:>2 3.21 Cr 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0. DL• 0.01 I c• 3.01 2.99 2.92 2.93 2.84 2.90 2.81 2.88 2.18 2.85 Mn 0.01 0.02 0.02 0.02 0.04 0.04 0.03 0.03 o .o~ 0.0" My 1.80 1.87 1.82 1. 78 1.67 1.61 1 .74 1. 70 l.o) 1 .85 C.l 0.00 0.01 0.00 0.00 0.00 0.00 () .00 0.00 0.00 0.00 N<l 0.02 0.03 0.03 0.03 0.08 0.06 0.05 0.12 0. 1. o.u;, I( 1. S4 1. 54 1.64 1.64 1.66 1.64 1.64 1.68 1. 71. 1 .88 lotul 15.51 15.51 15.52 15. so 15.47 15.44 15.47 15.55 15.55 15.62 

fc/fHCH' 61.69 61.25 61.43 61.89 62.39 63.73 61 .34 62.49 62.25 60.14 My /I HCM* 38.01 38.21 38.21 37.66 36.67 35.42 38.00 36.80 36.84 39.06 CanHCM' 0.00 0.21 0.00 0.00 0.07 0.00 0.00 0.00 o.ou 0.03 Mn/ f MCH' 0.30 0.33 0.36 0.45 0.87 0.84 0.66 0.71 03i 0. 7o 
S I •A l 8.86 8.86 8.87 8.84 8.83 8.88 8.93 8.89 8.96 8.61 fe•Mg+Mn•Ca 4.88 4.88 4. 75 4.74 4.55 4.55 4.58 ~.61 :....:.7 ". 73 f C/ ( f e•M~) 0.62 0.62 0.62 0.62 0.63 0.64 0.62 0.63 0.63 0.61 Oct a Al 0.86 0.86 0.87 0.84 0.83 0.88 0. 93 0.89 0.96 0.1>1 
A ·1 1. 99 . 12.02 . 16.52 ·17.03 . 19.52 . 18.16 · 1o.'.O ·18.98 -21.n ·3-+.86 f 0.62 0.62 0.62 0.62 0.63 0.64 0.62 0.63 0.63 0.61 M 0.38 0.38 0.38 0.38 0.37 0.30 0.38 0.37 0.31 0 •. 3\l 

'ffi4CM • Fc•Hy•Ca+Mn 



'' 

S 1 o t 11 ,. ( naa t r ") 

F-1?3·79·3 ". l.S.S ·1\l) 
Si02 34.14 34.24 34.05 34.46 32.9~ .) ... .... B 
T io2 2.64 2.41 2.24 3.01 1. 9.:. 7.31 
Al203 18.72 19.40 19.2? 18.77 18.63 19.18 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 21.36 19.77 20.48 20.98 23.58 21 .liB 
HnO 0.20 0.12 0.15 0.07 0.08 O.Otl 
HgO 8.51 8.36 8.65 8.04 8.;>1 8.03 
CaO 0.00 0.03 0.00 0.00 0.00 O.Uu 
Na20 0.19 0.21 0.17 0.18 0.13 0. 1~ 
K20 9.16 9.15 9.51 9.27 7. 56 11.99 
Total 94.94 93.69 94.47 94.77 93.07 9~.09 

number of cut ion~ on tho bos" of 2=' u.-..•nJI-''"' 

Si 5.29 5. 32 5.28 5.33 5.?2 ~. I;> 
T; 0.31 0.28 0.26 0.35 0.?3 Ll • .'/ 
AI 3.42 3.55 3.51 3.4? 3.48 .s. ~9 
Cr 0.00 0.00 0. 00 0.00 0.00 o.uo 
Fe 2.77 2.57 2.66 2. 71 L13 2 .II? 
Hn 0.03 0.02 0.02 0.01 0.01 O.U1 
Mg 1.96 1.94 2.00 1.85 1.94 1. B~ 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 
Na 0.06 0.06 0.05 0.05 0.04 0.04 
I( 1.81 1 . 81 1.88 1.83 1. 53 1 .1/ 
Total 15.63 15.56 15.67 15.55 15.59 ~~-~' 

58.16 56.77 56.8? 59.30 1>1. 58 l>U.3{ 
Fe/ FMCM• 41.29 42.78 42.76 40.50 .S8.21 N.~~ 
My/ FMCM• 0.00 0.11 0.00 0.00 0.00 O.Ou 
Cil/FMCM• a. 55 0.35 0.1.? 0.20 0.21 u.n 
Mn/FMCM' 

8.70 8.87 8.80 8. 75 s.r1 ll.tll 
Si+AI 4.76 4.53 4.68 4.51 5.01! ... 6ll 
F e+Hg+Mn+C a 0.58 0.57 0.57 0.59 0.62 U.t•U 
Fe/ ( Fc+Mg) 0.70 0.87 0.80 0. 75 0.71 0.!:11 
De ta Al 

·27.00 ·26.51 ·29.68 ·29.21 ·1?.24 24.?0 
A 0.58 0.57 0. 57 0. 59 0.6? O.t.O 
F 0.42 0.43 0.43 0.41 0.38 0.40 
H 

*FMCH = F e+Mg+C a+Mn 
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• I 

CUflo..11('1 It l~ 

G-123-80 ~~· ~'..; ,'•N .- ~ll ~h'· . ,., Si02 ~8.60 .:.8.83 ~8.20 48.42 ~~-U!l .. tL.:.j ... ~. ~')9 ··11- ~; .. ~~ ~~~' Ti02 0.00 0.00 0.01 0.0~ 0.02 0- \)j l'. llt) ll. lil) ll. UL! Al203 33.09 33.69 33.71 33.17 32 .1!2 p .. I.'.•H .~.'. ()/ l.' .(•\.; 1.-.l/ 
c.-2o3 0.01 0.04 0.03 0.00 0.00 0.00 Ll. Llt) L' .ll.' ,, ll1 FeO 9. 52 9.89 9.o1 10.0.' 1il.llll ~.t\0 ~.;>I '>.hi ~) ..•. 
I>! nO 0.60 0-54 0.~8 0.48 il. '>! u . ., .. Ll • .'tl Ll. H ~ U. ,'ll 
I>! gO 7.33 7.n 7.33 o.o~ b.i.f .. b.-J? :.:u ~~- u 1 CaO 0.00 0.00 0.02 0.00 0 .LI1 u .ell l}.l 1i._\ l;,;,•t• l,1,tl' 
~a20 0.31 0.32 0.25 0.17 0.3~ 0.5t.> 1-.19 1 .• "-1 1 . )c) K20 0.00 0.00 0.01 0.00 0.01 u.uo U.Ut'> U.liU U. Total 99.46 100.53 99.77 99.04 'N.·il 9~.09 -Jt,. I/ 'Jr,. "·· "''. IS 

number ol cut tons on the h.-1..;.1..:. ,, t 18 l..' .... y•j:..•n..., 

Si 4.99 4.96 4.94 5.00 5.05 5.00 ~.01 '>.ll'> ., p·; T i 0.00 0.00 0.00 0.00 o.uu u.uu U.UI) (.1,\JP \'. Al 4.00 4.0~ 4.07 4.05 5.9b .l. 9'-1 ··.ll'l ~.u1 .. d) Cr 0.00 0.00 o.ou 0.00 o.uu u.uu u.uo U.i.IU J. Fe 0.82 0.8:. 0.!!2 0.87 u.~t> u .ll'l ;..), .• (j v- -.~ ! •.• ~~ Mn 0.05 0.05 0.05 o.o~ U.U5 u- ()') U.ll,' U.ll." Mg 1 0 12 1.09 ,_ 12 1.02 1. UC> 10 c): ~ • ."lJ 1 .. · .• -· 1 Ca 0.00 0.00 0.00 0.00 u.ou U.Utl i./.•)li l,i_::. 
N..J 0.06 0.06 0.05 0.03 u .01 O.U/ ,_,.It\ '1. ,·r. . :~ 0.00 0.00 0.00 0.00 U.OU u.ou t.J.lll u.•l!: Total 11.04 11.05 11.05 11.00 11 .us 1 ,_ 1;5 11. ''f 11."1\ II . 'o'J 

Fc/FMCM* 41.05 42.4t. .;1.27 44.98 ~5.8) •3.0-,. ?c.;.l;/ ;H) • IJ(~ ,.,., 
' M~/FMCM* 56.33 ~5.21 56.10 52.8~ 53.80 S4.2? t}9. l_,8 /lj. )() f,'i C;;/FMCM* 0.00 0.00 0.11 0.00 O.Ut> 0.01, 1!.:)1) " 

,, 
Mn/FMCI>I* 2.62 2.35 2.52 2.17 ( .(9 2.61 . -~I) .•. 1. ,·; 

Si+Al 8.99 9.00 9.00 9.03 8.'N ll.'N 'y .I.J~ .... ul, '-Fc+Mg+l>ln•Ca 1.99 1.98 1.99 1.95 1. \i/ 1. 9/ .t. l.l I 
Fc/(Fc·M~) 0.42 0.43 0.42 0.4b u.-s lj_ .... ·J.;lH I '• '" .• , I 

' 
A 50.81 ') 1.06 51- 15 51.03 SU./3 ) 1. u/ S• •. YIJ ""- 1 i 'l·• ) ~ . 

0.42 0.:.3 o.~< 0.~6 0.4) o ..... tr. ?~! 'I. t I 'J • _, ~~ M 0.58 0. 57 0.~8 0.54 O.SS O.'.dJ fJ./1 f). ,') lj. /,• 

*FMCM Fc+Mg•Ca•Mn 
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Mlt:>.C.:V\r 1 tt.• 

F·123·79·1 F ·123 · 79·1 125 N ~ ~ It>\ t'-ll 1 S!02 <o5.70 45.88 ~o.58 ~0.38 -3.80 ... .) • r..JtJ •• '1 •• ·~ •• ll.lll .. (~ . ,l, T i02 1.12 0.87 0.~2 0.32 0.01 0.0~ U.03 U. ~I ll. lJ('J t'1, 4•tl Al203 36.40 36.20 36.50 3o.57 3o.8t 3o.o? Jo. t•t> ~0. o.t', l ,' .t>~ ·)c) . ~\ , • Cr203 0.00 0.00 0.00 0.00 0.00 0.00 o.uu U.l1U ll.lllJ ll.l\(1 FeO 0.77 0.93 0.89 0.76 0.90 1. 10 0.93 0.85 ll. 'Ill li.H," HnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.llll U.llll l.l.t\1) HgO 0.35 0.51 0.45 0.45 0.42 O.H o ..• t U .. N ll . ~t~ U.·•·• CaC 0.00 0.00 0.00 0.00 0.00 0.00 u.ou 0. Uti ll.lll! 0 .I!U Na2C 1.09 0.98 1. 11 0.73 0.98 1.01 1. 09 l.LI'J I .ll; l ,tl'J K20 9.~9 9. 72 9. 75 10.19 !1.90 8.80 tl.8'> 9 ... ~ 'i. . ., 'I ~r. Total 9~.93 95.10 95.71 95.41 92.~3 91.9o '-il.W '/.,. '1.1 ·1 .•..• 1 ;•, . '' \ 

number of cat 1 ens on th" bd~i~ uf n o-.YY'-''"" 

Si 6.07 6.09 0.13 6.13 o.OS 5,99 0,01 1>.0/ t•.lll I.• t I•; T i 0.11 0.09 0.04 0.03 0.00 0.00 O.OU O.U'> U.i.J(I U,ll', AI 5.70 5.60 5.67 5.70 5.90 '>.91 '>.91 '>.Ill ., 'ill ., ,, .. Cr 0.00 0.00 0.00 0.00 0.00 o.ou o.ou U.lJll o.uu ll,tltl Fe 0.09 0.10 0.10 0.08 0.10 0.15 u. 11 ll.li'l ll.lll 11.111 Hn 0.00 0.00 0.00 0.00 0.00 o.uo u.uu O.lhJ O.lil! I' I H! Mg 0.07 a. 10 0.09 0.09 0.08 0.11 0.10 O.UH u Ul'. d.U'J Ca 0.00 0.00 0.00 0.00 0.00 o.uu u.uo u .t.lil u .llll tl.tdl Na 0.28 0.25 0.28 0.19 0.2o 0.28 0.?'1 U.',;~/ u ) . ll '. . ' . ' K 1.61 1.65 1. 64 1. 72 1. 5~ 1. .,~ 1. '>~ 1 .C.Jd 1 .1.1 1 . I I ~! Total 13.92 13.94 13.95 13.94 13.92 l.S. 91> 11. ~·, II. 'J I 1\. •I• 1\ '11 
S1•Al 11.76 11.75 11.80 11.83 11.93 11 '90 11.'<1 11 .!!-. 11 B-, 11 ~~ ~ Fe•Mg•Mn•Cu 0.15 0.20 0.19 0.17 0. w 0.25 ..• u u. l / H~ II. p~ Fe/(fc•Mg) 0.55 0.51 0.53 0.49 0.55 J.'>~ U. l)) 'J.ll·· 'u 11.',·; Tetra AI 1. 93 1. 91 1.!!7 1.87 1. 9/ ?.01 l.·n I . '; ~ .·I;J 1.''1 Oct a Al 3. 77 3.75 3.80 3.83 5.95 3.9tl 5.~? 1.11'> ~. H·t ~ . ~~ '• Fc•Hg•Ti•Mn 0.27 0.29 0.25 0.20 0.19 0.2·· u.n t., •• '&! I.J • ,) ~ 1 i. ,l ~ 
~/Na•K•Ca 0.85 0.87 0.85 0.90 O.Bo U.IJ~ u .IJ.; O.!!t> IJ . ~ ~ t' I j • ,'~ t I Ca/Ca•Na+K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.fJU U.I.IIJ IJ.I_I\J 

AliV•AlVJ 5.70 5.66 5.67 5.70 S.<,~Q ~.Y1 ~.Yl '>.Ill '> • ~~ ~ . ., . / .. FMTH*+Si 6.34 6.38 6.36 6.33 6.2? 6.25 t.'. 72 (-j. ;•; f .... ';• ; ... ~/ 

*FMTH=F~•Hg+Ti•Mn 



Musco111 tc 
G-133-80-3 

r,-133 eo- 1 G- 150-80-2 G- 150-80-3 G- 158-80-2 03·~-2 302-2 
SiO? 47-11 .03.62 4S.83 46.81 46.81 47-16 47-16 45.47 46.99 48.01 
I 102 0.08 0.02 0.21 0.19 0.19 0.24 0.38 0.37 0.40 0.19 
Al203 35.10 34.36 37.01 36.93 37.52 36.17 34.48 36.60 36. so 35.35 
Cr?o3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 
fr,Q 1.84 4.95 0.72 0.62 0.71 0.89 1.33 0.86 1. 01 2.53 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
M90 1.07 1. 25 0.36 0.32 0.35 0.43 1.03 0.53 0.64 0.50 
CuO 0.03 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ha20 0.83 1. 01 1.47 1.43 1.17 0.90 0.84 1. 27 0.64 0.81 
K20 9.09 8.98 8.80 8.99 9.39 9.41 9.27 8.88 8.74 8.38 
Iota( 95-15 94.21 94.42 9S.28 96.14 9S. 19 94.50 93.97 94.92 9S.82 

number of cations on the basis of 22 OJ<Y9QI1S 

51 6.?4 5.97 6.09 6.15 6.11 6.22 6.28 6.08 6.19 6.29 
I 1 0.01 0.00 0.02 0.02 0.02 0.02 0.04 0.04 0.04 0.02 
Al 5.48 5.S4 5.80 5.72 5. 78 5.62 5.41 s. 77 5.66 5.46 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Fe 0.20 0.57 0.08 0.37 0.08 0.10 0.15 0.10 0.11 0.28 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Mg 0.21 0.25 0.07 0.06 0.07 0.08 0.20 0.11 0.13 0.10 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.(10 0.00 0.00 0.00 
No~ 0.21 0.27 0.38 0.36 0.30 0.23 0.22 0.33 0.16 0.21 
K 1. 54 ,_57 1.49 1. s 1 1.S6 1.~8 1. 57 1. s 1 1.47 1.40 
Total 13.89 14.17 13.93 13.90 13.91 13.86 13.87 13.92 13.76 13.76 

SI•Al 11.71 11 .51 11.88 11.88 11.89 11.84 11.69 11.84 1 1.85 11 .75 
rc+Mg+Mn•Ca 0.42 0.82 0.15 0.13 0.15 0.18 0.35 0.20 0.24 0.37 
rc/(Fc•Mg) 0.49 0.69 0.53 0.52 0.53 0.54 0.42 0.48 0.47 0.74 
I ct'" A l 1. 76 2.03 1.91 1.85 1.89 1. 78 1.72 1.92 1.81 1. 71 
Octa Al 3. 72 3.51 3.89 3.87 3.89 3.84 3.69 3.85 3.85 3.75 fc+Mg<T ••Mn 0.42 0.82 0.17 0.15 0.16 0.21 0.39 0.24 0.28 0.39 
K/Na+K+Ca 0.88 0.85 0.80 0.81 0.84 0.87 0.88 0.82 0.90 0.87 
C.I/Ca•Na• K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ali\/+Al\11 5.48 5.54 S.80 5.72 5. 78 5.62 5.41 5. 77 S.66 5.46 FMJM••s 1 6.66 6. 79 6.28 6.30 6.27 6.43 6.67 6.32 1>.47 6.68 

•fMIM=fc•Mg+l 1•Mn 



... . , 

Mus.Luv 1 t '-' 

312-3 184-1 184-2 SD-89·0;,6a·2 121·1 l9i'. 4 5~ I 1 ~D ~'') ~~) 3 ; Si02 47.74 46.81 47.86 47.78 47.83 47 .6~ .9.~5 .11 .... , .• /.ll·· 'I: • (_)() T i02 1.26 0.61 0.52 0.33 0.32 1.11 u.~o 0,;'1! 
u. ~·' Ll •• ' .. l Al2D3 35.35 35.61 35.il1 36.73 35.67 34.~0 51 ... '1 .),' .L·H ~{l ••••• i~ . .'; Cr2D3 0.00 0.00 0.01 0.01 0.05 0.03 Ll.04 il.OO U. LlO il.l'll FeD 1.2& 1.65 1.45 0.92 1.77 2.50 2. ':>1 O.ll'.l l~ . /'J 1. U~l MnD O.Ju O.DO 0.00 0.00 ~.00 o.co 0.00 U. Oll Ll.Utl ll.llll 'lgi) 0. 56 0.45 0.53 0.42 0.15 0. ~! 1.21 \,). l!l u.'-1s ll.t ... CaD 0.00 O.DO 0.00 0.00 0.00 0.00 O.Ou o.uu ll .ll(l ll.lll) Ne2D 0.7D 0. 75 0.86 1. ~ 7 1.01 D.69 O.b8 1 .?5 l.ll'> li,Y'> K2D 8.63 8.79 8. 77 8.23 8.24 9.11 8."0 8. 11 /.!11 /. '11) Total 95.51 94.67 95.81 95.58 95.12 96. ~~ 9L!i1! 'Jt>. II y .• ,tl .. ., .. , . ) ,. 

number of cat tons on the ba~1s of ?? 0}\)'(jL'f\') 

Si 6.25 6.21 6.26 6.23 6.26 6.?6 1>.60 6. ?·~ 1• .. '1 t•.j',' T i 0.12 0.06 0.05 0.03 0.03 0.11 0.04 0.05 O.UJ li.LI.' Al 5.46 5.57 5.52 5.64 5.50 5.54 !, • 9!, ~-6~ ':.l.td •,,(_,,' Cr 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 U.llll IJ.UU Fe 0.14 0.18 0.16 0.10 0.19 0.27 0.?8 0.09 IJ.UY ll. i.. Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.Ou u.uu 11. OtJ Mg 0.11 0.09 0.10 0.08 0.15 0.11 0.25 0.01 0 . { !~~ ll. 1 I Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.1!0 O.IJU u.uu 1),\11) Na 0.18 0.19 0.22 0.30 0.27 0.18 0.18 I). 11 IJ. ,'/ IJ .• ';• K 1.44 1.49 1.46 1.37 1. 38 1. ~5 1. 56 i.H I . \,' 1 .•. •,.· Total 13.70 13.79 13.l1 13.75 13.78 1.5.81 11.6~ 11.1'> 1 ~. Cl'f I Lt•(J 

Si•Al 11.71 11.78 11.78 11.87 11.16 11.61 11. ~1, 1 1.WJ 11 . g•; II ~~H Fc•Mg•Mn•Ca 0.25 0.'?7 0.26 0.18 0..14 0.59 u.~5 U. 11> IJ. 1/ IJ .• 'o', Fe/(Fc•Mg) 0.56 0.67 0.61 0.55 0.57 0. 71 u.~3 u.l)'• IJ.lJl IJ. •• 'J letra Al 1. 75 1. 79 1. 74 1.77 1. 74 1. f4 1,1,Q 1. /b 1 . /1/ 1.1 ~ Octa Al 3. 71 3. 78 3. 78 3.87 3.76 3.60 s. ~~. I.B9 s ,/Ill S .I~ 'I Fc•Mg+T i +Mn 0.37 0.33 0.31 0.21 0.37 0.~0 U. ~I U. 1Y IJ.// u .• '/ K/Na+K+Ca 0.89 0.89 0.87 0.82 0.84 0.90 0.1!9 IJ.Il! IJ .B1 II,Bi. Ce!Ca+Na•K 0.00 0.00 0.00 0.00 0.00 0.00 u.uo u.uu li.IJU IJ,I)il 

AIIV+AIVI 5.46 5.57 5.52 5.64 5.50 ~ .3. 4.94 ~. (,~ •,. ~~I IJ,f,.' FMTM*•Si 6.62 6.54 6.57 6.44 6.63 6.16 7. 11 I>. 41 f, . ... s t •. 'J·· 

•FMTM=Fc+Mg+Ti+Mn 



:!)~ 

Mu~COV'1 te 

su -e9- 564· 1 S0-89-364- 3 329·1 329·2 

S10? 46.07 45.13 4 7.34 4 7. 76 48.25 47.81 
1 1U? 0.49 o.es 0.67 0.82 0.50 0.50 
Al703 36.89 36.11 36.10 35.94 35.70 35.72 
Cr?03 0.06 0.04 0.00 0.00 0.00 0.04 
fcO 0.88 0.85 0.81 0.95 1.41 1.45 
MnO 0.01 0.00 0.00 0.00 0.00 0.00 
MgO 0.3? 0.43 0.42 0.55 0.60 0.59 
CitO 0.00 o.uo 0.00 0.00 0.00 0.00 
~~:o~C 0. 7? (..80 Q. ?6 0.?9 0.80 0.8!' 
~20 7. 70 7.47 8.42 8.12 8.70 8.53 
T CJt ;.t 93.18 92.27 94.~8 94.93 95.96 95.46 

nuntJer of cut1ons on the basis of 22 OAygens 

Sl 6.14 6.15 6.24 6.26 6.29 6.26 
r, O.Q) 0.09 0.01 0.08 o.os 0.05 
AI 5.80 5.73 s .1:11 5.55 5.49 5.52 
Cr 0.01 0.00 0.00 0.00 0.00 0.00 
Fe 0.10 0.10 0.09 0.10 0.15 0.16 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 
My 0.06 0.09 0.08 0.11 0.12 0.12 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 
N.o 0.20 0.21 0.19 0.20 0.20 0.21 
K 1. 31 1.28 1.42 1 .36 1.45 1.43 
T utut 13.66 13.64 13.70 13.66 13.74 13. 7<. 

S! •Al 11.9• 11.88 1 1. 85 11.81 11.78 11.78 
• L'•Mg•Mn•(.; 0. 1b 0.18 0.17 0.21 0.27 0.27 
f c·/ (fe•Mg) 0.61 0. 53 0. 52 0.49 0.57 0. 58 
Tetr ~ AI 1.81> 1. 85 1.7t> 1. 74 1.71 1 .74 
on .. At 3.94 3.88 3.85 3.81 3.78 3.7!! 
f c•Mg• T \ •Mn 0. 21 0.?7 0.2• 0.29 0.32 0.32 
K/N<J•k•Ci.l 0.81 0.86 0.88 0.87 0.88 0.87 
C.1/C.:1•Nd•~ 0.00 0.00 0.00 0.00 0.00 0.00 

AllV•AlVl 5.80 5.73 5.61 5.55 5.49 5.52 
IMTM• •S1 6.35 6.42 6.48 6.55 6.61 6.58 

• f M l M -· f C' • M ~ • f 1 • Mn 
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~uu 

Plag•oclusc: 
F-123-79-3 F-123-79-4 

( r I nl) (r.:J d) (core) <mid) ( r1m) (rim) (:nid) (core) (tnld) ( r· IIH) 
5102 61.70 61.88 62.00 61.73 61.73 61.94 61.69 62.23 62.07 o 1 .~s 110? 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Al205 24.32 24.33 21, .29 24.42 24.26 24.24 24.16 24.32 24.21 24 .30 lr 205 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 lt·O 0.09 0.00 0.03 0.00 0.07 0. 1 1 0.00 0.00 0.00 0.00 MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 CoO 5.38 5.25 5.32 5.32 5.25 5.03 5.11 5.06 5.10 5.23 ~-·20 !1.75 8.47 a. 75 8.64 8.53 8.60 8.69 8.54 8.78 8.8 .. klO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.oc Total 100.24 99.92 100.1,0 100.10 99.84 99.92 99.65 100. iS 100.15 99.81 

n~bcr of cations on the b<>sis of 8 o•ygen,; 

S: 2. 73 2.74 2.71, 2. 73 2.74 2.74 2. 74 2.75 2. 74 2.73 II 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Al 1.27 1.27 1.26 1. 27 1.27 1. 27 1.27 1 .27 1. 26 1. 27 Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 fc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
"'" 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.vo,; 0.00 My 0.00 0.00 0.00 0.00 0.00 0.00 0. 00 0.00 0.00 G .00 C11 0.26 0.25 0.25 0.25 0.25 0.2<. 0.2.:. 0.24 0. 2~ 0.25 Nil 0.75 0.73 0.75 0. 74 0.73 0.74 0. 75 0.73 G. 7~ 0. 76 K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.ao Total 5.01 4.99 5.00 5.00 4.99 4.99 5.00 4.98 5.00 5 .01 
PlilgiOC ldse end member·~ 
Albite 74.64 74.49 71, .85 74.61 74.62 75.5 7 75.4 7 75.33 75.70 75.36 Anorth 11e 25.36 25.51 25.15 25.39 25.38 24.43 2". 53 2.:..67 2~.30 2~ .6<. Or thoc l thl~ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 .Ou 

S 1tA l 4.00 4.01 .; . 00 4.01 4.01 4.01 ... 01 .... 01 4.01 '- .00 



.'tl j 

r·t.J~ 1 ... ·~·l.~-.L~ 

.;- 155·80·1 
" 'li ~ 

(rim) (mid) (core) {mid} (,. 1111) (1 1111) (li'I..J) ~ ~ ,! I I' ) l !111 ~ j ' ' '"'' Si02 60.06 60.79 60.67 60.58 C>0.25 ~9.8~ t'l(l. Ll~ Nl.t:c_, '., ··. ~ . I ~ . T i02 0.00 0.00 0.00 0.00 0.00 o.ou L) • ~I~~ Ll.UU ,, ·'1.1 l' ,Ill Al203 25.20 25.21 25.49 i'S.4~ 25. i'l 2~.b1 Z"J ·4'6 ?'J. ~·, " .. ·, .. !'.\ . '· Cr203 0.00 0.00 0.00 0.00 li.OO LJ. Lll) 0. c),l Li.llll u .l\il ,, dl FcO 0.17 0. 1 1 0.03 0.04 0.00 o.o~ Ll .liU ll. l)~l " lll " I: MnO 0.00 0.00 0.0~ 0.00 0.00 O.Ou L). Ut.l ·,.,llll ,, 
1 111 ... ,; MgO 0.00 0.00 0.00 0.00 0.00 IJ.OO L•. Ou tJ.tlt: 11 ... (1 

CaO 6.36 6.04 6.43 6. 57 ~.6? t>.'>l b. ~1 0 ~~ ..• 1 (,_•, .. r. '•'· Na20 8.03 8.43 8.26 8.0'> 8.07 8.3c. B.)/ !\. 1 \ " " )., k20 0.00 0.00 0.00 0.00 0.00 0.00 O.llli tl.lJ\1 ll .1\t Total 99.83 100.57 100.88 100.70 100.63 100.5b N.!\'< • , . -I'• ,,. ,'.', 

nu110c r ot Cil[lOn:-. on the b.:J:--1-., ,. t II ~, q··ll 

s 1 2.08 2.~:>9 2.68 t.t>B ?.bb 2. t.c., .'.<.:1 .'.r T 1 0.00 O.OCJ 0.00 0.00 0.00 LI.U 1J u .l1tl \l. •_H I 
Al 1.32 1. 31 1. 33 l.H 1 .3~ 1.h l.SS 1. s; ,·, -~ .. Cr 0.00 0.00 0.00 0.00 0.00 O.U0 1). iJ l). 1!(: 
Fc 0.01 0.00 0.00 0.00 0.00 0.00 II <)• 

Mn 0.00 0.00 0.00 0.00 0.00 O.OJ u. II ·'· Mg 0.00 0.00 0.00 0.00 0.00 P.OU U. !J .II! I 
Ca 0.30 0.29 0.30 0. 51 0.31 0.51 u. -~() II I 1 ·i1 :,I 
N~ 0.69 0.72 0. 71 0.69 0.69 l). l.? " .'1· ,, 

' k 0.00 0.00 0.00 0.00 o.on u.uu ,, i)• 

T ot.oi 5.01 5.02 5.01 ~.01 ~.01 '>. U.> •, ·1 

PlagiocllbC ,,nd member~ 
Albi tc b9. 56 71.6.:. 69.92 68.9? e8.81 t/-r. <., ~ 1• I. r. I I !.'. . ' •' . ' Anorth1tc 30.4.:. 28. )6 _);J.G8 31 .ue ~~- w 5u. u..., •' ~ . ~ . Orthoc l;"~ 0.00 0.00 0.00 ('' 01 o.ou u 
Sl •At ~.00 4.CO .:..1)0 ... uo ~.Gl ••• (;\J ... 



2b.!. 

Plagiocla>e 

50·89·312·2 50·89-312·5 
(core) (mid) (mid) (mid) ( r i rn) (core) (mid) (mid) ( "" cl) ( r 1111) 

510( 62.64 62.98 61.70 62.59 63.20 63.39 63.00 62.95 62.41 63.27 
r •O? 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al?OI 73.57 23.53 23.36 23.45 22.92 22.90 23.19 23.49 23. 3o 23.49 
CI20j 0.01 0.02 0.00 0.00 0.03 0.01 0.00 0.02 0.00 0.00 
I c•O 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
14r~J 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MyU 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 4.50 4.66 4.65 4.60 3.88 3.98 4.23 4.50 4. 52 .:. .6~ 
Na70 8.69 9.04 9.08 8.76 9.86 9.00 9.28 8.89 8. 56 8.68 
~20 0.13 0.15 G.17 u. 15 0.08 0.07 0., u. 14 0.13 0.10 
lutal 99.55 100.38 98.96 98.55 99.98 99.36 99.82 99.99 98.99 1i.i0. 19 

number of cat 1 ons on the bo,;i,; of 8 o ... ygcn...;. 

S I 2./8 2. 78 2. 76 2. 78 2.80 2.81 2.79 2.78 2. 70 2 .,_ . '~ ,, 0.00 0.00 0.00 0 ... J 0.00 0.00 0.00 0.00 :.J.Q(., 0.00 
Al 1.23 1.2? 1.23 1.23 1. 20 1.20 1. 21 1.22 1. 25 1.22 
(I 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 c. '):j 0.00 
le 0.00 0.00 O.O:l 0.00 0.00 0.00 J.GO G.00 (;. -- -.C . .\ 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 G.OO O.OG 0.JJ Q. (;Q 
Mq 0.00 0.00 0.00 0.00 0.00 0.00 rj. GO 0.(;0 ~. C1 ... 0.01: 
r.~ 0.?1 0.2? o.n 0.22 0.18 0.19 0.20 0.2. ' .: ' (.i. 22 
N.t 0.75 0.7! 0. 79 0. 75 0.85 0.77 0.80 c. 76 -·· ,.,. O.i~ • 0.01 0. 01 0.01 0.01 0.00 0.00 0. 0! 0.(;1 G.·.;~ O.Oi 
lot. II 4.98 5.00 5.02 ~.99 5.03 •. 98 5. 01 .:..9l- .;._.:,e •. c;.e 

Plng1ocloJ·~t' <.:nd memb(.·r~ 

All:Jl tc li. 16 71. 17 77.20 7b.84 81.78 80.03 79.38 17.51 ll;).!!( 7t. 75 
Anurth1tc· 22.08 21.98 21.85 22.30 17.78 19.56 2G.OJ 21 .ce. 22 .• 2 22.b7 
Orthoc I ~'c 0.76 0.8 .. 0.95 0.87 0.44 0.41 0.1>2 O.SQ 0. ?""' J.58 

~••Al 4.01 O:..(J{.; ~.oo 4.01 3.99 ~.01 ... oo ~.01 ~. u1 ... (..t 1 



.'t• I 

P tag 1 •.h.~ l ~1:--.1..~ 

S::>-8,_·18. 2 
(rim) (mid) '""d) (mtdl (C0fl') (H!IJ) (1111\.J} lllll d) i 111'' Si02 C:>3.8C:> 64.01 1>4.41 e,_;, 71 t-.0.0) b .... ,'t\ t·-. 1: t•··. 1; : .... " ~.' ,,. 

Ti02 0.00 0.00 0.00 0.00 0.00 0.00 Ll.l!l' i.l.Llll L' .,, 
Al203 22.99 n.n 22.8~> 22.92 ?3.05 .?2. 81 ;':'.9'> .~ •• . !\ .. .t·B Cr203 0.00 0.00 0.00 0.00 Ll. 00 0.00 ~l. (;' ll. Ll1 ,, d) FcO 0.08 0.01 0.00 0.02 0.00 0.00 o.t.lv ll.ll\1 ,, 11 MnO 0.00 0.00 0.00 0.00 0.00 O.Uu 0.00 tl .L't.l tl lll) MgO 0.00 0.00 0.00 0.00 0.00 0.00 O.Otl il.Ut.l U.tltl CaO 4.01 3.85 3.90 3. 75 3.N J. 7o 5.tl;l 5. ,.,, 

'). •'' Na2o 9.23 8. 75 9.16 9.26 0_411 0 . 1! 0.09 9. ic-J <;. :ll_l 
K20 0.09 0.09 0.08 0.07 0.0~ o.uo O.llt> u . li~\ I.J. Pt1 Total 100.25 99.43 100.42 99.73 100.39 100.09 10';. 19 f.JQ_ e;;· 1t':t:. j 11J 

number of cations on thC' bo .... 1-.. of 8 l..i-'YYl"'n' 

Si 2.81 2.83 2.83 2.82 2.81 2.85 2.H.' ' tl.' ~~ ,, T 1 0.00 0.00 0.00 0.00 o.ou u. ou l_i_l'l! I l . !. ! ~ I 
Al 1.19 1.18 1.18 1.19 1.19 1. 1e 1.h 1. 1·, 1 1 ~~ Cr 0.00 0.00 0.00 0.00 0.0() 0. uu ,, hi [.1. l_li' 

fC' 0.00 0.00 o.oc 0.00 0.00 tl. L'·~· 
Mn 0.00 0.00 0.00 0.00 0.00 u.ou 
Mg 0.00 0.00 0.00 0.00 o.r:.c G. 'JL 
Cu 0.19 0.18 0.18 0.18 0.18 ·i. I~ 1 ~~ '" :-Nu 0. 79 0. 7~ 0.7!1 0.19 0.81 0 •u 

'' .' ~~ . 'u 
( 0.01 0.01 0.00 0.00 0.00 o.uu u "' Total I, .99 4. 9S ~.91 ~.99 ).0() 4 r~,' .(/ ... ~' 

Plilglocla:-ic- end member-, 
Albi tc 80.22 80.01 80.58 81.38 81.67 fJ I.:·. u ' ' ~: 1 '' • ·"1' 

Anort~t~e 19.26 19.-5 18.9e, 18.21 l8.G4 HL~1 , .,. • dt 
Orthoc l "'<' 0.51 0. St. 0.<.6 0.<.0 0.?8 (j. j) !l. )'J 

St•Al 4.00 4.02 ... 01 4.01 ~.01 .:..• .. 11 .•. r:1 



2h4 

Pt;JgiocliJ-,c 

034c·2 299·2 353·5 SD-89·329·4 SD-89·034c·3 50·89·127·2 
(core) ( r 1 ml (core) ( r 1m) (core) ( r 1111) 

S102 511.89 64.40 64.12 65.78 65.49 60.62 59.79 64.28 b3.48 
1102 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.GO 
Al203 24.44 23.35 22.72 22.00 21.72 24.88 25.07 22.91 23.05 
Cr?05 0.00 0.00 0.01 0.02 0.00 0.02 0.03 0.00 0.00 
leO 0.03 0.23 0.38 0.00 0.10 0.02 0.00 0.04 0.03 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MqO 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 6.40 4.30 3.68 2.59 2.18 6.43 6. 34 3.86 ~. 10 
lj<l£'0 7.65 8.33 9.48 10.16 10.68 7.82 7.92 9.01 8.81 
"-2U 0.07 0.03 0.06 0.05 0.12 0.06 0.03 O.Ob 0.05 
IOLJI 98.48 100.65 100.40 100.59 100.28 99.85 99.18 100.16 99.52 

nUiuber ot cations on t 1'1(! bi" i ~ ot 8 o•ygen~ 

s 1 2.10 2.82 2.82 2.87 2.87 2. 70 2.68 2.83 2.81 
11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
A I 1.30 1. 20 1.18 1.13 1. 12 1.31 1. 33 1.19 1. 2D 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0. 1JU 
f(' 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.OiJ 
MIJ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.oa 0.00 
Ca 0.31 0.20 0.17 c. 12 0.10 0. 31 0. 30 0.18 0. 1.:;. 
Nit 0.67 0.11 0.81 0.86 0.91 0.67 0.69 0.77 c .7t. 
K 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 C.U0 
fot<JI 4.99 4.9.:. 5.00 .;,99 5.02 4.99 5.00 l..'d 1..97 

Plctglc-'ll,t·~t end Rlt·IHbc r .., 
Altnte 68.10 l7.66 82.06 87.1.0 89.27 68.52 o9.?1 80.57 .~-;. 31 
Ano1 th1 te 31 .<.9 22.15 17.60 12.31 10.07 31.13 30. t·2 19.0!3 20 . .:.!.. 
Ot t noc l ~J-..e 0.41 0.18 0.34 0.28 0.66 0.35 0. 17 0.35 0.3) 

S 1• A I 4.00 4.02 4.00 1..01 4.00 :..ao <. .01 •. 01 .:..u1 



.'tl' 

Plag10clase 

SD·89·32v·Z SP 11'.1 11\ .• 
(rim) (mid) (m1dl (core) (mid) (1111 ell ~ r 1 111) 

Si02 66.22 66.29 65.65 66.3~ 65.76 66.21 1:>~.~11 1,~ ~~ T i02 0.00 0. 00 0.00 0.00 0.00 CI.OO 0. LlLI U.l1t'' 
Al203 21.62 21.55 21.39 21 .45 21.80 ?1.84 ;> 1 . II I 1~.N Cr203 0.00 0.00 0.00 0.00 0.03 0.00 0. 0,1 ll.li\1 
FeO 0.19 0.00 0.00 0.00 0.03 0.00 0. Ull ll .llll 
MnO 0.00 0.00 0.00 o.co 0.00 o.uo u.uu ll .tiU MgO 0.00 0.00 0.00 0.00 0.00 O.Ou 0. dtl ~J. U1.l 
CaO 1.6& 1.65 1.68 1.81 2.15 2. 1C> ! .\0 \._•. ')/ 
Na20 10.35 10. 19 10.37 10.66 10.11 9.St, 1\J. ~ 1 I.J.Y(l 
K20 0.09 0.14 0.17 0.16 0.13 0.16 0. 1.' u.:.~.· 
Total 100.15 99.82 99.26 100.41 100.01 100.?0 100.?.1 >.JCJ. // 

number of cations on the ba, IS Of 8 0)(Y9l'lh 

51 2.90 2.91 2.90 2.90 Z.8'< 2.tN 2.tlt -~. tl.' T i 0.00 0.00 0.00 0.00 0.00 O.OU U .tiU l! Ill Al 1.12 1. 11 1.1 1 1. 11 1.13 1.1.1 1 . 11 1 11 
Cr 0.00 0.00 0.00 0.00 O.OJ ·:1. ()(j t) . I! :(I 

Fe 0.01 0.00 0.00 0.00 0.00 v. u•J 
Mn 0.00 0.00 O.CCJ 0.00 0.00 u .Uu l' ,, 

·' "9 0.00 0.00 c.oo 0.00 0.00 ~). uu '" Cu 0.08 O.JS 0.08 ']. 08 0.10 . IU .11 
Ntt 0.88 0.87 0.81 . 9•J 0.8o L·. e; "'• 
( 0.01 O.J1 0.01 u.01 O.U1 . u 1 ,, 
Totul 4.98 ~.9? 4.99 :, .00 ~.98 .•. ·~r. '· 11 ~· ' 
P l a;p ocl '"" end member:-. 
Albite 91.29 91.03 90.88 90.60 88.81 BB.L ~~~L ". ,' , /. 
Anorth 1 te 8.19 8.15 8. 1 .. 8.50 10.4• , 

. '" ,ll, 

Or thoc l "'" 0.52 0.82 0.98 0.89 0.1~ u. -~ ~-' 

s; +Al 4.02 4.02 4.01 '<.01 ... 01 .... IJ/ ·• .U1 



:!hb 

~lugloCl<>•,c 

so. 89· 312.2 
(rim) (Oil d) (mid) (mid) (mid) (mid) C core) 

S102 t.3. 1>1 65.79 62.98 62.34 6'..57 62.98 66.57 
I10i' 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al203 ?2. 78 21.17 22.90 23.71 23.49 23.47 22.93 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
feCI 0.06 0.06 0.01 0.05 0.01 0.00 0.01 
Hn() 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
HgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 3.95 1.84 4.47 4.55 2.92 4.48 2.54 
Na2o 9.60 10.78 8.77 9.19 8.01 9.32 7.88 
K20 0.04 0.04 0.26 0.09 0.96 0.25 0.53 
Total 99.62 99.68 99.40 99.92 99.96 100.50 100.45 

nu111bcr of cLJttons on tne b~" s of B o,~~~,ygcns 

S1 2.80 2.90 2.110 2.76 2.84 2.78 ?..89 
II 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 1.19 1.10 1.20 1.24 1.22 1.22 1.17 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Hn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Hg 0.00 0.00 0.00 0.00 0.00 0.00 o.co 
(a 0.19 0.09 0.21 0.22 0.14 0.21 0.12 
Na 0.83 0.92 0.76 0.79 0.68 0.80 0.66 .. 0.00 0.00 0.01 0.01 0.05 0.01 0.03 
Jot.:tl s .01 s .01 4.98 5.01 4.92 5.02 ~.87 

Ptayluc l(he end nw._~nbl.'r~ 

Alb I I~ 81.29 91.18 7o.85 78.12 78.11 77.92 81.81 
Ano1 th1 t<: 1!1. ~8 8.60 21.65 21 .37 15.73 20.70 1.:..57 
L)r thu~o. lfl',t.' o.n 0.22 1. 50 0.50 6.16 1. 38 3.62 

S "A l <. .00 4.00 .:..00 4.00 4 .OS .:..00 4.uo 



"' 

Pld9lL'..::la~ • ..:-

F·123·79· 
u 1.' > !' L~ (rim) <mid) (mid) (core) (nud) (mid) ( r 1m) (r 1m) (lll!d) \\tll t') Si02 61.63 61./~ 62.15 61.65 61.90 e-1.~5 t> 1 . 1.S t-1 . .'!\ b.' .\111 r-1 \', 

Ti02 0.00 0.00 0.00 0.00 0.00 0.00 o.uo u.o~ l1.lllJ tl. ll' Al203 24.09 24.29 21..13 2~.39 2~.2b z•.H (' .. • t>9 ?! . ••l'> .-'.) .H·J .. , II Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 U.i.)O ll.Utl {_l,ll,' 
feO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.o: D.<11 t! ll1 MnO 0.00 0.00 0.00 c.oo 0.00 O.JO 0.00 Ll.U1 [I. u 1 U.il1 MgO 0.00 0.00 0.00 0.00 0.00 0.00 u.oo Ll.OO tl.P/ Ll l!ll 
CaO 5.09 5.21 5.14 5.17 5.11 ~- 19 ~-~6 <~ • L"l.) .•. t;•J '• )',1 
Na20 8.80 8.88 8.68 8.93 8.93 8.83 8.~~ <I.UO tl '•b ,, .. ~ K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 U.l .. ll. 1.' ll .• • / Total 99.60 100.12 100.10 100.33 100.21 99.19 vY.'i~ ~'1. !1 ·;~~ . t ,., 'J~I, u. 

numbl'r of COtl!,JflS on thl' bJ-... I~. ot II OAY~.wn·, 

Si 2. 74 2.13 2.7) 2.73 2 .r~ 2.15 ~). /1 ~,.B., .. '-~~. ' .. ) T i 0.00 0.00 0.00 0.00 0.00 0.00 u.oo o.uu tl.llll tl. lip Al 1 .26 1 .27 1.26 1. 2 7 1.27 1.?1 l,,,'-,1 1 . 111 l I I . I Cr 0.00 0.00 0.00 0.00 0.00 u.uo u.uu U.IH II. Ull l' l.li,l 

Fe 0.00 0.00 0.00 0.00 0.00 0.00 U.Ull ll,ll•, LJ.r ... tl 'l.lJi) Mn 0.00 0.00 0.00 0.00 0.00 o.uo u.uu u.uu lJ,lLJI u ~ n r Mg 0.00 0.00 0.00 0.00 0.00 0.01) ll.u:.J 1), !HJ tl.l)ll 
ca 0.24 0.25 0.24 0.2~ 0.24 0.?~ lJ.!b I ,·; P .. ·· .• '· Na 0. 76 0.76 0.74 0.77 0.17 O.r'to (). l .. II . .. ... "' K 0.00 0.00 0.00 0.00 o.ou IJ.OU u.uu :1,1)} IJl Toral 5.01 5.01 4.99 5.01 5.01 ~.01 ~.!11 .. -,." " I" 

PlaglOCl.J"' <•nd m..:-mbcr~ 

Alb1 tc l'J. 78 !'J. 52 15. 5~ l5. lb 1~. 'll 1~ ..• ~ /).. ~-,. ,' g . ~~t .. ,, ".I 
Anorthite 24.22 2~.48 2~.60 2~.2 .. {;,.O~ ! • . ~~ ,· ••..• 1 " '·'· (,f, ~ .-· . . .. 
Orthod<"e 0.00 0.00 0.00 0.00 0.00 v. Ut) '). UIJ : _J • ~ ~ • . . . .. .. 
Sl•Al ~ .00 ;,.00 4.01 lo.OO 4.00 .... U•J . I.Jl .. 1,"1) 
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IC Feldspar 
G·123·80 

$102 61. .44 65.48 65.19 65.22 
Ti02 0.04 0.02 0.04 0.04 
Al203 18.02 19.50 19.34 19.00 
Cr203 0.00 0.00 0.00 0.02 
FeO 0.05 0.04 0.04 0.04 
MnO 0.03 0.00 0.00 0.00 
MIJ() 0.00 0.00 0.00 0.00 
CaO 0.00 0.03 0.02 0.00 
Na20 2.05 1.29 3.02 2.30 
r:zo 14.29 13.82 11.80 13.14 
Total 98.92 100.20 99.46 99.78 

nu!Cer of cations on the basis of 8 oxy~ens 

Si 3.00 2.98 2.98 2.99 
Tl 0.00 0.00 0.00 0.00 
AI 0.99 1.05 1.04 1.03 
Cr 0.00 0.00 0.00 0.00 
Fe 0.00 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 0.00 0.00 0.00 0.00 
II a 0.18 0.11 0.27 0.20 
I( 0.85 0.80 0.69 0.77 
Total 5.02 4.9S 4.98 4.99 

Fe I dspa r end lllelltle rs 
Albite 17.90 12.40 27.98 21.01 
Anorthite 0.00 0.16 0.10 0.00 
Orthoclase 82.10 87.44 71.92 78.99 

Si+Al 3.99 4.03 4.02 4.01 
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.' i I 

SL1ur·ol; tc 

G-118·80·3 G-158-80·1 G-1)~ B•J· .I Sll IN -)'.16 I Si02 26.26 27.39 26.41 25.24 2b.bb 21.10 21.?:' ?t..V!\ ! 1. ~-. . ' l ~~ • 1 i02 0.32 0.37 0.4~ 0.37 o.~o 0.70 ll.t>b 0.<,., ll. ~ .• \• ..• !\ Al203 53.65 52.69 5~. 13 55.53 ~~.-.2 5"- 12 ~.:..?8 l)"-f,"41 ', •• _'J!\ '/1 . .' \ Cr203 0.00 0.00 0.00 0.00 0.00 O.Cil U.UO tl.Otl U.l.lU ll . lll ~ F cO 11.72 11.54 13.21> 13.34 13.29 i3.01 12 .l.l ,., .. 1.' .• '11 1.'. 1"' ..__, ... 
MnO 0.39 0.39 0.25 0.24 0.21 0.28 o.n tl. ;., Ll. ;' / tl. ~ll MgO 1.47 1.47 1.43 1.23 o.n 0.81 u. il:l lUll ll . t·~\ U.t•/ CaO 0.00 0.00 0.00 0.00 0.00 0.00 l•.OU u.uu u .llll U.lh.l Na20 0.06 0.05 0.00 0.01 0.03 0.00 O.Gl 0.0? u .t\1 li.il.' K20 0.00 0.00 0.00 0.00 0.00 0.00 u.ou ll.llll U.Ull ll.illl ZnO 1.70 1. 72 0.24 0.38 0.57 0.38 0.54 u ... 1 u.r.:• ll. / ,' 1 otal 95.58 95.62 96.14 96.34 9o.'>5 96.41 96.4') 'fb.O'> Yt•. '•U 'It>./) 

nu.olbcr of C."'tt 1 ons on the basts ot z:, OAygl'n•> 

Si 3.90 4.06 3.89 3.72 3.92 3.98 5.99 5. '~! '• .II/ I. 'I~ T i 0.04 0.04 0.05 0.04 0.05 0.01: 0.07 o. u·, U.ll(1 0.\t', Al 9.40 9.20 9.41 9.66 9.43 9.5b 9.) .. 9.ti.S ';. )',1 ·-t.'JU Cr 0.00 0.00 0.00 O.liO 0.00 0.00 o.uu U.U'l o.uu il.UII Fe 1 .46 1. 43 1.63 1.1>5 l.b.S 1.oo 1. '>o 1. ~ r I. '>U 1. t,•; Mn 0.05 0.05 0.03 0.03 0.03 0.03 0.05 IJ.UI t".•. IJ I 1/.11., l'!g 0.33 0.32 0.31 0.27 0.20 0.18 0.1 ( I). 11! IJ.l'"J I I. 1 ~J Ca 0.00 0.00 0.00 0.00 0.00 0.00 o.uu IJ.UO 0. UfJ U ,Ill) Na 0.02 0.01 0.00 0.00 0.01 0.00 O.Uil U .IJI U.IJ(_) l),tJl 
I( 0.00 0.00 0.00 0.00 0.00 o.ou 0.00 U.UI) lJ.rtil u.IHJ Zn 0.19 0.19 0.03 0.04 0.06 0.04 O.Ob I). 114 IJ u/ tJ • II ~i Total 15.37 15.31 15.36 15.41 15.32 15.21 1).{') l'1. ?I 1'J ./.' 1',_, .. , 

Fc/FMZM* 72.. 19 71.80 81.48 82.80 84.95 86.32 H'>.IIIJ UIJ 1 ,, !1'>.1:1.1 H-•. f'., Mg/FHZM* 16.13 16.30 15.66 13.61 10.41:! 9.~8 II. II! •;. /() II.., I ~~ . ~~ 1 Zn/FMZM* 9.24 9.45 1.30 2.08 3.22 2.?3 1.?2 ? ···'> ).H/ 11, l) Mn/FMZM* 2.43 2.46 1.56 1. ~ 1 1.36 1.1\8 l.'J(J l,(A ,_.,, ?.11 

Sl•Al 13.30 13.26 13.30 13.38 13.34 15.34 11.16 1 s . .-•. _. l:i. ,I 1 ~. '•'• fc+Mg+Zn•Mn 2.02 1,9:;1 2.01 1.9\l 1.»2 1.85 1.1!2 1.!1( 1 . ~~ 1. l'1 
F~l(fe+Mgl 0.82 0.81 0.84 0.86 0.89 0.90 0.9U u. ·~q ".'I I II. '/1 

A 72.51 72.40 70.70 71.59 71.98 72.52 (3 .U4 1\.1)1) lt •. fJ ~ /t, . .-. 1 F 0.82 0.81 0.84 0.86 0.89 0.90 O.'iiJ 0. 'I'J IJ. 'I l IJ "11 M 0.18 0.19 0.16 0.14 0.11 0.10 IJ. 1 () I) 11) fJ ,IJ't fi.IJ; 

*FMZM fc+Mg+Zn+Mn 



I '•t 

~- I • 

Staurol1 tc 

SD-89·103-1 S0-89-09/a-1 50 S-1 5~5-4 Si02 25.47 26.24 25.90 27.33 27.37 26.49 26.q~ 2l. ~'b :'c·. /1, Ti02 0.30 0.27 0.30 0.5.:. 0.5;, 0.4.1 0.'47 0. 5.~ 0.-.~ Al203 56.49 55.53 55.69 55.60 55.~1 55.18 5~. Ob ~·,_ ~R ~"'-(I'' Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Ll. llll FeO 11.01 11.48 11. 5~ 12.14 12.06 13.60 13.80 !;' .7> u. ;: MnO 0.41 0.35 0.37 0.46 0.46 0.19 0 .?.1 0.2C> 0 .. -'r, MgO 0.71 0.89 0.78 0.68 0. 78 1.11 1.06 0 .... ;;' U . ."B CaO 0.00 0.00 0.00 0.00 0.00 0.00 G.OO O.Oll u .lhl Na20 0.07 0.07 0.04 0.02 0.02 0.00 0.00 O.OL\ O.Llll 1<20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 .Oll Ll.Oll ZnO 1.97 1.75 1.70 0.54 0.62 0.19 0. 1 I 0.?/ 0. ~'H Total 96.42 96.58 96.32 97.32 97.36 97.20 9(. (8 '-II.'>'> ~.-. '-J/ 

number of cations on the bLlsis of 24 o;w..ygL>n-; 

Si 3.74 3.85 3.81 3.96 3.96 3.86 3.91 .1. 't~ 1.11<> T i 0.03 0.03 0.03 0.06 0.06 0.05 0.05 O.Ob li.U~ Al 9.78 9.60 9.66 9.49 9.--:.7 9.49 9.41 9.47 9. l)l.l Cr 0.00 0.00 0.00 0.00 0 00 0.00 0.00 U.Ou 0.00 Fe 1.35 1.41 1 .42 1.47 1.46 1.66 1.67 1.'J:. l.r./ Mn 0.05 0.04 0.05 O.Ob 0.06 0.02 0.0.1 !l.lH Ll.l' I Mg 0.16 0.19 0.17 0.15 0.17 0.24 OJI 0.70 0- 1/ Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.UtJ 0.111) Na 0.02 0.02 0.01 0.01 0.01 0.00 o.uo U.UO 1),{1!1 I( 0.00 0.00 0.00 0.00 0.00 0.00 o.ou (}_!jl) IJ. tiO Zn 0.21 0.19 0.18 0.06 0.07 0.0? o.u2 ()_{)_! IJ.!)) Total 15.35 15.33 15.33 15.24 15.25 1S.34 1 jJ. ) ) I~ . .'1 1'). ·;1 

Fe/FMZM* 76.30 76.71 77.95 8.:..93 83.38 85.5.~ 8J.BtJ H'J .t.lJ B/. LJ<I Mg/FMZW 8.77 10.60 9.39 8.48 9.61 12 ,1,1 11 ./) 11.0< 'f. }I J Zn/FMZM* 12.05 10.32 10.14 3.33 3. 78 1.05 U. 'II l.r.JJ 1.r .. · Mn/FMZM* 2.88 2.37 2.53 3.26 3.22 1.21 
1 ·'·" 

1.// 1.// 

Si +Al 13.52 13.45 13.47 13.45 13.43 13.3'J 13.31 11.:,1 I I. '•·' F c+Mg+Zn+Mn 1.77 1.84 1 .82 1.73 1. 75 1.94 1. 9) 1.1lfJ l . 1~:. fe/(Fc+Mg) 0.90 0.88 0.89 0.91 0.90 0.87 0./liJ u .IJ'; u_~_,q 

A 76.43 74.97 75.22 74.59 14.42 11.40 /1. ?1 II. 16 ,.. .~ .1~ 1 F 0.90 0.88 0.89 0.91 0.9:) 0.137 o.eu (j .11'1 ,, . 'Jl M 0.10 0.12 0.11 0.09 0.10 0.13 0. 1.' l.J.11 (J. f)'l 

* FMZM ~ Fe+~g+Zn•Mn 
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. ' 
•. I ·~ 

And.ll us 1 t~ 

S0-89·103·1 SD·89·97A·l S0·89-97A-4 SD-89· 3C>1. '4 so tl\1 1'·1 Si02 34.93 35.05 35.54 34.89 3S.37 3).23 3~.9~ .~~ ..... .5'1. // T i02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.1.lt1 Al203 62.18 62.29 61.92 62.17 62.31 b1.88 63.~1 6~.01 65.-i\1 Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.i)Ll 0.111 FeO 0.19 0.19 0.20 0.18 0.18 0.19 O.lb Ll .. 'U U.IY MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.Oll MgO 0.02 0.04 0.03 0.03 0.03 o.o~ 0.02 0.03 O.l\., cao 0.00 0.00 0.00 0.00 0.00 0.00 0.00 u.oo O.Ull Na20 0.00 0.00 0.01 0.00 0.00 0.01 0.01 u.uo U.ll.' K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 O.UI Total 97.32 97.57 97.70 97.28 97.90 97.34 99.~4 100.19 'N -~~~ 

number of cations on th~ basis of 5 o ... yg('ns 

Si 0.97 0.9? 0.98 0.97 0.98 0.98 0.98 0.91 (i. I~,' 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0\J O.llll Al 2.04 2.03 2.02 2.04 2.03 2.03 2.03 <'.04 / .tl•t Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.llll Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 n.u\J Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.1111 Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 u.uo O.IJU Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.uo tJ • (.,~ I Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.Uil K 0.00 0.00 0.00 0.00 0.00 0.00 o.ou ll.OU U.lll) Total 3.01 3.01 3Jl1 3.01 3.01 3.01 3.01 5.01 I.Lil 
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The basis of exchange thermometry lies in the 

exchange of atoms, either between sites within one mineral 

(intracrystalline) or between sites within two different 

minerals (intercrystalline) as a response to changes in T. 

The present investigation utilizes the intercrystalline 

exchange of Fe and Mg between biotite and garnet, and 

between cordierite and ga~net. According to Perchuk and 

Lavrent'eva (1983), increasing temperature will result in 

the transfer of Mg from the hydrous phase (cordierite and 

biotite) to the anhydrous phase (garnet), the reverse 

occurring for Fe. 

During metamorphism, cations of similar size and 

charge are partitioned into one phase over another, due to 

the chemical potential gradient for the element in question. 

They diffuse into the phases until the chemical potential 

gradient is eliminated (i.e. ~~ = 0). Therefore, the 

distribution of cations changes, but the amounts of minerals 

present do not. Entropy changes are large, whereas volume 

changes are small for these reactions, and so they are 

sensitive to temperature, but relatively insensitive to 

pressure, making them potential thermometers. 

The exchange of Fe and Mg between garnet and 

biotite involves the mass balanced reaction: 

Fe:tA1 1Si 30 12 + KMg3AlSi30 10 (0H) 2 = 
almandine phlogopit~ 

M<.f3Al2Si30 12 + KFe3AlSi30 10 (0H) 2 
pyrope annite 
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Ferry and Spear (1978} suggested an energy balance for this 

equilibrium can be expressed by: 

where, for ideal mixing in garnet and biotite, 

(Mg/Fe) 
1
, 

K = 
(Mg/Fehi 

and ~o, ~so, and Avo values for the reaction of: 

jH 0 = 12 454 cal 

AS 0 4.662 e.u. 

AV 0 = 0.057 cal/bar. 

Hodges and Spear (1982) inferred a new equilibrium 

expression based on the non-ideality of garnet. They 

assumed ideal mixing in biotite, but suggested caution be 

applied when Ti is a major component in that phase. Their 

expression is: 

(a~~) 1 (a!~) 3 ( ~~) 3 ( ~~) 3 ( 'Y~~) 1 
K = X 

(a:~oc)J(a~)3 (_xb~ac)l(X!Dl (-y::>J 

where a = activity and 'Y is the activity coefficient; the 

latter terms account for the non-ideality in garnet. They 

followed the work of Ganguly and Kennedy (1974) and 

accounted for mixing in the Fe-Mg-Mn-ca quaternary garnet 

system, ~uch that, 

+ WM&Mn ( x!p + x,,x. + x.;c., + X,.l(op)) 

RT( °K) 



279 

The W-term is the Margules parameter for the Mg-Mn binary 

join in the quaternary system. They found that at 

temperature ranges equivalent to those in the MCSZ, W~Mn - 0 

indicating that pyrope-spessartine solutions are ideal at 

those temperatures. Hodges and Spear (1982) suggested an 

accuracy of ±50 oc for this thermometer. 

The garnet-cordierite thermometer also utilizes 

the exchange of Fe and Mg between the two phases. It is 

based on the reaction: 

Mg 1Al 1Sip11 
pyrope 

+ Fe2Al4 Si~01 M 
Fe-cordierite 

Fe3Al 2Si30 12 + 
almandine 

Mg2A 1 45 i 50 1 ~ 
Mg-cordierite 

Perchuk et al. (1985) showed that the energy balance for 

this reaction can be expressed by the follow1ng equation: 

where K11 

vgty<rd 
'"I'<"' "'lz 

X r •xcrd 
M~ F< 

3087 + v. 018P 
T 

lnK1> + 1. 342 

This equation uses the following thermodynamic parameters: 

Mi 0 = -6134 cal 

AS 0 = -2.688 e.u. 

AV 0 -0.03535 calfbar 

Perchuk et al. (1985) assumed an ideal two-site model for 

cordierite (Fe-Mg exchange) which takes into account H2o in 

the structural channels. This seems reasonahle for sample 

G-123-80 which, from an average of six analyses contains 

only 0.55 wt% MnO (and 0.29 wt% Na 20). 
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For garnet, the authors estimated the activity of 

the components in the Fe-Mg-Mn-Ca quaternary system as 

follows (from interaction of the binary bounding systems): 

RTlna11,.,. = 3 [ RTl nXc.+ ( 2 4 04 +0. 2 SST) X c. ( 2 -X c.) 

+ ( 5704-1.2 42T) X Me ( 1-Xt·.) 

-(234+0.748T)]+3PV~ 

RTlnaAlm = 3 [RTlnXI'c+ ( 2404+0. 25BT) Xl-. 
+ ( 5704-1.2 4 2T) Xc.XM£ 1 

RTlnal'>, 3 [ RTlnX ,.,11+ ( 3 300-1. ST) X{. 

+ ( 57 0 4 - 1 • 2 4 2 T) X c.X l'c 1 

where v;;,01 is the partial excess molar volume of the 

grossular component. Perchuk et al. (1985) suggested an 

accuracy of ±12 °C for the geothermometer. 
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The barometer involving cordierite-garnet-

sillimanitP.-quartz (Perchuk et al., 1985) uses the change in 

volume of the following reaction, 

Mg2Al,sSi~01K !:t 
Mg-cordierite 

MglAl 2Si1012 
pyrope 

+ Al,SiO~ + 
sillimanite 

s io! 
quartz 

For pure end-members, this reaction takes place at a 

specific pressure (discontinuous reaction). For 

intermediate compositions, cordierite of composition X 

breaks down to garnet of composition Y plus sillimanite and 

quartz (Figure C2-l). With increasing P, both become more 

Mg-rich until garnet reaches composition Z, at which time 

there is no cordierite left 

Figure C2-l. l\ P-X~:; diayrar:t for tra: c.:;rdicr i t.•: ~ 
gar:-.ut + sillirnanit0 + q:.Llrtz !"E:'dCli~ri.. 
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The thermodynamic parameters of the reaction above 

are: 

Lili 0 51 cal 

.1.5° = 4.62 e.u. 

LlV 0 0.63827 calfbar 

When these are combjn~d with the activity equations for 

pyrope and co:dierite (see garnet-cordierite mixing model 

above), Perchuk et al. (1985) obtained the equation: 

P(bar) = 2605 + T(7.855 - 4.310lnK~) 

when. K~ X~ = x~d/X~, and T is in °K. Aranovich and 

Poulesskii (1983) estimated an accuracy of ±1 kilobar for 

this barometer. 

The second barometer used in this study is the 

plagioclase-garnet-aluminosilicate-quartz barometer. It 

involve~ the volume change as the An-component in 

plagioclase breaks down to grossular garnet, aluminosilicate 

and quartz. The relevant end-member reaction is: 

CaA1 1Si10K 
anorthite 

Ca1Al 2S i 10 12 
grossular 

+ Al2Si0s + 
sillimanite 

Si02 
quartz 

In this reaction, the important parameters are the 

activity (o) of the Ca-component (grossular) in garnet and 

the Ca-component (anorthite) in plagioclase, and the volume 

changes for each of the phases. Newton and Haselton (1981) 

suggested that the pressure for the reaction can be 

calculated by using the following formula: 



Wt.ere: 

v 

t 

( AP(banJ X AV~flltk-&J X -3RTI"KI X ln a~\ 
a!) 

R111.q1 = 8. 314 

Av[cml) = v, + ~va1. + v,,- 3V.,. 

(Xpy X V1,_py) + (Xalm X V1, .• 1m) 

v = ---------------------------gr (cml) 
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gr-py (cml] 12 s. 2 4 + o. 512 c 1 - X
1
,): - o . 4 18 x 1 + 

c 1 - x,, - o . 94) c 1 - X1,) 

(0.083) 2 

- ( 1 - x,, - 0. 9 4) 2 

x exp( ) 
2(0.066) 2 

v 
gr-a lm [ cml) 125.24 + 1.482 X (1- X1,)

2 - 0.480 X 1 + 

c 1 - x,, - o. 94) c 1 - x,,) 

(0.083) 2 

- ( 1 - XI, - 0. 9 4) 2 

x exp( ) 
2(0.066) 7 

( 3300 - 1. 5 X TJ"KJ) (Xpy
2 + XP~•Im)) 

a:~:.. x,, x exp ( ··----------------------
R,c•lltk-&1 X TrKI 

X.,.(1 - X.,.) 2 (1 - X.,.) 2 

a~!"~ exp ( (2050 + 9392X.,.)) 
4 Rl<•lldqJ X TI"'KJ 

Thermodynamic data for sillimanite are given by 

Newton and Haselton (1981). These are: 

v,ill = 44. 09 cm3 

AVj Jlbort -6. 62 02 
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Activity of Water 

The breakdown of iJeal muscovite (MU) + quartz (Q) 

to aluminosilicate (AL) + alkali feldspar (AF) + fluid (F) 

occurs in rocks within the MCSZ at high metamorphic grade. 

The end-member reaction has the form 

This reaction takes place in the upper part of the 

amphibolite facies (Powell, 1978). The precise P-'1' 

conditions are dependent upon the activity of H_.O in the 

fluid and the composition of the solld phases. In the above 

reaction, there is typically only minor variation in the 

composition of the solid phases, but there may be major 

variations in the composition of the fluid phase. 

One sample in particular (G-123-80) contains the 

four phases (muscovite-quartz-sillimanite-K-feldspar) in 

equilibrium. Independent estimates of pressure and 

temperature have been made for this sample and these data 

can be used to estimate the activity of water in this sample 

at the time of the muscovite + quartz breakdown reaction. 

As this is the only sample that contains the appropriate 

assemblage, this is a local estimate only and extrapolation 

across a wide area of the MCSZ is not realistic. 

Using the thermodynamic data of Powell (1978, 

Appendix A) for the above reaction, we obtain, for each 

aluminosilicate phase: 
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= 98.0- O.l747T + 0.31P + FHO 
2 

104.3- 0.1808T + 0.48P + FHO 
2 

= 95.0 - O.l668T + 1.05P + FH O 
2 
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where T is temperature in °K, P is pressure in kilobars, R 

is the gas constant in kilojoules/ °K and F H 0 is equal to 
2 

RT1nfH
10

, where /H
2
0 is the fugacity of H20 at a given P and 

T. Powell (1978) has tabulated values of FH 
0 

(using the 
2 

thermodynamic data of Burnham et al., 1969) for pressures 

and temperatures of relevence to crustal metamorphism (see 

Powell 1978, Appendix A). In the case of pure phases, the 

equilibrium relation is: 

~G = 0 = ~G~t. + RTlnfH O + RTlnXH O + RTln-yH O 
2 2 2 

'rhe fugacity term accounts for the fact the H20 is not an 

ideal gas; XH 0 is the mol. fraction of H20 in the fluid 
2 

during the progress of the reaction and accounts for the 

possibility that H20 is mixed with another gas/fluid 

species; and the activity coefficient term accounts for the 

possibility of non-ideal mixing between H20 and the other 

fluid species. However, since the identity of the other 

species is unknown, we assume ideal mixing and "Y = 1. 

To calculate XH 0 for an assemblage where P and T 
2 

are known, the equation above can be rearranged to give: 

= -~G.1:r. - FH20 

RT 

Since sample G-123-80 contains sillimanite as the 

aluminosilicate phase, 



.1G~ = 104.3 - 0.1808T + 0.48P + FH
1
0 + RTln.\'"Hp 

The pressure and temperature estimates (2.95 kbar and 565 

°C) indicate that (extrapolating between 2 and 4 kbar): 

FH
2
0 = - 27.4 + 0.0977T 

The equilibrium becomes: 
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0 = 104.3 - 0.1808T + 0.48P - 27.4 + 0.0977T + RTlnXHp 

- 76.9 + 0.0831(838) - 0.48(2.95) 

(8.3143 X 10~)(838) 

Solving this, XH
2
0 = 0.29. If we assume ideal mixing (since 

the identity of the other component(s) in the fluid is 

unknown), the activity of water is also 0.29. 

If the phases are not pure, we need to add another 

RTlnX term to account for the solid state mixing. From the 

microprobe analyses of K feldspar, and assuming coupled 

substitution, 

XK fekbpar 
K 

= 0.80 ±0.08 

Although no analyses were made on muscovite from sample G-

123-80, numerous analyses were done on muscovite from other 

samples. There is little variation (see Appendix 84). An 

average of 12 analyses from samples from above the 

sillimanite-biotite-muscovite isograd indicates that, 

~UK0\'11£ = 

= 0.87 ±0.03 
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This value is assumed for sample G-123-80; it is based on an 

ideal on-site mixing model. 

Utilizing these values for the compositions of 

muscovite and K-feldspar, and assuming ideal mix~ng (i.e. 

~ = 1, not an unreasonable assumption with compositions 

close to end-member), the activities are equal to mol. 

fraction. The equilibrium then becomes: 

0 = 104.3 - 0.1808T + 0.48P -27.4 + 0.0977T + 

RTlnXK + RTlnXH o 
2 

where XK = X~ f<ld•p•• 1 ~u"""";"' = o. 91, assuming that quartz and 

sillimanite are pure phases. By solving this equation, XH 
0 1 

= 0.31. 

Another approach to the calculation of x;::;::~':'~· 

would be to include mixing on the octahedral and tetrahedral 

sites in muscovite as well. Mixing on the hydroxyl site is 

neglected since there is no information on site occupancies. 

To determine how this eftects the activity of water, the 

muscovite analysis from a sample adjacent to G-123-80, but 

slightly higher grade, will be use~. This analysis yields a 

formula for muscovite as follows: 

(KonNaoll) (AliM~FeoloMgou) (AlossSil12)010(0H)2 
A-site M-sites T-sites 

To calculate the x;::;~::~~~· we assume ideal an-site mixing and 

an ideal solution model. Thus, 



xwhlt~ mir• 
muK~ 1t.t 

290 

K AlA 2 

= K+Na ·( Al A+Mg+FJ . 

Alu sin I I 

AlT4+SiH) ·(Sin' j 
0.88 • 0.81 • 0.88 • 1.00 

Hence, accounting for this mixing, the XK term becomes 

xf•ldorar 
Kfcldopor 

= 1.27 

By incorporating this into the RTlnXK term, the activity of 

water becomes 0.22. For the assemblage in sample G-123-80, 

the assumption of ideal solution and ideal on site mixing is 

use::d. 

We must now calculate the amount of error in the 

estimation of aH 0 • By using the published accuracies of 
2 

the thermometer (±12°C) and barometer (±1 kilobar) used to 

calculate T and P, an accuracy of the activity of water can 

be determined. If both errors are correlated so as to 

minimize the estimate of aHO' the equilibrium term becomes, 
2 

0 = 104.3 - 0.1808T + 0.48P -27.21 + O.lOOJT + 

RTlnXK + RTlnXH O 
2 

Thus, following the calculations above for ideal on site 

mixing and ideal solution, 

- 77.09 + O.OB05(B50) - 0.48(3.95) 

(8.3143 X Hi 3 ) (850) 

= 0.22. 
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If both estimates are correlated so as to maximize the 

calculated estimate of aH 0 , the equilibrium term becomes, 
2 

0 = 104.3 - 0.1808T + 0.48P -27.69 + 0.0948T + 

RTlnXK + RTlnXH O 
2 

= 0.39. 

Therefor£!, the activity of water equals O.Jl~g::=. This error 

range is associated only with the P-T estimates; an estimate 

of the error associated with the various mixing models 

cannot easily be made (Powell, 1978). This is also a 

maximum range since there is no rea3on to believe that the 

errors in the P and T estimates should be correlated. 
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CHAPTER 1 

:INTRODUCTION 

1.1 Appa1achian oroqan 

The Appalachian Orogen, located on the east coast 

of North America from Alabama to Newfoundland, is a linear 

belt between - 100 and - 1000 kilometres in width, composed 

of rocks that were deformed during the Early and Middle 

Paleozoic. Its extension to the northeastfis exposed in 

northwest Europe where it is termed the Caledonian Orogen. 

Most modern tectonic models of the Appalachian-Caledonian 

system explain the orogen in terms of a Wilson cycle 

involving opening and closing of an Early Paleozoic Iapetus 

Ocean (Williams, 1964; Wilson, 1966; Dewey and Bird, 1970). 

The Appalachian Orogen in North America has been 

divided into five zones based on stratigraphic and 

structural contrasts between Cambrian-Ordovician and older 

rocks (Williams, 1978; Williams, 1979; Williams and Hatcher, 

1982). These are, from west to east, the Humber Zone 

(ancient eastern margin of North America), Dunnage Zone 

(relics of Paleozoic ocean crust and associated arcs formed 

in Iapetus Ocean), Gander Zone (Early Paleozoic continental 

margin), Avalon Zone (terrane of older Precambrian crust 

welded on to North America) and Meguma Zone (Paleozoic 

1 


