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Abstract 
The 13.5 M Tonne Bl~k Anoel Zn-Pb-A/J-Fe.it at Mer morilik, West ereenl~ 

(71· 10' H, 51· 045' W ) consists of six massive, streteboJnd to discorlilnt sulphide lenses 

tmted In poly-deformed, poly- metamorphosed evepor Ite be8rlng cerb0n8tes of the Eer ly 

Proterozoic Upper Marmorilik Form8tion. This stuctt is en enelysis of the tectonics and 

mineralisation of the orebOOies. The reseerch pro;remme involved detei1ed end reglonel 

structural end strati~8Phic mepplng, section meesurino, extensive underoround mappino nf 

sempllno, l~ino of drill cores, detailed mineralogical end textural studies, end stable end IMj 

IsotOPiC ane1yses. 

The deposits occur within the Karret Group supncrustal sequence of the 

Mid-Proterozoic ( 1860 -1680 me. )Rinkien mobUe belt, Cfl upper ~eenschist to ~Dnu1ite 
ftEies terrain COOlposej of Archeen and Early Proterozoic tectono-stratigraphiC units. Four 

deform8tion phases have been recognised within the suprs:rustels of the Mermorilik end 

Hukavsak Formations. Three penetrative phases tNwe been assigned to the polyphase Rinkien 

event end are namely, 01 - en eerly recumbent nappe phase, 02 - a south veroino fold and slide 

phase end 03 - a sinistral sheer event. Peak metamorphic aniitlons of upper ~eenschlst fa:ies 

tn the mine area were attained after this deformetioo, whtdl was sua:eeded by en extensional 0 .. 

deformetion (Late Precambrian) associated with m1erite ct,te Intrusion. 

The mineralisation occurs as folded end baudi,., massive sulphide lenses within a 

narrow. highly deformed. 88St-west trending mlnerelfsed arrlcbr In the MermortHk 

Formetion carbonates. The ores amist of tEdonised, metemcrphosed end recrysta111sed medium 

to aB"se grained sphalerite, gelene, pyrite, pyrrhotite and chalcopyrite with subordinate 

tennentite and arsenopyrite. Primary void-fm (marcasitellllrly pyrite) textures oocur in 

metamorphic pyrite grains. Intense shearing at the oreIhost nx:k mntds has proclJced 

dlscordDnt relationships end the Inclusion of rafted calciUc marble and pel1Uc clasts, quartz 

eyes. end fluorite vein fr8l}nents within the sulphides. Ten types of ore tectonites have been 

rectYIIised end these have been classified, eccording to their miner-alow end texture, Into four 

distinct ore fa:les assoclattons. The ore f~les assa::1aUons n related to parttcular deformet1m 

structures. Those belonging to 01 end 03 are the most s9ificenl 01 produced large ENE-WttN 

trencHng recumbent overfolds end thickening of the ore lenses and 03 g!lVe rise to ESE - WNW 

trending periclines with substantial ore thickening end remd>i1isation in the fold hinge regions. 

Lead isotope analyses on gelenes from the deposits end surrounding carbonate hosted 

mlneral1satlon lnd1cate strongly hom0J801sed 'or(XJene' to upper crustallM:!s. Minor changes In 

the ore 18111 souru are possibly indicated by e bimcxtal distribution of the data. Stable arbon, 
oxygen end sulphur isotope analyses on the sulphides n arbonDte host meterial gsve 

hOmOJBnlsed results lnd1cetlve of a strong metamorphic OYerprlnl 5-1sotope geothermometry 

on sphalerite galena pairs gives a temperature of 0470· C for the 03 deformation. 

The geol~ical setting, mineralogical essociaticl'lS IRt primary texturel features of the 

BltEk Angel deJeits ind1cetes that the{ were probably formed as stratabound Mississippi Vel." 

Type massive sulphide ores which were subsequently h~1ym,rormed end metamorphosed such 

that the primary depositional. textural and IsotopiC slplans are no longer preserved. 

1 



CHAPTER 1 

1.1 Introduction 

This thesis is an analysis of the tectonics and mineralisation of 

the 13.5 M Tonne Black Angel Zn-Pb-Ag-Fe deposit, Marmori I ik, West 

Greenland (71- 10' N, 51- 45' W ) (Fig. 1.1). The orebodies are massive, 

stratabound to discordant sulphide lenses hosted by poly-deformed, 

poly-metamorphosed evaporite-bearing carbonates of the Early Proterozoic 

Upper Marmorilik Formation of the Rinkian Mobile Belt (Fig. 1.1). 

The deposits were first discovered by N. A. Anderson in 1938, who 

found sulphide boulders at the base of the Black Angel Mountain (Fig. 1.2 b) 

and correlated these occunences with a rusty weathering horizon set high 

up in the Black Angel cliffwall (Fig. 1.2 b). In 1966 Cominco Ltd. took up an 

exploration license on the Marmorilik area and later an exploitation 

license after 6 exploration drt11 holes had defined the high grade economic 

Angel ore zone. Production work in the mine started In 1974, under the 

control of Greenex A/5, with the ore being crushed on site in the purpose 

built mining township of Marmortllk (Fig. 1.2a). In 1986 Bollden AB and the 

Danish Goverment took over the running of the mine after Cominco Ltd / 

Greenex AlS ran into financial difficulties due to a major drop in world 

zinc and lead prices. 
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1.2 Alms of the Thesis. 

This thesis aims to establish:-

n the structural setting and tectonic evolution of the Black Angel 

deposits, both in terms of the local structure and regional tectonics. 

Ii) the effects of tectonism on the sulphide deposits and host 

rocks and in particular the relationships between structure and the 

distribution of ore grades, thicknesses, mineralogy and textures. 

iiI) a genetic model for the formation of the ore deposits. 

iv) a geological basis~rhe potential for further exploration both in 

the vicinity of the known pre-existing deposits and also regionally in 

hither to unexplored parts of the Rinkian mobile belt. 

I.J Methodology. 

The research programme involved detailed and regional structural 

and strat igraphic mapping, sect ion measuring, extensive underground 

mapping and sampHng, logging of dr111 cores, detal1ed mineralogical and 

textural studies, and stable and lead isotopic analyses. 

Four separate periods of field work, totalling nine months in all, 

were carried out in the Marmorilik region between July 1984 and November 

1985. Surface mapping was carried out over a 90 km2 of the Marmor111k 

area and two isolated areas to the west of Marmorl1ik around the Peak 

1085 and the Magdlak Peninsula (Fig 1.3>' The mapping was on scales of 

1 :5000, 1: 1 0000 and 1 :20000 using maps and aerial photographs produced 

by the Geodet ic survey, Copenhagen, Denmark. 

The field area is rugged and dominated by the Black Angel and 

Marmorilik mountain plateaux, which lie at an elevation of between 

600-1100 metres (Fig. 1.2 a & b) . The plateaux are spl1t by the 

Agfardl1kavsa fjord and bounded to the north by the auamaraJuk fjord. 

Precipitous cl1ffwalls occur along both of these fjords. Surface mapping, 

by traverse from dr111 camps, was restricted to the mountain plateaux and 

the more accessible lower lying regions of the South Lakes area which are 

4 
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Figure 1.2 

A) An oblique aerial photCQ"aph showing the rugp:! precipitous topcgraphy of the 
western half of the Marmorilik area. The Agfardliksvsa fjord end Marmorilik Plateau 
(height 9~0 m) are in the foreground. Reconnaissance mapping trips were maE to the 
1085 Peak and the M~lak peninsula. Uvkussigsat (Nunnarsugssu~) is 25 km. frN~. 

B) An oblique aerial photqaph taken from the wen exposed South Lakes 8N!6S, looking 
northwards along the Agfardliksvsa fjord towards Marmorl1lk and the high pinnacle 
peaks of the Alfred Wegener peninsula (hei~t 1600 m, 10 km. frN~). 
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characterised by moderate rolling relief at an altitude of 500 metres. 

Exposure varies from 30~ on the plateaux to 80% in the South Lakes region. 

Underground mapping involved both general mine mapping and 

detailed 3-dimensional stope mapping and was carried out at scales 

varying from 1 :25 to 1 :3000. The maps used were prepared by Greenex AlS 

mine surveyors. Access to the mine was afforded by two 1.5 km. long free 

spanning cable cars that enter the eastern cl iffwall of the Agfardltkavsa 

Fjord at heights of 520 and 600 metres (Fig. 4. }4~. 

Sampling of the sulphides and host rocks was carried out during 

both underground and surface mapping, in order to provide j) material for 

petrological and microprobe studies and 11) a specific sample set for a 

lead and stable isotope analysis of the Black Angel deposits 

1.4 Previous Work 

Regional mapping of the Rinkian Mobile belt (Fig. 2.4) was 

performed by the Grenlands Geologiske Undersoglse (G.G.U.> in 1967 and 

1968. A regional appraisal of the belt is given in Escher and Watt (1976). 

Since this time a number of studies have been carried out on the structlre 

of parts of the belt including the Umanak District (Pulvertaft,1986), the 

Ikerasak District and the Svartenhuk Peninsula (Grocott,1984 & 1987). 

Radiometric dating of the basement and supracrustals was carried out by 

Kalsbeek (1981, 1984) and Andersen and Pulvertaft (1985). 

Little work has been publ1shed on the Black Angel depoSits or the 

Marmorl1ik area. Owing to the operational format of the Black Angel Mine, 

previous work In and around the deposit has been separated tnto surface 

work and mine work. 

Sw-face work by Cominco exploration geologists has focussed on 

particular drtlHng programs that have highlighted the difficulties of 

stratigraphic and structural Interpretation In this highly deformed terrain. 

Much work on restricted parts of the Marmorlltk area (FIg. 1.3) have been 

carried out by:- Black Angel Mountain (Elder, 1967; Myers, 1973; 
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Gannlcott, 1976-19'19; NichoJls, 198~ - • Harris, 1985), 

Uvkusigssat and Agpat island (DeJla VaJle, 1977) 

Agpat Island (Gannlcott, 1976 &1979). Marmorilik Plateau and South Lakes 

area (Harris, 1981-1985). 

Regional appraisals on the stratigraphy and structure of the 

Marmorllik area have been produced by:- Garde ( 1978), J. Pedersen ( 1980), 

F.D. Pedersen (1980), and King (1981). Garde ( 1979 a & b) made a limited 

stable Isotope study of the area along with a geothermometrlc analysis of 

the Marmort1lk Formation using the calcite/dolomite solvus. Both of these 

papers fall to take Into account the considerable tectonic Influence on the 

stratigraphy In the area. 

F.D. Pedersen (1980b,1981), has produced the most detailed work 

on the Black Angel depOSits. His study concentrated on the mineralogy and 

structure of the Angel zone. Mapping of new ore zones which were 

developed after this work have shown that the analysis used by Pedersen 

Is flawed. 

1.5 Thesis Structure 

Chapter 2 is an appraisal of the regional geological setting of the 

sulphide depOSits. Chapter 3 documents a new tectono-stratigraphy for 

the Karrat Group of the Marmorlllk area. The complex tectonic evolution of 

the Marmortllk area Is laid out In Chapter 4. Chapter 5 defines the 

poly-metamorphic history of the area. Chapter 6 documents the 

stratigraphiC location, style, form, mineralogy and deformation histories 

of the Black Angel depOSits and minor Zn-Pb showings. Chapters 7 & 8 

detail:; the methods used, the results obtained and conclusions drawn from 

both lead Isotope and stable Isotope analyses of the Black Angel sulphides 

and host rocks. Chapter 9 Is a dlscusslonal synopsis of all the aspects of 

the thesiS. Conclusions from this discussion are listed In chapter 10. 
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Chapter 2. Regional Geology of the Rlnkian Mob11e Belt 

2.1 Introduct Ion. 

The Rinkian mobile belt is a complexly deformed, (1860-1680 Ma), 

poly-metamorphic, greenschist-granUlite facies tectonic terrain. It 

comsists of reworked Archean mafic and acid gneisses, migmatites and 

granodiorites (Umanak Gneiss Complex) and Early Proterozoic Karrat Gro~ 

Supracrustals which contain the significant Zn-Pb mineralisation (Fig. 

2.2). The stratigraphic relations In the belt are masked by the severe 

Rinklan polyphase deformation and polymetamorphism. 

The Rlnktan mobt1e belt is bounded to the north by the North 

Greenland Fold Belt (Dawes, 1976) (Fig 1.1), to the south by the PakitsoQ 

sinistral shear zone, which seperates the Rlnklan and NagssugtoQidian 

mobile be I ts (Ramberg, 1949; Escher et aI., 1976). To the west, the rocks 

of the Rinkian mobl1e belt are overlain by a Cretaceous-Tertiary cover 

sequence dominated by plateau basalts. Despite this the belt has been 

correlated with the late Aphebian Foxe Fold Belt, in eastern Canada 

(Henderson and Tippett 1981, Henderson 1983, Andersan and Pulvertaft 

1985) (Fig. 2.1). 

The Archean Gneisses give Rb-Sr ages at 2600 rna. (Kalsbeek, 

1981; Andersen and Pulvertaft, 1985). The age of the Karrat Group 

sedimentation is obscured by Rinklan metamorphism and deformation. K-Ar 

and Rb-Sr dating defines the Rinkian deformation as an early/mid 

Proterozoic event which occurred between 1860-1680 mao (Larsen and 

MeUer, 1968; Bridgwater, 1971; Kalsbeek, 1981; Andersen and Pulvertaft, 

1985), and which can therefore be correlated with the Hudsonian 

def ormat Ion event In Canada. 
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2.2 Tectono-Stratigraphy of the Rinkian mobile belt. 

The tectono-stratigraphie units of the Rinl<ian mobl1e belt can be 

correlated from Upernavil< to Ata Sund, and southwards into the 

NagssugtoQidian mobile belt (Fig. 2.3) ( l<o.l::>'oe.ek e.1: al./ 1984). The 

correlation is made on the basis of strong simllarities in composition and 

radiometric ages both within and between the two belts. tn the 

NagssugtoQidian belt U-Pb ratios from basement zircons and K-Ar ratios 

from supracrustal biotites give ages of 2600 rna. (Chessex et aI., 1973; 

Kalsbeel<, 1981) and 1740-1650 rna. (Larsen and Meller, 1968) 

respectively, which suggests that the Nagssugtoqldian and Rinkian mobl1e 

belts were autochthonous tectonic terrains, prior to the Rlnkian 

deformation. 

2.2.1 Archean Umanak Gneiss Complex. 

The Late Archean Umanak GneiSS Complex conSists of granUlite to 

amphibolite facies acid and baSic gneisses that contain granodiorites, 

granitOids, migmatites, amphiboHtes (Henderson and Pulvertaft, 1967; 

Garde and Pulvertaft, 1976) and anorthosite zones, up to 650 metres thick 

(Pulvertaft et aI., 1980; Knudsen, 1980). 

The Umanak Gneisses' are exposed over large areas of the southern 

half of the Umanak-Rlnks Isbrae district and the Upemavik-Kraulshavn 

district (Fig. 2.4). Elsewhere in the Rinkian belt the gneisses occur as 

circular-ellipsoidal In1iers, surrounded by highly deformed supracrustals 

(Figs. 2.4 & 3.4c). 

Two major amphibol1tic ~ormations, the Nunataq and the 

Sermlkavsak Formations (Henderson and Pulvertaft, 1967), occur within 

the Umanak Gneiss (Fig. 2.2). The Nunataq FormaUon Is exposed on the 

north side of the Pederlerflup Kangerdlua (Fig 1.3) (Henderson and 

Pulvertaft, 1967) and consists of amphlbollUc hornblende schists with 

IntercalaUons of semlpelltlc schist and minor amounts of siliceous to 

semlpelttlc schists, quartzites, dolomite, calc-sHlcates and graphitic 
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schists. 

The Sermlkavsak Formation outcrops on the Alfred Wegener 

peninsula (Figs. 1.3 &. 3.4a) and varies in thickness from 50-150 metres. It 

conSists of fol1ated, f1ne-medium grained, amphibolite which forms a 

sheared contact with the Umanak gneiss. Striped carbonate bands and rusty 

weathering biotite SChists, up to 50cm wide, occur in the amphibolite and 

are conformable with the foliation. 

2.2.2 Karrat Group Supracrustals. 

The Karrat Group consists of the supracrustal Qeqertarssuaq, 

Marmorl1lk, Kangldleq and Nukavsak Formations (Fig. 2.2). The Group has 

been described as having an unconformable relationship to the basement 

Umanak Gneiss (Garde and Pulvertaft, 1976), though this study has shown 

that the contact Is highly sheared and that mylonitic fabrics mask the 

sedimentary relationships. 

The Karrat Group Is often interleaved and Infolded with the 

basement Umanak Gneiss (Fig. 4.20). Both the basement-supracrustal 

contact and the internal formational contacts are characterised by a 

range of shear fabrics such as those related to extenSional faults at 

Marmorl1ik (Fig. 4.3) and the Svartenhuk Peninsula (Grocott and Vlssers, 

1984); ductile shear zones (Pulvertaft, 1973) and contractional faults at 

Nunarssugssuaq (Pulvertaft, 1973) (Fig. 4.20). Glacial erosion created 

isolated outcrops of the Karrat Group throughout the Rlnkian mobile belt. 

The major outcrop occurs In the Rinks Isbrae district (Fig 2.4), where the 

supracrustals are interpreted to have been depOSited in a rifted, gent1y 

south-north subsiding, enslalic basin (Allen and HarriS, 1979) (Fig 2.5). 

I) Qeqertarssuaq Formation. 

This is the basal Formation of the Karrat Group, which according 

to Garde and Pulvertaft ( 1976) and Garde ( 1978) rests unconformably upon 

the basement Umanak Gneisses and thickens northwards from 10 metres 
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south of Marmori 11k to 3000 metres or more in the Rinks Isbrae district 

(Fig 2.4). The rocks represents an amphibolite-greenschist facies 

metamorphosed clastic shelf sequence consisting of interbedded 

metaquartzites, metapsammites and metasiltstones (semi-peHtes) with 

local calc-silicate schists and sulphide-bearing units. 

ii) MarmoriJik Formation. 

The Marmorll1k Formation is a greenschist facies carbonate 

succession that Hes conformably upon the Qeqertarssuaq Formatton and 

outcrops discontinuously for 120 miJes from the NugssuaQ Peninsula to 

the Sorte Nunatak (Fig. 2.4). The maximum outcrop width (6 km) and 

maximum stratigraphic thickness (600 metres) is developed at Marmorilik. 

North of the Alfred Wegener peninsula (Fig. 2.4), the MarmoriJik Formation 

thins rapidly and becomes Interdigitated with the Qeqertarssuaq 

Formation (Fig. 2.5). In the Umanak area thin carbonate horizons that 

possibly represent the Marmori 11k Format ion (Pulvertaft, 1981 & 1986; 
e\: ,,\ 

Grocot~, 1987) are infolded with the basement gneisses, whilst tn the Ata 

Sund district, probable correlatives of the Marmorilik Formation 

(Escher and Burri, 1968), are tnterbedded with Quartzites in the 

supracrustal units (Fig. 2.3). 

The Marmorillk Formation consists of impure calcitic and 

dolomitiC marbles (Fig. 2.3). In its lower units massively bedded s111ceous 

dolomitic marbles host both disseminated and massive lead-zinc 

mineralisation in sub-economiC Quantities. Interbanded graphitic 

calctte/dolomite marbles overHe the massive dolomitic marbles and 

develop disseminated lead-zinc mineral1sation. Coarse evaporite bearing 

calcitic marbles form the uppermost units of the Formation and host the 

massive stratabound Black Angel lead-zinc ore bodies. Diopside has been 

reported in the Marmorillk Formation (Gannlcott, 1976; Pulvertaft, 1979) 

but greenschist facIes assemblages contaInIng tremoHte/actino1tte, 

scapoHte, talc, phlogoplte, bIotIte, Quartz, dolomIte and calcIte are more 
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common (Garde, 1978fPedersen, 1980). 

Iii) Kangidleq Fm. 

The Kangidleq Formation (Allen and Harris 1979) consists of 

metabasic to intermediate volcanics (sub-alkaline oceanic tholeiites, Fig. 

2.6) that conformably overlie the Qeqertarssuaq Formation (Fig. 2.5) for 50 

x 60 km. in the northem Rinks Isbrae district (Fig. 2.4). The volcanics 

consist of agglomeratlc, tuffaceous or pillow flow breCCias and occur in 

sheet form, varying In thickness from 25-75 metres Ongla Fjord) to an 

estimated 400-600 metres on the east side of Kangldleq Fjord (Fig. 2.8). 

The volcanic fragments are vesicular and range In size from 1-50 cm., 

often being cemented by carbonate. Rare andesltlc flows occur In the 

agglomeratlc units. 

Iv) Nukavsak Formation. 

The Nukavsak Formation Is the uppermost Formation In the Karrat 

Group (Fig. 2.2). It mantles the underlying Formations and dominates the 

outcrop north of the Alfred Wegener peninsula, where the total thickness 

of the succession Is In excess of 5000 metres (Fig. 2.5). It has gradational 

stratigraphic contacts between the Qeqertarssuaq and Marmortlik 

Formations, but the contact between the Kangldleq and the overlying 

Nukavsak Formation is sharp and marked for over 50" of It's length by a 

gossanous sulphide band (Allen and Harris, 1979). 

The Formation Is typically of greenschist metamorphic grade, 

though In the Upemavlk-Kraulshavn district, it Is represented by red 

brown granultte facies gneisses (Fig. 2.3) (Henderson and Pulvertaft, 1967; 

Escher and Pulvertaft, 1976). It is sub-divided Into two l1thologlcally 

monotonous members. The basal member consists of granular semlpelites 

(quartz-plagioclase-biotite schists) with graphlt1c, blotltic and pyritic 

Intercalations and a massive, 5-30 metres thick, graphite-pyrrhotite 

horizon. This horizon conSists of rounded quartz clasts which are held In a 
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foliated graphittc-pyrrhotltlc matrix (Pedersen and Gannicott, 1979). On 

the Svartenhuk peninsula, a 75 metre thick succession of metavolcanics 

composed of pillow basalts, pillow breccias and hyaloclastite tuffs He 

directly above the graphite-pyrrhotite horizon (Grocott, 19841 Elsewhere 

the graphite-pyrrhottte horizon is overlain by a rhythmic alternation of 

sandstones and shales, with minor conglomeratic units, in which 

sedimentary structures representing T a-e bouma beds are found 

(Grocott, 1984). The Formation has been Interpreted as a metamorphosed 
fk.al. 

greywacke/turbtdlte sutte(Grocot~ 1987). 

2.2.3. Igneous Intrusions. 

The Rinkian mobile belt contains two major Proterozoic granitoid 

plutonic complexes; the Ata Granite (Escher and Burri, 1968), the Proven 

Granite (Escher and Pulvertaft 1968t and granite sheets In the Svartenhuk 

Peninsula (Grocott, 1981 & 1983). A suite of dolerite dykes cut all earlier 

structures. 

The Ata Granite occurs as a 2000 metre thick granite sheet along 

the basement-supracrustal contact, to the north of the Talorssult dome In 

the Ata Sund district (Figs. 2.3, 2.4 & 2.7). Granodiorite to quartz diorite Is 

developed at the sheet's sheared margins. 

The Proven Granite Is a large granitic plutoniC complex that 

outcrops for over 2500 km2 from south-east Proven to the Upemavlk 

Isstrom (Fig. 2.4). The central part of the complex consists of coarse 

grained granite, with rapakivl·textured orthoclase phenocrysts. Highly 

sheared granitoid augen gneisses are present at the granite margins. 

Charnockltlc and enderbltlc compositions are developed to the north-west 

of the Intrusion. Intense granite net veining occurs In the Intruded 

Nukavsak Formation supracrustals. 

Sheets of two.mlca granite cut the Nukavsak Formation In the 

Klngtussap Awfa, Svartenhuk Peninsula. The sheets are Intruded 

syntectonlcally during 01 (Grocott and Visser, 1984), parallel to 51 
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cleavage and cross-cut 01 folds. 

Two NW-SE trending 300 km. long dolerite dykes cross-cut all 

earller structures in the Rlnklan Mobile Belt. In the Marmorllik area these 

dykes are up to 1 00 meteres wide and are associated with minor dolerite 

sills. Similar dykes have been recognised in eastern Canada and have been 

correlated with either the Mackenzie dyke swarm, 941-1040 Ma., (Fahrig 

and Jones, 1969) or the FrankJinian dykes on Baffin Island, 700 Ma., (Fahrig 

et aI., 1971). 

2.3 Structure and Metamorphism of the Rtnktan Mobile Belt. 

2.3. 1 I ntroduct Ion. 

The Rlnkian mobile belt is characterised by fabrics with no 

obvious regional strike, generaJ1y low dips and highly variable tectonic 

transport directions (Henderson & Pulvertaft 1967). It Is therefore 

structurally distinct from the southerly NagssugtoQidian mobile belt 

(Ramberg, 1949; Escher et aI., 1976) where consistent ENE planar fabrics 

are developed (Fig. 2.3). The most striking feature of the belt Is the 

presence of basement gneiss domes which are mantled by polydeformed 

supracrustals (Grocott 1987> (Fig. 2.4 & 2.8). Other areas are 

characterised by extensive sub-horizontal basement gneiss tracts. 

2.3.2 Basement Gneiss tracts 

Basement gneisses dominate the outcrop in the Umanak (Henderson 

and Pulvertaft, 1967; Grocott, 1980; Pulvertaft et aI., 1980) and 

Upemavlk-Kraulshavn (Henderson and Pulvertaft, 1967) districts (Fig. 2.4). 

In these areas it Is impossible to distinguish between Archean and 
&t-o<ott t.l:. Q\. 

Proterozoic structures (Grocott, 1980 &11987). Ductile deformation 

structures Include large sheath-like and refolded recumbent IsocHnal 

nappes as developed In the Upemavlk region (Escher and Pulvertaft, 1968), 

high angle shear zones at Ikerasak (Grocott, 1980 + 1984) and curvilinear 

thrust fronts, with opposing senses of tectonic transport, e.g. Umanak 
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region (Grocott, 1980; Henderson and Pulvertaft, 1967). 

2.3.3 Basement Gneisses and Supracrustals 

Basement gneisses and Karrat Group supracrustals are deformed 

into basement domes wah 'pinched in' supracrustal basins, which have 

2S 

been termed 'mantled gneiss domes', (Figs. 2.8 & 2.9) (Henderson and 

Pulvertaft, 1967; Henderson, 1969; Escher and Pulvertaft, 1976; Grocott eea\., 

1987) in the Ata Sund district (Escher and Burri, 1968) (Fig. 2.7) and the 

MarmorjJik-Rinks Isbrae district (Henderson and Pulvertaft, 1967; 

Pulvertaft, 1973; Escher and Pulvertaft, 1976; Garde, 1978; Pedersen, . 

1980; Pulvertaft, 1986). These structures are clearly products of 

Proterozoic (Rinkian) deformation. The domes are steep sided (Fig. 3.4c), 

overturned (Fig. 2.9), circular to ellipsoidal structures with gneissic 

cores, which vary in size and diameter from less than 2km. to more than 

25 km. In the Rinks Isbrae district five major domes occur in a vague 

ESE-WNW trending belt (Henderson 1969) (Fig. 2.8). This tectonic 

elongation is also developed in the Snepyramiden and Qaersukavsak domes 

(Fig. 2.8). 

Curvilinear high angle extensional shear faults occur within the 

basement gneisses (Escher and Burri 1967) and also along the 

basement-supracrustal boundary (Grocott, Van Den Eeckhout and Vissers 

1987). The Karrat Group rocks above this contact contain low angle 

extensional shear systems (Wernicke and Burchfiel, 1982). Recumbent to 

asymmetric, chevron to isocl1nal, non-cylindrical folds are present above 

these low angle dislocations (Fig. 2.9). The folds have axial traces that are 

parallel to, but verge away from, the basement-supracrustal boundary at 

Marmorl1tk (Fig. 4.3) and the Svartenhuk Peninsula (Groco~'t. and Vi.:>::>er.J 

1984), 

Two large nappes, the NunarssugssuaQ nappe and the Klgarsima 

nappe (Henderson, 1969), are present in the Marmorll1k-Rinks Isbrae 

dtstrtct(Ftg. 2.8). The NunarssugssuaQ nappe emplaces Umanak Gneisses 
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over the Karrat Group supracrustals in the Uvkusigssat area (Grocott 

1987) (Fig. 4.20). The curvilinear nappe front can be traced from the 

Ikerasak area to Agpat Island (Fig. 2.8) where it swings from a N-S trend 

to a NE-SW trend on the Nunarssugssuaq. The contractional 

basement-supracrustal contact rotates into a north-dipping extensional 

contact south of Marmoril il< (Figs. 2.8 & 4.3). 

The Kigarsima nappe occurs on the Upemivik Island (Fig. 2.9), 

where it has a NW-SE trend sub-parallel to the local domal elongation. 

Grocott (1987) has suggested that a northward extension of the nappe 

exists into the Svartenhuk Peninsula. The nappe has been interpreted as a 

late stage structure that has carried Umanak Gneiss, with a supracrustal 

mantle, at least 20 km. NE over earlier-fonned domes (Henderson, 1969; 

Escher and Pulvertaft, 1976). A more complex deformation history for the 

nappe is evident in the Snepyramiden dome region where the Kigarsima 
e'tQ\., 

nappe is folded by the underlying domes (Fig. 2.9) (Grocot~ 1987). At the 

nappe closure highly chaotic buckle folds occur in the underlying Nukavsak 

Formation. 

2.3.4 Metamorphism 

The Basement gneisses have amphibolite to granUlite facies 

mineral assemblages. In the Karrat Group greenschist facies 

metamorphism is dominant, though amphibolite facies metamorphiC 

assemblages are present close to the Basement contact. The supracrustals 

attain granulite facies in the Upernavjk district. Further aspects of the 

metamorphic evolution in the Marmorilik area are discussed in chapter 5. 

2.4 MtneraHsatton tn the Rinkian Mobile Belt. 

Zn-Pb-Fe sulphides constitute the dominant mineralisation type in 

the Rtnklan Mobile belt. They are restricted to the Karrat Group and In 

particular the Marmorl1ik Formation. Traces of copper mineralisation 

occur in the basement gneisses on Agpat Island and on the southern 
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c\\ffwall of the Alfred Wegener peninsula near Marmor \ H\(. 

2.4.' Karrat Group meta-c\ast\c-hosted m\neraHsat\on 

Minor disseminated Cu, Zn, Pb, Fe mineralisation is hosted in the 

calc-s\licate and quartzit\c units of the Qeqertarssuaq Formatlon, near 

MarmoriHk (Garde, 1978; F.D. Pedersen, 19800) Weakly perSistent Cu-Fe 

sulphide mineralisation occurs in the semipelite units overlying the basal 

quartzites (F.D Pedersen, 1980G}Thls consists of disseminated 

chalcopyrite, pyrite and pyrrhotite In the fine grained clastic beds, with 

chalcocite and bornite In the Interbedded buff dolomite lenses. 

Allen & Harris ( 1979) and Grocott & Vlssers ( 1984) recognised 

pyrrhotite-bearing black shales, stllceous siltstones, pyritic quartz 

blot ite schists, sl liceous pyrlt Ic limestone and rare 1-1.5 metre beds of 

pyrrhotite-graphite schists In the Qeqertarssuaq Formation along the 

Kangldleq Fjord (Fig. 2.8). 

The black graphitic schists of Nukavsak Formation contain massive 

to disseminated, stratabound graphitic, pyrrhotite and pyrite 

mineralisation (Fig. 3.2). The 5-30 metres thick foJtated graphitic 

pyrrhotite/pyrite horizon, recognised by Pedersen and Gannlcott (1979), is 

widespread over approximately 2500 km2 of the Rinks Isbrae district 

(Allen and HarriS, 1979). 

2.4.2 Karrat Group carbonate-hosted mIneralisation 

29 

Major massive and disseminated, carbonate-hosted, stratabound 

and stratiform Zn-Pb-Fe-Ag sulphide mlnera1isation is present in the 

Marmortllk Formation (Myers, 1973; Garde, 1978; F.D. Pedersen, 198Ot& 

King 1981). The sulphide lenses contain sphalerite, galena and pyrite with 

chalcopyrite, pyrrhotite, tennantlte and arsenopyrite. Near Marmortllk 

Zn-Pb mlneraJtsatton occurs at ten stratigraphiC levels (F.D. Pedersen, 

1980a; J. Pedersen, 1980; King, 1981), with massive accumulat Ions at four 

stratigraphic horizons (Fig. 3.2). 
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Figure 2.10 Palaegeographical setting of the Rinkian Mobile Belt in the 

Proterozoic supercontinent. (After P1per, 1980) 
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-

Figure 2.11 Polar wandering curves for the Laurentian shield 

for the period 2000-1750Ma. (After PIper, 1980) 
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2.6 Palaeotectonics and Palaeogeography of the Rinkian Mobile 

Belt. 

During Karrat Group sedimentation and Rinkian tectonism, the 

Earth's continental crust consisted of a single lens shaped body or 

supercontinent (Fig 2.10) (Piper 1983). The Archean craton of Greenland, 

was located centrally within the Laurentian shield towards the western 

margin of the supercontinent (Fig 2.10). Karrat Group sedimentation is 

therefore thought to have taken place within a gently subsiding enslaltc 

basin (Fig. 2.5). The classification of the Kangidleq Formation volcanics as 

sub-alkalic tholeiites give further credence to this tectonic setting for 

the Karrat Group sedimentation (Fig. 2.6>' The correlation of supracrustal 

sediments across the Nagssugtoqidian-Rlnkian Mobile Belt boundaries (Fig. 

2.2), and eastwards into the Foxe Fold Belt (Henderson and Tippett, 1980. 

and J.R. Henderson, 1983), suggests that the ensialtc basin was of a large 

lateral extent. 

Polar wandering curves constructed from the palaeomagnetism of 

the Hurorian red beds and Nippissing diabase (Roy and Lapointe, 1976) 

Indicate that the Laurentian shield was in high latitudes from 2200-2000 

ma., and in intermediate to low latitudes from 1900-1500 Ma. (Fig 2.11 ). 

The presence of marine carbonates and evaporitic beds within the 

Marmorllik Formation is consistent with the palaeomagnetic data, and 

suggests that Karrat Group sedimentation took place within low latitudes. 
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Chapter 3. Tectono-Stratigraphy of the Marmoriltk area. 

3.1 Introduction 

This chapter presents the results of a detalled analysis of the 

stratigraphy of the Marmorilik area (Figs. 3.1 & 3.2). Units of the Umanak 

gneiss complex outcrop at the northern and southern margins of the map 

area, while the younger supracrustals are restricted to a central, 

east-west trending, structural corridor (Fig. 3.1). 

Previous regional and detailed classifications of the stratigraphy 

(Hendersen and Pulvertaft, 1967; Garde,1978; J. Pedersen, 1979; F.D. 

Pedersen, 1980; King, 1981), are summarised In Figure 3.3. These studies 

focussed on the identification and correlation of J1thological units across 

the area and paid little attention to the effects of the Rlnklan 

deformation. This resulted in oversimpJ1ftcatlon in the documenta~lon of 

the Marmorillk stratigraphy, particularly with respect to repeated, 

inverted and structurally ommitted tectonic units. 

A new tectono-stratigraphy has been established (Fig. 3.2), by 

means of detailed I: I 0000 lithological mapping, section measuring (in the 

less deformed areas) and cl1ffwan analyses. Stratigraphic correlations 

are necessarily broad-scale because of the widespread metamorphiC 

recrystalJisation of the original sedimentary fabriCS, dolomitisation and 

dedolomitisation of the carbonate sequence and tectonic breCCiation, 

extenSional thinning and thrust repetition of the sedimentary succession. 

The new tectono-stratigraphy has n redefined the overall 

stratigraphic succession in the map area, i1) documented a new internal 

stratigraphy for the Marmorilik Formation (Fig. 3.5) and 110 has recognised 

the presence of the Qeqertarssuaq Formation in the area for the first time. 

The re-interpretatlon Is of partricular importance 1n a) defining the 

styles, displacements and relative timing of the deformation structures 

In the area and b) -- placing the area's significant economic ore grade 

and gossanous sulphide shOwings into a tectono-stratigraphic framework 

(Fig. 6.2). 
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3.2 Basement Umanak Gneiss Complex. 

The basement can be sub-divided into three easily recognisable 

units. These are: 

i) Hornblende Biotite gneiss 

ii) Tasiussaq Granodiorite 

iii) Sermikavsak Amphibolite Formation 

3.2.1 Hornblende-biotite gneiss. 

Hornblende-biotite gneisses form the high pinnacle peaks of the 

Alfred Wegener Peninsula (Fig. 3.4a) and are also exposed on the 1085 

Peak, the Uvkussigsat peninsula and the western Marmorilik Plateau (Fig 

1.3). There is a sheared contact between the gneiss and the later TasiussaQ 

granodiorite on the 1085 Peak (Fig. 4.10). On the Uvkusigssat peninsula 

(Fig. 4.13), the Magdlak peninsula (Fig. 4.18) and the western Marmorilik 

Plateau (Fig. 4.1 c), the gneiss overthrusts the supracrustal succession in 

complex contractional fault systems. 

The gneiss occurs as both massive homogeneous and layered 

varieties. The homogeneous gneiss consists of coarse grained hornblende 

and biotite in a Quartzo-feldspathic matrix. Coarse Quartzo-feldspathic 

pegmatite veins cross-cut this gneiss. 

The layered gneiss consists of cm-dm scale, lit par lit layers,with 

coarse grained Quartzo-feldspathic layers, up to 1 metre thick, that are 

separated by foliated hornblende, biotite and phlogopite rich layers. 

3.2.2 TasjussaQ Granodiorite. 

The Taslussaq granodiorite occurs as a discordant plutoniC massif 

within the hornblende-biotite gneisses and outcrops east of the 1085 Peak 

along the southern supracrustal basement margin to the inland ice cap 

(Figs 1.3 &. 3.1). It extends southwards 15km to the Perdlerflup 

Kangerdlua. The granodiorite contacts are strongly sheared (Figs. 3.4f & 

4.5) and In most cases the original contacts are obltterated. The 
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FIgure 3.4 Umanak GneIss Complex. 

A) The Alfred Wf!I1MIer cHffwall north-west of Marmori1i~. The cHffwall is composed of 
banOOd end massive Umanak Gneiss in which 8 the 150 metre thi~ amphibolitic 
Sermlkevsak Formation Is reveJoped. Width of photo 25 km. Hei~t of cliff 1650 
metres. 

B) The foIlEd unconformity between the basement Umanak gneiss (Ught fT~) end the 
Kerrat Group suprt'£rustals (Dark grey) mOOe up preOOmlnantly of pelitic schists of the 
Nulcevsak Formation. Western end of the Kangerdl~ fjord look iog ncrth. Height of 
cliff 1000 metres. 

C) Circular, differentially eroded, gneiSS cbne surrounded by der~ 'Tff.! steeply dipping 
units of the Nukevsak Formation. Western end of the K~dl~ fjord. Heicjlt of 
me 600 metres. 

D) Foliated grenOOiorite (bottom) cross-cut by a relatively urrl!formed fine !rained 
mlcrOTanite (tyke (top). Southern AgfardllkevS8 fjord. location 121. Pencil for ole 
(on contt'£t). 

E) Boudin8J3d end frt'£tured amphibolite pOOs of the Sermik6VS8lc formation 
Incorporated within pale Umanak enelss. south-eastern M~lak Peninsula. Scale b8r 2 
metres. 

F) fol1ated grarn1iorfte, developfno CIS fabric, wfth feldspathle 8UfIm and 
phl(9)pite/muscovite matrix. location South Lokes eree. Scole ~ 50 em. 

G) Photomicrograph of 'sieve like' slbitie poiktlobl8Sts post-tectonically (0 1) 
overgrowil'lQ 8 blotlUe matrix. SlIght rotation (03) of polktloblasts Indicates 8 sinistral 
sheer. Specimen 17d of mafic pod found at locetion 17. South lakes aree. XPl Scele bar 
500~1. 

H) Photomlcrogr8h of lamellar twinned ~ like sIbille phenocrysts and rIbbon like 
quartz OOmalns found In the fo1iated granodiorite of (F). Thin section 5008. XPl Scele 
bar 500~.l. 

I) Photomfcrogr8ph showing 8 rounded, strained, quartz grain (bottom rl~t) mentled 
by 8 deformed microcline grain In which flame1ike deformation twins are developed. 
~Imen 695b Western Marmort1tk Pleteeu. XPL Sc8Je bar J60u. 





granodiorite is dominantly homogeneous (Fig. 4.Sb) and consists of 3-4 cm 

euhedral, simply twinned, zoned, plagioclase (AnSO) and orthoclase 

feldspar phenocrysts set in an allotriomorphic, coarse grained, 

Quartzo-feldspathlc matrix with accessory hornblende and biotite. 

Towards the basement margins the feldspaar phenocrysts become augen 

I1ke (Fig. 3.4h), the Quartz grains are extended Into ribbons, and large 

amounts of phlogoplte occur. 

A suite of medium grained, leucocratlc, I1ght pink to flesh 

coloured, S m wide, mlcogran1tlc dykes (Fig. 3.4d) cross-cut the 

granodiorite In conjugate arrays. They are transected at the 

basement-supracrustal contact. They dykes have fine grained, 0.1- lmm, 

chilled margfns and conSist of I mm euhedral to subhedral, stubby 

prismatiC, mlcrocline and sodic plagioclase phenocrysts in an 

aIJotriomorphfc Quartzo-feldspathlc matriX, which contains acicular, 

biotite and chlorite. The feldspar phenocrysts are strained and show 

lanceolate deformation bands and cataclastlc fracturing. 

The granodiorite also contafns boudfnaged mafic pods, up to 2 m 

wide, that are concentrated along the supracrustal-basement contact. The 

pods consist of anhedral em bayed quartz, albltic plagioclase and 

microcllne feldspars, up to 0.8 mm., held In a dark green to black 

biotite-rich foliated matrix with sinistral shear fabrlcs(Flg. 3.4g). The 

embayed feldspathlc phenocrysts are overgrown by a high relief anhedral 

mineral. 

3.2.3 Sermlkavsak Amphibolite Formation. 

The Sermlkavsak Formation outcrops within the 

Hornblende-biotite gneiss of the Alfred Wegener Peninsula (Fig. 3.48). It 

conSists of a thick 100-1 SO metre, dark green to black, fol1ated 

amphlboltte band. It occurs with highly sheared tectonic contacts against 

the enclosing gneiSS. On the Magdlak Peninsula the amphibolite band Is 

boudlnag~d and occurs as rounded pods which lie randomly within the 
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gneiss (Fig. 3.4e). The amphlbol1te consists of coarse grained, 1-5 mm., 

prlmatlc hornblende and platy biotite that define a foliation within a 

medium grained Quartzo-feldspathic matrix. Irregular, 1-50 cm. wide, 

Quartzo-feldspathlc pegmatite veins cut the amphibolite foliation. 

3.3 Karrat Group Supracrustals. 

Represet'ltat Ive strat Igraphlc sect Ions of the Karrat Group show 1) a 

rapid variation In the thickness of the supracrustal succession (Fig. 3.5) 

and II) that some tectono-stratigraphic units preferentially act as sl1p 

horizons (Fig. 3.5). Many low angle extension faults are present at the base 

of the succession, particularly In the southern and western MarmorlJ1k 

region (Fig. 4.2,. These detachments fault out the QeqertassuaQ Formation 

and the lower units of the Marmorillk FormatiOn. A number of contraction 

faults at the top of the supracrustal sequence cause tectonic thickening 

and repebtlon In the Middle and Upper MarmorlHk Formation (Fig. 4.22). In 

the field area the top of the Nukavsak Fonnatlon isn't present,so estimates 

of stratigraphic thickness are not given. 

3.3.1 Qeqertarssuaq Formation. 

In this thesis the basal unit of the Karrat Group has been assigned 

to the QeQertarssuaQ Formation (Figs. 3.1 & 3.2) and is correlated with 

psammites and metapeHtes to the north of the Alfred Wegener peninsula 

(Fig. 2.5). This unit was previously considered to be the basal member of 

the MarmorlHk Formation (Garde, 1978 and F.D. Pedersen, 1980). 

Quartzites and tremol1tlc, calC-Silicate schists, 0-60 metres 

thick, belonging to the Qeqertarssuaq Formation occur along the southern 

basement/supracrustal margin, striking In a ro~ly east-west trend from 

the 1085 Peak to the Inland ice-cap (Fig. 3.1). There are also outcrops on 

the western Marmorlltk Plateau and the Magdlak Peninsula. 

In a generalised stratigraphiC section the highly sheared basement 

contact Is overlain by up to 5 metres of thin-bedded, 20 em, 
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orthoquartzites with flattened symmetrical ripple marks (wavelengths 

10cm. and flattened ampl1tude 2cm) (Fig. 3.7a). Possible deformed 

cross-beds occur in the upper quartzite beds. The orthoquartzites are 

overlain by up to 12 metres of interbanded grey-green brown quartzites, 

mid grey phlogopitic dolomites and Intercalated calc-silicate schists (Fig. 

3.6). On the MarmoriJik Plateau and the Peak 1085 the calc-siJicate schist 

bands (Fig. 3.7b), up to I metre thick, conSist of rossettiform and very 

coarse, post-kinematic (03), acicular crystals of actlno11te, in a 

quartzltic matrix. These actinol1te-rich bands reflect a primary variation 

in the concentration of Ca, Mg and Fe. In the Tasiussaq area (Fig. 3.6) the 

quartzitic units grade upwards into metas1Jtstone (semlpe11te) bands 

containing pyrite, malachite, l1menite and magnetite in discontinuous 

laminae over a width of approximately I metre. The magnetite grains, 

0.1-1 mm., are reported (F.O. Pedersen, 1980) to be strongly corroded and 

fractured with occasional ilmenite rims and are set In a fine grained 

mylonitlsed quartz-microcl1ne-biotite matrix. This mineralised unit can 

be traced for 100 metres along strike and Is persistent in broken outcrop 

over several kilometres. 

The Oeqertarssuaq/Marmorilik Formation boundary Is gradational 

(Fig. 3.6). The upper quartzitic/semipeHtic units of the Oeqertarssuaq 

Formation grade upwards and become interbanded with, 30 cm -1 m thick, 

siliceous dolomite beds of the Lower Marmorilik Formation. 

3.3.2 Marmorlllk Formation. 

Much work has been carried on Hmited parts of the intemal 

stratigraphy of the MarmoriHk Formation on the Black Angel Mountain 

(Elder, 1967; Myers, 1973; Gamlcott, 1977-1980; Nicholls, 1980-1984; 
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Harris, 1985), Uvkuslgsat and Agpat Island (Del1a Va11e, 197~ &1977), \'11 (,,," 
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Agpat Island (Gann I cott, I 976 ~ 1977). Black Angel Mountain 1977-1980. i I 

Magdlak 1979), Marmortltk Plateau and South Lakes area 

(Harrts,I~81-1985). Regional appraisals of the Marmorlllk Formation 
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Figure 3.7 Oeqertarssuaq Formation and Lower Marrnorlllk 
Formation 

Oeqertarssuaq Formation 
A) North dipping quartzites of the basal Qeqertarss~ Formmion, with flmtened 
sy~trical ripples on the upper bErliing surface indicating correct way- up. The 
southerly granodioritic basement is in the bockground. Location 233 Peek 915, South 
Lakes area. Hammer for scale on upper bedjing surface. 

B) Interbanded ~tino1ite schists (dark) 8I'ld dolomitic marbles of the Qeqrtarss~ 
Formation. The ~tinolte bends oovelop 8n F 1 shear fold that has been rotated end ncNt 
lies In en upright position. l0C8tion 842. 1085 Peale Secle bar 5Ocm. 

Unit 1 Cherty DolomitiC Marbles 
C) Massive siliceous unit, Interbanded with dolomitic marbles, boudl~ Into large 
rods. The boooln8;J6 has C8USOO Irregular foldlno within the oolomlt1c baOOs.locat1on 46. 
Tassl~ 

D) GrOOed scapo11te-bearlng units composed of ranOOmly orlentataj scapollte prisms In 
a dolomitic matrix. The scapollte 0:lcrea5eS upwards Indicating a v~ relict 'woy-up'. 
l0C8tion 9. South lekes &rea. PencH for scale. 

E) Thin, folded, quartzltlc untts Interb8rx8j wtth massive oolomlt1c marbles. location . 
South lekes 8r88. Hemmer for scale. 

F) TremoHte rossettes repl~ing oolomite and combining to form massive tremolltlc 
untts.locatlon 41 b. South Lakes 8I"ea. Lens cap for scale. 

G) Close up of undeformaj tremo1ite rossettes held in a dolomitic matrix. Location 7. 
South Lakes area Krone (size of 8 lOp) for scale. 
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- ---- --------------

stratigraphy have been produced by:- Hendersen and Pulvertaft (1967), 

Garde (1978), J. Pedersen (1979), F.D. Pedersen (198~, King (1981). 

The new tectono-stratigraphy erected for the MarmoriJlk 

Formation Is depicted In figures 3.2 & 3.5. Rinkian tectonism has caused 

large varlat Ions In thickness within the Format ion, between 500 and 1800 

metres, which create problems of map unit correlation 

(Fig. 3.5). 

The Marmorll1k Formation has been subdivided Into the lower, 

Middle and Upper Marmorll1k members (Fig 3.2>' The Lower Marmori1ik 

member rests with a sheared contact on the Qeqeratarssuaq Formation and 

consists of slUceous dolomite marbles (Unit 1) and massive dolomitic 

marbles (unit 2). The lower member outcrops In the southern MarmorlUk 

area (Figs. 3.1 a & b) and the Magdlak Penlsula. The Middle MarmoriHk 
. 

member (unit 3) occurs as a 60-80 metre thick oolt (Fig. 3.2) In the South 

Lakes cHffwall, mld-MarmoriHk Plateau and Tributary cHffwall (Fig. 3.1). 

It Is a highly tectoni sed graphitic calc/dolomite marble succession that 

Ues with a thrust contact above the lower Marmorillk member. The Upper 

Marmortllk member consists of three map units that outcrop in the 

northern MarmorlHk Plateau and the Black Angel mountain (Fig. 3.1). It is 

dominated by coarse calcitic marbles (unit 4) overlain by 

calcitic/dolomitic marbles (unit 5) and dolomitic marbles with calcite 

(unit 6). 

Unit I. Siliceous Dolomitic Marble 

This unit Is up to 250 metres thick (Fig. 3.5 & 3.7h) and Is the 

least deformed unit In the Marmorl1tk Formation. It consists of an 

Interbedded sequence of white-light grey weathering, massively bedded, 

dolomitic marbles with alternating Interbands of tremolttlc dolomite 

marble, scapoltttc dolomite marble (Fig. 3.7d), coarsely recrystal1lsed 

quartz, and fine grained semlpelltes. The quartz bands, up to 1 metre thick, 

are totally recrystaJllsed and deformed In asymmetriC folds (Fig. 3.7e), 

46 



pinch and swel1 structures and rounded to el11psoidal boudins (Fig. 3.7c). 

Seen in isolation the latter could be mistaken for conglomeratic materia1. 

Massive white-l1ght green tremo1ite and actinolite bands, up to 10 metres 

thick, occur on the southern MarmoriJik Plateau and in the South Lakes 

area. These bands are concentrated towards the base of the unit and 

contain coarse, up to 10 cm, tremolite and actinolite rossettes (Fig. 3.7f & 

g) that interlock to form massive bands containing interstitial coarsely 

recrystalHsed Quartz and minor dolomite. 

Unit 1 contains light brown to black weathering semipel1tic bands, 

up to 10 metres thick, (Fig. 3.1). They consist of fine grained, 0.01-0.5 

mm, Quartz with subordinate albite with a granoblastic to slight1y 

elongate crystal form paralJel to a phlogopite/graph1te fol1aUon. The 

graphite occurs as xenoblasUc and platy grains along the foHation planes. 

Laterally discontinuous impure, silty, graph1tlc, grey dolomitic 

marble occurs within the siliceous dolomite. This graphitic dolomite is 

0-15 metres thick (Fig. 3.7 h) and contains coarse grained, 2.5 mm, 

embayed and anhedral calcite and Quartz domains in a finer grained, up to 

0.2 mm, dolomitic matrix (Fig. 5.4a & b). The dolomite matrix shows an 

elongation in the crystal fabric parallel to a phlogopite and graphite 

fol1ation in which grains exhibit lobate and sutured boundaries. Minor fine 

grained pyrite, up to 0.2 mm., overgrow the coarse calcite domains. 

The top of unit 1 is often marked by a distinctive semipeHte band 

(Fig. 3.7h). This is faulted out in the western South Lakes area and 

Marmorl1ik Plateau along an early 01 extension fault (Fig. 3.5). 

Unit 2. Light Grey Dolomitic marble 

Unit 2 is the upper unit of the Lower Marmorl1lk member (3.2). It 

rests conformably on the upper semipeHte of unit 1 In the Tributary area 

and with an extenSional fault contact on the sl1lceous dolom1tes In the 

South Lakes area (Fig. 3.5). In the Western Marmorl1 11k Plateau unit 1 Is 

absent and unit 2 Is thrust directly onto the basement gneiss (Fig. 3.5). 

47 



160 

140 

120 

100 

80 

60 

40 

20 

o 

v.F FMC v.C 

~IT II"WHlRILlK FOA'1ATION 

O!rtt I1lau t.Id 

Ma .... mlclntttc _1111 wlUl 

mlm" .lIau t.ldI 

OIlclte-mlclnlle ..-tIll 

CllcIte-mlclnlll_1I1t 

Grtphlttc CllcIte-mlallllll..-tl1l 

O!rtt trInIollltc meroll 

wlUllIV"ltI nI ,,*,11 

I'1assIYt mlallllt Ie INrIIII 

114111 ".., ",. "I,., 

O!rtt trInIollllc..-tlll 

SlIaublnl 

,....... mlalnlttc..-tlll 

CllcllI-mIaIIIltllIIII'tIlI 

OEOERl ARSSUAO FOA'1A liON 

figure 3.7h litho-log of Unit I, Marmorllfk Formation 

soo 

100 

o. 
v.f FMC v.F 

Mottla! Pellte 
UNIT 2 MNH>AILIK FOA'1ATION 
ar.ng. ...uwlng 

CllcIte-mlallllle ..-tIll 

l~"., ciJlalfttllc IMf'tlle 

,."... mlnarllltltlon 
l""t".., mlorlltltc..-tllt 
SIIICIcM PlIlIe 
Cllcite-mlorllitl mrlllt 

t'*Il'" willie 10 Il41It "., 

.a.vldalmlorlllttc ..-tIlt 

Silkalus PlIlIe 

Orev ftIIIhrlng IrIPhIlIc mlorllll\: IIIIrblt 

fl.-to lMdIum ~I'" ciJlalftUIC nrble 

Orev ftIIIhrlng IJ"IIIlf\UIC mlorllllt IIIIrblt 

Me .... ".., ..,...Ingmlorlllllc 

IIMrbIt wlUl Sllutlcrl CllVltles 

SIIICIauI PlIIII 

l~"mlomltlc_bll 

wIth ",lIIhlll IrImoIlIl nMlttes ( l:m.) 

SIIIcaIus PlIlIe 

figure 3.8t litho-log or Unit 2, Marmorlllk Formation 
+­en 



49 

Figure J.8 Unit 2 Massive Dolomite marbles. 

A) A view looking northwards from location 39 of the lower Sooth lakes cllffwall, 
showing the massive oolomitic marbles of Unit 2, Marmorillk for met ion. The oolomites 
are lnterbaOO3d with pelitic schists (forqound). 

B) Fol1eted silty, grephitic, end siliceous oolomitic marbles. The s11iceous oolomites are 
transposed tnto thin lenses end cross-cut by e 03 sheer zone. L0C8t ion 39. South Lekes 
area. Lens C8P for scale. 

C) Interbermicelclte-pe11te rhythmite ('mottled paUte'). The rhythmite st'otvs 
sub-vertical bending, with low angle, north dipping, extenslonel cleev~ perellel to 
pencil. Locatton 643. Nunngerut zone. Map board for seele. 

D) Photomicrograph of 'mottled peJite'. PoJycryste11lne quartz bands (51) sa 
Interb8nded with phl~lt1c mlca::eous units. Crenulated ~ fabrics devel(4) the V 
shapEd w~ In which pyrite sub-hedro are formed. Thin SEdion 46Oa. NUN9W"ut zone. 
Scale bar 500",. 

E) Photo;raph of carsely r~ 1811tsed sphalerite hosted In white, frSlTlented, 
oolomtte marble. Location 618. CSL 12 showing. South Lakes Glacier. Pencil for scale. 

F) Massive fo1fated oolomlte marble containing large e11fpsold81 solution vtJJS. Location 
796. M~lalc Peninsula. Scale bar 1.5 metres. 

G) Mylonitic, laminated, siliceous unit (Dark) overlying e oolomtte cataclastite (crush 
rocJd. A sharp, sheare:f contact is developed between the units. Location 23. tb'th of 
South lakes cabin. Pencil for satle. 

H) Thin pyrtUc, with minor sphalerite, bands (mid-Qrey) Interbardd with folc81 
oolomlt1c marble (light grey). location 266. South lakes area Width of photo 1 metre. 
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Unit 2 is up to 230 metres thick (Fig. 3.2) and composed of buff 

weathering light grey to white, medium grained, sac~roidal dolomite 

marbles (Figs. 3.8a, d & 0. These contain minor siliceous interbeds, which 

are more prominant towards the base. Semlpelites (Fig. 3.8c & d) and thin 

calcite and calcite dolomite bands, with disseminated and sub-economic, 

massive lead-zinc mineralisation (Fig. 3.8e & h), are interbanded with the 

massive dolomites. 

Unit 2 contains 1tght grey massive dolomite marbles near it's base, 

with minor siliceous Interbeds and tremoltte rossettes, up to 3 cm 

(Fig. 3.80. On the Magdlak Peninsula these rocks contain large circular to 

ellipsoidal solution cavities (Fig. 3.8n, 1-20 cm. long, parallel to the 

cleavage, In which coarse, >5 mm, sparry dolomite and idloblastlc pyrite, 2 

mm, are preserved. The massive fine-medium grained dolomite marble is 

overlain by a 0-5 m thick semipellte bed above which a thick sequence of, 

up to 80 m, white saccharoidal phlogopitic dolomite marble is present 

(Fig. 3.8a & I). These are medium to coarse grained massively bedded units 

containing a strong phlogopitlc fo11atlon. Disseminated pyrite, sphalerite 

and coarse grained galena generally occur in 01 and 02 fold hinge zones 

(Fig. 3.8h). 

The white saccharoldal dolomite is overlain by a graphitic 

dolomite and a 10 metre thick semlpel1te (Fig. 3.80. Randomly orientated, 

sometimes rotated, scapollte grains, up to Jcm, are common in the 

graphite marble (Fig. 5.3e & 1). The massive homogeneous medium to dark 

grey, phlogoplte, graphite, pyrite dolomitic marble sequence above this 

semlpeltte contains Interbeds of calcite marble, which In the South Lakes 

area are up to 50 metres thick, and orange weathering calCite-dolomite 

marbles up to 15 metres thick. It Is this upper massive dolomitic marble 

which hosts the most Important lead-zinc mineralisation In the Lower 

MarmorlJlk Formation (Fig J.8e & 6.3). 
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Figure 3.9 Unit 3 Middle Marmorllik Formation. 

A) A view of the mern AgferHkevS8 cllffwell showing the locatloo of the thin unit of 
the Mid:ile Marmortllk formetfon (M) 8bove e 02 tectonic slioo (ootted line). Height of 
cliff 1050 metres. 

B) Isoclinal1y fol~ oraphltlc b3nds within white SOCC8rol~1 oolomfte. LOOItion 75. 
North of Marmorflik township. 

C) Western South Lakes cJlffwel1 showing the orf!tl weetherlng Interb8rxEd orephtUc 
celc/oolomttes end celclte/oolomtte marbles of Unit 3 (M). The upper end lower unit 
mntfl:ts ere merked by tectonic slide zones (dashed). Height of cliff 500 metres. 

D) Mylonitic graphitic calcite/oolomlte marble. Tectooic s1l00 zone et LOC8tloo 628 
near the South Lekas G1fl:ier. Lens cap (centre top) for seele. 

E) Thin Interb8nd3d calcite oolom Ite merb las. The calcite marb Ie shows recessive 
weathering. LOOtrtlon 223. Northern Big South LElke. Compass clinometer for seele. 

F) ISOOlinal1y folded graphitic calcite/oolomite marble. Looetion 629c. North of the 
South Lakes el~ter. Lens cap for scale. 
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Unit J. Graphitic Calcite-Dolomite marble 

This unit Is the most easily recognised in the Marmorilik region, 

due to its distinctive interbanded blueish-grey to white resistant 

weathered apppearence (Fig. 3.9a & c). It has an outcrop width of up to 100 

metres (Fig. 3.2) and is bounded by two major tectonic slide zones (Fig. 

3.5). Contraction faulting and transposition of the banding are present 

within the unit. 

The base of the unit is marked by afew metres of indurated 

mylonltlsed graphitic calcite-dolomite marbles (Fig. 3.9d) with elongate 

coarse calctte and Quartz domains. Sim1Jar mylonite zones occur at spaced 

Intervals, 3-10 metres, through Unit 3 and are associated with highly 

sheared and IsocltnaJJy folded shear fabrics (Fig. 3.9f). 

In the less strained zones, massive calCite, dolomite (Fig. 3.ge) 

and strongly foliated graphitic calcite-dolomite marbles' (Fig. 3.9b,d & f) 

are Interbanded on a metre scale. The calcite-dolomite marbles contain 

irregular-granoblastic and polygontsed coarse grained Quartz and calcite 

domains. Fine grained graphite and phlogopite folia anastomose around 

these domains which He in a ftne grained, dynamically recrystal1tsed 

matrix of elongate dolomite (Fig. 5.4a & b). 

Disseminations and streaks of fine to coarse grained sphalerite 

and galena Ite parallel to the foliation and occur in sheared form 

throughout Untt 3. The greatest concentrations occur in the MP 5 zone 

(Fig 6.1). 

Unit 4. Coarse Calcite Marble 

The coarse calcite marble Is the lowest and dominant unit of the 

Upper Marmorl1lk member (Fig. 3.2). It varies tn thickness from 110 metres 

In the Tributary area to 240 metres In the Western Marmorllik Plateau 

(Flg.3.Sl It forms the slightly recessive creamy white weathering upper 

South lakes and Agfardltkavsa Fjord cltffwalls (Figs. 3.9a & 3. lOa). that 

host the stratabOtild zlnc-lead-lron-sl1ver Black Angel depoSits. For a 
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Figure J.l0 Upper Marmortllk Formation Calcitic Marbles. 

A) field photaTeph of the rxrthern Merm(J'"lIlk Pleteeu cllffwell stlowlno massive 
white calcitic marbles InterbenOOd with peHtlc schists end oolomttes. The Upper 
Marm(J'"tlik formation marbles (Unit 5) are overleln by pelttlc schists of the Nukevsek 
f(J'"matioo ([)eric CTey). 

B) DrU1 are from the Bid Angel Mountain showlno thin Irrf9,ller to wispy anhytritic 
baOOs (1f~t (J'eY) within carse calcitiC marbles. Lens C80 for seele. 

C) Massive end layered ore found within nuoriUc (left are) tDrsely ra::ryste11ised 
calcitic marble. Drtll Hole V 118. Lens cap fer scale. 

D) A slab or phlappitic folteted calcite marble. The eerly S, folietion Is crenuleted by a 
leter ~ fabric (left - rl~t). Tributary c1tffwatl. 

E) PhotomlcnJTeph of coarsely recryste11lsed calcitic marble. The cmrse marble 
grafj'fis show _rated greln bound!rles end s1i~tly bent enneeltno twins. Thin section 
391. Northern Marm(J'"tlUc Plateau. PPL. Seele bar SOO~. 

F) PhotomltroTaph of a quartz calcite mylooite. The large, roun03d, hl~1y strained 
quartz eyes ere held In e ftnegrelned, ~iC811y recrystel1ised calctuc matrix 
(81a). Thfn SEl:Uon 3958. N«rthern Marmortlfk Plateau. XPL. Seele bar 500~. 

G) Close up of a quartz fr8flJ'ent in (F). The centre of the grain Is unstralned with finer 
grained sub-grains formlno at the quartz margins. XPL. Seele Bar 160~. 

H) Quartz eyes set within coarsely recrysta11tsed calcittc marble. Thin SEl:tion 391. 
Northern Marmor1111c PloteGU. PPL Seele bar 500~. 
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more detal1ed review ofldeposlts' stratigraphic setting see section 6.5.4. 

This unit is Quite monotonous, consisting of thick sequences of 

cream-light orange weathering massively bedded, coarsely recrystallised 

calcite marbles In which a strong phlogopftlc fo11atlon Is often developed 

(Fls. 3.1 Oa & c). Unit 4 also contains 1-30 metre thick chert and 

semlpellte bands (Fig. 3.1 Oa), anhydritic (Fig. 3.1 Db) and gypslferous beds, 

up to 30 cm thick, and salmon pink manganese-rich calcite marbles. 

Calc-silicate mylonites occur In bands up to 1.5 metres wide. 

These contain sub-rounded to tabular Quartz fragments ('Quartz eyes')(Flg. 

3. 1 Of-h), up to 2mm In diameter. These occur as Indented, sutured, and 

highly strained grains with undulose extinction, cataclastlc fracturing 

and sub-grain development (Fig. 3.1 Og). The Quartz eyes are set In a fine 

grained, polygonal calcite matrix (Fig. 3.100, which exhibits re11ct 

dynamlcal1y recrystal1lsed textures. 

The top of unit 4 Is strongly sheared In the Western MarmorlHk 

Plateau and the Tributary cHffwall where it Is overthrust by the Nukavsak 

Formation and Unit 6, respectively (Fig. 3.5). In the South Lakes c11ffwall, 

Interbanded calcite and dolomite marbles of unit 5 conformably over11e 

unit 4 (Fig. 3.5). 

Unit 5. Interbanded Calcite and Dolomite marbles 

This unit Is up to 170 metres thick and restricted to the South 

Lakes cl1ffwall and the middle Marmorllik Plateau (Fig. 3.5). It Is made up 

of cm-m Interbands of granoblastlc, coarse, calcite marbles and finer 

grained, white to Hght grey, saccharoldal dolomite marbles (Fig. 3.10a & 

3.11 h). The calcite marble occurs In early extension veins that are 

subsequently deformed and transposed within the dolomite marbles. Minor, 

lmm, phlogoplte and biotite crystals define a weak fo11atlon. Metre thick, 

mylonltlsed, semtpellte and chert bands are tectonically tnterbanded with 

the marbles. 
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Figure 3.11 Nukavsak and Upper Marmorllik Formation 

Nukavsak Formation 
A) fjeld photqaph of the ruthern MarmCK"i1ik Pl~emJ c1lffwel1 shattting the Upper 
MermortJik formetion merbles ere overlein by pelitic schists of the Nuk~ 
format ion (Dark 'Tet). Heifllt of cl Iff 200 metres. 

B) Drt11 core of orephitic, blotitic pelitic schists of the Nukevsak formetioo. Minor 
recrystallised calcite forms In boudinE93dlenses. Drill hole V 216. 

C) fol(8j and crenulated blot1te schists of the Nukevsak formation. 51 cl~ runs 
left-rlQhl Location 408. Northern Marmorlllk Plateau c1tffwa1J. Pencil fer scale. 

D) Photomtcrooreph of ~ crenuleted 'Taphltfc, bloHUc, sntceous pelitic s:hlsts of the 
Nukevsek Formation. The S I fabric (left-rlfllt) contains ~tz ribbons. Thin section 
9. Tributary eHrfwa11. 

Upper Marmortllt Formation 
E) Grey banded merbles of unit 6. Doric fTev cblomftlc merbles contain en en-khelon 
(Imbricated) errtl{ of coersely recryst8l11sed calcite filled extension fr2dures (D I 
extension veins 1). Lreetlon. Drift 23, Bleck Angel mine. Ruler for seele. 

F) Grey b8flIkI merble. ())erse calcitic marble end fine 'Talned (irk 'Tf1./ (b)(rnttic 
marble developing In foliated bands. Location. Drln 23, Bleck Al'9!1 mine. Ruler for 
scale. 

G) calcite filled fractures In silty 'Tephltlc marble of Unit 6 Mermorlllic FormaUon. 
location 786. Bleck Angel Mountain. 

H) Interbanded buff weathering cblomiUc end recessive weathering calcitic merble. 
Location 745. Bleck Angel Mountain. Hemmer for scale. 

I) Coarsely recrysta11ised s111ceous bend (D I extension vein 1) within ~ttic 
cblomltic merbleof Unit 6. Location 747. Bleck Angel Mountain. 
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Unit 6. Grey Banded Marbles 

This unit is restricted to the Black Angel Mountain plateau and is 

the uppermost unit in the Marmorillk Formation. It consists of a 0-120 

metre thick sequence of interbanded mid-dark grey, fine grained, graphitic 

dolomite marbles (Fig. 3.11 e,f & 1) and coarse grained calcitic marbles. 

The semipelite content increases upwards as the Marmorl1lk Formation 

grades into the basal Nukavsak Formation. 

J.J.J Nukavsak Formation. 

The Nukavsak Formation outcrops as a tectoniC sl1de block on the 

top of the Marmorl1lk and Black Angel Plateaux (Fig. J.S & J.lla). It 

consists dominantly of monotonous Quartz-plagioclase-blotlte-graphlte 

schists (Fig. 3.11b) with very strong slaty and crenulaUon cleavages (Fig. 

l.11c & d). Intercalations of grey banded marbles and highly sheared 

graphitic schists occur near the base. The schists show elongate Quartz 

grains that are aligned paral1el with the foliation. On the Black Angel 

Plateau a 5-l0 metre thick Quartz-biotite- graphite-pyrrhotite-pyrite 

schist occurs about 100 metres above the base of the Formation, that 1s 

characterised by alternating bands of coarse grained quartz and medium to 

coarse grained pyrrhotite and pyrite. 
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CHAPTER 4: The Structure of the Marmorl 1 ik Region 

4.1 Introduction 

In the Marmoril1k area the Karrat Group is held tn an east-west 

trending, f1at lying, synformal, trough that is fault bounded to the north 

and south by upstanding basement blocks (Figs 4.1 a, b &c). Complexly 

refolded, east-west trending, folds and flat lying contraction faults are 

present in the supracrustal sequence. The stratigraphy ts tnverted along 

the northem margin where basement gneisses are infolded and thrust over 

the Karrat Group supracrustals. The southern margin of the supracrustal 

belt is structurally the correct way up and is marked by an extensional 

mylonitised detachment surface. 

This study demonstrates that previous detailed structural studtes 

by Garde (1978) and Pedersen (1980a & b) were inadequate. Garde (1978) 

postulated that the matn deformatton events were an early recumbent fold 

phase followed by thrusting and the formation of a major open synform. 

Pedersen (1980a & b) establ1shed that three phases of deformatton had 

affected the Karrat Group in the Marmorl1ik region, but confused the 

relative timing of the tectontc events and fatled to recogntse that the 

structures evolved In linked tectonic systems. In both of these previous 

studies l1ttle attention was patd to the kinematics of the deformation. As 

a consequence, this thesis completely re-evaluates the structural 

evolution of the Marmoril1k area. Detailed structural analysis was carried 

out at key locattons with particular attention focussed upon the 

kinematics of the structural history. 

The area was mapped at scales between 1 :5000 and 1 :20000. 

Figure 4.1 a is a 1 :20,000 scale map compiled from two field seasons of 

structural mapptng which incorporates some earlier data from studies by 

Garde (1978) and Pedersen (1980a). Regional and mine mapping of the area 

was undertaken In an attempt to deduce a tectonic history of the Black 

Angel Deposits. Structural mapping was generally restricted to the 

supracrustal units. Limited traverses Into the basement and along the 
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FIGURE 4·1b Geological cross-section through South Lakes area and Tributary cliffwa ll 
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FIGURE 4·1c Geological cross-section through the western Marmorilik Plateau and Fishing Lakes cliffwall 
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basement-supracrustal contact were made in order to determine the 

tectonic relationships at these contacts, and also the state of strain and 

kinematic controls that the basement may have had upon deformation 

within the Karrat Group. 

This detal1ed remapping has led to a new tectonic interpretation 

for supracrustal deformation in the Marmori1tk area. Four phases of 

deformation have been defined (Table 4.1 ):-

i) Early recumbent phase. 

iO South verging fold and fault phase. 

HO Sinistral shear phase. 

Iv) Late extenSion phase. 

The first three events are interpreted to be pervasive, polyphase, 

ductl1e to semi-brittle deformation events associated with 

Mid-Proterozoic (Rinklan) tectonism. The last deformation phase, of 

uncertain age, Is an extensional event associated with NNW-SSE oriented 

dolerite dyke filled faults (section. 2.2.3). 

The relative timing of the tectonic events have been defined by a 

study of both macroscopic and microscopic overprinting relationships. The 

kinematics of the tectonic events were estabHshed by analysing vergence 

and shear criteria I.e.: axial planar structures, bedding/cleavage and 

cleavage/cleavage relationships, parasitic fold orientations and 

relationships, fracturing and rotation of phenocrysts, sense of shear 

Indicators and the kinematiC relationships of shear structures (e.g. fault 

planes, mylonite zones and shear zone boundaries). 
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Table 4.1: Summary of deformaUon phases tn the Marmori Itk area 

DEFORMATION STRUCTURES YEReENCE ORIENTATION METAMORPHIC 

EVENT FORMED DIRECTION OF STRUCTURES ASSEt1B l.A8E 

Dl EARLY EXTENSiONAl FAN NORTH VERGING DOMINANTlY MUSCOVITE-

RECUMBENT SYSTEMS EAST-WEST PHLOOOPITE-

PHASE RECUMBENT NAPPE QUARTZ-

STRUCTURES DOlOMITE-

D2 FOLD OVERTHRUST SOUTH TO EAST - WEST TO PHLOOOPITE-

AND SLIDE NORTHERN BASEMENT SOUTH EAST NORTH-EAST - 810TOTE-

PHASE SOUTHERLY INCliNED VERGING SOUTHWEST MYLONITE 

fOlDS. IMBRICATE 

TECTONIC SliDES 

WITH BASEMENT 

INalRPORA TlON 

D3 SINISTRAl. TRANSTENSIONAl. SINISTRAl ENE-WSW TREMOlITE-

SHEAR PHASE HALF-GRABEN BASIN SHEAR BOUNDING FAULTS SCAPOlITE-

BASEMENT SHEAR WNW-ENE ACT INOlITE-

ZONES EN-ECHELON FOlDS PHL<mPITE-

EN-ECHELON FOlDS N-S SYNTHETIC MusrovITE-

EN-ECHELON SHEARS QUARTZ-

SINISTRAl SHEARS DOlOMITE 

D4 EXTENSION DOLERITE DYKE 0, VERTICAl. N-SDYKES MI NOR roNT ACT 

PHASE FILLED FAULTS C7 HORIZONTAl NE-SW SILLS METAMORPHISM 

03 REACTIVATED ~ HORIZONTAl 

SILLS 



4.2 01 Early Recumbent phase deformation 

4.2. 1. Introduction. 

This deformation phase is a progressive ductl1e deformation in 

which both southerly extensional and northerly compressional tectonic 

fabrics are developed (Fig 4.2). All kinematic indicators suggest that a 

northerly tectonic transport direction occurred during' this deformation 

phase. 

D 1 structures are best preserved In the southern Marmorilik area 

(Fig. 4.2). Overprint ing and transposit ion of 01 fabrics by later tectonic 

events has taken place in the central and northern Marmorl1ik areas. 

4.2.2 Southern extensional domain. 

The southern extensional domain is characterised by ductile, 

extenSional systems In both the supracrustals and the granodlorltic 

basement massif. The domain Is sub-divided Into four 

tectono-metamorphiC packages (Fig. 4.4) :- a) Crystalline Granodiorite 

basement b) Mylonitic granitoid gneiss c) Mylonitic basement/supracrustal 

decollement zone d) ductile to seml-ductUe extended supracrustal cover. 

These four packages exhibit many similarities to those of the Cordilleran 

metamorphic core complexes (Coney, 1980; Naruk, 1986). 

Six structural sub-areas have been classified In the southern 

MarmorlHk region. The orientation of four tectonic packages In the sub 

areas are represented stereographical1y in Figure 4. 17. The sub-areas are 

(Flg.4.3):- t) Ark area. 11) South Lakes area. itt) Southern 'A' Fjord and 

eastern Plateau. Iv) Western Plateau v) Peak 1 085. 

vi) Uvkusslgsat (NunarssugssuaQ). 

An extended basement/cover contact Is present In sub areas 

(O-(tv), where relatively consistent structural orientations occur. An 

overturned basement/cover contact Is present In sub areas (v) and (vO, and 

Is associated with complex extensional and contractional structures. The 

four tectono-metamorphic packages of sub-areas (1)-(tv) are as follows:-
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a) Granodlorlt1c basement 

The undeformed granodiorite (3.2.2) consists of alkali and 

plagioclase feldspar phenocrysts In a Quartzo-felspathlc matrix with 

accessory hornblende, muscovite and biotite (Fig. 3.4). 

b) Granitoid Gneiss 

Discrete curvilinear, extenSional, north-side down, ductile shear 

zones occur In the granodiorite. They increase in width and frequency 

towards the basement contact (Figs. 4.1 b & c,), The shear zones consist of 

spaced foliation planes composed of biotite, muscovite and hornblende, 

which wrap around elongate, fractured and boudinaged feldspathlc 

porphyroclasts (Fig. 4.5a, c, d & e.). The S I foHatton planes contain an 

extensional crenulation cleavage (Fig. 4.5b) (Watkinson, 1984; Lister and 

Snoke, 1984), that l1es parallel to fractures within the elongate 

porphyroclasts (Fig. 4.5c). 

Below the basement/supracrustal contact the shear zones combine 

to form a 100 metre wide zone of granitoid gneiss. The deformation Is 

very Intense at the contact, and the feldspathlc porphyroclasts are so 

hlgh1y extended as to be almost unrecognisable (Fig. 4.5e>. The 

porphyroclasts are set within a dominantly mylonitised matrix, that 

locally becomes phy11onitlc, with up to 601 phlogopite. Very strong 

north-south trending mineral stretching 1ineations occur on schistosity 

planes. 

c) Mylonitic decollement 

The basement/supracrustal contact is a sharply defined feature 

(FigS. 4.4 & 4.5a), which Is marked by a 10w angle, schistose to my10nltlc 

zone (Fig. 4.1 a & b). In places, e.g. the eastern Marmort1lk Plateau, 

lensoldal basement wedges are Interleaved with the supracrustal 

QeqertarssuaQ Formation. The basement 1enses are up to 20 metres wide 

and are bounded on a11 sides by mylonltlSed supracrustal fabrics. 
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The mylonitic zones occur as bands up to 2 metres wide, separated 

by lsoclinal1y, intrafol1al1y folded calc-silicate units (Fig. 4.50. The 

mylonitic foliation intersects the mylonite zone boundaries at an angle 

between 85· and 89·. Strain within the supracrustals decreases away from 

the basement contact, with the mylonite zones becoming thinner in the 

massive quartzites of the Qeqertarssuaq Formation (Fig. 4.8c). 

d) Seml-ductl1e extension of the cover sequence 

Semi-ductile extensional fan systems and recumbent overfolds 

occur in the extended cover sequence of the southern South Lakes area (Fig. 

4.6 & 4.7), but are masked by 02 overprinting in the Fishing Lakes cliffwall 

and the southern Marmorillk Plateau. 

The extenSional fan systems consist of discrete, 2-3 metre wide, 

low angle extension faults (Figs. 4.6 & 4.8a), with planar and ramp-flat 

geometries (Gibbs, 1984; McClay and Ellis, 1987). The ramp-flat faults 

form duplexed fault zones that consist of an extenSional roof and floor 

fault or mylonite zone (Fig. 4.8c). These faults bound a series of dolomitic 

horse blocks (Figs. 4.8f & gJ, which are cut by a system of steeply north 

dipping, 2-15 cm. wide, Hnk faults. En-echelon, south dipping, high angle 

antithetic faults, hangingwal1 half-grabens and rol1over structures 

(Hambl1n, 1965) occur above listric fault ramps (Fig. 4.6). 

In the dolomitic fault blocks assymetric, northerly verging, 

incl1ned to recumbent folds occur (Figs. 4.9). The folds ~ -: - ~ are 

characterised by curved fold axial planes and doubly plunging periclinal (in 

some cases reclined) sheath-l1ke fold axes (Fig. 4.7 & 4.9a & c). Folded 

pinch and swell structures (Fig. 4.9b) are present on the upper fold limbs 

which indicate a progressively changing stress regime during fold 

development. Refracting axial planar cleavage (Fig. 4.9f) and quartziUc 

mul1lon and rod structures (Fig. 4.99 & h) occw- In the northerly Inclined 

folds. The cleavage Is flatter to the north and often becomes concentrated 
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as slip planes or decollement horizons above which recumbent folds are 

accomodated. The folds increase in magnitude northwards through the 

supracrustal sequence (Figs. 4.9 & 4.10). 

Deformation west of MarmortJ Ik 

In sub-areas (v) and (vO of the Peak 1085 (Figs. 4.10, 4.11 & 4.12) 

and the NunarssugssuaQ Peninsula (Fig. 4.13), the southerly 

basement/supracrustal contact is rotated Into an upright and then an 

overturned attitude (Fig. 9.7). Complex refolded deformation fabrics are 

formed In association with the progressIve rotatIon of the contact In both 

of these sub-areas. 

Sub-area (v) Peak 1085 

On the Peak 1065 (Fig. 4.3 & 4.10), the supracrustals are deformed 

into a tight, north verging, overturned, 'pinched In', synform between two 

bulbous, north verging, basement antiforms (Flg.4.11). The four 

tectonic-metamorphic packages, associated with extensIon durIng the 

early recumbent phase deformation, are refolded about the synform (Fig. 

4.11). Small scale structures such as mylonitic calc-slHcates of the 

QeQertarssuaQ FormatIon, with IntrafoHal shear folds and an associated 

51 cleavage, are folded by later stage, north vergIng, coaxial, folds 

(Fig. 4.12 a & b). 

Sub-area (vI) Nunnarsugssuaq Peninsula 

On the NunarssugssuaQ Peninsula (Fig. 4.3 & 4.13), the 

supracrustals lie in a tight to Isoclinal, southerly Incltned synform 

bounded to the north and south by basement gneisses. The southern 

supracrustal/basement contact Is marked by a shaJ10w southerly dipping, 

northerly verging, contractional slide zone. The slide has reactivated an 

early extension fault and emplaced Imbricated, basement gneisses over the 

Karrat group s~rustals (Fig. 4.13). At the northern contact, basement 

gneisses are deformed Into a south verging, rearnbent, tight to ISOClinal, 
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02 (section 4.3) antiform and pinched in synform pair (Fig. 4.13). These 

folds extend southwards into the supracrustal units of the Karrat Group, 

where they are transected by north verging, low angle, contraction faults 

associated with the northerly directed overthrusting of the basement. 

4.2.3 Northern contractional domain. 

Large scale compressional structures, such as overturned 

recumbent nappes with minor low angle contraction faults, dominate the 

northern Marmort Hk area (F tg. 4.2 & 4. 14) and are Hnked to the southerly 

extensional fault systems by a flat lying, highly sheared, structural zone 

in the central Marmorl1lk area (Fig. 4.26 & 6.10). 

The northern domain can be subdivided structurally Into two 

distinct sub-areas, that are cut by a OJ sinistral shear zone. The sub areas 

(Fig. 4.3) are; viI) Marmortltk, Tributary and west Plateau area and 

vitO Magdlak Peninsula (Fig. 4.18). 

Sub area (vln is dominated by the Black Angel nappe (Fig. 4.14). 

This major nappe 1s a refolded, recumbent, 1socHnal, synformal anticline. 

It Is an east-west trending, sub-horizontal to gently south dipping, north 

verging, non-cyllndrtcal structure which has a wavelength of 

approximately 500 metres and an amplitude of 1-2 km. Strong parasitic 

folding, with saddle reef and nipple fold accomodation structures (Fig. 

4. 15a) occur in the tectonically thtckened and refolded nappe closure 

(FIg.4.14). Commonly the limbs are attenuated and transposed by a 

penetrative axial planar cleavage. Class 2 simtlar folds lie on the correct 

way up limbs, whilst Class 3 folds are found on the overturned sheared 

limbs (Fig. 4.15 & 4.16), The structurally correct way up fold Itmbs are 

attenuated and boudtnaged. The boudtns occur as 'fish mouth' structures 

(Fig. 4.ge). Quartz Is recrystal1tsed In the boudin necks. The overturned 

fold limbs are sheared out along forelimb and out of syncline tectonic 

sl1des (Figs. 4.14 & 6.18) on which phlogopltlc mineraI stretching 

I1neatlons ocCtr. 
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',', SEMI-DUCTILEY EXTENDED 

COVER SEQUENCE 

DECOLLEMENT ZONE 

MYLONITIC GRANITOID GNEISS 

CRY ST ALLINE GRANODIORITE 

Figure 4.4 A schematic representatjon of the four 

tectono-metamorph1c packages that occur on the southerly 

basement! supracrusta 1 contact. 
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Figure 4.5 01 Basement Structures 

A) field phot€1T8Ph showing the basementlsuprlUustel conttd at the soothern 
Agfardlikavsa fjord. Note the steep to southerly overturned cootoct end the 
northerly verofng folds OOveloped In the suprlUustels. Sc8le b8r 300metres. 

B) OrttnOOiorite piss forming ewell «Eveloped CIS febrlc tMt Indicetes It sinistral 
sense of shear. l0C8Uon 17. southern basementlsupracrustal contoct l tttle South 
lake. scaJe bar scm. 

C) An antithetic 01 dextral sheer 20ne developaj In relatively hom(93OElOUS 

granodiorite. lOC8tion 120. south of the Agferdllkevse fjord. 

D) Close up of a severly exten03d feldspar mer;,ocryst within a ~enOOlorltfc piss. 
The high engle north dipping fractures Indicate OOxtral sheer. l0C8tion 231 , Peek 
915. South Lakes. 

E) Highly sheared end stronoly altered gronttlod gneiss loceted close to the 
basement/supracrustal conttd. Note the hirjl matrix content end extEnBt ribbon 
like feldspathlc phenocrysts. l0C8tion 72, fishing Lakes cHffwall. 

F) North verging folds with minor 'out of syncJfne' sHdes ~eloped In onisotropic 
celc-s11lcete units of the OecJrt~ formation, Just above the 
basementlsuprocrustal contact (l0C8ted In the streem bed). locetlon 72, fishing 
lekes CHrfwan. 
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Figure 4.6 line Drawing of an Extensional Fault System 

A) line drawing of the south-eestern IDJe of the Big South l6t:e. low ergle 01 
extensional faults occur in en imbricated end duplexed 5yStems ebove a m8jor 
ramp-flat fault To the north (left) the extencB:f units ere reformed Into fO"th 
verging 0 1 flexures. 

B) SterEQTam showing the scatter of poles to 01 extension faults (~), S 1 
cleav~ (crosses) end the plu~ off 1 fold axes (open circles). 

C) Sketch of CIS fabric revelopment in grenitoid piss of the souther 1y b8sement 
messif. Note the frldured, exterKEd end etqr'I-like feldsp8thic m~ 

D) Sterogram showing the distriobution of poles to C fabrics (circles) en:f poles to 
S 1 cleevtJJB in the grenitoid gneiss of the souther 1y b8sement messif. 
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figure 4.7 Simpllfted tectonic map of the south-east Little South Lake 
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Figure 4.8. 01 Extensional Structures 

A} D 1 extension fault tru. Note the steeply ruth dlpplno units (right) In the 
footwall end the relatively shallowly dipp1no units In the ~inowall (left) of the 
fault. Location 283, South Jekes. 

B) Open D 1 Oexure in the immediate footwall of a D 1 exten~lon fault. The siliceous 
oolomitic marble shows 8 refraction end northward rotation or fannino 01 the S 1 
c'~. Close to location 11, South Lses. 

C) Mylonitic fabrics developed in low enole extensional sheer zones in the ~t2itic 
units 01 the ~tar~ Formation. Location 233, Peek 915, South Lses. 

D) CIS frabrlc relationships ~loped In phllJJlPlUc mlomite m8rbles 01 unit 1 
Lower Mermortlik Formation. The CIS fabric indlC8tes a sinistral sense of sheer. 
locetion 370, southern South lokes. 

E) 11 close up o1a thin, 5Ocm. thick, D 1 extensionolfault zone. The deformation Is 
restricted to the footwell block In which a chaotically deformed sequence 01 wplaxed 
end Imbricated extenslonel m Icro1au Its ere mveloped. Lreat Ion 146, South-east 
little South Loke. 

F) Phot~eph of conjugate D 1 extensi0081 fault zones, thet bound al8f9B 10zef9 
shepaj extenslonel tKrse block. Note the CIS fabric relationships Indtcatlno 
sinistral displacement end a northerly tectonic transport. Location 249, south of 
B 10 South lake. 

G) Close up of the mlcro1aultino developed In the D 1 extensional fault system of (F). 
Note the 10zenc)8 shaped (micro)horse blocks that ere held In an extensionel wplax 
system. 
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Figure 4.9 Dl Folds and Associated Structures 

A) Doubly plunging, sheath like, reclinOO 01 folds OOveloped in stlicoous bands 
within oolomttic marble (unit 2, Marmornik Formation). l0C8tion 101, South 
lekes. Compass clinometer for salle. 

B) As$ymetric northerly verging, folded pinch and swe11 structures developed in 
siliceous layers within oolomltlc marble. Scale ber 50 em. l0C8t1on 25, north of 
little South leke. 

C) ChooUC811y ooformed rootless folds formed In a 01 sheer zone. The folds are 
mveloped In Inter~ oolomltlc sandstones end siltstones of the lower 
Marmor1J1k Formation. location 716, south MarmorHik Pl8teeu. Hammer for scale. 

D) S1Itceous bands formlnQ oortherly verQlno disharmonic folds In oolomltlc 
merbles.lOC8tion 271, south little South leke. 

E) 'Fish mouth' internal baudins formed in interbandOO graphitic oolomitic 
sandstones end sntstones.looation 91, north west MarmorlUk Plateeu. Pencil for 
seele. 

F) Stronoly refracted 01 exi81 pl8n8r cleeveae, with mtnor slip 8CCOOl008ted 810n0 
cleav8;J8 planes.looatlon 12, fishing lekes cliffwel1. 

G) Quartz rm:Jlng OOveloped per8nel to 01 fold exes in siliaws oolomitic marbles 
of the lowermost M8I'mort111c Formation. Note the 03 sinlstr81 sheer zone cross 
cutting the roos. Pencil for scale. l0C8tion 101, south of l IUle South lake. 

H) Transposition of e siliaws bend, Into elongate lenses, by en upright 01 
cleavtr;Je. The Intense cleav8Q8 refracts Into 8 massive b8s81 oolomltlc marble. 
locetion 280, south of little South lake. 
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Figure 4.12 Refolded deformation structures observed on the 1085 Peak. 
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F1gure 4.14 Structural Interpretat 10n of the Black Angel Nappe 

Phot():Jraph of the B lock An~1 cliffwalJ showing the 01 B Jed: An~1 nappe and the entrance to the 
Block An~l mine (oouble block holes with cable car" 3 m hiOh). The nappe is composed of e 
siliceous pelite that is infolred with calcite/oolomite marbles 1n the fold hinge. The 01 structure 
with severely attenuated fold limbs, parasitic folds end associated north verging out of synCline 
tectonIc sHdes Is refolded about an open, southerly lncllned 03 fold. The An~l zone ore horizon 
outcrops os 0 dark weathering, structurally correct 'wrt{ up' t horizon within calcite marbles 
above the upper 01 parasitic fold hin~. Height of phot()Jraph 240 metres. 
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Figure 4.15 

DIP ISOGONS CONSTRUCTED ON 01 FOLDS 

A. 

100 M. 

B. 

c. 1 M. 

1 M. 
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Table 4.2: Summary of Stereographic data from homogeneous 

sub-areas for Oland 02 deformation phases 

01 Structures 

structure FAP 1 FA 1 51 Extension 'C' fabric 
SUb-•• fault 

t) Ark .... 40-191 4-112 26-201 28-306 46-311 

It) South Lakes 28-021 0-283 20-011 24-024 50-020 
12-300 

Ut) "A" Fjord 81-152 20-060 80-150 10-345 

tv) fishing Lakas 21-158 25-061 32-326 31-348 
12-048 

v) Peak 1 085 30-149 6-257 (R) 
39-170(L) 6-229 (L) 40-168(L) 

vt) Uvkusslgset 

y1l) Tributary 10-110 26-080 40-180 
20-260 

vltt) Hagdlek 

02 Structures 

structure FAP 2 fA 2 T2 S2 Slip vector 
lecetl ... 

Tributary 33-344 16-060 28-356 36-337 24-345 

Flshl ... Lakes 31-330 20-045 32-347 18-350 10-300 
Cllff.ln 

W. Her.ortltk 60-356 14-272 72-356 60-356 20-280 
Pl __ 

..... l ... 33-001 14-266 35-359 34-358 32-352 
CUfhrell 5-306 

" ...... tIIt 40-001 30-065 23-018 30-012 40-001 , ..... 10-079 

Nut ... 38-334 11-052 26-026 36-338 21-000 
Far.at-
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4.3 D2 South Verging Fold and Fault phase 

4.3.1 Introduction. 

The 02 deformation phase is a duct lle, south verging, fold and 

tectonic slide phase that refolds and transposes earller 01 deformation 

structures. large assymmetrlc, south verging folds occur in the northern 

Marmorl1ik area (Figs 4.1 b, 4.19 & 4.20). To the south, the central 

MarmoriHk region is dominated by an imbricated, shallow northerly 

dipping, southerly verging, tectonic sJide belt where the folds are 

recumbent (Figs. 4.19, 4.23a & 4.26). The tectonic sJ1des invert and 

tectonicaJJy thicken the supracrustal p1Je. 

4.3.2 D2 Northern Fold Belt. 

The 02 northern fold belt is an east-west trending structural belt 

that extends from the Magdlak Peninsula to the inland ice cap (Figs. 4.3 & 

4.19). On the Magdlak Peninsula basement gneisses are infolded and thrust 

over an inverted supracrustal panel (Fig. 4.18). Tight to isocJinal, south 

verging, pinched in synfonn antiform pairs occur along the contact (Fig. 

4.18). Planar contractional slides are situated in the overriding basement 

gneisses along the southerly Alfred Wegener Peninsula cl1ffwaJl. 

In the northern Marmorlilk area 02 deformation structures are 

represented by large scale, 250 metre amplitude and 300 metre 

wavelength, NE-SW trending, asymmetric, inclined, south to south-east 

verging non-cylindrical folds (Fig. 4.20). The folds occur in association 

with minor out of syncHne (Fig. 4.21d) and forelimb contraction faults. 

Fold axes plunge between 25- Wand 30- E (Fig. 4.25) with fold axial planes 

dipping northwards at 40--020- (Fig. 4.25). Minor parasitic class 2 siml1ar 

folds (FIg. 4.22 a &b) occur on the major fold limbs (Figs. 4.20, 4.21 c,d & e 

& 4.22>' These folds are often highly boudinaged on the upper limbs (Fig. 

4.21 e & f) and thrust out along minor, southerly verging, contraction 

faults on the lower overturned limbs. A strong axial planar 52 crenulatlon 

cleavage occurs. These planes characterise the diffuse contacts between 
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dark grey dolomitic marbles and white calcitic marbles (Fig. 4.20), and 

occur paral1el to minor, bleached, contractional fault zones (Fig. 4.26d & 

4.23). The diffuse and bleached zones indicate strong fluid flow during 

cleavage development. 

01 fabrics are refolded into type 3, generally Z on 5, fold 

interference patterns (Fig. 4.21 b & g). 51 phlogopitic foliations are 

crenulated (Fig 4.23b, d &e) and 01 contractional fault zones are re-folded. 

The 01 Black Angel nappe (Fig 4.14) does not show a strong refolding by 

02 folds, as the nappe closure is interpreted to He on an overturned 02 

fold 11mb below the 02 Tributary fold. 

4.3.3. Central contraction belt. 

a) TectoniC slide zones 

The 02 fold belt grades southwards into the central 02 

contraction belt (Fig 4.19). The 02 contraction belt is characterised by a 

sequence of five major, imbricated, east-west trending, north-north-west 

dipping (23-018), southerly verging planar and ramp flat tectonic sl1del 

zones (Fig 4.1 b & c, 4.23a, 4.25 & 4.26). Above the shal10w ramps, low 

amplitude snakeshead geometries and ramp anticlines are formed (Fig. 

4.26) that fold the topographical1y higher sUdes zones. Map scale duplexes 

(Boyer and Elliot, 1981) occur in both the 50uth Lakes cl1ffwal1 (Figs. 4.1 a 

& 4.19) and the western Marmori 11k Plateau, where basement gneisses and 

granodiorites are incorporated into a thick skinned duplex (Fig. 4.1 c) as 

Individual horses, bounded by high angle Hnk faults (72-356., S.V.15-268), 

-------------------------------------------------------------------
IThe term tectonic sHde Is used as defined by Fleuty (1964). That 

belng:-' a fault formed In close connection with folding, which Is broadly 
conformable with a major geometric feature (either fold 11mb or axial 
surface) of the structure, and which Is accompanied by thlmlng and/or 
excision of members of the rock succession affected by the folding' 

The tectonic sltdes cut previously deformed strata and as a 
consequence rarely emplace stratigraphically older rocks on top of 
strattgraphlcal1y younger rocks and therefore are not considered In terms 
of the classiC foreland fold and thrust systems (Boyer and Elltot, 1982). 
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Granodiorite wedges, Quartzites and calc-silicate schists are 

tectonically repeated by imbricated footwall collapse structures in the 

Fishing Lakes area (Figs. 4.1 c and 4.24). The stacl<ed tectonic panels 'tip 

out' eastwards along the Fishing Lakes cliffwall (Fig. 4.1 a), where the 

tectonic slides are folded above a ramp that consists of a rigid 01 

synformal-antlcline fold core (Fig. 4.24). A 02 tectoniC klippe of the 

Nukavsak Formation caps both the Marmorilik and Black Angel plateaux 

(Fig. 4.19, 4.21 a). 

The slide zones shear out 01 folds (Figs. 4.24 & 4.26) to produce 

cut off angles of between 0--90-. In the South lakes, Ark and western 

Plateau areas, 01 extensional faults are reactivated by 02 south verging 

tectoniC sJtdes (Fig. 6.5). This is best seen tn the western Marmorilik 

Plateau (Figs. 3.1 & 4.1 a & c) where a 01 extenSional fault (Inferred 

through the ommlslon of unit 1 stratigraphy) now clearly shows dextral, ie 

south verging, kinematic Indicators (Fig. 4.23c). 

The sub-horizontal sJlde zones (35-359-, Fig. 4.25) are 1.5 to 10 

metre wide and located at or close to Formation and unit boundaries (Figs 

J.l & 4. I, 4.21 a & 4.23a). They are marked by hlglly sheared myloniUc 

fabriCS and very closely spaced crenulatlon cleavages (Figs. 3.9, 4.23b & c) 

which show a strong paral1elism. Smaller scale mylonite zones occur 

within Individual slide bound tectonic panels (Unit 3 section 3.3.2), along 

with Intrafollal condom folds (Fig. 4.23c) and strong mineral stretching 

lineations, with mean slip vectors of 32-353 (Fig. 4.25). Slip vectors vary 

in orientation between separate tectonic sJ1de panels 

(Fig. 4.25 and Table 4.2). 

b) TectoniC slide panels 

The tectonic sJtde-bound panels contain non-cylindrical, recumbent 

to shallowly InClined, tight to IsocJtnal, southerly verging folds with 

either tightly 'pinched In' or 'sheared out' synformal hinges (Fig. 4.22 & 

4.24). Fold axial planes In the slide panels are much shallower than those 
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of the northerly fold belt (Figs. 4.20 & 4.26). t plots indicate that the F2 

folds are simlJar class 2 to flattened class 3 folds (Fig. 4.22). 

Crenulation Cleavages are axial planar to the F2 folds (Fig.4.23d). 

The cleavage type, orientation and intensity varies according to the 

I1thology and the relative proximity of sl ide zone surfaces. In the capping 

Nukavsak Formation kJfppe, very strong closely spaced crenulation 

cleavages fan upwards from a sub-horizontal orientation within the slide 

zone to become axial planar to sma)) scale, upright chevron folds (Figs. 

3.11 c & d, 4.23e). In the calcite and calcite-dolomite marble units of the 

Upper and Middle MarmoriJfk Formation, S2 cleavages are orientated at 

very low angles to the tectonic sl1de surfaces (Figs. 3.9d & f, & 4.25). The 

foliation planes are most strongly developed in the more anisotropic 

calCite-dolomite and graphitic calcite-dolomite marbles of unit 3, where 

an Intense transposition of earJter bedding and 01 fabrics has occurred. 

The cleavage traces are picked out by the aHgnment of graphite, Insoluble 

clay residues and phlogoplte/muscovlte micas that wrap around elongate 

coarse calcite and slightly finer dolomite grains (Fig. 5.5 a & b). 
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Figure 4.20 The D2 Tributary Fold 

A) The Tributary fold; " 02 SSE verging, esymmetrlc, overturned, 
antiform-synform pair with a strong 02 axial planar crenulation cleav~, which 
parallels the inclined oolomite (grey) calcite (white) bands in the entiformel fold 
hinge. The fold Is reveloped in 8 thick siliceous-pyritic pelite. The Trlbutery 
mineralised showing is lreated below the synformel hinge. Scale bar 250 metres. 
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Figure 4.21 D2 Deformation Fold Structures 

A) An oblique phot<q'eph of the upper South lakes cliffwall looking northwards. 
Recumbent isoclinal F2 folds are transacted by a 02 tectonic slide that emploces the 
Nukavsek Formation (dark grey-block) over the interbanOOd gr~ banOOd oolom1tic 
and calcitic marbles (unit 6) of the Marmori1ik Formation. Scale bar 300 metres. 

B) Southerly verging F2 folds refold Isoclinal F 1 folds Into 8 type 3 fold 
Interference pattern. DolomitiC marbles of the Upper Marmorllik Formation. 
location 111, north Block Angel Plate6tJ. 

C) Type 3 fold Interference patterns formed by northerly verging F2 folds 
refolding an lsoc1fnal F 1 closure. South lakes Cllffwall 

D) ~etric 02 folds in thic1c and thin Jy banded chert units within calcitic 
marble.l0C8tion 1532. north wall Drift 23. Block ~I mine. 

E) Assymetric 02 folds with Imbrlceted 'out of synform' slides (with bl~hed 
zones) developed In chert banOOd calcitic marbles.l0C8tion 1532, north waH Drift 
23. Block~l mine. 

F) 02 boudins formed In 8 recrysta11ised calcite bend that In set In a dark rp!( 

Ollomitic marble. Eest wall Nunngarut drift E -F (45m). 1.5 metre rule for scale. 
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Figure 4.22 a 
DIP ISOGONS CONSTRUCTED ON 02 FOLDS 

A. 

20 eM. 

B. 

50 eM. 

c. 

10 eM. 
I I 
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Figure 4.23 02 Foliations 

A) Phot(lJraph of the western Agfardlik6V5a cliffwall highlighting the southerly 
verging low angle imbricated 02 tectonic sl100s. South verging, northerly inclined, 
isoclinal folds are reveloped within the tectonic slioo panels. 0 I norther 1y verging 
structures are formed below the lowermost (sole) slioo. Scale bar 300 metres. 

B) 'Mottled PeJite' showing throughgling northerly inclined mylonitic sheer zones 
(with sense of shear indicated) and 8S5)'JTletric southerly verging 02 'z' folds. 
Location 211, ne8r Myers showing, north South L6kes. . 

C) Mylonitic granooiorite, reveloped in a 02 tectonic slire zone, with 02 
intrafoHal isocHnal folds parallel to the mylonitic foHation. Location 502, western 
Marmortlfk Plateau. 

D) Competent dolomittc band transposed Into en S2 crenulatlon cleav~. Location 
516. south Marmorilik Plateau. Pencil for scale. 

E) Upright S2 crenulation cleavtg! reveloped in S 1 foliated biotite schists of the 
Nukavsak Formation. Pencil for scale. Location "10 I, northeast Marmorllik Plateau. 

-
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Figure 4.24 A Structural Interpretation of the Fishing 
Lakes Cliffwall 

M oblique aerial photr)Jf'aph of the spectocular FishinQ lakes 
cliffwall(sub-perpendicular to the 02 tectonic transport direction). A 01 
anticlinal-synform fold core is transected by low-angle imbricated 02 tectooic 
sl1de zones. SOUtherly verg1no. 02 ttght-1socl1nal folds occur 1n the tectonic sl1de 
bl~ks. The 01 fold core is thought to htlVe t£ted os a rigid footwall block during 02 
deformation. Width of cliffwall 10 km. Hei~t 11 OOm. 
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figure 4.26 02 Tectonic slide systems and the 

03 Trlbutary-Nunngarut fault 

Phot()Jraph of the eastern Agfardlikavsa cl1ffwal1 showing the imbricated 02 low angle tectonic 
sliOOs zones of the central contr~tion belt. The sliOOs zones trar.sect 0 1 r~mbent isoclinal 
folds (centre). Low lSngle rlSmps ~nd snakestJem structures ere developed towlSrd the top of the 
sequence (midjle left). South verging, tight to isoclinal 02 folds are formed in the 02 slide 
blocks, especIally where 8 hfQh ar)fsotropy encountered e.Q. the fnterbarnBj carbonate-pelite 
succession (top). The 03 Tributary Nunngorut sinistral shear fault (right) cross-cuts all 
earlier structures. It shows here an apparent dip-slip displocement of t 80 metres. 

," 
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4.4 OJ Sinistral Shear Phase 

4.4.1 Introduction. 

03 deformation in the Karrat Group supracrustals is dominated by 

a major sinistral shear zone (Fig. 4.27). The shear zone is bounded by two 

steeply dipping sinistral shear zones, the Quamarajuk and Fishing Lakes 

faults (Figs. 4.1 b &c, 4.27 & 4.28>-

Two distinct tectonic structures are present within the sinistral 

shear zone:- n en-echelon high angle, ductile to semi-ductl1e, NNE-SSW 

trending, WNW side down, sinistral shear zones with antithetic dextral 

splays and it) pericHnal en-echelon, WNW-ESE trending, north-easterly 

verging, asymmetric folds. 

The shear zones are dominant in the south and east of the study 

area, whtlst the en-echelon folds occur In the northern Marmorilik area 

(Figs. 4.27 & 4.28). In the Black Angel deposits the sinistral shear zones 

cross-cut the en-echelon folds (Fig. 6.15 & 6.16). 

4.4.2 Sinistral shear-bounding faults. 

The southerly Fishing Lakes fault is a 5-10 metre wide, 30--45-

northerly dipping, ductile, sinistral shear zone that has its maximum 

displacement at the Fishing Lakes cltffwal1. It reactivates the original1y 

extended basement-supracrustal contact In the Fishing Lakes area 

(Fig. 4.1 a, c & 4.27) then cuts previously undeformed granodiorite, until it 

Is deflected Into the supracrustal pile south of the Little South lake 

(Fig. 4.28). Here the shear zone Is transected by higher angle, NE-SW 

trending, west side down, 03 slnstral shear zones that cut both the 

basement and supracrustals (Fig. 4.1a & 4.27). 

The northerly Quamarajuk fault Is unexposed but Is Interpreted to 

be an oblique Slip, seml-ducttle, shear zone with an Inferred minimum dip 

slip displacement of 600 metres (Fig. 4. 1 b). The fault Is Inferred to trend 

WSW-ENE along the QuamaraJuk fjord, south of the Magdlak area, and then 

between the Karrat Group and the basement gneisses along the Alfred 
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Wegener Glacier to the Inland Ice-cap (Fig. 4.27 & 4.30a). This 

interpretation was made on the basis of several observations:-

o the presence of a major downbend in Oland 02 structures In 

the northern Marmorilik area (Figs. 4.30a)1 analogous to rollover 

development associated with a listric extension fault (McClay and El1isl 

1987).10 the juxtaposition of topographically higher basement gneisses of 

the Alfred Wegener Peninsula against the Karrat Group supracrustals (Fig. 

4.lb), itO the geometrical association of en-echelon shear zones and folds 

in the supracrustal pile (Figs. 4.27 & 4.28) and iv) the lack of 03 sinistral 

shear zones 1n the Magdlak Peninsula (Fig. 4.18). 

4.4.3 En-6chelon folds. 

En-echelon, doubly plunging, periclinal, ESE-WNW trending, open to 

closed, upright to northerly verging folds (Figs. 4.29a & 4.33) are found 

locally along the southern margin of the Ouamarajuk ('0') FJord fault. The 

fold axial traces are Inferred to Intersect the fault at an angle of between 

30--40- showing a clockwise sense of rotation (Fig. 4.27>. The fold axial 

planes are rotated from an upright to northerly inclined structures from 

the middle of the Black Angel mountain towards the '0' fjord (Fig. 4.30a). 

The fold axial traces are cross-cut at approximately 80- by later 03 

sinistral shear faults (Fig. 4.27) (section 4.4.4). Folds are accomodated by 

differential sUp of material on axial planar mlcroshears and microlithons 

(Fig. 4.291c & d). Extensional kink structures occur above semi-brittle 

fracture tips (Fig. 4. 29b). 

Very complex outcrop patterns result from 03 refolding of earlier 

tectoniC fabrics (Fig. 4.14 & 6.16). The earlier type 3 fold (01-02) 

Interference petterns are overprinted by type I, dome and baSin, 

Interference patterns as result of perlcltnal 03 refolding (Fig. 6.16). 
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4.4.4 Sinistral shear zones. 

To the south and east of MarmoriJik, NNE-SSW trending, WNW side 

down (76-304·, S.V. 30-208, Fig. 4.33), sinistral shear zones occur as 

en-echelon arrays. They are high angle, ductile to semi-ductile structures 

(Fig. 4.30c & d) with antithetic dextral splays (Fig. 4.30 e & g). The shear 

zones vary from small scale closely spaced semi-ducttle zones in the Ark 

area to semi-brittle, listic and planar oblique slip faults in the 

hangingwall block of the Tributary-Nunngarut fault (Fig. 4.26, 4.30a & b). 

These oblique sUp faults decrease in displacement northwestwards and 

Intersect the QuamaraJuk Fault at approximately 90· (Figs. 4.27 & 4.28). 

The Tributary-Nunngarut fault is a steep, braided fault zone of 180 

metres apparent dip sUp displacement on the 'A' fjord cliffwall (Fig. 4.26). 

The fau1t flattens out into a low angle, east-west trending, extensional 

structure on the Marmoriltk Plateau (Fig. 4.27 & 6.7), that tips out in the 

Fishing Lakes cUffwal1. 

Individual shear zones vary both in width (I cm-20m) and 

displacement (1 cm-180m) through the area (Fig. 4.30 c & n. The rotation 

of the external schistosity into the shear zone plane varies between 

600-850 from semi-ductile to ductile shear zones respectively 

(Fig. 4.30 c-g). Transtensional duplexes (Fig. 4.31) and antithetic 

accomodation features occur within the semi-ductile shear zones of the 

South Lakes area (Fig 4.27). Antithetic dextral (R') reidal shears 

(Fig. 4.309) offset the rotated schistosUy, whilst conjugate shear sets 

fracture the more compet-ent massive dolomitic lenses (Fig. 4.32g & h). 

These fractures are oriented with their acute bisectrix parallel to the 0 1 

d1rect1on. 

The shear zone fault blocks are relatively undeformed and exhibit 

a limited runber of synthetic and antithetic accomodatton features 

(Fig. 4.32). These Include extenSional, t£-SW trending, upright fractures 

with a north-west side down dextral or sinistral offset (Fig. 4.32 b,c & d), 

extensl~1 calcite-filled tension gashes (FIg. 4.32f), conjugate fractll'es 
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(70-30r and 57-061- Fig. 4.33) (Fig. 4.32g & h) and semi-ductile to 

brittle, planar, rotational JOints (Fig. 4.32a). 

The joints become closer spaced within the more brittle siliceous 

units (Fig. 4.32a) and also adjacent to the major shear zones. In the more 

mlcaceous-shaley units extension within the shear zone fault blocks is 

taken up by ductile shearing along earlier anisotropic schistosity planes. 

A minimum estimate for fhe cumulative Sinistral, west side down, 

displacement on the 20 major 03 shear zones in the supracrustal shear 

zone, has been estimated at 1.7 km by using the formula (Ramsey and 

Graham, 1970):-

s· f; y ay 

where 5 • displacement, Y = Angular shear strain, x = shear zone width 

4.5. 04 Late Extension Phase 

04 deformation is a non-penetrative event that conSists of 

linearly extenSive, sub-vertical, north-south trending, faults. The faults 

are sometimes filled with do lerl te dykes, up to 150 metre w ide, which are 

asSOCiated with minor si I1s. Extensive smaJJ scale fracturing and 

en-~chelon, north-south trending, west side down, joints are developed in 

the Black Angel mine. The faults are often observed as open zones or 1111ed 

with a carbonate/talc fault gouge. Mlcrofracturlng In the ore horizon 

occurs, with offsets of up to 2 metres on the Black Angel sulphide body. 

The age of this deformation is debatable (Sect. 2.2.3), but It 15 11kely to be 

late Pre-Cambrian (~1 000-700 rna.>. 
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Figure 4.28 3D image of 03 deformation structures in the 

Marmori HI< area. 
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Figure 4.29 OJ Fo1ds and Associated Shear Fau1ts 

A) 03 north verging B5ymmetric fold with 8 nipple like synformal hinge filled with 
massive recrysta11ised ore. 1.5 metre rule for scale. Stope 024, Angel zone, B leek 
A~I mine. 

B) A 03 semi-brittle shear fault with antithetic calcite filled tension gashes tips 
out Into a 03 extensional kink zone. Ruler divided Into 20 em. sections. loc.etion 
1630, Drift 23, Black Angel mi~. 

C) Steeply east dipping 03 dextral shear fault (8 fault in the Tributary fault 
system) showfno a stepped ramp-nat oeometry. The footwall marbles are bl~hed 
indicating 8 high fluid flow during deformation. The hangingwall block shows 03 
shear folds developed by slip on synthetic microfaults. location 1532, Drift 23, 
8Ia~Jmlne. 

D) Interb8lldedgrey banded calcite and ooJomite marbles are shea! ed into a 03 
synform which abutts a 03 steeply east dipping sinistral shear zone. Calcite filled 
tension gashes are formed In the sheer zone. Location 1628, Drift 23, B lack Angel 
mine. 

E) A close up of e sherp 03 semi-ductile, west dipping, sinistrel sheer fault. Talc 
and graphite occur on the shear zone plane. The hanginqNall pyrite laminated calcite 
marbles are bl~hed adjecent to the shear zone. Location 1628, Drift 23, Black 
Moel mine. 
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Figure 4.JO OJ Deformation Structures 

A) A view of the eastern 'A' fjord cliffwcll token from the 'Q' fjlrd. The troce of the 
inferred northerly sinstral shear bounding feult 1s marked. The exial troce of the 
03 rollover antiform is shown refoldino the 01 Block AnQel nappe. Antithetic shear 
fcults, tMt ra:omcOJte the rollover mwnbend 8I'ld rotmion, Dre developed to the 
south of the cliffwall. Width of photo 6 km. Height of cliffwall 1050 m. 

B) Close up of the southerly antithetic, listric, north-west side IiJwn, sinistral 
shear fault that occurs In an en-echelon errfJI of faults to the south of the eastern 
'A' fjord cliffwal1. The fault cross-cuts the southerly verging F2 folds. Scale bar 
150 m. 

C) A photOTaph showing an early S 1 foliated fabric becomino pr()Jl"essively rotated 
Into a steeply westward dippfng plane of 8 seml-ductfle 03 sinistral sheer fault. 
Hemmer for scale. location 39, South lakes area. 

D) Close up of the 03 shear fault 1n (C). In the shear zone the S 1 fabric is 
sub-perallel to the erOO3d shear zone marQin. The internal sheer zone foliation is 
cross-cut by c leter lower angle R 1 fabrIc. 

E) Antithetic semi-ductile, sub-vertical, 03 shear zone. The S 1 foliation is 
mformed Into 03 shear folds at the marQins of the shear zone. near Location 13, 
South lakes area 

F) An en-echelon errfJI of northwest dipping (top left) 03 semi-brittle, sinistral, 
m icroshear zones. Location 18, South lakes Cabin. 

G) A dUctile, antlthet1c, !Extral, shear zone mveloped In OOlOfJ)It1C sandstones and 
siltstones. Intersecting shear joints occur In the more competar,t oolOOlitic 
sandstone lenses (transposed by S 1 foliation). Location 39, South Lakes. 
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Figure 4.31 03 Transtensional Shear Fault System 

Photographic montlYJe of a 03 semi-brittle sinistral shear fault system developed in 
massive oolornite marbles on the northe6stern shore of the UUle South lake. The 
montage shows e high engle, northwesterly dipping, bounding fault to the right 
(south) of the frame. The hangingwall block is dissected by a series of 
transtens10nal synthet1c, h1gh 8O(Ile, sem1-br1ttle. rotational shear faults that form 
into trttnstensional duplexes. Towerds the centre of the frame, the fault sp~ing 
d:!creases and ramp-flat geometries cx:cur. Scale bar 2m. 
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Figure 4.J2 DJ Microfaults and Joints 

A) An en-echelon set of 03 antithetic, rotational, planar-concave, east sioo rown 
extension joints cross-cutting an early 51 foliation. location 25, north little South 
lake. 

B) Synthetfc northwest sl00 rown en echelon fr~tures OOveloped In a follated 
ooJomltlc marble. location 369, north Nunnoorut zone, Harmorililc Plateau. 

C) En-echelon, phmr-convex, rototiomll frll:tures that are OOveloped in 8 

synthetiC 03 sheer zone In the hangingw8ll of the Nunngerut fault. location 440, 
north Nunng8rut zooe, Marmorllik Plateau. 

D) Westerly dipping synthetiC extension JOints In the hanglngwall of a sinistral 
sheer zone. locction 25, north little South leke. 

E) En-echelon sinistral and dextral mlcroshe8r faults formed In an 5 I foliated 
graphitic oolomitic marble. Transected 03 similar folds form due to differential 
sUp on the 03 mlcroJ1thons. location 456, north Nunngarut zone, Harmortllic 
Plateau. 

F) Sub-vertical calcite filled tension joints cross-cutting 51/52 foliated rTf!\! 
banOOd calcite-oolamite marbles. Location 747, north B 1~1c Angel Plateeu. 

G) conjugate end Intersecting shear faults OOveloped In relatfvely unooformed 
massive oolomltfc marbles at the centre of elarge slnlstrel shear fault zone. 
location 39, south South lakes. 

H) Interb8nded oolomitic 51 foliated siltstones and sandstone lenses to the east of e 
ductile dextral 03 shear (top right). Intersectfng sheer joints are differentially 
formed In the more competent oolomltic sandstones. The conjugcte fractures give 
wf!ttI to dextral1y displs:a:f west dipping microfaults. Location 39, south South Lakes. 
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figure 4.33 
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4.6 Tectonic Evolution of the Marmori Uk area 

Polyphase deformation in the Marmorllik area took place under 

ductiJe conditons and is characterised by complex vertical basement and 

sub-horizontal supracrustal motions. Vertical basement motions were 

probably associated with both extensional/transtensional and diapiric 

processes. Mechanisms of basement uplift are discussed fulJy in chapter 

9.2. 

4.6.1 01 Early Recumbent Phase Deformation 

The structures developed during the 01 deformation phase are -

t) extensional fault systems which occur In the south of the area, 

consisting of four tectonic packages (Fig. 4.4), that verge northwards off a 

granodlorltlc basement massif, jj) central flat-lying intensely sheared 

zone (Fig. 4.26) and jj 1) a northern non-cylindrical, recumbent nappe 

structure (Fig. 4.14) with small-scale contraction faults. These are 

Interpreted to represent geometrically linked systems within a northerly 

propagating gravity slide block, that was Initiated by a basement upJtft to 

the south (Fig. 4.34a). The low angle extenstonallistrtc fans, high angle 

extension faults and rollover structures represent the tralHng edge of a 

gravity slide block. The large recumbent Isoclinal folds, bedding plane slip 

and tectonic sliding In the northern Marmorl I Ik area represent leading edge 

compressional structures In the toe end of a major nappe. 

4.6.2 D2 South VergIng Fold and Fault Phase 

The second deformation phase produced structures with a 

southerly sense of vergence, but a collnearlty with the earlier 01 trends 

(Fig. 4.1 a). The Impetus for this reversal In the tectoniC transport 

dlrectton Is accounted for by the generation of an upltfted and overthrust 

(section 4.3.2) basement massif (to the north) on the Alfred Wegener 

pen1nsula. OVerthrust1ng of the northern basement gne1sses onto the 

supracrustals led to the formation of a southerly propagating fold and 
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sl1de belt In the Karrat Group (Fig. 4.34b). Basement incorporation into the 

stacked tectonic sl1de systems to the west of Marmorllik (Fig. 4.1c) 

suggests that the sole thrust for this deformation lay in the southerly 

granodiorltic massif. 

The presence of tectonic slides, the non-cyJindricity of the folding 

and the rotational nature of the deformation (fold axial planes were 

rotated from inclined to recumbent orientations in the central Marmorilik 

region (Fig. 4.20 & 4.26»)suggests that the rocks were highly ductile and 

deformed by a process of heterogeneous simple shear. The sub-horizontal 

nature of the tectonic slides Is enhanced by highly anisotropic fabrics that 

were developed during D 1 extensional fault and cleavage formatton. D 1 

anisotropy is also thought to be responsible for the strong colinearUy 

between D 1 and D2 structures. 

4.6.J OJ Sinistral Shear Phase 

Structures formed In the sinistral shear phase are mechanicaJJy 

linked to the formation of a major crustal shear zone (Fig. 4.28). From both 

field and experimental studies of transcurrent fault systems, the controls 

on structural type, orientation and relative timing of the tectonic features 

developed wUhln these systems Is beUer understood (Tchalenko, 1970; 

Wtlcox et aI., 1973; Rodgers, 1980; and Harding, 1985; Woodcock & Fisher, 

1986). 

Three major 03 shear structures are present In the Marmortltk 

area, they are:- 1) synthetiC sinistral shear faults i1) en-echelon periclinal 

folds and IIi) through-going shear zone bounding faults. From the 

association of these structures, the shear zone has been interpreted as a 

right-stepping, transtensional shear zone (Fig. 4.35) that developed Into a 

synformal, negative flower structure (Harding, 1985)(FlgS. 4.28 & 4.34c). 

studtes on the relative timing of the structures within shear zones has 

been carried out by Wilcox et aI., ( 1973) (Fig. 4.36). On applying their 
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findings to the Marmori Hk area, it is suggested that the en-echelon 

pericltnal folds were the first structures to develop. These features 

accomodated a roll-over structure (Hamblin, 1965), with a sense of 

obJfque sUp, that was produced in the supracrustal hangingwa11 block of 

the Quamarajuk fault as a major half graben developed (Fig. 4.30 a & b, 

6.10). 

As sinistral shear proceeded, the roJ]-over downbend was 

accomodated and cross-cut by synthetic reldal shears (Fig. 4.36b),such as 

the Trlbutary-Nunngarut Fault (Fig. 4.26) and the structures in its 

hangingwall block (Figs. 4.30b). The last structLreS to be developed were 

the throughgoing west-east trending bounding faults, in particular the 

southerly Fishing Lakes fault. This fault propagated eastwards, but 

terminated abruptly against a zone of obUque slip faults in the Little 

South Lakes area (Fig. 4.28). This fracture zone is interpreted to have 

imparted a pseudoplasticity upon the area (W1Jcox et at, 1973) that 

allowed the region to deform uniformally without being cut by the wrench 

fault. The pseudoplastlclty allowed a rapid translation of the sinistral 

displacement on the Fishing Lakes wrench fault to be accomp1ished within 

a short distance. 
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UNDEFORMED STRATA WITH SINISTRAL SHEAR INITIATED 

EN-ECHELON PERICLINAL FOLDS 

EN-ECHELON FOLDS CROSS-CUT BY SYNTHETIC- REIDAL SHEAR 

Figure 4.36 Sequential development of accomodaUon structures 

associated with the development of a sinistral shear zone. 

(After Wilcox et at, 1973). 
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CHAPTER 5: Metamorphism of the Marmortltk area 

5.1 Introduction 

The metamorphic grade of the Basement Umanak Gneiss Complex 

varies from granul1te to greenschist facies, whereas metamorphism in the 

Karrat Group is marked by greenschist-amphibol1te facies (Henderson and 

Pulvertaft, 1967; Garde, 1978; Pedersen, 1980a & b). 

A comprehensive study of the metamorphic evolution of the 

Marmori11k area is beyond the scope of this theSis. This chapter 

specirlcally assesses j) the PIT conditions of the successive deformation 

phases, and 11) the pre-metamorphic character of the supracrustal package. 

A detalled description of sulphide metamorphism and deformation is given 

In chapters 6 and 9. 

The metamorphism has been studied through observations on the 

field relationships between the metamorphic mineral assemblages and 

deformation structures. These data are supplemented by petrographiC 

observations and microprobe analyses. The peak metamorphiC grade of the 

supracrustal sequence has been establ1shed by 1) stable Isotope analyses 

of coexisting sphalerite and galena pairs within the Black Angel depOSits 

(section 8.4) It) Carbon isotope analyses on free graphite and the graphlte­

bearing carbonate rocks (section 8.3.1) and 111) microprobe analyses of 

sphalerltes for appHcation of the FeS geobarometer. 
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5.2 Basement GneIss metamorphIsm 

Earlier work has shown that three phases of metamorphism have 

affected the basement gneisses. An Archean age, granUlite facies event is 

Indicated by the presence of relict blue coloured Quartz crystals in the 

TassiusaQ granodiorite. The granUlite facies metamorphism is overprinted 

by retrogressive amphibolite facies mineral assemblages, thought to have 

been aSSOCiated with the generation of the late Archean, Sermikavsak 

Formation (Escher and Pulvertaft, 1976). 

Retrogressive phyllonitic shear zones (Fig. 4.5e) consisting of 

hornblende, tremoHte, and phlogoplte cross-cut the Basement Gneiss 

Complex. These formed during amphlboHte-greenschist facies 

metamorphism associated with the Rlnkian event 

5.3 Karrat Group metamorphIsm 

5.3.1 Hlneral assemblages and field relationships 

a) Qeqertarssuaq Formation 

MetamorphiC assemblages of the QeQertarssuaq Formation are :­

Dtopstde-tremol tte-mlom ite-quartz,!.epimte 

Actinoltte-chlorite-phlt9J1)tte-mlomite 

Ph lCJ!R)ite-biot ite-ch lor ite-quartz-graphite 

Little evidence of metamorphism is apparent in the 

orthoQuartzttic bands of this unit (Fig. 3.7a). A weak 01 phlogopite 

schistosity occurs In the less pure Quartzites. 

Acttnol1tlc and tremol1tic schists (Fig. 3.7b) containing 

Interstitial dlopside and Quartz and interbanded with Quartzites and 

dolomite marbles, are deformed by 01 folds In the Fishing lakes area (Fig. 

4.5f) and by both 01 & 02 folds In the Mag(naq peninsula (Fig. 4.18). The 

actlnol1te/tremol1te bands consist of coarse grained, up to 1 Oem., 

Idlomorphlc bladed-acicular grains and ros eUes which occur In the 

quartzites (Fig. 5.2a) and represent post-OJ ~: growth. ActinOlite 
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Figure 5.1 AFM diagram for mineral assemblages In the siliceous 

Marmorilik Formation carbonates (From Winkler, 1979) 
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occurs 1n the western Marmorll1k region whilst tremolite dominates the 

calc-st11cate units in the east of the area. 

Phlogopite (talc)-chlortte-quartz-graphite folta of the metapelitic 

units of the Qeqertarssuaq Formation are overgrown by syn-post 03 

dlopside, quartz and occasslonally epidote porphyroblasts ( Garde, 1978; 

Pedersen, 1980a). The foliations are often crenulated. 

b) Marmorl1tk Formation 

Tremol1te, scapol1te, phlogopite, biotite and chlorite occur in the 

Marmorl1lk Formation carbonates. Typical carbonate metamorphic 

assemblages are (Fig. 5.1 ):-

In the dolomite marbles 

mJomlte-ceJctte-quartz-phlQ!R)tte+aJblte,!.K-feldspar 

mJom ite-C81ctte- tremoUte-ph lQ!R)ite+ albite,!.K - feJdspar 

mlomite-celclte-tremollte 

mJomlte-caJctte-taJc end celclte-tremolne-talc 

mJomite-scepoltte-!J'8Phlte-phlO1J)Pite-quertz 

In the calcite marbles 

Celctte-quertz-ph 10/IlP tte + cblom ite,!.albite,!.K - feldspar 

CeJclte-quartz-muscovite ,!.aJblte,!.K - feldspar 

C8lcite-quertz-muscovtte-blotlte-albtte-K-feldspr 

Celclte-quertz- tremoltte- ph JO!RIlte+ albtte 

C81clte-scapollte-phlo;Rlite-QU8I"tz 

CECeSSOI y ch lcrite and talc 

Tremollte (FigS. 3.7f & g & 5.2) and scapoltte (Fig. 3.7d & 5.3d-f) 

are the commonest metamorphic sfllcates In the Marmorllik Formation. 

MassIve tremolltlc units, up to 50 metres thIck, a-e commonly found In the 

Lower Mann or I Ilk member (Unit 1) of the South lakes area (Fig. 3.7f & h), 

In the dOlomIte marbles (UnIt 2) of the Numgarut zone (FIg. 6.7) and the 

Middle Marmor111k member. The tremol1t1c un1ts .e composed of very 

coarse graIned, up to 6 em., l1ght green to 'Sllvery whIte, tremol1te 
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Figure 5.2. Tremollte mlcrotextures 

A) A photomicr()Jraph of a coarse grained 03 tremolite rossette(Tr). 
consisting of fibrous ocicular crystals. in a mo:Erately strained QUartzitic 
matrix (0). Thin section 17a from the ~rtarssu~ Formation. Location 17. 
South lakes area. XPL. Scale Bar 500~. 

B) Phlt9lpite foliated calcitic marble. with minor oolomite. overgrown by 8 
tremolite grain aligned parallel to the S2 foliation. Slight elongation of the 
calcfte grafns occurs parallel to the fo1fatfon. Specfmen 234 a, South lakes 
area. Scale bar 300~. 

C) A coarse grained prismatic tremolite crystal (Tr) overgrowing a phlOC}lPitic 
(talc ?) calcite matrix (ca). The tremolite (Tr) is retrogressed to phlCXJlPite 
(Ph) along N-S fractures. Specimen 234 a, South Lakes area. Scale bar 300~. 

D) Cross-section of a tremolite crystal (Tr) set in a coarse grained calciUc 
matrix. Thin section V 216. Drm hole V 2 t 6. Block Angel Mountain. Scale 
500~1. 

E) An altered tremolite grain, now md of phlo;JlPite (talc?) end 
undifferentiated clay minerals, rimmed by fine grained phl~ite (Ph) 8nd set 
in 8 calcitic metrix (C8). Thin section XPl. Scale bar 500J!. 
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rossettes ('knotenschiefer', Spry 1979) (Fig. 3.70 that syn-post (03) 

kinematically replaced recrystallised Quartz, carbonate and accessory 

phlogopfte and graphite (Fig. S.2b & c). 

Individual prismatic tremolfte crystals are less common. These 

crystals are generally unstrained, though some are boudinaged, and weakly 

alIgned parallel to the S2 schIstosIty (FIg. S.2b & c), IndIcating syn-D2 

growth. 

Scapolfte occurs in the graphItic unIts Unit 2 and Unit 4 as 

randomly orientated coarse grained (up to Scm), idiomorphic, scapolfte 

prisms (Fig. S.3d). Graded scapoHte layers, up to 20 cm thick, occur in Unit 

2 (Fig. 3.7d). In these bands, scapolfte decreases in abundance upwards and 

becomes intergrown with dolomite. In thin section the scapol1tes are sieve 

Itke, idiomorphic to corroded porphyroblasts, with diameters up to 0.5 cm. 

They Include fine grained, relatively unstrained, Quartz, albite and 

muscovIte and occasslonal1y coarser grained annealed calcite (Fig. S.3d). 

Retrogression of scapoHte to plagioclase & quartz aggregates (with 

carbonate and phlogopite) commonly occurs (Fig. S.3e & 0. 

In some cases assymetric pressure shadows, containing calcite 

and Quartz, are found around rotated, rounded, scapoHte porphyroblasts 

(Fig. S.3e & n. The pressure trails He parallel to 02 foliatIon planes with 

the scapolites syn-tectonical1y overgrowing 02 folded S I graphitic seams. 

These scapollte grains clearly grew during the 02 deformation. 

Boudinaged, prismatic, scapol1te crystals occur aHgned parallel to 03 fold 

axes In the Black Angel mine and indicate syn-03 growth. 

Phlogopite Is ubiquitous in the MarmoriJik Formation. It defines 

both 0 I & 02 foliations (Fig. S.3b & c), 01 'C' fabric planes (Fig. 3.40, 

anastomosing cleavages that wrap around 02 porphyroblasts (Fig. S.3e & 1) 

and flattening I1neatlons parallel to Fl and F2 axes. The phlogoptte 

recrysta111sed during 02 deformation, but Is Itself strained about some 02 

closures where it occurs in polygonal arches. Very fine grained felted 
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Figure 5.3 Phlogoplte and scapol1te mlcrotextures. 

Phlogoplte mlcrotextures 
A) PhotomicraJraph of 8 very fine grained felted phl()})plte (Ph) foliation 
anastomosing around, and In pl~ repl~ing, calcite (Ca) and Quart? (0) 
grains. Thin section PPl. Scale bar SOOu. 

B) Medium grained phlogoplte forming an 51 follation/schistosity In between 
more siliceous Quartzitic (0) bands. Pyrlte euhedra (PY) occur in the quartz. 
PPl. ~le bar 500U. 

C) Photomicrograph of a strongly developed S2 phlogopite foliation which 
crenulates the earlier S I fabric. Thin section 245a from siliceous pelite, Unit 
I MarmarlJ1k Formation. PPL. Scale bar IOOOu. 

Scapollte mlcrotextures 
D) Poikiloblastic coarse grained scapolite including and repl~ing 8 medium 
grained, granular, siliceous (0) calcite (Ca) oolomite (Om) matrix of Unit 4, 
Marmorllik Formation. Thin section V 217a, Drill hole V 217. Bl~k ~1 
Mountain. XPL. Scale bar 500u. 

E) A rotated, post D1-pre 02 scopolite grain (Sc)now retrogressed to 
pl8Jioclase end quartz. The scapolite overgrew a folded graphite band (G), in 8 
graphitic calc/oolomlte matrix. 02 rotation of the scapolite has formed an 
;1lSymmetrlc calcitic pressure shtmw (te), end a dlscord8nce between the 
internal and external graphite bend. Thin section Scapolite 9. South Lakes area. 
Unit 2 Marmor11lk Formation. Scale bar 500u. 

F) An altered, rotated, scapolite porphyroblast (now pl8Jioclase and quartz). 
Rotation of the porphyroblast has developed an ,oWmmetrlc calcitic pressure 
shabw (Ca), and an impinoement of the ph lC9lPit ie calc/oolom ite fabric. 
Specimen as In (E). 
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phlogopite exists in mylonitic rocks (Fig. 5.3a). Muscovite is subordinate 

to, but coexists with phlogopite. In rare circumstances phlogopite 1s 

observed as a retrogressive mineral rimming tremolite porphyroblasts 

(Flg.5.2e). 

Talc is generally absent from the succession. It does not coexist 

with phlogopite, but tends to occur in narrow 03 & 04 extensional fault 

lones. It is also present as a retrogressive mineral in tremoltte, where it 

occurs In fractures as felted masses (Fig. 5.2 b & c). 

Metamorphism of the purer calcite and dolomite marbles 

manifests itself through static annealing or grain growth of the two 

minerals (Fig. 3.1 Oe). Calcite crystals, up to 10 em, occur in the footwall 

of, and as gangue material in, the Black Angel sulphides. 

Graphite is an accessory metamorphic mineral in the Marmoril1k 

Formation carbonates. It tends to be concentrated in the calCite-dolomite 

marbles as finely disseminated grains and amorphous masses overgrowing 

carbonate mtnerals or more commonly as fine grained flakes that enhance 

the foJ1atton (Fig. 5.43 & b). In rare cases sub-hedral graphite grains, up to 

5 mm., are found tn the coarse calcite marbles (3.3.2) overgrowing the 

tremoJ1te/phlogopite bearing carbonate matrix (Fig. 5.4 c & d). 

c) Upper Karrat Group 

The following mineral assemblages are present tn the metapelttes 

of the Upper Karrat Group (Fig. 5.5):­

T elc-ph 10lRltte-quDrtz-~aphlte 

B ioUte-mUSCOYtte-qutrtz-K -feldsper-~aphtte 

QuDrtz-elbtte-blottte,!.K -feldspDr 

Phlogopite, biotite and subordinate muscovite grow In both 01 and 

02 fabrics and are associated with graphite seams. Albite porphyroblasts 

overgrow these fol1atlons and the quartzo-feldspathlc matrix. The 

porphyroblasts occur as white spots that In some cases develop a relict 
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Figure 5.4 Graphite and Baryte mlcrotextures. 

Graphite mlcrotextures. 
A) Thin graphitic seams (black) are developed parallel to S2 foliation. The 
seams wrap around elongate coarse grained calcitic augen. Thin section 389. 
MiliJle Marmor iii I< Formation. PPl. Scale bar 600~. 

B) Diffuse graphitic seams (G) wrapping around oolomitic augen (Om). 
Asymmetric oolomitic augen indicates dextral shear. Ca is calcite. Thin section 
407. North Marmorllik cliffwell Unit 4 Marmortlik formation. PPl. Salle bar 
600~. 

D) Coarse grained graphite euhedra overgrow1ng a phl~p1te and Quart2 matrix. 
Irregular hairline fr~tures suggest minor rotation. Thin section V 197. 
Upper Marmortlik Formation. PPL. Scale bar 500~. 

C) Sheared graphitic Oakes overgrow 8 matrix of Quartz (0), calcite (Ca), 
tremollte (Tr) and phltlJlptte (Ph). The tremo11te shows strong retrogression 
to phlo;Jlpite. Thin section V 197. Upper Marmorilik Formation. PPL. Scale bar 
500~. 

Barytlc mlcrotextures 
E) Q)arse gra1ned cat~last1cally froctured baryte. The baryte oovelops rounded 
fragments in the fracture zone. Specimen 8 124b, 8124 8amma zone, 811Ek 
Angel mine. XPl. Scale bar 600~. 

F) 8recclated coarsely recrysta111sed baryte between coarse grained calcite 
show1ng kinked deformation twins. Specimen as In (E) 

G) An amorphous coarse baryte grain held in coarse granular calcite. Specimen 
as in (E). XPl. Scale bar 500~. 

H) Coarsely recrystallised baryte (B) with strono 90· cleav~ abutting 8 
coarse (extinct) calcite grain (Ca). Along the grain boundary fine new baryte 
greins ere developed as e result of cata:lasis. Specimen as in (E). XPl. Salle bar 
500~. 
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C.I 

Cbl Cel 

Figure 5.5 Ternary diagram showing the mineral assemblages found tn 
metapelttes of the Karrat Group and also the progressive changes of phase 
relations involving muscovite and biotite (After Miyashiro, 1973) 



zoning of biotite and aggregates of replacive albite, quartz.!. biotite and 

phlogopite. Talc occurs in late stage fractures. 

5.4 Minerai compositions 

Analytical work on the metamorphiC minerals of the area has been 

I1mlted. Microprobe work has focussed on the sulphide ores of the Black 

Angel deposits (6.5.7c). Garde (1978) made a number of microprobe 

analyses on tremolite, phlogopite and scapolite which augment the data 

obtained from this study (Fig. 5.6). He also determined the approximate 

chemical compositions of muscovite, talc and biotite from a metapelite 

unit in the calcite-dolomite member (Unit 3). 

5.5 MetamorphiC grade and PIT regimes 

It is clear from both the carbonate and pelitic mineral 

assemblages of the Marmortltk and Nukavsak Formations that peak 

conditions within or slightly exceeding the greenschist facies were 

attained towards the end (post-03) of the Rlnklan event in the Upper 

Karrat Group. The presence of the Olopslde-tremollte-quartz.!. epidote 

assemblage In the Qeqertarssuaq Formation of the Tasslusaq region south 

west of Marmortlik, may represent a higher grade, (epldote)-amphibollte 

facies metamorphism, at the base of the Karrat Group. 

Although it is relatively easy to define the peak metamorphiC 

facies In the area It Is much more difficult to establish preCise pressures 

and temperatures of metamorphism. This Is particularly the case in the 

carbonate cao-MgO-SI02-H20-C02 system where mineral stabilities are 

strongly dependent on Xc02' Much experimental work on the 

CaO-MgO-Si02-H20-C02 system has been carried out (Winkler, 1979). 

Fifteen basic mineral transformations have been documented within the 

prograde metamorphism of siliceous carbonates, 

talc-tremo1tte-diopside-forstertte, of which only six concem the 
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Figure 5.6 Chem1cal composition diagrams of tremoltte and phlogoplte 
(From Garde, 1978) 

Figure 5.1 Isobar1c Pf-T-Xco2 dl.am for reactIons 1n s111ceous 

dolomite marbles (From W1nkler. 1979) 



metamorphism of the Karrat Group carbonates. These reactions are:-

( I ) 3 Dolomite + '" Quartz + I H:zO = I Talc + 3 Qslcite + 3 CO2 

(2) 3 Dolomite + 1 K-feldspar + I H:zO = I PhlO(J()lte + 3 Calctte + 3 CO2 

(3) 5 Telc + 6 Calcite + 4 Quartz· 1 Tremolite + 6C02 + 2H20 

(4) 2 Talc + 3 Calcite:l I TremoJite + I Dolomite + I~ + IH:zO 

(5) 5 Dolomite + 8 Quartz + 1 H~ = 1 Tremolite + 3 Calcite + 7H:zO 

(6) I TremoJite + 3 Calcite + 2 Quartz· 5 Diopsh2 + ~ + IH;zO 

Schematic and precise isobaric T -Xco2 diagrams for the 

CaO-MgO-Si02-H20-C02 system have been produced by Winkler (1979) 

(FigS. 5.7, 5.8 and 5.9). It has been documented experlmenta11y <r111ey, 

1948) that talc Is expected to form before tremol1te In progressively 

metamorphosed sll1ceous dolomites by reaction I. In the Marmorll1k area, 

talc Is genera11y absent with phlogoplte being the dominant low grade 

metamorphic mlnera1. Phlogoplte Is produced by reaction 2 and has been 

studied experlmental1y by Puhan and Johannes (1974) at 1 Kb., and at higher 

pressures by Puhan (1976). The production of phlogoplte requires the 

presence of high potassium and aluminium contents and high Xco2 values 

and occurs at temperatures 10-20·C lower than the talc-producing 

reaction (Fig. 5.8 & 5.9). 

Tremol1te Is the product of several decarbonation reactions 

(e.g. equations 3, 4 & 5) that occur over a considerable PIT range. This 

wide thermo-barometric range Is of little help in establishing a tight PIT 

control on the Rinklan metamorphism. Insplte of the widespread 

occurrence of rocks of suitable composition for the production of 

tremo1fte, the mineraI Is present sporadically In the Karrat Group. ThIs 

probably 1nd1cates that large varlat10ns In Xc02 occurred throughout the 

carbOnate succession during prograde metamorphism. 

The transition to peak metamorphiC grade of Ceptdote)-amphlboltte 
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facies is reflected by the occurrence of diopside. The temperature of 

dlopslde formation (reaction 6) does not vary considerably if T ~Xc02 > 0.4 

(Winkler, 1979) (Fig. 5.7, 5.8 & 5.9), but is strongly dependent on the total 

fluid pressure: at 2kb. diopside may be formed at 51 O·C (Skippen, 

1974-)(Fig. 5.8) but at an increased pressure of 5kb. diopside doesn't form 

at less than 600·C (Winkler, 1979) (Fig. 5.9). However, F-OH substitution 

tn tremol1te, talc and phlogopite can shift the univariant pOints and 

stabl1ity fields in metacarbonates to higher temperatures (Abercrombie et 

at, 1987). 

Graphite in the Marmoril1k Formation may have been derived from 

organic material or it may have formed through metamorphic reaction 

between dolomite and quartz:-

dolomite + quartz + H20 ~ tremol1te + CO2 + 02 + C (graphite) 

The near total absence of iron oxides in the Marmorilik Formation 

(chapter 6) is consistent with this reaction and also gives clues as to the 

f02 and fS2 conditions during metamorphism. The aSSOCiation of sphalerite 

and graphite and absence of rutile and the presence of pyrite with minor 

pyrrhotite suggests that metamorphism occurred under low f02, 

log f02 < -21, and high but slightly variable fS2 cond1tions, log fS2 =: -2.5, 

(Nesbitt and Kelly, 1980)(Flg. 5.10>-

The mineral assemblages of the metapel1tlc succession do not 

def1ne any PIT regimes, as b10tlte Is stable over a w1de PIT range. The 

lack of garnet may suggest that metamorphism In the Marmor111k area took 

place at less than 500·C and 4kb (minimum PIT of garnet production). 

However, garnet may not have formed simply because the chemistry of the 

protol1th was not compatible with It's prOduction. 

A more precise way of determining the PIT regime In the area Is 
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fIgure 5.12 Temperature-composition section along the ZnS-FeS join of 
the system ZnS-FeS-S of sphalerite + pyrite + hexagonal 
pyrrhotite equilibria as a functton of pressure (In kbar). 
Temperature Independent portion of the Isobars Is shaded. 
(From Scott, 1983) 



T.'. 5. ,-= "'cnprobe AMly ... , Pyrlt. EncllP_I.ted 

SpUI.lte (In wt .• ) , .... the BIKit Angel ... 

.......... tdeposlts 

Zn F. S CD HI Cr Ie Totel Lcalian 

&O.z.. 13.73 33 .• 0.07 0.06 0 ..... 98.43 T172 
51.31 13.,. 30.39 0.24 0.83 96.01 Tl72 
54.20 13.34 32.43 99.99 1170b 
54.61 10.89 32.46 0.54 0.60 98.90 Tl72 
55.97 11.09 30.70 0.73 98.55 Tl72 
56.84 10.67 30.92 0.14 0.18 98.81 T172 
69.14 10.73 32.67 0.22 0.03 0.29 0.53 103.51 T172 
58.61 10.29 30.61 0.16 99.82 TI88I 
69.59 9.93 30.42 0.10 100.04 1170b 
60.57 1.99 30.92 100.51 T 188e 
60.92 1.88 31.30 101.11 T1881 
61.62 1.99 32.74 0.16 0.07 0.13 104.47 Tl72 
59.01 1.31 32.61 100.00 1170b 
61.26 1.43 30.27 99.99 1170b 
61.31 1.24 30.06 0.2' 99.88 1170b 
57.78 7.70 29.96 0.26 0.58 96.45 T172 
61.46 8.09 30.24 0.24 100.02 1170b 
61.82 1.93 30.15 0.08 99.98 1170b 
61.10 7.88 30.70 99.66 T 188e 
61.49 7.89 30.14 0.13 99.67 1170b 
61.19 7.61 31.00 99.94 T 188e 
62.48 7.70 30.20 0.11 100.51 1170b 
61.63 7.56 30.39 0.27 0.08 99.83 1I10b 
63.n 7.76 32.42 0.06 0.34 104.47 Tl12 
62."10 7.37 30.10 0.11 99.99 1170b 
61.29 6.83 30.94 99.12 P59 
61.23 5.91 30.76 0.11 0.13 98.89 Tl72 
61.81 6.04 30.33 0.11 0.36 0.17 91.86 TI72 
62.60 6.11 30.81 99.55 P59 
62.31 5.94 31.06 99.41 PSg 
62.91 5.90 30.80 0.1' 99.79 PSt 
62.92 5.55 30.32 0.22 0.25 99.26 P59 

MotiF. 

24.2 
23.0 
22.4 
18.9 
18.9 
18.0 
17.6 
17.0 
16.3 
1"-8 
14.6 
14.6 
14.2 
13.9 
13.6 
13.5 
13.4 
13.1 
13.0 
13.0 
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12.6 
12.5 
12.4 
12.1 
11.5 
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10.2 
10.2 
10.0 
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9.3 

T..,Ie 5. Ib: Hlcroprobe Analyses of "-trlx SpMlertte (In wt .• ) 

frona the BIKk Angel Md Nunngarut deposits 

Zn Fe 5 CD NI Cr ltd Total lcation Mol. I Fe 

65.764 3.828 30.381 100.003 B 124 6." 
65.745 3.512 30.565 99.832 B 124 5.9 
65.238 3.526 30.448 0.09 99.302 B 104 5.9 
65.3&4 3.423 31.273 100.000 B 124 5.8 
65.162 3.297 30.711 0.19 99.360 B 104 56 
65.845 2.857 30.658 99.360 B 104 1.8 
65.600 2.811 30.872 99.283 B 104 4.8 
66.095 2.657 30.829 0.14 O.OS 99.771 B 104 4.5 
66.961 2.511 30.460 99.932 B 124 4.2 
65.753 2.448 30.190 98.991 B 101 1.2 
64.935 2.188 31.738 0.15 99.011 M 160 3.8 
66.021 2.125 31.699 99.845 M 160 3.6 
6&.213 1.245 30.393 0.14 99.991 8124 2.1 
66.602 1.093 31.627 99.222 M 160 19 
66 ..... 9 1.090 31.252 98.811 M 160 1.9 
66.390 1.055 31.397 0.09 98.932 M 160 1.8 
66.719 0.940 31.691 0.05 99.300 M 160 1.6 
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by geothermometry and geobarometry. Calcite/dolomite solvus 

geothermometry (Goldsmith and Newton, 1969; Puhan, 1976; Bickle and 

Powell, 1977) was carried out on the Marmorilil< Formation by Garde 

(1977) who found a mean of 3.3 mol" calcite in dolomite. This 

corresponds to a temperature of ~440·C. Fluid inclusions in quartz of the 

Black Angel ore deposits (Pedersen, 1981) gave a temperature of 450·C at 

a pressure of 1-1.5 kb for peak metamorphism. 

Garde (1978) and Pedersen (1980a) calculated the approximate 

minimum Itthostatic pressure at the base of the Karrat Group by 

estimating that there was 7km of overburden during deformation (5 km. 

for the Nukavsak Formation and 2 km. for the tectonic thickness of the 

Marmortlik Formation). This corresponds to a minimum pressure of 2kb. A 

more accurate measurement of the Hthostatic pressure was attempted by 

using the iron content of sphalerite as a geobarometer 

(method as In Scott 1983). The maximum mole fraction FeS in sphalerite, 

from the Black Angel depOSits, of 181 (Table 5.1 a & b, Fig. 5.11) 

corresponds to pressures of 2.5 - 3.0 Kb. (Fig. 5.12) at the time of 03 

pyrite ameallng. 

In summary, metamorphiC grades determined form the mineral 

assemblages of both carbonate and pelitic rocks in the Karrat Group 

correspond to a prograde greenschist facies metamorphism at 

temperatures of <54O·C (Minimum temperature of Diopside formation 

under high xc02) and pressures of <4kb under >0.4 xco2. During Oland 02 

deformation lower greenschist facies metamorphism was attained 

suggesting somewhat lower temperatures, with pressures of between 

1-1.5 kb (Pedersen, 1981). Localised higher grade (epldote)-amphlboJ1te 

facies metamorphism occurred in the Qeqertarssuaq Formation. A peak 

metamorphic pressure of 2.5 - 3.0 Kb. has been determined by the 

sphalerite geobarometer, with estimates of temperatures varying from 

44O-C (calcite/dolomite geothermometry) 450·C (fluid InclUSion studies) 
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to a maximum of 510·C (Olopslde production at JOkb). 

Geothermal gradients calculated for the mid-Proterozoic Rinkian 

event correspond to high temperature-low preSSlTe metamorphism of 

between 50-60·C / km. 

5.6 Primary sediment chemistry 

Calcite marbles and sl1iceous dolomite marbles dominate the 

metasedimentary ptle. The ubiquitous presence of phlogopite, with 

accessory biotite, indicates that signiftcant potasstum and alumintum 

concentrations were present throughout the Karrat Group. More 10caJ1sed 

metamorphic minerals such as scapoJtte, tremolite/acttnoHte and graphite 

may Indicate the presence of sedimentary chemical variation. 

Graphite may represent organtc material or may be a metamorphiC 

derivative (section 5.5). The calcic amphiboles, tremol1te and actlnol1te, 

are concentrated tn massive bands and untts both within the Qeqertarssuaq 

Formation and the Marmorlltk Formation. The presence of quartz 

throughout the successton tndicates that magnesium (tremoJ1te) and tron 

(actinolite) concentrations are higher in these pa'ticular units than 

elsewhere. The predominance of acttnoJ1te tn the west tndtcates that 

Fe-content tncreases westwards. 

The presence of marial1tic scapo11te (Garde, 1978) indicates the 

presence of high sodium and chlorine contents. Scapoltte may be produced 

by both metamorphiC (Kwak, 1977) and metasomatic (Edwards and Baker, 

1954) processes. At Marmoriltk the presence of scapo11tes In graded beds 

(Fig. 3.7d) ts taken to represent a primary origin for the sodium & chlorine 

variations In the dolomitic units of the Lower Mamorll1k Formation. 

Primary scapoltte has been recognised In carbonate units of the Pinkie 

Group, Forland complex, Svalbard (Manby, 1983). The mechanism proposed 

for the generaUon of this scapoltte Involves the entrapment of connate 

brines In the sediments during compaction. The sodium and chlorine rich 

brines are presuned to crystallise as haltte which later react with 
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calcite, quartz and clay minerals to give meionitic scapol1te (von 

Englehart, 1961; Manby, 1983). A review of scapollte·bearing rocks from 

other Precambrian units by Serdyuchenko (1975), has concluded that 

scapol1te resulted from metamorphism of evaporites, and that the 

carbonate-sulphate-hallde sedimentation took place under littoral and 

lagoonal conditions. 

Anhydrite (Fig. 3.1 Ob) and gypsum represent highly localised 

chemical anomalies. Evaporitic origins are given to these minerals. Mn 

calcites (rhodocrosite), fluorite, and baryte (Fig. S.4e-h) represent even 

less widespread minerals and are found in association with the Black 

Angel deposits indicating high barium, fluorine, manganese contents in 

this area. 

Carbonates form in a wide range of environments, which often 

reflect many transgressive and regressive cycles. The presence of 

suJphates and scapoltte in the Marmort1ik Formation suggests that 

sedimentation at times took place under littoral and/or lagoonal 

conditions (Serdyuchenko, 1975). The high K, Na, Mg, component to the 

carbonates suggests a sal ine environment, that was often oxygenated 

during sulphate production. The high graphite contents through parts of the 

Lower and Middle Marmoriltk members suggest that areal or near",shore 

accumulation of organic substances occurred, possibly through flooding of 

the lagoonal basins and near-shore marine lones. The relatively purer 

Upper Marmorl1ik Formation calcite marbles are interpreted to have 

been deposited in a more stable, deeper water platformal enviroment. 
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Chapter 6. Mineralisation of the Black Angel deposits and 

Marmorj1ik area. 

6. 1 I ntroduct Ion. 

This chapter is an overview of the geological setting of the 

mlneraltsatlon of the Marmor1J ik area. 

The predominant mineralisation In the Marmorilik area occurs as 

Fe-Zn-Pb-(Ag) carbonate-hosted sulphides (Fig. 6.1). Minor Cu, Fe oxides 

are present In siliceous units of the Qeqertarssauq Formation (Garde, 

1978; Pedersen, 1980) (Fig. 6.2). Massive to disseminated pyrrhotite and 

pyrite are set In the black graphitic pel1tes of the Nukavsak Formation 

(Pedersen and Gannicott, 19S0; Allen and HarriS, 1979; Nichols, 1981) 

(Fig. 6.2). 

The sulphide mineralisation consists of sphalerite, galena, pyrite, 

chalcopyrite, tennantlte and arsenopyrite which occur as; 1) disseminated 

and stringer like stratabound to stratiform horizons and discordant 

recrysta 11 Ised veins at ten tectono-strat Igraphic levels (King, 1981) and 

tn as massive to semi-massive bodies at four horizons 

(Fig. 6.2>' These are:-

4) Black Angel depOSits: Upper Marmoril1k Formation (unit 4) 

3) MP 5-UVkusslgsat-Agpat: Middle Marmor111k Formation (unit3) 

2) Nungarutt: Lower Marmoril1k Formation (unit 2) 

1) (Della Val1e)-Myers-SLGL -Ark-Garde: Lower Marmorillk 

Formation (unit 2) 

Detatls of each drilled showing In the Marmori1lk area are given In 

table 6.1. Sulphide ore has been exploited since 1974 In the Black Angel 

Mine (Fig. 6.1) and has been drHled off at the Nunngarut deposit (Figs. 6.1 & 

6.7) on the Marmorl1lk plateau (HarriS, 1981; Del1a Valle, 1977). Reserves 

calculated for both depOSits, on the basis of an 81 combined Zn-Pb 

cut-off, are (Table 6.1 & 6.2):-

Black Angel Mine: 13.5 M.T .• 5.51 Pb, 15" Zn, 22" Fe, 32g/T Ag. 

Nungarutt DepOSit: 0.357 M.T .• 3.9" Pb, 8.81 Zn, 20.4. Fe, 34g/T Ag. 

--
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6.2 (Della VaJle)-Myers-SLGL -Ark-Garde. 

These five low tonnage, 5-50 metre long and up to 2 metre thick, 

stratabou~to stratiform deposits (Table 6.1) consist of pyrite, 

sphaleriteLgalena with minor pyrrhotite and occur as tectonically 

thickened lenses In a semi-continuous sheet that is within pale to light 

grey dolomitic marbles of Lower MarmorHlk Formation (3.3.2) (Fig. 6.2). 

The marbles are Interbanded with slliceous pyritic pelites, minor 

graphitic calcitic dolomite marbles and thin (~ 5 metre) creamy-orange 

weathering calcite marble layers (Fig. 6.3). 

The Garde (Fig. 6.5), South lakes Glacier (Fig. 6.4a & 6.5) and Della 

Valle depOSits (Fig. 6.7) He close to Dl tight-ISOClinal, north verging 

folds. The Garde mineralisation consists of massive pyrite, which contains 

thickened lenses of galena and sphalerite. The mineralisation l1es In a Dl 

anttformal fold core (FA 10-098; FAP 20-200) and perSists tn a 

disseminated form for 400 metres parallel to the Dl fold axis. The South 

Lakes Glacier mlneral1satlon Is exposed In 7 disseminated to stringer-like 

showings that lie on the upper 11mb of a moderately Incl1ned F 1 fold (FA 

7-264; FAP 30-191). This mlneral1satlon consists of coarsely 

recrystalllsed sphalerite, with sub-rounded marble clasts, and minor 

cross-cutting coarse grained galena In D3 tension gashes (Fig. 3.8e). 

Disseminated, recrystalllsed sphalerite and galena occurs In the overlying 

dolomitiC marbles. 

The Ark and Myers showings are deformed by 02 structures (Figs. 

6.4b, 6.5 & 6.6). The Ark deposit trends E-W, Is approximately 10 metres 

long by 1.2 metres thick, and consists of massive sphalerite, galena and 

pyrite with some quartz. The showing 11es on the overturned 11mb of a 

tight, south verging F2 synform (Fig. 6.5) and Is transected to the west by 

a OJ Sinistral shear zone. The south verging folds He above a north dipping 

D2 tectoniC slide, which reacttvated aD 1 extension fault 

The Myers showing consists of massive pyrite with lesser 

sphalerite and galena and Is situated In the footwall of the Imbricated 02 
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Table 6.1 

SHOWING 

UYkustgsset 

Agpat 

Nunngarut 

Ark 

Seat .. Letes 

elecler 

IIrdB 

Hyers 

..... 

Geological characterlst Ics of the mineralised zones 
In the Marmorl1lk area (apart from the Black Angel). 

STRATIGRAPHIC MINERALISATION SIZE TONNAGE 

SETTING STYLE & GRADE 

Mid. Mermorilik Fm. Massive and Dissem. 21lJ)l8rs !.. 1000000 T 

Unit 3 grephitlc Breccie-textured 400 m long 

celcite-oolomites. and rtuyst8111sed 

ore 

Mid Marmorilik Fm. Massive-Sem i 120m. long ? 

Unit 3 Graphitic massive breccie- 3-4 m. thick 

Celcite-oolomite textured ore. 

Lwr. MarmartHk fm. Messive 200m. wide 357 000 Tonr1eS 01 

Unit 2 calcite with Breccie-textured 18m. thick 3.91 Pb, 8.81 Zn 

siliceous peJites. end recrystellised 500 m long 20.41 Fe, 

ore 1n fl h1nge 34 g/tAg. 

Lwr. MermortHk Fm. Mossive-dissem 10m. long .!. 100000 T 

Untt 2 Lt. rTft./ buckshot to .7-1.3 m. wilE .151 Pb, 221 Zn 

massive oolomite r~ryst811ised ore 1400 m long in 201 Fe, 18g/tAg 

dissem. form 

Lwr. Marmorntk Fm. Stringer-dissem Fol,*, 200m approx. 30 000 T 

Unit 2 It. 'Te>t recryste111sed to sheet, 1 m wilE .521 Pb, 4.91 Zn 

cblamite marble buckshot textured 50 m. long 5.51 Fe, 18g1tAg 

lwr. Mermort11k fm. Massive 0.1-2 m. wilE approx 1 OOOT 

Unit 2 Ll rr~ recryste11ised ore. 40 m.long 151 Pb, 271 In 

mlomite marble Disseminated 500 m long 

massive pyrite 

lwr. Marmor111k Fm Massive buckshot or • . 1-." m thick 231 Pb&Zn 

Unit2lt~ Stringer horizons .4-.5 m thick 81 Pb&Zn 

mlomite marble 900m Dissent 

Lwr. t1ermorntk Fm. Smell massive 30cm. thick 201 Pb&Zn 

Unit21t~ showings end longer 2-3 m. wide 

mlomite marbles. disseminated zones 300 m long 51 Pb I Zn 

Extension of Ark OYer 2 m. wilE 
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tectonic slide zones of the middle Marmori 11k area (Fig. 6.1 & 6.6). It lies 

on the structurally correct way up limb of a sheared 02 synform. 

6.3 The Nunngarut deposit. 

6.3.1 Introduction 

The Nunngarut deposit is a Stratabound, massive to semi massive 

Fe-Zn-Pb-(Ag) 357,000 tonne ore body (Figs. 6.7 & 6.9) of 12.7" combined 

Zn-Pb (Table 6.1), situated at an elevation of 650 metres, 4.5 km. to the 

south of MarmorlHk (Fig. 6.1). It occurs in white calcitic marbles and 

calclte-peHte rythmltes (Figs. 6.3 & 6.9) of the Lower MarmoriHk 

Formation which lie at a slightly higher stratigraphic level than the 

Myers-Ark horizon (Fig. 6.3). Gossanous Zn-Pb showings occur at four other 

localtties near the Nunngarut deposit (Fig. 6.7>. To the northwest of the 

orebody, Plateau showings 1,3 & 4 are present tn the stratigraphical 

hangtngwal1 (Figs. 6.7 & 6.8). The P1 and P3 showings occur in white to 

lfght grey, siliceous to vuggy, saccaroidal dolomite marbles. The P4 

showing Is hosted In massive tremol1tic marbles withcalcite-dolomite 

marble containing graphite foHa, which are interbanded with the dolomite 

marbles. The stratigraphical footwall of the deposit consists of barren 

light grey to grey, massive, medium to fine grained, dolomitiC marbles. 

6.3.2 The Nunngarut Orebody: Form and Structure 

The Nunngarut ore body is irregular In plan view and defines a 

distorted NNW-SSE trending ellipse, with a concordant northerly l1mb-l1ke 

offshoot (Fig. 6.7). The horizon Is up to 250 metres long, 150 metres wide 

and 19.5 metres thick (Figs. 6.7 & 6.9). To the west and northwest the ore 

becomes disseminated. Disseminated mlneral1sation also extends towards 

the P2 showing to the east (Fig. 6.7). 

The deposit l1es In a north verging, ttght-tsocl1nal F 1 synform, 

known as the Nunngarut fold (Figs. 6.8a & 6.9), which occurs In a 02 

tectoniC sl1de block. The synform Is part of a sequence of 01 cascade folds 
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that are believed to have formed above a curvi linear, east-west trending, 

D 1 lfstrlc extension fault (Figs. 6.8a & 6.8b). Strong axial planar 

cleavages, non-cylindrical fold axes and extensional crenulation cleavages 

occur In aSSOCiation with this synform. A major D3 listric, northwest side 

down, sinistral shear fault (the Trlbutary-Nunngarut fault) runs to the 

west of the deposit, through the P l-P4 area and across to the western 'A' 

fjord cJtffwalJ (Fig. 4.26 & 6.7). 

The ore body contains massive to breCCia-textured ore 

characterised by sub-rounded pyrite porphyroblasts, up to 3 mm, in a 

medium grained sphalerite-galena matrix containing accessory pyrrhotite. 

The matrix contains Irregular to tabular pelitic fragments, grey white 

calcite clasts, ragged and elJ1psoidal recrystallised quartz eyes and minor 

bitumen. Small amounts of recrystallised galena and sphalerite occurs at 

the hanglngwaJJ contact of the deposit. 

6.4 UVkusslgsat and MP 5 zone 

Zn-Pb mlneraJ1sation in the Middle MarmoriJ1k Formation occurs as 

a highly sheared, discontinuous sheet for over 30 Km. Massive 

mlneraJ1sation occurs on the Uvkussigsat Peninsula (Fig. 4.13) (De1Ja 

Val1e, 1976; Pedersen, 1980; King 1981) and the Agpat Island (Fig. 1.3) 

(Gannicott, 1976; Della Valle, 1976; King 1981), and is correlated with the 

MP 5 zone semi-massive mineraJtsation of the Middle MarmoriJ1k Plateau 

(Figs. 6.1, 6.2 & Table 6.1). The Uvkussigsat showing contains coarsely 

recrystallised high grade pods of galena and sphalerite in open 03 folds, 

which lie within a more massive sheared ore (synonymous with the 

porphroclastic ore facies, section 6.5.6). 
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6.5 The Black Angel deposits 

6.5.1 Introduction 

The Black Angel deposits are poly-metamorphosed massive, 

stratabound, and in places tectonically discordant Fe-Zn-Pb-Ag sulphide 

deposits, consisting of six ore zones namely the; Angel, Cover, Tributary, 

I, Banana and Deep Ice zones (D.I.Z.) (Fig. 6.1 & Table 6.2). These zones 

occur in a narrow, 5 km. long, west-east trending mineralised belt 

extending from the Black Angel cllffwalJ and persisting under the inland 

tce cap as far as V 205 & V216 drl II hole Intersections (Fig. 6.1). The ore 

deposits occur as elongate, boudinaged pods and lenses In two tectonically 

separated horizons namely the Angel-Cover-Tributary zone horizon 

(A-C-T) and the I-Banana zone horizon (I-B) within a disseminated 

mtneraltsed sheet In the Unit 4 marbles. The mineralised sheet was folded 

about the Black Angel nappe during 01 deformation and transected by 

tectonic sJldes In the 02 event, so that the A-C-T zone now occurs at a 

higher topographic level than the I-B zone horizon (Fig. 6.10). 

6.5.2 Previous mine work 

Previous work on the Black Angel deposits has included surface 

exploration drilling supervised by Cominco Europe Ltd. exploration 

geologists and underground mine mapping by Greenex AlS geologists. 

Detatled stope waH mapping by the mine geologists concentrated on the 

form and extent of the ore horizon rather than on mineralogy, texture and 

structural relationships. A detailed study of the mineralogy and structure 

of the Angel Zone was carried out by Pedersen (1980b & 1981) who 

. produced an Isometric cross-section and an ore facies map of the Angel 

zone. As Pedersen failed to recognise certain tectonic events In the 

Marmorl1lk area (section 4.1), several of his Interpretations of the 

sulphIde deformation textures are flaWed. 

Many new ore zones have been opened to product Ion and/or 

subjected to extensive exploration drll1lng sInce this earlier work which. 
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ORE ZONE STRAT IGRAPHIC MINERAliSATION SIZE TONNASE 

SETTING STYLE & GRADE 

Angel White anhytritic Massive stratabound 30 m thick 7 M. Tonnes 

celciUc marbles sheet of l~ed 600 m wide 5.11 Pb 15.71 Zr 
recryst811ised pyriti( 1000 m long 171 Fe 30 g/tkJ 
end parphyrcx:lastic 

ore ftK:1es 

caver White-It fI'~ Meive stretebound Refolded 2-3 M. TonrleS 

calcite marbles par phyrcx: last ic ore 5 m. thick 

with layered end 350 m. wide 

recrystellised pOOs 3000 m long. 

" 
Tributary White enhydrtttc Massive stratabound 2-3 m. thick 0.7-1 M. Tonnes 

calcitic marbles megl!l-boud1ns or 150 m. w1de 

l~edend 700 m.long 

porphyroolestic ore 

w1th pyrrhot1te 

••• Celcitic marbles with Metve steeply 3-5 m. thick 1 M. Tormes 

derk fl'fI!I siltc:eous dipping stratabound 150 m. wide 

mlomtte marbles to discordant ore lens 1000 m long 

end pel1tes of porphyrcx:last1c or. 

........ Celcitic marbles with Messive stratabound 0.5-3 m. thick 0.5-1 M. Tonnes 

dark fTfI!I s111ceous to d1scorcBlt arched 120 m. w1de 

mlomites and pa1ites. horizon of ~OO m.long 

Barite in Footwall. porphyro:;lastic ore 

DelP Ice Massive calcites with Massive stratabound 0.5-5 m thick 0.6-1.0 M.Tonnes 

tnterbanded celctte end recrystalltsed ore 100 m. w1de 8.11 Pb 331 Zn 

mlomite marbles & py. pods with l~ed ore 250 m.long 141. Fe 28 g/tAg 

~215/216 InterbnlBd white- Massive stratabound limited ct-m 
It" celclte end recrystelliaed ore intarsactions 
mlcxnlte marbles pcxIs. 

Table 6.2 Characterlsttcs of the main mineralised zones In the 
Black Angel deposits end Possible correlettves. 



has provided a considerable amount of new data. 

6.5.3 The Black Angel ore zones 

The Angel zone contains the largest ore concentration in the mine 

(Table 6.2). It is sheet-Jjke (IOOOm long, 600 metres wide and up to 30 

metres thick) and dips at ~20' N (Fig. 6.11). It passes into the Cover zone 

via a thin refolded mineraJjsed unit (Fig. 6.17). The Cover zone is a 

relatively thin (Table 6.2) and strongly sheared lensoid ore body which has 

a hook Hke eastern closure (Fig. 6.15). The Tributary Zone lies to the 

northwest of the Cover Zone and consists of three boudinaged ore grade 

pods. 

The I zone is a very thin, (2-3 m), W-E trending, north dipping 

(30· - 60') orebody (Fig. 6.21). Disseminated mineral1sat10n extends 

eastwards from the I zone into the Banana zone. This zone Is less elongate 

than the I zone. The ore horizon Is arched over a 03 antiform (Fig. 6.15) so 

that the central ore zone Is fIat-lying, whiJe the northern margin dips very 

steeply (80·) northwards In places. 

The Deep Ice zone, which Is presently in an early stage of 

production, is a satellite ore body which occurs 2.5 km. ENE of the Cover 

zone (Fig. 6.1). Mineralisation occurs at three tectono-stratigraphic levels 

and Is folded Into a dome-Hke structure. The lowest mtneraHsed level 

contains Irregular, high grade, recrystal1ised ore pods (Table 6.2). 

6.5.4 Mine stratigraphy. 

a) Introduction. 

The I1thologles hosting the Black Angel depOSits conform to three 

broad tectono-stratigraphic panels. These are (with respect to the 

mtnerallsatlon):- t) the hanglngwall sequence: II) the mineralised 

sequence: 111) the footwall sequence (Fig. 6.10). 

The hanglngwall sequence conSists o( the pyritic and pyrrhotlttc 

pelttes and biotite schists of the Nukavsak Fonnatlon (3.3.3) and the 
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uppermost calcite-dolomite marbles (with Interbands of siliceous pelites) 

of the Marmorilik Formation (3.3.2). 

The mineralised sequence that hosts the A-C-T zone horizon and 

the I-Banana zone horizons are bounded by two 02 tectonic slide zones 

(Fig. 6.10). The stratigraphy Is highly deformed and the host rocks and the 

ore horizon are repeated and tectonically inverted many times in parasitic 

folds of the Black Angel nappe. Highly sheared siliceous pelitic schists In 

the footwall of the I-Banana zone mineralisation (Fig. 6.12 & 6.21) mark 

the boundary between the mineralised and footwall sequences in the mine. 

The footwall sequence consists of a tectonically folded and 

imbricated succession of dark grey pyritic siliceous pelites which occur in 

layers up to 20 m thick, and are Interbanded with white to light grey 

silfceous carbonates and grey banded graphitic calcite and dolomite 

marbles (unit 3; sect. 3.3.2). 

Ore/gangue contacts In the A-C-T zone horizon are generally 

sharp and conformable with the host rock foliation (Fig. 6.25). In the 

Cover, I and Banana zones many contacts are discordant and strongly 

sheared (Fig. 6.27). 

b) Strattgraphic location of the ore zones. 

I) The A-C-T zone horizon 

The A-C-T zone horizon Is hosted in monotonous coarse to medium 

grained white calcitic marbles (Figs. 6.12 & 6.13) with randomly 

distributed prismatic scap01lte and prismatic to rossettlform tremolite. 

Thin (1 cm -10 cm) white-lilac-pale purple anhydritic layers are 

tnterbanded with the calcitic marbles (Fig. 3.1 Ob). The marbles are purer 

tn the north west Angel zone. A relatively consistent hangtngwal1 and 

footwall stratigraphy Is maintained along strike, despite strong localised 

faulting and shearing. 

The marbles become Interbanded with I1ght to dark grey, fine 

grained graphitic, phlogopltlc and pyritic dolomlttc marbles southwards 
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from the Angel zone and also eastwards towards the Cover zone (Figs. 6.12 

& 6.13). In the southernmost Angel zone (G and H areas) the ore horizon is 

thrust against indurated black graphitic si 1iceous pe1ites (Fig. 6.13). 

The footwall stratigraphy of the A-C-T zone horizon is a 

complexly folded and interbanded succession of dark grey dolomitic 

marbles and fine grained indurated pelites with light grey siliceous 

calcitic marbles (Fig. 6.17). In the Tributary area phlogoplte-calclte 

marbles and salmon pink, manganese-rich calcite marbles are interbanded 

with these footwall units and can be traced through to the the the Deep Ice 

Zone, where they also form the footwall succession. 

II) I-Banana zone Stratigraphy 

The I-Banana zone mineralisation occurs in white to light grey 

calcitic and dolomitic marbles (Figs. 6.12 & 6.13). which do not persist 1n 

the footwall succession where they give way to pelitiC shists interbanded 

with dark grey dolomitic marbles. In the south and east of the I zone the 

footwall contact Is sharp and highly sheared (Fig. 6.14). The ore horizon is 

thrust against dark grey dolomitic marbles (Fig. 6.21), with coarse 

calcite-filled jOints, and black graphitic sil1ceous pel1tes (Fig. 6.13). The 

peHtes are indurated and in places (J 170) contain chlorite and biotite 

books aSSOCiated with recrystalllsed Quartz (Fig. 6.38). The ore zone 

stratigraphy Is consistent between the I and Banana zones. 

The Banana zone ore horizon Is hosted by wispy pyrite and 

phlogoplte-bearing foliated. calcitic and dolomitic marbles (Figs. 6.12 & 

6.13). The footwall succession Is dominated by tan coloured siHceous 

dolomite marbles (Fig. 4.21 d & e) which are underlain by dark grey 

graphitic dolomites and siliceous pel1tes containing lenses (up to 10m 

thick) of sil1ceous calCite marbles. Chlorite-b1otlte-quartz 1s present In 

the footwall succession of the Banana zone. associated with pods of 

recrystal1tsed and sheared baryte (Fig. 6.13). The baryte pods occur In 

contact with the ore horizon as east-west trending bodies, up to 2 metres 
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thick and 30 metres long. 

ttn Deep Ice zone stratigraphy. 

The exact stratigraphie location of the Deep Ice zone 

mineralisation (Fig. 6.1) Is uncertain. Mineralisation is present at three 

tectono-stratigraphic levels. The highest of these occurs in graphitic 

calcite-dolomite marbles of the Upper MarmoriJik Formation (Fig. 3.11) 

correlating with the hanglngwaJJ sequences in the A-C-T zone. The two 

lower ore sequences are clearly seen to He below the Tributary zone 

horizon In drill holes Intersections located between the two ore zones. 

Coarsely crystal1tne, high grade, sphalerite and galena occur In Irregular 

pods and are hosted in white, grey and occassionally dark grey dolomitic 

marbles. These are Interbanded on a mll1lmetre to metre scale with white, 

tremoUte and scapoUte bearing, calcitic marbles. Thin sl1iceous peUte 

bands are also interlayered with the carbonates (Fig. 4.21 d & e). These 

units are consistent with those which occur In the I-Banana zone. 

The footwall is a distinctive white and predominantly dolomitic 

marble with wispy, folded and sheared out pyritic laminae (FIg.4.2ge). 

c) Hanglngwall and footwall stratigraphic variation. 

There are strong conSistencies between the immediate 

hangingwall and footwaJJ Hthologies of the ore zones (Figs 6.12 & 6.13). 

Variations exist In the southern Angel zone, the I zone and the Banana 

zone, but these are tectonically rather than stratlgraphlcaJly controlled. 

The major lithological variations are associated with 02 tectonism, which 

caused the hanglngwal111thologtes to be carried over the footwaJl 

J1thologles on the ductile ore. A good example of this Is observed In the 

eastern 1 zone, where the ore horizon and overlying folded dolomitic 

marbles, are thrust onto Imbrlcately stacked pelitic schists of the 

footwall (Fig. 6.14). 
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Figure 6.10 Eastern Agfardlikavsa Cllffwall and Black 
Angel deposits 

A phot()Jraphic mont~ showing the eastern 'A' fjord clifwall. To the north the 01 Black 
Angel nappe, and the subjacent strongly transposed interbanOOd pelites calcite and 
oolomite marbles, are deformed into a 03 rollover structure. The Blacle Angel nappe and 
ore horizon (thin dark grey boudinaged strip above the nappe), are held in a souther ly 
taperfna 02 tectonic w$. Imbricated 02 tectonic slide zones associated with 02 folds 
are concentrated towards the southern end of the cliffwall, and transect 01 isoclinal 
folds. Scale bar 500 metres. 
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6.5.5 Mine structure. 

The Black Angel deposits have been polydeformed during the 

Rinkian event. They were deformed in; the northern contractional domain 

during 01 deformation (section 4.2.3). the transition between the northern 

fold belt (section 4.3.2) and the central contractional belt (section 4.3.3) 

during 02 deformation. and the oblique slip rollover (section 4.4 & Fig. 

4.27) during D3 deformation. 

The major structural features of the Black Angel deposits are 

depicted in Figure 6.15. The most obvious features are ESE-WNW trending 

03 folds that refold D 1 isocHnes. D2 folds and D2 tectonic slides. 

a) 01 structures 

Dl deformation folded the Black Angel ore horizon about the Dl 

Black Angel nappe (Fig. 6.10). The resulting ore horizons (A-C-T and I-B) 

are transposed parallel to the 01 fold axial plane. The A-C-T horizon is 

elongate parallel to the F 1 fold axis (080-260-) (Fig. 6.15). 

01 structures are largely obscured in the mine by the more 

pervasive D2 structures. They are more easily recognised on mine cross 

sections (Fig. 6.17). In the central Angel zone (Fig. 6.15) and the northern 

Banana zone (Fig. 6.15) they are represented by large scale north verging. 

non-cylindrical, recumbent folds (Figs. 4.14 & 6.18) with nipple like 

accomodatton features (Fig. 6.19). and more rarely by low angle tectonic 

sl1de zones (Fig. 6.18), The nipple structures are a response to the 

competency contrast between the sphalerite (more ductl1e) and pyrite 

bands. 

The upper surface of the ore horizon is characterised by rootless 

folds with axial planar seams of semi-massive and stringer-like 

mineralisation that penetrate the host rocks (Fig. 6.17 & 6.20). Sulphides 

near the footwal1 of the ore horizon are folded Into 01 cuspate anti forms 

and 'pinched In' synclines (Fig. 6.17 & 6.20) which are similar to the cusp 

and plercement structures described by Malden et a1. (1986). The less 
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competent sulphides form pinched in synforms against the more competent 

carbonates, whi Ie piercement structures are developed in fold hinge zones 

where the host rock deformed by brittle fracture. 

b) 02 structures 

The 02 structures are represented by south-verging inclined folds 

with 'out of syncline thrusts' (Fig. 4.21) and imbricated tectonic slide 

zones (Figs. 6.14 & 6.21 ). Although these have been refolded by 03 folds 

they maintain a north-east to south-west trend (Fig. 6.15) and are 

dominantly north-west plunging. Sllp vectors (32--356-, Table 4.2), 

determined from mineral stretching lineations, indicate a south-eastward 

tectoniC transport of the imbricated fault blocks. 

02 tectonic slides thin the ore horizon, in the southern Angel zone, 

much of the Cover zone, and espec1ally 1n the L,M and P areas (Fig. 6.41), 

where large tectonic discordances between the ore horizon and host rocks 

occur (Fig. 6.27 & 6.33 a& b). 02 southerly verging incllned folds (Fig. 4.21) 

refold the ore horizon and 01 1soclines (Fig. 6.23 b & f) tnto type 3 fold 

Interference pattems (Fig. 6.17 section 900) (Ramsey, 1967), and produce 

steeply dipping ore shoots. Good examples of the latter feature are found 

In the I zone (Fig. 6.21), and are similar to the 'droppers' in the Broken Hill 

deposit (N.S.W'> (Maiden et aI., 1986). These ore shoots are uneconomic, 

even though they are commonly high grade, because of the length of 

drifting required for their explOitation. 

02 en-echelon arrays of shallowly north dipping, 1mbrtcated and 

duplexed tectonic sl1de zones occur in and between the Cover and I zones 

(Fig. 6.21). As the tectonic sJides accomodate a large amount of 

shortening, the number of slides and the amount of displacement upon 

them controls the separation between the Cover zone and the I/Banana 

zone. 02 duplexes and anUformal stacks thicken the ore horizon (Fig. 

6.14). 
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c) 03 structures 

The most common 03 structures are south dipping, north verging, 

open to closed pericJinal folds (Fig. 4.29a & 6.16). In the eastern Cover 

zone an array of parasitic folds occur on the Jimbs of a major 03 

antiform-synform pair (Fig. 6.15). The fold axial traces of this fold pair 

run through the MX and southern KM areas and extend into the Banana zone 

(Fig. 6.15). Major 03 folds also occur in the northern C area of the Angel 

zone (Fig. 6.17 & 6.20) and the Banana zone (Fig. 6.15). Severe tectonic 

thickening of the ore horizon occurs within the 03 hinge zones (Fig. 6.20). 

The 03 fold Jimbs are attenuated and are often characterised by pinch and 

swell structures (e.g. northern Angel zone). 

The 03 structures refold the already polydeformed ore horizon, 

creating very complex outcrop patterns (Fig. 6.16). Two major N-S 

trending, west dipping, 03 sinistral shear zones (the section 1600 shear 

zone and the Tributary-Nunngarut fault) cross-cut all earlier structures. 

The section 1600 shear zone (Fig. 6.15) locally causes vertical/obllQue 

west-side down displacements in the ore horizon of up to 30 metres. The 

Trlbutary-Nunngarut fault occurs as a transtensional duplex zone In Drift 

23 (Fig. 6.16). 

d) 04 structures 

North-south trending west side down, extension faults and 

numerous close spaced joints occur throughout the mine. These 04 

structures have l1ttle effect on the geometry/morphology of the ore 

horizon, but contribute greatly to slabbing and p111ar fallure in the mine 

(t.e. Angel zone) and can considerably hinder production. 

e) Summary 

The Black Angel deposits are folded about the 01 Black Angel 

nappe. 02 Imbricated tectonic sl1des transect and severely thin the ore 

horizon, whereas considerable thickening of the ore horizon occurs In 03 
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fold structures. Large competence contrasts exist between the ductlle ore 

and the host rocks which has caused much plastic deformation to be 

concentrated within and around the ore deposits. Folds and joints are 

commonly rooted in the ore horizons, and 02 tectonic slide zones have 

exploited the naturaJJy high viscosity/anisotropy contrasts at the ore­

gangue contacts. 
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Figure 6.18. North verging F 1 Isoclinal nappe 

Photcgraph of a sub-horizontal F 1 isoclinal nappe OOveloped in interbanOOd 
calcite-001omite marbles. Breccia-textured ore (B) is present along the hi~ zone. 
Note the OOcoIJement horizon at the base of the are and the OOwncutting of the ore into the 
footwall with IDlnsequent incorporation of host rock. Tight north verging parasitic 
folds occur on the upper 11mb of the nappe with cusps and axial planar seams of 
mineralisation. West wall T-1 Ramp. T zone. Metre rule for scale. 
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Figure 6.1 9 Isoclinal F 1 nipple folds in the K area, Cover zone 

The folds are formed in' layered ore tectonites which are 
overlain by coarsely recrystallised massive pyrite ore 
tectonltes. Sheared porphyroclastic ores occur toward 
the hangingwall contact 
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6.5.6 Ore petrology. 

a) Introduction 

This section documents the ore mineralogy, texture, ore horizon 

geochemistry and mineral chemistry of the Black Angel deposits. The ore 

horizon contains pyrite, sphalerite and galena with minor pyrrhotite, 

chalcopyrite, arsenopyrite, and tennantite. Subordinate stannite, cubanite, 

electrum, polybasite, rutile, hematite, magnetite have been reported by 

Pedersen (1980>' Fluorite, baryte and graphite also occur. The severe 

deformation in the MarmorjJik area has largely obliterated the primary 

mineral textures. The sulphide horizons now conSist of nine types of ore 

tectonite (Table 6.3) which display a variety of buckled, layered, sheared 

and recrystallised fabrics. On the basis of mineralogical and textural 

variations, the ore tectonite types have been classified into four ore 

facies associations (Table. 6.3). The ore facies associations are namely; 

the banded ore facies, porphyroclastic ore facies, recrystal11sed ore facies 

and the massive pyritic ore facies. The ore facies associations (Fig. 6.22) 

have been mapped and their distribution Is discussed with respect to the 

structural architecture of the ore zones. 
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DEfORMATION 

MINERAL 

PYRITE 

SPHALERITE ~_. 

GALENA 

01 02 03 04 

PYRRHOTITE ----I-----..... - ..... +----__ '---~~-
CHALCOPYRITL ___ -4-.-____ 4--___ --1I--____ --ir---_ 

TENNANTITE ___ +-____ ~---~-.. _~--

ARSE NOPYRIT E __ ..... I110.-___ -+-____ +-....... _I11..-"--_ 

ORE FACIES 

· · · · MASSIVE i 
PYRITIC i 

BANDED RECRYST AlllSED 

~[::.~ 
TEMPE RAT URE -====:::::::::::=---_______ --.::==~~~ 

TABLE 6.4 Schematic relationship between mineral 
deformation, ore fac1es, temperature and tecton1c eyent 
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6.S.6.b Ore facies. 

Banded ore facies 

The Banded ore facies is characterised by the layered ore tectonite 

type which occurs in sheared out D 1 isoclinal closures (Fig. 6.23e) within 

the northern Angel zone, M-X area of the Cover zone, the T zone (Fig. 6.22> 

and the lower ore stratigraphy of the I and Banana zones. The layered ore 

tectonite consists of discontinuous cm-dm bands of granular, 

poikiloblastic pyrite (up to lmm) (Fig. 6.23c),coarsely recrystallised 

sphalerite (Fig. 6.23), and coarsely recrystallised fluorite bands (1-5 cm). 

In some cases the pyrite grains are elongate. Internal dislocation 

etch pits (McClay and Ellis, 1983) are oriented sub-parallel to this 

elongation direction (Figs. 6.24 g & h) and to Increase In density towards 

grain boundaries and fractures (Fig. 6.24h). Chalcopyrite, sphalerite and 

galena are included along relict triple junctions and in both early and late 

extensional fractures. These early fractures have been healed and 

overgrown during later annealing processes. The chalcopyrite and 

sphalerite inclusions contain minor subhedral-euhedral arsenopyrite 

rhombs which replace the chalcopyrite in a boxwork texture. 

Sphalerite bands contain minor inclusions of pyrrhotite and 

chalcopyrite along broad intragranular annneaJing twins and at grain 

boundaries. In some cases the pyrrhotite inclusions themselves 

poiklJitically enclose fine grained anhedral sphalerite. Fine-medium 

grained, euhedral-subhedral, pyrite pOikiloblasts overgrow the coarse 

sphalerite (Fig. 6.23c). 

porphyroclastlc ore faCies 

The porphyroclastic ore facies is predominant in the southern 

Angel, Cover (apart from the M-X area), I, Banana and T zones (Fig. 6.22). It 

consists of four types of ore tectonite that contain sheared deformation 

textures. These are masked to a large extent by later grain growth 

textures. The ore tectonite types are namely; I) breCCia textured ore II) 
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buckshot textured ore and iiO pyrrhotitic ore, and iv) mylonitic sphalerite 

ore. Gradational contacts often occur between the breccia textured ore 

tectonite and the banded ore facies. The buckshot textured ore and the 

mylonitic sphalerite ore tectonites occur against or sandwiched between 

the breccia textured ore (Fig. 6.25 & 6.42b). 

Breccia textured ore tectonite 

The breccia textured ore tectonite conSists of poikiloblastic and 

fragmented pyrite (up to 3mm) in a massive, moderately sheared, matrix 

of medium-coarse grained (up to 4mm) sphalerite (Fig. 6.28), with 

coarsely recrystallised galena and minor chalcopyrite (Fig. 6.28b). Tabular 

to rounded marble inclusions (Fig. 6.26 & 6.33a & b), pelitic fragments and 

smaller recrystallised quartz clasts are incorporated into the ore. Clasts 

lying near the centre of the ore horizon are more rounded than those near 

the ore horizon boundaries (Fig 6.25 & 6.26). The inclusions have been 

delaminated from the host rocks by shearing along perturbations on the ore 

horizon boundary (Fig. 6.26). Once incorporated, the clasts or 'rafts' were 

boundinaged, subsequently rounded (Fig. 6.25) and took on classic 

'durchbewegung' textures. Micas occur close to the quartz clasts and 

overgrow and include deformed and later annealed sphalerite (Fig. 6.28e). 

The inclusions are al1gned along sltghtly bent cleavage traces (Fig. 6.29d). 

Grain rotat ion, grain boundary impingement and fracturing occur 

In the pyrite. Fine new grains (Fig. 6.24e & f) which surround sub-hedral, 

internally strained, grains (Fig. 6.24i &J) are developed. 

The matrix is dominated by aggregates of em bayed to irregular 

(Fig. 6.28 c-f), medium to coarse grained sphalerite (Fig. 6.28a) with minor 

sub-grain development and lanceolate deformation twins, overgrown by 

broad anneal1ng twins (Fig. 6.28 c & d). The sphalerite is intergrown with 

polygonal, coarsely recrystal1lsed and annealed galena grains (Fig. 6.28c 

&d). The sphalerite aggregates have cuspate grain boundaries, which 

Indicate that later annea11ng and grain growth took place (Fig. 6.28a). This 
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recovery led to sphalerite overgrowth and inclusion of the galena. Rotated 

pyrite poUdloblasts embay the matrix sphalerite, which exhibits bent 

deformation twins and sub-grain development adjacent to the pyrite (Fig. 

6.28e). 

Buckshot textured ore tectonite 

This type of ore tectonite occurs in bands mostly between 10-30 

cms thick (Fig. 6.25), but 10caJJy reaching as much as 1.1 metres thick (for 

Instance In the K area, Cover zone Fig 6.42). The bands occur within and 

Juxtaposed against the breccia textured ore (Fig. 6.25). Buckshot textured 

ore tectonites are vaguely banded and characterised by fragmented, 

xenomorphic-idioblastic, pyrite pOikiJoblasts (up to 4mm) with em bayed 

and cuspate boundaries in a fine grained, sphaleritic matrix 

(Figs. 6.33 c & d). Minor galena and chalcopyrite are present. Coarse 

grained dark brown sphalerite recrystaJlises around Included gangue 

material and pyrite polklJoblasts (Fig. 6.33c). Elongate, coarse grained, 

strongly rounded clasts of calcite marble and opaque to clear, augen-l1ke 

Quartz clasts, up to 10 cm, (Fig. 6.33c) are aligned paraJJel to the pyrite 

banding (Fig. 6.25). Some of the the Quartz inclusions contain smaJJ 

amounts of disseminated galena and sphalerite 

The pyrite grains are boudinaged, shattered, rounded, (Figs. 6.24 a 

& b, & 6.33d) and show two stages of fracturing. Spindle and wedge-shaped 

Inclusions of sphalerite, galena and chalcopyrite occur In the pyrite and 

represent healed extension fractures. Many grains are also elongate. 

Cross-hatched or linear dislocation pits are concentrated into a dominant 

sUp direction and these occur in inclined kink bands. A reorientation of 

fractured pyrite grains occurs across late stage fracture zones. 

The matrix is dominated by both coarse (up to 4mm) and fine (up to 

0.1 mm), grained grey sphalerite with minor coarse grained galena and 

chalcopyrite (Fig. 6.33d). Fine grained, embayed-Irregular, sphalerite 

crystals mantle the coarser sphalerite (FIg. 6.33h) In which lanceolate 
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deformation twins are overgrown by broad annealing twins. Broad 

annealing twins also occur in the unstrained fine, sub-idiomorphic, 

straight to slightly curved sphalerite grains. Sphalerite grain boundaries 

are pinned by included marble, galena and interstitial chalcopyrite. 

Coarse grained polygonal galena occurs in the sphalerite matrix as 

interstitial material, that develop 120· triple junctions and straight to 

curved grain boundaries. Chalcopyrite occurs as rare embayed, (0.1-0.5mm) 

inclusions, sometimes with broad annealing twins, trapped at triple 

Junctions in the sphalerite matrix. 

Sub-rounded, embayed marble inclusions (up to 0.1 mm) occur in 

the nne grained sphalerite matrix. Coarse calcite overgrows the 

sphalerltlc matrix, whilst pyrite grains indent the calcite clasts. Micas 

are crenulated and include the mineralisation along cleavage traces (Fig. 

6.29d). Included, embayed, quartz clasts themselves Include sphalerite and 

galena. 

A galena-rich variation of the buckshot textured ore tectonite 

occurs In the K and F areas of the Ange I zone. The matrix consists of 

duplex-textured recrysta1Jlsed polygonal galena grains and sphalerite 

aggregates (Fig. 6.28g &h). 

The aggregates occurs as cauliflower-like masses of (0.1-1 mm) 

sphalerite crystals (Fig. 6.28g) with small, em bayed, Irregular, Inclusions 

of galena. The larger crystals are mantled by sub-idlomorphlc smaller 

grains which have cuspate grain boundaries against the galena matrix and 

both straight and bent annealtng twins (Fig. 6.280. Idiomorphic pyrite 

polkl1oblasts overgrow the duplex textured matrix (Fig. 6.28j). 

Deformed and undeformed micas replace the sphalerite aggregates. 

Augen l1ke quartz grains Include annealed sphalerite and small pyrite 

poikl1oblasts (Fig. 6.28 g & h). Quartz grains also occur at triple Junctions 

In sphalerite and polygonal galena, where they pin grain boundaries 

(Flg.6.28J). 

196 



Pyrrhot it ic ore tectonite 

Pyrrhotite-rich ore tectonites occur at the base of the ore horizon 

in the Tributary zone (Fig. 6.43); at sheared, conformable and 

disconformable contacts against calcite-dolomite marbles and pelitic 

schists in the eastern I zone; and in the Banana zone where they are 

associated with the basal breccia textured ore. 

This type of ore tectonite is characterised by massive and foliated 

pyrrhotite with subord.inate sphalerite and minor chalcopyrite. The 

pyrrhotite encloses fractured and boudinaged, tabular to lenticular, 

sphalerite aggregates (Figs. 6.30 & 6.31 a & b) together with inclusions of 

quartz and marble. The sphalerite aggregates are orientated parallel to the 

pyrrhotite foliation and contain coarse sphalerite grains with broad 

anneal1ng twins. Chalcopyrite and lesser amounts of pyrrhotite are 

included as interstitial material (Fig. 6.31 b) along cuspate to straight 

grain boundaries and broad annealing twins. 

The matrix of the more massive pyrrhotitic units exhibits fine 

grained duplex textures (Fig. 6.32) of sub-idiomorphic pyrrhotite (0.3-0.05 

mmJ and sphalerite (0.5-0.1mmJ. The fol1ated units contain strongly 

elongate, very fine grained pyrrhotite in en-echelon shear zones adjacent 

to the included sphalerite clasts (Fig. 6.31 c & d). Inclined bands of 

polygonal to slightly elongate pyrrhotite,considered to be relict kink 

bands, Jte between the throughgoing shear zones (Fig. 6.31 c). 

Idlomorphlc quartz crystals are Included within the ore matrix. 

These are commonly rimmed by calcite. Phlogoptte books are present at 

the base of the ore horizon. Coarsely recrystal I ised, em bayed, rounded to 

ellipsoidal calcite clasts (1-5 cm) lie parallel to the pyrrhotite 

schistosity. The calcite inclusions consist of strongly annealed polygonal 

calcite crystals and themselves enclose quartz augen and small amounts 

of matrix sphalerite/pyrrhotite. 

The sulphide matrix Is locally replaced by pyrite (Fig. 6.32) and 

arsenopyrite (Fig. 6.J6e) porphyroblasts. The pyrite occurs as Sieve-like 
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sub-idiomorphic to idiomorphic pyrite pOikiJoblasts up to 5 em (Fig. 6.32) 

which include sphalerite and Quartz in a zoned manner (Fig. 6.32a & n. 
Pyrrhotite depletion halos occur adjacent to the pOikiJoblasts (Fig. 6.32a,c 

& f). The pyrrhotite foliation often anastomoses or is displaced around the 

pyrite (Fig. 6.32a & b). Pyrrhotite in some cases is included in the pyrite 

grains (Fig. 6.32c & e). Arsenopyrite is uncommon, but occurs as large 

(upto 3mm) porphyroblastic laths that also overgrow the pyrrhotite matrix 

(Fig. 6.36e). 

Mylonitic sphalerite ore tectonite 

The mylonitic sphalerite ore tectonite type occurs in the central 

Cover zone; the I,T and Banana zones, and as disaggregated fragments in 

the recrystalllsed ore of the southern Angel zone. It is a 

near-monomineraHc, dark brown, fine grained, sphalerite rock that occurs 

In sharp, discontinuous, ( 1-15 cm thick) bands which anastomose around 

included Quartz and marble clasts within buckshot textured and breccia 

textured ore tectonite types (Fig. 6.25). 

The sphalerite bands are composed of coarse (1-1.5 mm) elongate 

xenomorphic, ragged, em bayed and serrated grains mantled by fine grained 

sphalerite (Fig. 6.33e &f). Thin, kinked and cross twinned, lanceolate 

deformation twins occur in the coarse sphalerite. These are orientated 

obliquely/sub-parallel to the grain elongation (Fig. 6.330. Sub grains are 

present towards the grain margins (Fig. 6.33e). The finer (O.Olmm-O.lmm) 

grains have broad annealing twins (Fig. 6.33a & b) and are concentrated 

Into thin ( 1 mm-l cm) anastomosing shear bands (Fig. 6.33f). The straight 

and cuspate-lobate grain boundaries are pinned by minor Quartz and 

marble inclusions (fig. 6.33g). 

Fine grained, sub-idomorphic to idiomorphic, poikllttic pyrUe 

crystals occur in a discontinuous spotted form and overgrow the fine 

grained sphalerite shear bands (Fig. 6.33g). 
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RecrystaJl tsed ore facies 

The recrystallised ore facies consists of 3 coarse grained ore 

tectonite types (Table 6.3) namely:-O Coarse sphalerite (with pyrite and 

Quartz) iO Coarse galena (with quartz and tennantite) and jji) Bleby 

sphalerite. These tectonites occur in 03 folds, in the C area and M-X area, 

in large-scale boudins in the Hand G areas, and as isolated pods in the 

breccia textured ore of the K area, Cover zone 

(Fig. 6.22). 

Coarse sphalerite ore tectonite 

This ore type is common in the northwestern Angel zone 

(Fig. 6.42), where massive bands (up to 2 metres thick) of coarse grained, 

sub-idioblastlc to Irregular, sphalerite exhibiting cuspate, stepped to 

sltghtly serrated grain boundaries, are interleaved with coarse pyritic 

units. Bent and kinked lanceolate deformation twins occur within the 

sphalerite which are overgrown by broad annea1ing twins. Very fine 

grained chalcopyrite occurs as embayed to irregular crystals at sphalerite 

grain boundaries and annealllng twins. 

The sphalerite varies in colour from black in the Tributary zone, 

through green in the M area of the Cover zone, to a very light honey colour 

in the L area, Cover zone. This colour change is due to the varying iron 

content (Scott 1983 & Barton and Toulmin 1966. Table 5.1). Most of the 

sphalerite occurs as coarsely crystalline irregular bodies associated with 

large (20cm) idiomorphic pyrite porphyroblasts (Fig. 6.34a). It Is less 

commonly associated with quartz crystals. Rounded, coarsely 

recrystaJ1ised, calcitic/dolomitic clasts (upto SOcm), have become 

Included in the ore, through fracturing the host rock and invasion by 

sphalerite (Fig. 6.34c). 
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Coarse galena ore tectonite 

Massive coarse galena layers (upto 1.3 metres thick) occur in the 

E, C, G, H areas of the Angel zone (Fig. 6.42); 1n the X area of the Cover zone 

and in the northern Banana zone. Coarse galena (upto 1 cm) is often strongly 

kinked and sheared against D3 fault surfaces. It is associated with minor 

pyrite, coarse sphalerite, tennantite, isolated quartz crystals, up to 

1 Oems (Fig. 6.34e & 0 and large (50 cm) marble inclusions (Fig. 6.340. The 

clasts are derived from the adjacent host rock by host rock fracturing and 

galena invasion (Fig. 6. 34b). 

Tennantlte-rlch galena ore occurs in the C area of the Angel zone 

and the K area of the Cover zone. Coarse grained, xenomorphic, tennantite 

replaces galena (Fig. 6.35a & b). Pyrite cubes (Fig. 6.35a), which are 

commonly rimmed by duplex-textured inclusions of chalcopyrite and 

arsenopyrite rhombs (Fig. 6.36 a,b & c), occur with the tennantite. 

Bleby sphalerite ore tectonite 

This type of ore tectonite occurs in the E and H areas of the Angel 

zone (Fig 6.42) between the coarse galena and the coarse sphalerite ore 

tectonites (Fig. 6.34d). It is characterised by (1-4 cm) rounded, ragged and 

cuspate dark brown sphalerite aggregates, quartz augen (1 mm-15cms) and 

pyrite porhyroblasts In a medium to coarse grained, fOliated, galena 

matrix. The matrix consists of strained, coarse, sub-ldloblastlc to 

xenomorphic, cuspate-em bayed, grains (Fig. 6.37a) which are reduced In 

size towards the sphalerite blebs. These galena grains are strongly 

elongate (Fig. 6.37 b & d). Kinked, polygonal sub-grains occur in the 

elongate crystals (Fig. 6.37e). The kinks are perpendicular to the grain 

elogation. 

The sphalerite aggregates consist of coarse, rounded-Irregular 

grains with thick annealing twins (Fig. 6.37a) which Include minor 

chalcopyrite and galena. Grain size decreases towards the ragged 

sphalerite aggregate margins which are composed of strongly annealed, 
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finely recrystallised, polygonal grains (Fig. 6.37a). The aggregates are 

themselves dissagregated. Single sphalerite grains or fine grained, 

annealed, aggregates with small irregular quartz, marble and sheared 

galena inclusions (Fig. 6.37a & b) are commonly incorporated into the 

galena matrix. 

The presence of sheared galena inclusions in these disaggregates 

suggests that a late stage of anneallng of sphalerite occurred, which 

resulted in a replacement and inclusion of the sheared matrix galena. 

Xenomorphic poikilitic tennantite replaces the galena matrix (Fig. 

6.35c) enclosing galena, sphalerite, chalcopyrite, arsenopyrite and quartz. 

It is itself replaced by ldiomorphic polkiHtic pyrite (0.1 mm) which also 

replaces the sphalerite aggregates. Coarser (3mm) pyrite pOikt1oblasts 

replace and enclose both sphalerite aggregates and matrix galena 

(Fig. 6.370. Late stage fractures cross-cut all the matrix material 

(Fig. 6.37b). 

Massive pyritic ore facies. 

This ore facies conSists of two types of ore tectonite (Table 6.3), 

namely:-i) foam textured ore and il) massive pyrite ore. These occur in the 

central E area, where massive pyrite is up to 4.5 metres thick (Fig. 6.42), 

the northern 0 and eastern G areas of the Angel zone; the northern P area, 

southern M area and the northeastern X area of the Cover zone (Fig. 6.22). 

This ore facies occurs in association with both the banded and 

recrystallised ore facies. 

Foam textured ore tectonite 

The foam textured ore Is concentrated In 03 folds of the M-X area 

(Cover zone) and 03 axial planar structures in the eastern I zone (Fig. 6.38 

& 6.39a & c). It consist of medium to coarse grained (up to 3mm) granular 

pyritic ore (Fig. 6.39d) containing chalcopyrite, sphalerite, arsenopyrite, 

temantlte and marble fragments. The granular pyrIte metamorphlcally 
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overgrows primary zoned crystals (Fig. 6.40). It is aSSOCiated with 

recrystallised sphalerite and quartz (Fig. 6.39c). 

Massive pyrite ore tectonite 

This tecton1te type occurs as a core of pyrite in the central Angel 

zone (Fig. 6.42). It consists of very coarse grained (up to 20 cm) 

idlomorphic, fractured and bent pyrite porpyhroblasts and pyrite 

aggregates. It occurs in both pyritic foam textured ore and in coarsely 

crystalline calcite matrices which contain minor intergranular quartz. 

Primary textures 

Early diagenetic or epigenetic mineral textures (primary textures 

as used In this thesiS) are only preserved as mantled growths In 

metamorphic pyrite (Fig. 6.40) of the massive pyritic ore facies and the 

pyrite units of the banded ore facies (Table 6.3). Minor primary textures 

are retained In pyrite pOlklloblasts of the breCCia-textured ore. The more 

highly deformed buckshot textured ore and remobilised ore facies do not 

retain any primary features. 

In order to study the primary features, the pyrite porphyroblasts 

were etched in 1 0" H~3 at 60-700C for between 30 seconds and 5 

minutes. A wide range of primary textures are revealed by the presence of 

carbonate Inclusions, which were trapped during early mineral growth. 

The main types of primary textures are unstralned, void fill 

features which Include colloform (up to 2mm in diameter) and colloidal 

textures. The colloform textures contain bands of rounded variably sized 

carbonate inclusions, which possibly Indicate changing colloform growth 

rates (Fig. 6.40a). Cuspate and embayed masses of fine grained rounded 

carbonate or sl1tceous material are commonly overgrown by metamorphIc 

pyrite (Fig. 6.4Ob). These masses probably represent colloidal 

crystallisation of early marcasIte/pyrite (poSSibly sphalerIte) wIth 

carbonate. 
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Other relict primary textures include unstrained, idiomorphic, 

twinned and zoned rhombs (Fig. 6.40c &d), twinned (Fig. 6.40e) and 

rossettiform lathlike and skeletal prismatic crystals (Fig. 6.40f), and 

boxwork laths (Fig. 6.40i & j). AJI of these crystal forms are interpreted to 

represent the presence of early marcasite growing both in a bladed and a 

more stubby prismatic form. The skeletal crystals possibly represent 

rapid growth rates. 

Zoned cubic grains, probably of later diagenetic pyrite, often 

mantle these early marcasite grains (Fig. 6.4Od). Thus alteration of 

marcasite to pyrite occurred relatively early in the history of the ore 

deposit. Cubic and coJJoform banded primary pyrite grains, with 

overgrowths of lath-like crystals, occur In the pelitic units of the 

Nukavsak Formation (Fig. 6.4Og & h) 

The presence of euhedral, zoned and rossettlform marcasite and 

colloform shaped textures and the lack of framboldal textures Indicates 

that most primary mlneral1satlon took place as void fl1l mineralisation in 

a low-temperature epigenetic regime. A later pseudomorphing of 

marcasite by pyrite represents a change In the FeS stablHty field during 

late stage diagenesis. 
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Figure 6.23. Layered ore tectonite 

A) BanOOd ore tectonite showing 03 folded pyrite (P) and coarser sphalerite (S) bands 
enclosing boudin~, phlcg:>pite banded, marble (M) fragments. Stope 0 26, Angel zone 

B) Rythmically banded sphalerite (mid-grey) and pyrite (light grey) layers deformed 
into 02 south verging 8S\f1Tletric folds. E sil1pil1ar, Angel zone. 

C) Polished block of banded ore, showIng euhedral pyrIte (P) wlttllnterstitial 
sphalerite and dark brown sphalerite (S) bands of annealed grains enclosirg afew pyrite 
euedra. Specimen E36a. StopeE 36, Angel zone. Brebrick and Scanlon etch 120 sees. 
70·C. 

D) Weakly banded ore. Sphalerite layers are boudins;Jed within the more massive pyrite 
bands. Lenses and pods of recrystallised calcite (white) are incorporated in the ore and 
aligned parallel to the banding. Stope M 110, Cover zone. 

E) MOOerately well banded layered ore. The darker sphalerite bands are defcrmed into 
Isoclinal folds. Northerly dippIng dIscordant footwall contocts and a sheared, relatively 
concordant, hangingwall contoct are observed. Stope E 82, Angel zone. 

F) Massive pyrite bands ( 10 em. thick) hold boundinaged sphalerite fragments, that are 
both ooformed into 02 south verging ~metric folds. Large QUartz clast (0) is held in 
the spahlerite. E sillpillar, Angel zone. 
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Figure 6.24. Pyrite mlcrotextures 

A) Gatoclastically reformed pyrite (P) with blow apart texture, infi11ed by 
chalcopyrite and minor sphalerite, In a breccia to buckshot textured ore. Specimen 
B 124. Stope B 124, Banana zone. Unetched. Scale bar 500~. (x.p.l) 

B) Boudlnoged, rotated and disaggregoted pyrite poikiloblast prOOucing fine grained 
pyrite cubes within a sphaleritic (S) matrix. Breccia to buckshot textured ore. 
Specimen, B 1606. Stope B 160, 8anana zone. Scale bar 500~. (x.p. l) 

C) Annealed polylJlnal pyrite grains with well developed 120· triple junctions cut by 
04 extension froctures. Interstitial chalcopyrite (CPY) and marble (bled). layered 
ore. Specimen E 36a. Stope E 36, Angel zone. Scale bar 500~. (p.p.l) 

D) Intense 04 frocturing in pyrite poikHoblasts from 
breccia-textured ore. Sphalerite (S) gelena (light grey) matrix and quartz (a) eye are 
undeformed. Specimen A7.2T, Stope 016, Angel zone. Scale bar 500~. (x.p.l) 

E) Grain impingement and concomitant catoclastic frocturing of Idiomorphic pyrite 
crystals in a marble (M) matrix. Breccia-texture ore. Specimen A7.1T. Stope 016, 
Angel zone. Scole ber SOOJ,l. ( p.p.l) 

F) Close up of (E) showing new fragmented elongate and subhedral pyrite ~ains 
associated with the frocture zones. Scale bar 1 OO~. (p.p.l) 

G) Po1yl}lnal pyrite grains showing dislocation etch pits. The etch pits have preferred 
orientations in eoch grain. Marble matrix. Etched in 501 HN03' 90 sees at 60·C. 
Specimen E 368 leryered are tectonite. Stope E 36, Angel zone. Scale bar 250J,l. (p.p.l). 

H) Close up of a grain boundary from (a), shOWing l-R aligned dislocatioo etch pits in 
the left hand grain and NE -SW etch pits in the right hand grain. The etch pits form 
tangles at the grain boundBry. Scale bar 1 OO~. (p.p.l). 

I) Etched pol~81 pyrite grains, showing high relief zones signifying the presence of 
deformation twins or kinks. Pyrite band in buckshot-textured ore. Etched in 501 
HN03' 30 sees at 60·C. Specimen K 152. Stope K 152. Cover zone. Scale bar 500~., 

(p.p.1.) \ 

J) Close up of triple junction and reformation twins/kinks from (I). Stele 250)J \ 
(p.p.1.) i '\ i 

! 
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figure 6.25. PorphyroclD::st ic ore fDcie::s 

Complex ore stratigraphy developed in the porphyroclastic ore facies. Breccia and 
buc~shot textured are sandwich a thin, sharp ly defined band of mylonitic sphalerite are 
tectonite(dark grey), which enestomoses eround en Included marble lens. Rounded and 
slighly raooed coarse grained marble clasts are Included in the buckshot textured are 
tectonltes are. Less ooformed layered are tectonltes (Banded are facies) occur towards 
the bottom left of the photo. Some pyrite layering is retained in the sheared breccia 
textured ore tectonite. The hangingwall contact is sheared and conformable whereas the 
footwall contact Is Irregular. Stope M 72w, central Cover zone. Metre rule for scale. 

Buckshot textured ore tectonite 

Mylonitic sphalerite ore tectonite 

Layered are tectonite grading into 
breccia and buckshot textured are 
tectonltes 
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Figure 6.26 Breccia textured ore tectonite 

A phot~raph of massive breccia-textured ore. The ore is seen to incluoo a oolaminated 
end subsequently boudin~ marb Ie b locI<. The marb Ie b locl<s are smaller and more 
rouded towards the centre of the are. Note the oolaminated blocl< oc:curs in 8 finer 
grained (highly sheared) ore matrix. Greater pyrite exists towards the footwall. The 
hongingwoll conttx::t is sharp and conformable with the host rocl< foliation. Irregular 
marb Ie clasts oc:cur along the dissem inated footwall contact, where thin galena and 
pyrite stringers are present. Stope L 66n, Cover zone. 
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Figure 6.28. Breccia and buckshot textured ore tectonite 
microtextures 

A) Photomicr~raph of breccia-textured ore. The sphalerite and galena matrix is 
overgrown by a coarse grained sub-idioblastic pyrite poikiloblast. The sphalerite (S) 
occurs in clots that repltn! and include the medium grained galena (0) along cuspate 
boundaries. Unetched. Specimen 357. Stope F 54, Angel zone. Scale bar 500~. (x.p. I.). 

B) Coarse xenomorphic pyrite (P) grains in a matrix of sphalerite (S) and 
chalcopyrite (CPY). The pyrite Is strongly froctured and infilled by chalcopyrite. Small 
QUartz grains (grey block) are present. Unetched. Specimen T 188T. Stope T 188n, 
Tributary lOne. Scale bar 700~. (p.p. I.). 

C) Specimen 357 (as in A) but etched. A large pyrite poikiloblast overgrows the 
medium grained sphalerite-galena matrix. The sphalerite consists of EWR'egetes of 
sub-hedral slightly elongate annnealed grains. The galena has 8 more polY!JlO81 texture. 
Brebrick and Scanlon etch, at 75·C for 30 sees. Scale bar 500~. (p.p.1.) 

0) Photomicrograph of the matrix textures in a typical breccia textured ore. Brca1 
annealing twins overgrow thinner bent deformation twins 1n anhedral sphalerite. Galena 
(0) is crerse grained and poly~ally recrysta11ised. An anhedral pyrite poikiloblost 
overgrows the partially annealed sphalerite matrix. Brebrick and Scanlon etch,st 7S·C 
for 30 sees. Specimen I 170. Stope I 170, I zone. Scale bar 500~. (x.p.l). 

E) A photomicr~raph showing sub-grain development and bending of deformation twins 
in sphalerite due to grain impinoement by an anhedral pyrite grain (P). Also in the 
matrix kinked phlC9Jpite (Ph), galena and quartz. 8rebrick and Scanlon etch, at 75·C 
for 50 sees. Specimen K 130. Stope K 130, Cover zone. Scale bar 500~. (x.p.l). 

F) Sphalerite (S) matrix composed of Irregular grains that show anneallng twins 
overgrOWing deformation twins. Quartz eyes (0) and marble have cuspate grain 
boundaries and include sphalerite. Brebrick and Scanlon etch, at 7S·C for 30 sees. 
Specimen 8 126. Stope 8 126w, Banana zone. Scale bar 500~. (x.p.l). 

Galena-rich buckshot textured ore tectonite microtextures 

G) Irreoular sphalerite clots composed of fine to medium Qralned anneeled crystals 
reploce and include the galena rich matrix. The galena shows po~81, gr800liestic 
textures. (0)= quartz. Brebrick and Scanlon etch, et 60·C for 90 sees. Specimen F 56. 
Stope f 56, AnQeI zone. Scale bar 500U. (x.p.l.). 

i 
H) Close up of granular and slightly elongate greins in the po~l galena matrix (0). 
which are replEad and included by annealed sphalerite grains. Specimen 8S in (O). Scale 
b8r 160U. 

I) Photomicrograph of bent ennealing twins in sphalerite. Specimen 8S in (0). Scale bar 
160U. 

J) Photomicrograph of a pyrite poiktloblost overgrowing the sphalerite/gBlem matrix. 
Specimen as in (0). Scale bar 160p. 
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Figure 6.29 Micaceous microtextures 

A) PhlC9Jpite intergrown with galena (g). A slightly irregular Quartz (Q) grain occurs to the 
top right. An idiomorphic arsenopyrite rhomb reploces the galena and phlC9Jpite. Sample K 152, 
recrystalljsed ore focies, Stope K 152 Cover zone. Scale bar 200u. 

B) Comp lex intergrowth between galena (white)and 0 curved band of bent phl(9)pite crystols. 
Quartz occurs in the matrix as a rounOOd slightly annealed grain. Arsenopyrite (A) rhombs 
rep loce both the m iea and galena. Specimen as in CAl. Scale bar SOOU. 

C) Ranoom 1y orientated ph ICQJpite crystals in a galena (with sphalerite matrix). Pelitic 
freqment with minor galena occurs to the top right. Specimen B 124P, Stope B 124, Banana zone. 
Scale bar SOOU 

D) Close-up of a bent phlC9Jpite crystal replocing a galena (white) sphalerite (mid-gry) 
matrix. The ore matrix is incluOOd along the phlC9Jpite cleay~. Specimen A 7.2T, Stope E 16 
Angel zone. Scale bar 200u. 



216 



"~. \ .. 

SPHALERITE LENSES 

II'Y1 

Figure 6.30 Sketch of fol jated pyrrhotite ore from Stope T 188, 
Tributary zone 
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Figure 6.31. Pyrrhotite ore tectonite mlcrotextures 

A) Photcgraph of a polished block containing thin brecciated and boudin~ sphalerite 
(S) bands held in a foliated pyrrhotite (PY) and chalcopyrite (CPY) matrix. The matrix 
sulphides are seen rep lacing marb Ie (M). Unetched. Specimen T 188. Stope T 188n, 
Tributary zone. Scale bar lem. 

B) Close up of a pulled apart sphalerite band (S). The sphalerite encloses blebs of 
chalcopyrite (minor galena) along grain boundaries and anneal1ng twins. The matrix of 
pyrrhotite (PY: white) and chalcopyrite (CPY: light grey). forms tl duplex texture, 
which replaces the sphalerite and infills the fracture zone. Specimen as in (A). Scale 
bar 500~. (p.p.l.). 

C) Photomicrcgraph of a very fine grained pyrrhotite rich shear zone abutting the 
sphalerite band (S). Two throughgoing shear zones are present at the top erd bottom of 
the pyrrhotite unit. Between these zones elofl(J8te to polYlJlnal pyrrhotite ferm in 8 

NE -SW orientation. Specimen as In (A). Scale bar 160~. (p.p.L). 

D) Photomicrograph showing two conjugate pyrrhotite shear zones (meeting at the left 
of the figure). Fine elongate grains occur in these shears while coarser grained 
sub-equant pyrrhotite is present between them. Specimen as in CAl Scale bar 160~. 
(p.p.L). 
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Figure 6.32. Pyrite I pyrrhotite microtextural 
relationships 

A) A slightly rotated sub-idiomorphic pyrite poi~i1oblast, including sphalerite in e 
v6Juely zoned pattern, iin a dup lex textured matrix of pyrrhotite (PY) and sphalerite 
(S). A zone rep leted in pyrrhotite occurs around the pyrite. Unetched. Spe:imen I 170. 
Stope I 170s, I zone. Scale bar SOO,-1. (Normarsld interference prism (N.I.». 

B) Boudin~ and cat~lastically fr~tured pyrite poik.iloblast enclosing sphalerite. The 
pyrite grains are rotated causing the vaguely foliated pyrrhotite/sphalerite matrix to 
wrap around the grain. Spe:lmen as tn (A). Scale bar SOOu. 

e) Pyrite poikiloblast (near skeleta1), overgrowing and enclosing pyrrhotite and 
sphalerite. Spe:lmen as In (Al Scale bar 500u. 

D) Two large anhedrel poik il obI asts of pyrrhotite (PY: light grf!.!) and pyrite (P: 
white) abutting each other with a straight grain boundary. Unetched. Spe:imen T 188b. 
Stope T 188n, Tributary zone. Scale bar 500U. (N.I.). 

E) Pyrite poikiloblast overgrOWing, replocfng end including pyrrhotite, in 6SSOCietion 
with sphalerite (darl{ grey). Note these sphalerite inclusions were analysed in order to 
estimate peal{ metamorphic pressure. Specimen as in (D). Scale bar 160u. (N.J.). 

F) A pyrtte polktloblast with zoned sphalerite Inclusions, In a pyrrhottte/sphalerite 
matrix. A pyrrhotite depletion helo occurs around the metamorphiC pyrite. Spe:imen as 
in (D). Scele bar 500U. (N.J.). 
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Figure 6.33 Field relationships and microtextures of 
tectonites from the porphyroclastlc ore facies 

A) Mine phot~raph showing the irregular form of the conformable and cross-cutting 
relationships of the breccia-textured ore. To the left the are is held in a south verging 
02 fold. On the upper fold limb large marble bloc~s are incorpoarted into the are. Stope 
P 72e, central Cover zone. Scale bar 1 metre. 

B) Discordant conEd between massive breccia-textured are (dark grt¥) BOO partially 
included phl~plte laminated marble raft. Stope l 66w, Cover zone. 

C) Close up of a slab of Buckshot textured ore. Note the massive speckled appearance and 
the inclusion of small < lem. 'quartz~' (bla:k) and recrysta11ised calcite (white). 
Stope M 72w, Cover zone. 

D) Phot.aph of a polished block of buckshot textured are. Rounded, sub-hedral, and 
elongate, anoular, stronoly deformed shattered pyrite pOikl1oblasts and finer grained 
disawregated cleaved pyrite frtJgments ore held In a fine grained, predomirmtly 
sphalerite matrix. fine grained quartz Inclusions (black) are formed in the bloclc. They 
are weakly aligned in a N-S orientation. M = marble. Specimen A 11. Stope M 72w, 
Cover zone. Scole bar - 1 em. 

E) Photomicr~raph of mylonitic sphalerite ore showino a large rounded sphalerite 
grain, with bent lenticular internel deformation twins, surroun«Ed by 8 finer grained 
less strained serrated sphalerite grains. Very fine grained equant new grains form 
interstitially to the serrated grains. Brebrick and Scanlon etch at 50·C for 120 sees. 
Specimen A 7. Stope M72w, Cover zone. Scale bar 500J!. (p.p.1.) 

F) large tobular sphalerite grain, with bent internal reformation twins, in 8 

atnamically recrysta11ised matrix of finer grained sub-equant sphalerite, with 
serrated and straight grain boundaries. Specimen as in (A). Scale bar 500J!. (p.p.1.) 

e) Close up of ~namically recrysta11ised sphalerite m8trix. The equant unstrained 
sphalerite grains (striped) have br08:l annealing twins, and have overgrown 
aynamlcally recrysta11lsed grains. Minor fine grained Idlomorphlc pyrite polkl1oblasts 
(P) overgrow the sphaleritic matrix. Specimen es in (A). Scale bar 160J!. 

H) Photomicro;Jraph of 8 buckshot textured ore shOWing coarse catOClastiC811y deformed 
pyrite poikilobl8Sts overgrowing a ~namiC811y recrysta11ised sphaleritic matrix. 
Brebrick end Scanlon etch 8t 50·C for 120 sees. Specimen E 46, Stope E 46, Angel zone. 
Sca1e bar 500J!. (x.p.!.) eN.I.). 
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Figure 6.34. Recrystallised ore facies 

A) Coarsely recrysta11ised sphalerite-galena-pyrite ore tectonite. Pyrite megocrysts 
(P) lie in a coarse grained sphalerite (5)-galena (G) matrix. Coarsely recrysta11ised 
calcite clasts (C) are incluOOd in the ore. An irreQular contact is m~ with the host 
mBrbles. Stope 0 20, Angel zone. Ruler in 20cm. sections. 

B) A recrystallised ore band containing large pyrite cubes (P) in e coarse galena (0) 
matrix. The aalena has InvaEd a footwall of recrystal1lsed Quartz (Q) alClOJ splayed 
fractures. M • marble hangingwal1. Stope M 72, Cover zone. 

C) Coarsely recrystallised monomineralic sphalerite Iyina above breccia-textured ore 
tectonltes. The coarse sphalerfte Is seen to have delaminated a calCitic marble raft (e), 
and to have fractured the hangingwal1 phl(XJlpite marbles. Stope K 118, Cover zone. 
Width of view 3 metres. 

D) B leby sphalerite ( dark 'l!Y) and recryiallised Quartz in coarse galena that has 
formed in a 03 shear zone between layered ore tectonites ( upper unit) and coarse 
sphalerite ore tectonltes. The sphalerite blebs are Incorporated Into the ore through 
brecciation of the coerse sphelerite bonds. Stope E 36, Angel zone. Scole bIr 2 metr~. 

E) Coersely recrysta11ised galena and QUartz ore tectonite. RecrystalHsed 
rounded/r8Jged quartz crystals are held In a coarse grained galena (0: llglt 
grey)matrix. Stope E 46,Angel zone. Metre rule for scale. 

F) Phot()Jraph showlnQ the strOnQly discordant character of the recrysta11ised massive 
sphelerite (S) end grJlene (G) ore tectonite. Merb Ie clllSts, up to 1 metre (M) htlVe been 
d3leminated from the host marbles and rotated within the ore. Stope E 46n,Angel zone. 
Map board for scale. Scale bar 1.5 metres. 
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Figure 6.35. Microtextures of tennantite-rich ore 

A) Photograph of a polished block containing coarse tennantite 0: mid-grtay) repla::ing 
and including galena (G:white-grey) and enclosing froctured sphalerite clasts (S). 
Pyrite poikiloblasts (P: light grey) overgrow this coarse grained matrix. C = calcite. 
Unetched. Specimen K 124T. Stope K 124, eastern Cover zone. Scale bar 1 em. 

B) Photom Icr()Jraph showing tennantlte (T) with cuspate grain margins rep la::lng 
gfllena (G). Unetched. Specimen K 124T. Stope K 124, eastern Cover zone. Scale bar 
500~. (N.I.). 

C) Photomicrograph of coarse irregularly shaped tennatite (1: pale grey), in 8 matrix 
of coarse galena, with an elongation parallel to 8 ragJed sphalerite E9Jregate boundary. 
Unetched. Specimen E 46 B leby sphalerite. Stope E 46, Angel zone. Scale lw 500~. 
( p.p.l.). 
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Figure 6.36. Arsenopyrite microtextures 

A) Arsenopyrite (Apy) and chalcopyrite (CPY) rim separating a large froctured pyrite 
poikiloblast (P) from coarse grained tennantite (T). Cuspate grain boundaries, 
synonymous with grain boundary migration, in the tennatite abutt the chalcopyrite. 
Unetched. Specimen K 124T. Stope K 124, Cover zone. Scale bar 500j.1. (p.p. 1.) 

B) Idiomorphic twinned rhombs of arsenopyrite (Apy)poikiJoblasticel1y overgrowing 
chalcopyrite (CPY). The chalcopyrite matrix is set In coarse grained tennantite (n. 
Specimen as in (A). Scale bar 500j.1. (p.p.I.). 

C) Close up of arsenopyrite rhombs from (8), with chalcopyrite (CPY)inclusions. 
(1) • Tennnatite. Specimen as in (A). Scale bar 160j.1. (p.p.l.). 

D) Euhedralarsenopyrite rhombs observed overorowino phlcglpite (Ph) end coarse 
grained galena (3). The phlcglpite and Quartz grain also occur in the galena matrix. 
Unetched. Specimen K 126, Stope K 126s, Q)ver zone. Scale bar 500j.1. (p.p.I.). 

E) A coarse grained arsenopyrite lath set In a pyrrhotltic (PY) matrix with Interstitlal 
sphalerite (S). Unetched. Specimen T 188, Stope T 188n, Tributary zone. Salle b8r 
500j.1. (p.p.!.). 

F) Xenomorphlc pyrite(P) replacing an arsenopyrite (Apy) lath. The matrix consists of 
sphelerite (S: m id-orey), golena (L Ight grey) end en abundance of QUM'tz (Q: deep 
grey). Unetched. Specimen Tl88a, Stope Tl88n, Tributary zone. Scale bar 500j.1. 
( p.p.!.). 

G) Arsenopyrite in a fine grained footwal1 siliceous petite. Sphalerite (S) occurs in 
irreQUlar masses replacirllJ the arsenopyrite "and the siliceous petite. Unetched. 
Specimen 8 124bp, Stope 8 124, 8anana zone. Salle bar 500j.1. (N.I.). 

H) Arsenopyrite with phlC9lPitic seams (Ph). Specimen 8S in (G)' Scale bar 160j.1. 
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Figure 6.37. Bleby sphalerite and sheared galena 
microtextures 

A) Bleby sphalerite in coarse galena. The sphalerite grains are r~ and consist of 
annealed crystal BgJregates, that on their extremities overgrow sheared galena. Very 
fine grained, elongate, foliated, galena (g) abutts and anastomoses around the sphalerite 
blebs. Aw~ from the sphalerite the galena matrix revelops a coarser grained, 
polyglnal, grain growth texture. Recrystallised quartz grains with ragJEld (fragmented? 
and annealed) marQlns are rotated within the foliated galena matrix. Etched in Brebrick 
ond Scan Ion etch at 60·C for 120 sees. Speci men A 7, Stope E 46, An~ I zone. Scale bar I 
em. 

B) B leby sphalerite ore showing fine grained elongate foliated galena (mottled grey, 
through differential etching), Incorporating sphalerite blebs (S). later st~ annealing 
occurs in the disaggregated sphalerite blebs, which causes inclusion of the sheared 
galena. Etched in Brebrick and Scanlon etch at 60·C for 120 sees. Specimen A7, Stope E 
46,An~1 zone. Scale bar 160~. (p.p.t.). 

C lar~ sub-equant 9Oleno grains showing faint elongote sub-grain development 
Elon9Ote grains mantle these large 90lena cores. Specimen es in CAl. Scale bar 500~. 

D) Close up of highly elongate galena grains end ribbons, showing internal sub-grain 
development and polyglnisation. Specimen as in CAl. Scale bar 160~. 

E) N-S or1entated k1nk bands deVeloped 1n e poly~nal sub grain wlth1n a galena r1bbon. 
Specimen as 1n CAl. Scale bar 1 OO~. 

F) Pyrite poikiloblast overgrowing and enclosing sphalerite blebs (S) within the 
sheared galena matrix. Specimen as in (A). Scale bar 500~. 

G) Close up of e poly~nised QfJlena ribbon (white) ll1jocent to an annealed sphalerite 
bleb. 120· tr1ple JuncUons and straight to sl1ghtly curved gra1n boundar1es are well 
developed. Specimen as in (A). Scale bar I OO~. 
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FIGURE. 6.39. Field relationships and microtextures of the 
foam textured ore tectonite 

A) Mine photcgraph of 03 folds with a strong oxial planar fabric affecting an ore band 
Foam textured ore and recrystallised sphalerite occur in upright axial planar alteration 
zones. Stope I 1705. I zone. Hammer for scale. 

B) Close up of foam textured are within an axial planar zone. A folred quartz layer and 
recrysta11ised marble clasts are incorporated within fine grained pyrite (light grey). 
Recrysta11ised sphalerite and quartz occur at the base of the massive pyrite. 

C) Phol()Jraph of a thin 03 axial planar foam textured mineralised band associated with 
recrysta111sed Quartz (white) which crosscuts the Intense S2 graphitic calclte-dolom Ite 
febric. Co6rse grained sphalerite (B lack) is partially injected along the 03 structure. 
South wall of Stope I 1705, I zone. 

D) Photcgraph of a polished block of a f08m textured ore tectonite. Equant, g-anular, 
pyrite (P) are set in 8 marble and sphalerite (S) matrix. A large pyrite poikiloblast is 
near the left hand ai,)e of the block. I t formed throuoh €W'8IJ8tion of smeller grains. 
C8 = C8lcite clast. Unetched. Specimen M-X area, western Cover zone. ~le bar 1 cm. 
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Figure 6.40. Primary microtextures 

A) Colloform shaped growth of zoned colloiml pyrite ond morble overgrown ond mantled 
by a sub-hedral metamorphic pyrite grain. foam textured ore. Etched in 50~ HN03' 
120 sees 6t 60·C. Specimen A 10. Stope K 306, Cover zone. Scale bar 500~l. (p.p.l.). 

B) Irregularly shaped, co-precipitated, colloidal intergrowths of carbonate and iron 
sulphide overgrown by metamorphic annealed pyrite, that has caused a grain size 
reduction in the early mineralisation. Specimen as tn (A). 

C) Relict twinned rhombs, possibly after marcasite, picked out by marble inclusions 
(bl~k), overgrown by metamorphic pyrite. Minor cat~lastic fracturing. layered ore. 
Etched in 50~ HN03' 120 sees ot 60·C. Specimen OIZ b. Deep Ice zone. Salle bar 160~. 
( p.p.l.). 

D) Twinned rhombs, after marcasite, rimmed by a overgrowth of small cubic grains and 
carbonate inclusions. Overgrown by a large cubic grain and subsequently by a 
metamorphic pyrite. leyered are. Etched in 501 HN03' 120 sees 8t 60·C. Specimen A 
5. Stope E 38, Angel zone. Scale bar 500~. (p.p.l.). 

E) Metamorphic pyrite holding a twinned lath, after marcasite (?), rimmed by 8 

overgrowth of finer laths and interstitial marble. Specimen as in (0). Uneven etch. 
Scele bm- 200~. 

F) Roun(8j primary inclusion, within 8 metamorphic pyrite, consisting of skeletal 
prisms forming a rosette, with Interstitial marble and sulphide. Specimen as In (D). 
Scele bar 160~. 

G) large zoned cubic grain, possibly after pyrite, overgrown by pyrite. Late st8Je 
annealing has caused grain size reduction. Mass1ve pyr1te from Nukavsak formation. 
Etched in SO~ HN03' 60 sees at SO·C. Specimen NUK 3. Drill core from V 216. Scale 
bar SOOJ,l. (p.p.l.). 

H) Q)ncentrically zoned, colloform (1), growth rimmed by a corona of fine acicular 
laths, and subsequently overgrown by pyrite. Spectmen as in (D). (N.I.) SCSle bar 
SOO~. (p.p.l.). 

I) Irreoular diamond shaped corrtDd primary clast consisting of cubic aoo acicular 
laths with interstiatial marble inclusions. Overgrown by pyrite. Specimen as in (0). 
e N.I.) Scale bar 160~. (p.p.l.). . 

J) Q)rrtDd and embayed primary clasts containing pseuoomorphed acicul~ laths. 
Overgrown by pyrite that is catacletica1Jy fractured. Specimen as in (0). Salle ber 
SOOJ,l. (p. p.l.). 
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c) Ore facies distribut ion. 

The ore facies have been carefully mapped in order to determine 

their relationship to the structure and to examine the concomitant control 

on the metal distribut ions in the deposits. 

The Angel zone contains both the greatest diversity of ore 

tectonite types and ore facies association, and the most complex 

deformation patterns of any of the Black Angel ore zones (Fig. 6.15 & 6.22>­

The northern Angel zone is dominated by layered ore tectonites and 01 fold 

structures (Figs. 6. IS, 6.17 & 6.20). The layered ore tectonites grade 

southwards Into massive breccia textured ore tectonltes of the 

porphyroclastic ore facies. Elongate ESE-WNW lenses and circular pods of 

the recrystalJ ised ore facies which are localised within 03 fold structures 

(Fig. 6.15 & 6.20) occur in the C and Northern E areas of the Angel zone 

(Fig. 6.22) and are responsible for the high metal grades (Fig. 6.20, 6.44 & 

6.45) of the northern Angel zone. The central Angel zone consists of a low 

grade core of the massive pyritic ore facies (Fig. 6.22). The pyrite core 

occurs within minor 01 folds (fig. 6.20), which He on 03 fold limbs. The 

core - was largely resistant to deformation. To the south of this 

massive pyritic ore facies, the ore horizon is thinned (0.5 - 10 metres) and 

transected by 02 tectonic sHdes, and dominated by the porphyroclastic ore 

facies (Fig. 6.15 & 6.22). An isolated Irregularly shaped banded ore facies 
of. 

lens (western G area), and three podS, the recrystallised ore facies occur 

within this porphyroclastfc ore (Fig. 6.22). 

The ore horizon In the Cover zone Is thinner and more sheared 

than In the Angel zone (Fig. 6.41). It varies in thickness between 0.5 - 5 

metres (average ~ 1-2 metres) (Fig. 6.41 & 6.42). It is deformed by a 

system of 02 tectonic slide zones and open 03 folds. The porphyroclastlc 

ore facies, composed largely of breccia-textured ore tectonltes, 

dominates the western Cover zone. The more sheared buckshot ore and 

mylonltlsed sphalerite ore tecton1tes OCClr local1y In the M and P areas of 

the central Cover zone. Small remob111sed ore facies pods occur In the K 
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area. 

The eastern Cover zone contains a number of ore tectonite types 

and facies associations (Fig. 6.22). Banded and porphyroclastic ore facies 

dominate the southern flanks and the outer hinge zone of the MX area 03 

flexure (Fig. 6.15 & 6.22), whllst porphyroclastlc ores occur in the 

southern X area (Fig. 6.22). Massive pyritic ore facies occur in irregular 

masses about the 03 flexure and are associated with the tectonites of the 

banded ore facies. Ore tectonite types of the recrystal1fsed ore facies are 

present In the 03 fold hinge, and also as irregular lenses and pods on the 

northwesterly limb of the 03 flexure. In the northem X area (Fig. 6.22) the 

porphyroclastlc ores grade Into massive pyr1tic and weakly sphalerite 

banded ores. 

The ores of the I, Banana+T zones are less variable than the 

sulphides of Angel and Cover zones, and are dominated by porphyroclastic 

ore facies aSSOCiations. In the I zone, these ores occur in a 02 tectonic 

sl1de system (Fig. 6.21). The lower units of the eastern I zone contain 

breccia-textured ore tectonites and sheared pyrrhotltlc tectonites. The 

Banana zone consists of breccia-textured tectonites In which a sma)) pod 

of the banded ore facies is present (Stope B101) (Fig. 6.22). Coarse 

sphalerite ore tectonites occur in the north of the zone which occur with 

coarse baryte (Fig. 5.4 e-h). 

Some ore tectonite variation occurs in the Tributary zone. The 

basal sections of the central T zone are marked by pyrrhotitic ore 

tectonites (Fig. 6.43). RecrystaJlised ores occur to the north of this 

pyrrhot1tIC core and also as very sma)) recrystaJlised pods in the T2 area. 

Massive to porphyroclastic ores dominate the outer areas of the T zone 

(Fig. 6.43). 

The Oeep Ice zone consists of irregular pods of recrystaJ1ised ore 

facies together with minor banded ore facies. These ore faCies 

associations are sim1Jar to those found Within 03 folds of the northern 

Angel zone and the MX area of the Cover zone. This may suggest that a 
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previously unrecognised 03 fold exists in the Deep Ice zone. 

In summary, it is evident that the distribution and generation of 

ore facies are directly related to particular deformation structures 

(Fig. 6.15 & 6.22) and specific tectonic events (Table. 6.3 & 6.4). The 

banded ore facies is associated with large 01 overfoJds. Any primary 

layering that may have been present prior to deformation would have been 

accentuated by a transposition of fabrics during the 01 event. The 

breccia-textured ore of the porpyhroclastic ore facies occurs in both 01 

and 02 fold structures above decollement zones. The buckshot and 

mylonitiC sphalerite ore tectonite types of this facies are associated with 

the 02 tectonic slides. The recrystallised ore facies is present in the 03 

structures. The coarser unstrained tectonites of this facies e.g. coarse 

sphalerite and coarse galena ore tectonite types, occur in 03 fold hinges. 

The sheared bleby sphalerite ore tectonite occurs in sHghtly later 03 

shear zones. 

The massive pyritic ore facies occurs on 03 fold Hmbs in the 

central Angel zone and eastern Cover zone. This ore facies is little 

deformed and probably approximates original (primary) pyrite 

distributions. 

d) Ore strat Igraphy 

The ore facies distribution map (Fig. 6.22) is a somewhat 

slmpl1fied 20 representation of the ore faCies distribution. In many cases 

several ore tectonite types and ore facies occur at the single locations, 

but only the dominant ore facies is represented on the map (Fig. 6.22). More 

detailed 3D representations of the tectonite type distribution based on 

measured and logged sections are given In Fig. 6.42, 6.43. 

The Angel zone ore horizon varies considerably in thickness 

between 0.5- 35 m. It contains all ten ore tectonite types and all four ore 

facies assoclat1ons. Stratigraphic correlation between sections is poor 

(Fig 6.428) and rapid changes In ore faCies and tectonite types occur 
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throughout the zone. A good example of this is observed in Stope E 44-46 

(Fig 6.41 a). The ore horizon consists of 01 layered ores at the hangingwall 

contact which grade into 02 related breccia textured ores of the 

porphyroclastic ore facies. Buckshot textured ore tectonites are developed 

towards the footwall contact, whilst coarse sphalerite and coarse galena 

ore tectonites with bleby sphalerite ore tectonites occur at the centre of 

the horizon. However, 70 m west (i.e. Stope E 48-52) only the basal breccia 

textured ore is retained. The rest of the horizon conSists of the massive 

pyrite ore tectonite type. 

In comparison to the Angel zone, tectonite types can be closely 

correlated between measured sections in the central Cover zone 

(Fig. 6.41 b), where a well defined ore stratigraphy composed mainly of 

breCCia-textured ore tectonite types occurs (Fig. 6.25 & 6.41 b). The most 

variable ore stratigraphy is present in the more highly deformed and 

sheared, central parts of the zone e.g. Stope M72 W (Fig. 6.25 & 6.41b). 

Here the ore horizon (Fig. 6.25) contains a thin unit of 01 layered ore 

tectonites at the hangingwal1 and footwall contacts. 02 porphyroclastic 

. ore facies occur within the layered ore. The tectonites grade from 
\ 

breCCia-textured ores to buckshot textured ores and flnal1y mylonitic 

sphalerite towards the centre of the ore horizon. Minor 03 folds occur in 

the cover zone and result 1n formation of the recrystall1sed ores that are 

commonly found towards the base of the ore horizon (Stopes KOO, K 188 

and M72 W, Fig. 6.41 b). 

The rap1d changes 1n ore tecton1te type through the Angel zone are 

due to the complex style of deformation within the zone (and the 

pre-existing mineral distributions) (Fig. 6.15). The more consistent ore 
.n 

stratigraphy of the eastern Cover zone results,{the ore horizon having been 

deformed by one major tectonic event. 02 tectonic slides structures are 

dominant in the zone (Fig. 6.15). The ore stratigraphy becomes more highly 

sheared and therefore more variable towards tectonic slide zones of 

greater displacement. 

240 



KEY TO CONTOURING 

.--
) 10 metres 

) 4 metres 

-
.' 

) 3 metres 
c· 

~ .'" ) 2 metres 

) 1 metre 

) 0 5 metres 

1000 

o 
o 
o 

Figur e 6 .41 ORE THICKNESS IN THE BLACK ANGEL MINE 

600 METRE CONTOUR 

0 

0 
Tom Elder showing 

COVER ZONE 

I ZONE 

o 
o 
o 
N 

0 
staining 

TRIBUTARY 

~ 

o 
<:) 

o 
(") 

ZONE 

BA ANA ZO NE 



FIGURE 6·42 
A) ORE STRATIGRAPHY OF THE NORTHERN ANGEL ZONE 

E 44 - 46(N) 

D 20!N) 

B) ORE STRATIGRAPHY OF THE WESTERN COVER ZONE 

., 
1&1 
a: 
:u 
2 
j: 
Z 
11/ 
o 

320 

. C 
I • 

t>' 

K II-KI R 

---==~"" .. JlI.LJI _ ____________ _ 

K 130- K II R 

88M ........... 
~~. 

K 36 58 
K 36 5 

38M 
~"--+- - - -:=--::.t:;;:;;:;:;:;f-

242 

LEGEND 

s.nd.d or • 

...... Iv. Pyrlt. 

fo.m t.xtured ore 

co.r .. Sphal.rit. 

co.r .. Galena 

Br.ccla-t. x lur.d or. 

Buck.hot or • 

... ylonltl •• d Sphal.rlt • 

.... rbl. 

K 36 N- K 36 

KDD 
M72W 

52 .. L 66 



T 204 

T taa 

T 230 
T2/T 180 

T 254 

T 200 ,_ , •••. _-I-'--~--·--~- ___ ____ ... T 2 RAMP E··~~ 
'£~ ------ __ ••• Iffi1 " -,.- - \ .. 
Q __ ---- _ _' .. __ _ ----- '.. -_~!~·· .. ·? · ·· -··~lt~2 

- - - ' , - - - - - - - T~' ~e ::. ~~ 
T 2 ZONE ,,:.:" . ' . __ .i 

. _ ...... 
LEGEND ~--::~~. '" --,-

, 

T 170 

I
·~: 

~ . , ....... --.... ". ... ......... 

T 1 R T 174 

NORTH 

" 
T 180 

" 
, " 

T 110 

... , 
'. 

T 10 " 

BRECCIA-TEXTURED ORE BANDED ORE '---
... -......... 

BUCKSHOT TEXTURED ORE PYRRHOTITIC ORE 

FOAM TEXTURED ORE COARSE GALENA ----T 1 ZONE 

MYLONITIC SPHALERITE MARBLE --- ... 

--'-
COARSE SPHALER.ITE ;::;:> EXTENT OF ORE ZONE 

20 0 SCALE 100 METRES 

TRAMP 

Figure 6.43 Fence dIagram of TrIbutary zone ore stratigraphy 

VETRICAL SCALE 
3 

en 2 
U.I 
a: .. 
U.I 
~ 

0 

T-O-R T 18 

~ ~" ~"'\ _,: ~: §T 26. 
T-O-R ~ '- _ . ' 

~ .--- ~ --- .. _----_ .. 

N 
+­
LV 



e) Hanging I Footwall alteration. 

Although primary alteration of the host rock lithologies is likely 

to have been strongly obscurred by the Rinkian tectonic events, 

IItholog1cal mapping of the ore horizon host rocks (Figs. 6.12 & 6.13) did 

not show any large scale alteration zones. No geochemical alteration 

haloes are present in either the hangingwall or footwall1ithologies 

(Edmunds, 1981). 

It may be argued that the pyrrhotite lenses in the lower levels of 

the I zone and Tributary zone (Fig. 6.43) may represent a primary 

hydrothermal mineralisation (Finlow-Bate~1977). It is more likely that 

the pyrrhotite formed through a metamorph1c desulphidisation of pyrite 

(Hall, 1986)(sectlon 9.3.1). 

6 .. 5.7 Geochemistry of the ore horizon. 

a) Introduction. 

Previous geochemical work by Garde (1978), Pedersen (1980) and 

Edmunds ( 1981 ) focussed on the trace element concentrat ions in the South 

Lakes area, geochemistry of the Angel zone and the geochemistry of the 

Black Angel host rocks respecttvely. Pedersen (1980) produced major 

element maps and stope wall cross sections (Fig. 6.20) of the Angel zone 

that documented the variation in metal concentration in that part of the 

mine. 

An tn-depth study of the geochemical variations in the Black Angel 

ore deposits and host rock lItholog1es is beyond the scope of this theSiS. 

However, metal concentration and ore thickness variation maps have been 

produced for the Black Angel deposits in order to resolve metal zonation 

trends within the sulphides. Maps of Zn, Pb, Fe, concentration, Zn/Zn+Pb, 

and Zn )( Ore thickness, Pb )( ore thickness, Figures 6.44-49 were produced 

by a computer compl1ation of over 1500 dr111 hole and chip sample assays. 

Scant ananlysts for Cu and Ag has led to Incomplete and unusable maps. A 

tectoniC map of the Black Angel mine has been presented (in back pocket) 
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to overlay upon Figures 6.44 to 6.49 in order to study the variat ions of 

metal concentrations etc. with structure. 

b) Metal distribution patterns. 

The Zn and Pb distributions (Figs. 6.44 & 6.45) are generaJJy 

simlJar throughout the Black Angel deposits. ESE -WNW trending high grade 

Zn and Pb areas which correlate with the 03 associated recrystaJJised ore 

facies (Fig. 6.22> occur in the northern and southern Angel zone (fig. 6.44). 

OutSide the Angel zone, high Zn concentrations in 03 folds are present in 

the western K zone, the M and P zones (where the 03 folds interfere with a 

02 tectonic slide zone that thickens the ore horizon), and the southern X 

area of the Cover zone (Fig. 6.44). High Pb concentrations in the Cover zone 

are restricted to two medium sized ( 100 metre long) lenses tn the M and P 

areas (Fig. 6.45). These lenses are associated with a system of 02 tectonic 

slides which tectonically thicken the ore horizon. Two small rounded pods 

occur to the north and south of the X area in a 03 synform (Fig. 6.45). 

In the I zone, high Zn & Pb concentrations are restricted to the 

central and western I zone, where the horizon is tectonically imbricated 

and thickened by minor 03 folds (Fig. 6.21). An elongate ESE-WNW trending, 

500 metre long, high grade Zn body occurs In the central Banana zone, 

which Incorporates a 200 metre long, high grade Pb lens. High grade Zn and 

Pb zones are also present southeast of the Banana zone (Figs. 6.44 & 6.45). 

These high grade zones correspond to 03 folds. The Tributary zone consists 

of five medium to small sized high grade Zn pods, but only one high grade 

Pb pod. These have possibly formed as 03 pinch and swell structures on an 

elongate 01 structure. 

High Fe concentrations occur throughout the Angel and Cover zones 

(Fig. 6.46). The Tributary zone (apart from the northerly T3 area) the 

western Banana zone and the western I zone are relatively Fe-poor areas. 

However the eastern I zone has a high Fe concentration which coincides 

with the location of pyrrhotite rich ores. The hl~ grade iron zones tend to 
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Figure 6.45 PERCEN TAGE LEAD CONCENTRATION IN THE BLACK ANGEL MINE 
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Figure 6.46 PERCENTAGE IRON CONCENTRATION FOR THE BLACK ANGEL MINE 
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be formed on D3 fold limbs (Fig. 6.20) e.g. MX area, eastern Cover Zone. 

However the pyrite core of the Angel zone (Fig. 622) corresponds with a 

major D 1 overfold. 

Large variations exist between the Zn & Pb maps and the Fe plot. 

This is probably due to the differential mobilisation during deformation of 

lead and zinc to low stress zones, i.e. D3 hinge zones, while the immobile 

Fe became relatively enriched on the fold limbs. 

The metal concentration x thickness maps (Fig. 6.47 & 6.48) g1ve 

an impression of the distributions of the total economic metal content 

(metal tonnage). The Angel zone contains two high scoring regions to the 

north and southwest of the zone in equivalent locations to the high grade 

Zn and Pb lenses and is by far the richest ore zone in the mine. The only 

other place in the mine where a factor index> 100 occurs is in the X area 

of the Cover zone. The ore bodies show a general decrease in metal 

contents as one moves eastwards from the Angel zone to the Tributary and 

Banana zones. The Banana zone has the smal1est amounts of zinc, whereas 

the Tributary zone has the least lead. These factor indexes are tho~ght to 

reflect pre-metamorphic variations in the grade and thickness of the 

mineralisation. However, the complex deformation in the Angel zone, 

which has led to tectonic thickening of the ore, and the tectonic thinning 

of the Cover zone (on D2 tectonic slides) may be responsible for 

emphasising these pre-metamorphic variations. 

Zinc:lead ratios of the mined ore vary between 2: 1 and 4: 1 

correspondtng to 701-801 Zn IZn+Pb (Fig. 6.49). High Zn/Zn+Pb ratios 

vaguely define E-W to ENE-WSW trends (Fig. 6.49), which correspond to D3 

fold structures. This E-W grain may be caused by the differences in 

mobl1ity between galena and sphalerite. Galena is more mobile and hence 

would concentrate more quickly within the D3 fold hinges. The 03 fold 

limbs would therefore become relatively erv-tched tn sphalertte with 

respect to galena. 

In aJJ of the metal concentration maps, It Is apparent that the 
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Figure 6.47 PER CENTAGE ZINC CONCENTRATION x ORE THICKNESS IN THE BLACK ANGEL MINE 
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Figure 6.48 PERCENTAGE LEAD CONCENTRATION x ORE THICKNESS FOR THE BLACK ANGEL MINE 
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Figure 6.49 ZINC CONCENTRATION AS A PERCENT AGE OF THE TOTAL ECONOMIC METAL CONTENT FOR THE BLACK ANGEL MINE 
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metal grades, ratios and ore thicknesses are strongly controlled by Rinkian 

tectonism. 03 structures present the best evidence for the association 

between tectonism and mineralisation. The fold hinges act as natural 

benificiation zones for the ore, as galena and sphalerite are differentially 

mobilised (at the expense of pyrite) towards these low stress zones. This 

results in greatly increased ore grades and thickness within these zones. 

Similar processes probably took place during the 01 event, although due to 

tectoniC overprinting this cannot be substantiated. 02 tectonic slides thin 

the ore horizon, although tectonic thickening in the central Cover zone 

corresponds with the highest metal tonnages. 

c) MineraI chemistry 

Microprobe analyses of ore minerals from specially selected ore 

tectonite types are given in tables 5.1 and 6.5 to 6.8. The analyses were 

made by using a JEOL microprobe fitted with a link systems e.d.s. (energy 

dispersive spectrometer) analytical system using an accelerating voltage 

of 15 Kv, at a count rate of 2000cps for 90 secs. 

Pyrite was selected for analysis from coarse grained aggregates 

and poikiloblasts in the breccia-textured and pyrrhotite ore tectonite 

types (Table 6.5). No systematic trace element variation in pyrite has been 

observed through the deposit in this study. Co and Ni values are generally 

< 0.20 wt.". Co is often below the detection limit. Cu values are also 

relatively low < 0.25 wt.". Zn and As values average between 0.5 - 0.6 wt. 

" and 0.20 wt " respectively, but in some cases can be as high as 1.8 wt. " 

and 1.2 wt. " respectively. 

49 analyses were conducted on sphalerite (Tables 5.1 a & b) from 

the ore matrix of tectonites from the recrystallised ore facies and from 

sphalerite poikiJitically enclosed in pyrite of the breccia-textured ore, 

pyrrhotite ore and buckshot ore tectonites. These analyses show that there 
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Table 6.5: Microprobe analyses of pyrite (in wt.X) from the 

Black Angel and Nunngarut deposits 

Fe Cu Zn As en Ni S Total Sample 

48.354 0.14 0.29 0.11 0.31 50.726 99.930 T 172* 
48.310 0.28 0.28 51.130 100.020 1170b* 
16.216 0.19 0.13 51.151 100.019 I 170b* 
48.080 0.16 0.35 0.16 0.25 50.980 99.980 1170b* 
16.070 0.09 51.858 100.016 M 160 
18.016 0.12 0.20 0.27 51.321 99.960 T 172* 
41.787 0.14 0.17 0.04 51.820 99.987 PI9 
17.662 0.25 0.65 0.07 51.319 99.951 8 121 
47.516 0.23 0.44 0.08 0.06 51.599 99.925 M 160 
47.356 0.15 0.44 52.018 99.964 T 172* 
17.341 0.16 0.92 0.11 51.115 99.999 M 160 
47.119 0.35 0.12 52.352 99.981 PI9 
16.965 0.68 0.35 51.821 100.036 8 101 
16.968 0.06 0.79 0.13 0.28 51.780 100.008 H 160 
46.779 0.86 1.21 51.209 100.058 H 160 

46.637 0.06 1.88 51.303 100.010 M 160 

* pyrite in pyrrhotite ore tectonite 

Table 6.6: Microprobe analyses (1n wt.S) of arsenopyrite from 

the Black Angel deposits 

Fe M S en Ni Sb Totsl location Mole I Fe 

13.211 38.938 17.300 99.182 K 126 10.2 

11.032 37.679 17.200 98.911 K 126 39.0 

12.616 39.572 17.100 99.588 K 126 10.9 

12.888 39.332 16.100 98.620 K 126 10.6 

11.276 38.358 16.800 0.17 99.601 K 126 39.2 

11.231 38.012 16.800 0.10 0.17 99.313 K 126 39.0 
11.319 37.939 17.200 0.09 0.20 0.06 99.808 K 126 38.9 
43.426 37.459 17.200 0.23 0.18 98.495 K 126 39.1 

13.996 38.602 16.200 98.798 K 126 39.5 
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is large variation in the minor element composition, especially the iron 

and arsenic content. The matrix sphalerite has markedly lower iron 

(3.83-0.94 wt.") and arsenic (totally depleted) contents than 1n the 

poikiloblastically enclosed sphalerite where iron is 13.73-5.55 wt.,", (i.e. 

24.2-9.3 mol. '"') and arsenic is up to 0.83 wt. ~. Maximum values of Co and 

Nt are 0.27 wt. '"' and 0.25 wt. '"' respectively. Cr may be up to 0.54 wt. '"' 

and Cd 0.50 wt. 1(1. Although in many cases these minor element 

concentrations were below the detection limits. 

Arsenopyrite analyses (Table 6.6) are of id10morphic grains in a 

chalcopyrite matrix associated with tennantite and galena. Appl1cation of 

the arsenopyrite geothermometer (Scott. 1981) is precluded by the 

absence of equilibrium apy-po assemblages in the Black Angel deposits. 

Pyrrhotite was analysed from the footwal1 pyrrhotitic lenses of 

the I zone and T zone and also from interstitial material in the Nunngarut 

deposit and the K zone (Table 6.8). The iron content is fairly constant at 62 

wt. I. (49 mol. R). Zn content is var1able, but may be as high as 1.34 wt. ". 

When high Zn values are observed low iron values occur. indicating Zn-Fe 

substitution. Cu values are very low < 0.08 wt. R. Co and Ni values are 

Quite variable up to 0.56 wt. 1(1 and 0.26 wt. 1(1 respectively. The Co/Ni ratio 

is. 1: 1 I although absolute ratios cannot be predicted due to the errors 

involved in e.d.s. analysis. 

The tennantite analyses (Table 6.7) are from coarse grained 

samples that overgrow galena (Fig. 6.35). As values vary between 17-19 

wt. ", whilst Sb values are low. < 0.72 wt. R. Fe and Zn (~4.5 wt. 1(1) 

substitute for Cu which varies between 51.08 and 52.38 wt. I. Ni occurs in 

small amounts < 0.11 wt. R, whilst Co was not detected. Ag values are 

Quite constant at approximately 0.5 wt. R., which is low in comparison to 

those reported in fahlore from the Broken Hill depoSits (N.S.W.), where Ag 
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Table 6.7: Microprobe analyses of tennantite (in wtJI) from the 

Black Angel deposits 

CU As Zn Fe Ni Sb Ag S Total Location 

52.11 17.66 4.76 4.68 0.58 20.17 99.960 K 124 
51.33 19.68 4.30 4.85 0.11 0.45 19.68 100.400 K 124 
52.38 17.34 4.55 4f.72 0.38 0.40 20.05 99.820 K 126 
51.05 17.33 4.91 4.90 0.72 0.63 20.18 99.720 K 126 

51.78 18.03 4.10 4.77 0.08 0.33 0.52 20.11 99.720 K 126 

Table 6.8: Mlcroprobe analyses of pyrrhot1te (1n wt.~) from the 

8lack Angel and Nunngarut Deposits 

Fe Q) Ni In Cu S Total location 

62.47 0.23 0.21 0.28 36.83 100.05 1170b 
62.50 0.30 0.26 0.76 0.08 36.20 100.10 1170b 
60.90 0.19 1.34 36.97 99.40 T 172 
62.10 0.20 37.07 99.54 K 124 
62.00 0.56 0.18 36.87 99.61 P19 
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may be as great as 50 wt. X in some tetrahedrite samples 

(Both and Stumpfl l 1987). This low Ag content in the tennant ite suggests 

that much of the Ag from the Black Angel deposits (30 p.p.m.l Table 6.2) is 

contained within galena. 

Quantitative e.d.s. analysis of galena is not possible because of 

S-Pb x-ray Interference. Semi-Quantitative analysis suggested that Ag 

content was below the detection limit. 
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Chapter 7: Lead Isotope Analysis of the Black Angel Deposits and 

MlneraHsation of the Marmorl1lk Region. 

7.1 Introduction 

A lead isotope analysis of galena and pyrite samples from the 

Black Angel ore zones and the disseminated mineralisation in the 

Marmortlik region was conducted at the British Geological Survey lead 

Isotope laboratory, Grays Inn Road, London under the supervision of 

Dr. Ian Swainbank. The principal aims of the isotopic study were:-

1) to determine the model age dates for the Zn-Pb mineralisation. 

it) to predict a source or sources of the lead In the mineralised 

occurrences and 

iii) to place constraints on the evolution of the Black Angel 

sulphides and regional mineralisation In the Marmorillk area. 

Previous lead isotope analyses In the Marmorilik area have been 

ltmlted. A lead Isotope study on galena from the Black Angel depOSits was 

undertaken by Pedersen ( 1 980a). Pb/Pb dating of the tremolitic and 

dlopsldic marbles of the Marmorilik Formation has been carried out by 

Kalsbeek, Taylor and Hendrickson (1984) and Taylor and Moorbath (1986). 

These studies yielded ages of 1.85 Ga. for the carbonates. 

7.2 Methods of Study 

In this study 32 galena and 5 pyrite samples were analysed for 

their Pb Isotope rat ios. The samp les were se lected from ore zones 

throughout the Black Angel mine (Fig. 7.1) and from the Nunngarut depOSit, 

the South Lakes Glacier mineralisation, the Ark mineralisation and the 

V 215 and V 216 drill hole Intersections (Fig. 6.1). 

The galena analysed was dominantly coarse grained material of the 

recrystalltsed ore facies (6.5.6). 3 samples (P72E, P74W, P78W) of fine 

grained galena from the porphyroclastlc ore faCies were also analysed, 

along with 5 coarse grained metamorphiC pyrites, with relict primary 
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textures. The pyrite analyses were carried out in an attempt to determine 

if the lead isotope ratios varied between primary mineralisation and 

subsequent recrystallisation, and possible remobilisation. during the 

Rinkian event. 

The samples were analysed using a single filament silica gel 

technique described in appendix 1 . The results obtained from these 

analyses are given in table 7.1. 

7.3 Results 

The lead isotope compOSitions (table 7.1) have been standardised 

to the National Bureau of Standards 981 value. The replication of results 

was possible with a precision of 0.00 13" P~/ Pb~, 0.002" pt0>7/ 

pt»>4 and 0.007" Pb206/P~ (standard error of the mean). 

Sources of error within the analyses may arise from trace 

amounts of Mercury and Thallium (although none was detected in this 

study) but the main error is in the precise measurement of the p~ 

Isotope (known as the 204 error). Isotopic fractionation during sample 

preparation and analysis contributes to this error. Fractionation was 

observed during the running of some samples. These analyses were 

theref ore repeated. 

The galena lead isotope analyses (Table 7.1) show a 

bimodal distribution (Fig. 7.2 a & b). However, the isotopic ratiOS within 

individual showings are homogeneous. The main population (population I) 

encompases all mlneraltsatlon from the Black Angel depOSits, the 

Nunngarut deposit and the South Lakes GlaCier showings. Population II 

encompases samples from the Ark and the drll1 hole Intersections of V215 

and V 216. No significant variation In lead isotope ratiOS Is evident 

between the different ore tectonite types of the Black Angel deposit. 

On the P~/P~v pt)206/P~ plot (Figure 7.2a) population II 

has a lower P~/P~ raUo than populaUon I, suggesting thorium 

depletion. In Figure 7.2b, Population I can be considered homogeneous, 
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Table 7.1: lead Isotope Ratios From the Black Angel deposits 
and Marmorl1ik mineraHsation. 

206/204 207/204 208/204 207/206208/206 LOCATION SPECIMEN DETAILS 

16.2046 15.4391 36.4998 .95277 2.25241 k306 Coarse pyrlte 
16.1214 15.4241 36.4673 .95675 2.26204 E38 Cotrse pyrite 
16.1064 15.3980 36.3748 .95596 2.25841 MR-MX Coarse pyrite 
16.1425 15.4582 36.5557 .95761 2.26457 HR Coarse pyrite 
16.1705 15.4522 36.5396 .95558 2.25964 T11T2 Coarse pyrite 
16.1004 15.3877 36.3571 .95574 2.25861 8104 Galena in coarse calcite 
16.0991 15.3737 36.3028 .95494 2.25496 024 Coarse galena end rex quartz 
16.0876 15.3705 36.2935 .95543 2.25600 H4R Coarse galena 
16.0898 15.3747 36.3187 .95556 2.25725 P74W Coarse galena sheared sphel. 
16.1024 15.3855 36.3530 .95548 2.25762 1306 Co8rse gelene in bended ore. 
16.0817 15.3675 36.2889 .95558 2.25653 F58E Coarse gelena end rex quartz 
16.0855 15.3925 36.3300 .95692 2.25856 T1V Coarse galena and f1ne pyr1te 
16.0900 15.3698 36.3077 .95524 2.25654 Kii K 118 Coarse gelena& brown sphal 
16.0757 15.3745 36.2864 .95638 2.25721 (332 Coarse galena 
16.0833 15.3751 36.3038 .95596 2.25722 1592 Coarse gelene 
16.0909 15.3866 36.3033 .95623 2.25614 T11T2 Coarse gelena pyrlte & sphal 
16.0995 15.3904 36.3546 .95596 2.25813 K64 Coarse galena 
16.0772 15.3870 36.2840 .95707 2.25685 H2R Co8rse gelene& bleby spha1. 
16.0936 15.3770 36.3119 .95547 2.25630 P792 Coarse gelenaand rex quartz 
16.0854 15.3668 36.2836 .95532 2.25568 0100 Coarse galeneend rex. spha1. 
16.1080 15.3918 36.2995 .95554 2.25351 1174 Sheared galena, euhecral qtz 
16.0969 15.3843 36.3252 .95576 2.25673 P74W Minor galenain sheared ore 
16.0860 15.3858 36.3095 .95653 2.25716 032 Coarse gelena 
16.0739 15.3752 36.2524 .95652 2.25534 H2R Coarse galena in lete 03 jOint 

16.1068 15.3964 36.3606 .95591 2.25787 K64 Oelene. quartz 
16.1149 15.4096 36.4019 .95626 2.25887 F58E Co8rse gelenaend rex quartz 
16.2105 15.4216 36.2223 .95134 2.23461 Sl.A13* Dissent gelena 
16.2162 15.4393 36.2282 .95208 2.23401 V215* Coarse galena & green sphal 
16.0939 15.3796 36.3068 .95564 2.25607 8104 Coarse galena and rex quartz 
16.1041 15.3849 36.3550 .95538 2.25767 P596 Minor galena in sheared ore 
16.1093 15.3941 36.2815 .95569 2.25226 CSl.12 Coarse galn rex sphalerite 
16.0973 15.3776 36.3286 .95530 2.25691 P5ge Oelene in sheared ore 
16.2144 15.4152 36.1802 .95076 2.23140 Sl.A19* Dissem. gDlena 
16.0900 15.3750 36.2999 .95554 2.25597 P78W Sheered galn & sheered ore 
16.0857 15.3740 36.2994 .95577 2.25667 P72E Sheared galena & sheared ore 
16.1089 15.3871 36.3188 .95524 2.25456 02356 Q)erse galn rex sphaler1te 
16.2141 15.4332 36.2137 .95183 2.23343 V216* Coarse galena in banded ore 

* = Populat ion II data 
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although a Pb204 fractionation trend is depicted (Fig. 7.2). Population II is 

seen to be slightly more radiogenic (i.e. higher Pb206/Pb204 values) than 

Population I. Average source conditions for the two populations are:-

Population I U = 8.83 - 8.90 K· 4.37 

Population II U = 8.97 - 9.04 K = 4.24 - 4.25 

where Jl is (U 238/ Pb 204), K is (Th 232/ U 238) 

The pyrite lead isotope data are scattered (Fig. 7.2). In Figure 7.2b, 

the data define a curved distlbution trend that Hnks the two galena lead 

Isotope populations. In Figure 7.2a the data define a curved trend which is 

Hnked to population I. These curved trends may be partially the result of 

204 fractionation. 

7.4 'Model Age' dates 

Model age dates for the Black Angel mineraHsation have been 

calculated using two theoretical models of lead isotope evolution, namely 

the; two-stage lead isotope model (Stacey and Kramers, 1975), lead 

isotopes in a continually changing earth (Cumming and Richards, 1975). 

a) stacey and Kramers (1975) : Two stage lead Isotope model 

This model Involves a two stage lead isotope evolution separated 

by an event at 3.7 Ga. where differentiation processes in the Earth brought 

about the conditions which gave rise to an average lead isotope 

composition. 

On plotting the Black Angel data set onto Stacey and Kramers 

~7/ P~ v ptf06/ Pb ~ average growth c\rYe (Figure 7.3) the data lie 

close to the evolution curve at the 1.5Ga. Isochron. The 'model ages' of the 

ore deposit when computed using this model are 1502 t 7 mao for 

population I and 1480 t 4.5 rna. for population II. 
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b) Cumming and Richards (1975) : lead isotopes in a continuously 

changing Earth. 

This model invokes continually evolving U/Pb and Th/Pb ratios in 

the Earth to explain the discrepancies between lead isotope 'model ages' 

and geologically inferred ages. This model is the second approach to a 

mathematical modelling of the Earth's Lead isotope system and develops 

an average growth curve as seen in Figure 7.4. 

On plotting the data from this present study onto Cumming and 

Richards (1975) single stage growth curve (Fig.7.4) it is seen that the two 

populations lie close to the growth curve. Model ages computed from this 

model are for population I of 1470 t 7.2 rna., population II 1441 t 10.7 mao 

These ages are slightly younger than those calculated from Stacey and 

Kramers model. 

The 'model age' dates computed from these theoretical models give 

ages of mineralisation at ~ 1500-1440 ma., which are anamolous (too 

young) with respect to the pub Jj shed age of 1 860-1680 mao (Rb-Sr and K - Ar 

analyses) for the Rlnkian event (Larsen and MeHer 1968; Bridgewater 

1971; Kalsbeek 1981; Andersen and Pulvertaft 1986). The 'model ages' 

therefore do not represent the true age of mineralisation and the lead 

isotope rat ios are radiogenic. 

It is likely that the radiogenic and homogeneous character of the 

lead isotope rat ios are the result of metamorphism and remobillsatjon of 

the Black Angel sulphide depOSits during the Rjnkian event. 

However as radiogentc lead Is concentrated in incompatible and 

interstitial sites tn the host material (LeHuray, 1984), the presence of 

radiogenic lead in the Black Angel depOSits may imply that the lead was 

leached from upper crustal source rocks by hydrothermal fluids 

(Ludwig and Silver, 1977), 
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7.5 Discussion 

7.5.1 Lead source 

Doe and Zartman (1979, 1981) developed a lead isotope evolution 

model called' Plumbotectonics' that stressed the role of dynamic 

geological processes of the mantle and crust in determining lead isotope 

composition. The Plumbotectonics model (Doe and Zartman, 1979 & 1981) 

is an attempt to model the geochemical behaviour of U, Th, Pb, through 

geological time. In this model three lead resevoirs (the upper crust, the 

lower crust and the mantle) are in dynamic communication with each other 

through the orogene growth curve. The orogene growth curve is derived 

from Cumming and Richards (1975) single stage growth curve and may be 

taken to represent the average growth curve for lead isotope evolution 

(Fig. 7.5). The orogene itself represents an efficient homogenlsing process 

of sedimentation, volcanism, plutonism,metamorphism, and rapid 

erosional turnover, which tends to erase much of the lead isotope 

diversity that accrues In the mantle, upper crust and lower crust. Thus the 

'Plumbotectonics' model has great applications in deftning the source of 

ore lead. 

On the 'Plumbotectonlcs' Pt>2°6/ P~ v pt,206 / Pb204 plot (Fig. 

7.5a), the data lie between the orogene and lower crustal evolution curves. 

This suggests that the lead evolved In slightly erriched Th/U environment 

(Fig. 7.6). Population I data and the pyritic data plot closer to the lower 

crustal growth curve than population II data. The dispersion of population I 

data (Fig. 7.5a), between the orogene curve and the lower crust evolution 

curve, suggests a lower crustal contamination possibly from Archean 

derived sediments. Population II data Is relatively depleted in thorium and 

therefore represents a higher crustal lead source than population I data. 

population I data lie very close to the orogene curve In the p~7 I 

p~ v P~I ~ plot (Figure 7.5b), whereas population II data tend to 

be displaced towards the upper crustal curve. The pyritic data Is strongly 

displaced towards the upper crustal curve. 
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The two homogeneous data sets may be accounted for if Rinkian 

deformation brought about partial re-equl1 ibration of the sulphides during 

the polyphase event; if the lead was derived from slightly differing source 

regions; or if mineralisation occurred at slightly different times, as 

suggested by the 'model age' dates (section 7.4). Pyritic lead isotope 

copmpositlons plot between the two galena popufations. This possibly 

suggests that mjxing took place during mineralisation between lead 

isotope compositions that were derived from separate sources. 

The affinity of the isotopic data to the orogene and upper crustal 

lead curves (Figs. 7.2b & 7.5b), predicts that the ore lead was derived from 

an upper crustal source with reworking during the Rinkian event. The 

homogeneity of data also pOints to an upper crustal source of lead from a 

reworked sedimentary basin. For as Vaasjoki and Gulson (1986) have 

stated:-

'isotopically homogeneous leads, whether radiogenic or not, are 

most likely to occur in areas where the emplacement of thick sedimentary 

piles has al10wed the homogenisatlon of lead through prolonged mechanical 

and geochemical reworking and lateral transportation into zones 

favourable for ore deposition: 

If the ore leads were derived from an upper crustal lead source, it 

15 Hkely that the lead was leached from feldspathic material within the 

meta-quartZites and psammites of the Qeqeqertarssuaq Formation (see 

section 9.4.3 a). Uranium and thorium do not substitute into the feldspar 

lattice. Therefore feldspar leads tend to be non-radiogenic as compared to 

values for bulk crustal leads. The Qeqertarssuaq Formation may have acted 

as a 'holding sediment' (Doe and Delevaux, 1972) prior to the final 

transport of the metals. A repetition of two cycles of 

eroslon-sedlmentatlon-remobt1lsatlon (leaching) can result In Isotopically 

hOmogeneous lead (VaasJokt and Gulson, 1986). 

The lithologies of the Nukavsak Formation are not regarded as a 
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suitable lead source. Uranium and thorium are preferentially bonded to 

clay minerals. . leaching of lead from the U/Th-rich pelitic lithologies 

would generate highly radiogenic 'J' type leads. 

The presence of lower crustal (thorogenic) isotopic 

characteristics in the lead (Fig. 7.Sa) may be due to the lithologies of the 

Qeqertarssuaq Formation having been derived from the Basement Archean 

Umanak Gneiss (sect Ion 3.2). 

7.5.2 Comparison of Black Angel lead IsotopiC data with other 

carbonate-hosted deposits 

In this section, an attempt Is made to compare the IsotopiC 

Signatures of the Black Angel deposit with those of other major carbonate 

hosted Zn-Pb deposits. However the lead isotope compositions have been 

strongly homogenlsed during the Rinkian tectono-metamorphic event, and 

consequently their pre-metamorphic composition may be severely masked. 

Doe and Zartman (1979) observed that lead isotope data for 

carbonate hosted ore deposits fell Into three distinct categories, namely:-

1) Normal homogeneous data: as in the case of Pine Point (Cumming 

and Robertson, 1969; Godwin et aL, 1982), Irish deposits of 

Silvermines and Tynagh (Boast et aI., 1981) and the Silesian 

deposits (Ridge and Smolarski, 1972; Zartman et a1., 1979). 

11) Slightly radiogenic homogeneous data: as In the case of Sorby 

Hills (Vaasjoki and Gulson 1986) 

111) Highly radiogenic heterogeneous data (P~/ P~ > 20): as in 

the case of the Mississippi Valley type (M.V.T')(Heyl et a1., 1974) 

The lead Isotope distributions for Black Angel deposits and the 

MarmortJlk mlneraJ1satlon (Figs. 7.2 & 7.5) represent 'normal' leads when 

compared with the deposits In these categories (Fig, 7.6). Figure 7,6 

suggests a relationship between the Black Angel mineralisation and the 

deposits of category (1). However, the difference between the 'model age' 
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Figure 7.6 
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F1gure 7.8 Lead tsotope compositions of Balmat-Edwards galenas. 
(After Fletcher and Farquhar, 1982). 



and real age of mineraHsation infers that the lead is radiogenic 

(section 7.4). The Black Angel deposits clearly do not compare isotopically 

to the highly radiogenic distributions typical of H. V.T mineraJisat ion. 

Recent studies of the Navan base-metal deposits (Boast et aL, 

1981; Hi lis et a I., 1987) have shown that lead isotope composit ions 

, become increasingly diverse, but on average less radiogenic, with time 

(Fig. 7.7). This isotopic distribution has been explained by the theory that 

the deposits formed through expulsion of downward excavating, 

hydrothermal brines (Russell, 1983) (section 9.4.4 al, which scavenged 

progressively less radiogenic basement rocks. The isotopic characteristics 

of the Navan deposit are not compatible with the Black Angel data. The 

close genetic associations between the Navan and the Tynagh and 

Stlvermlnes deposits, may suggest that Black Angel deposits are more 

closely related isotopicaJ1y to the Pine Point and Silesian deposits of 

category (I). 

Possibly the closest geological analogue of the Black Angel 

deposits are the polydeformed, metamorphic Balmat-Edwards Zn-Pb 

deposits. These sulphide deposits have recently been interpreted as 

syn-sedimentary ores (Whelan et a1., 1984). Lead isotope compositions 

show a smal1 but distinct range of values (Fletcher and Farquhar, 1982) 

which lie on linear mixing lines (Fig. 7.8). The lead is interpreted to be 

derived from both a radiogentc and a non-radiogenic source with a 

significant mantle component. The latter source is likely to be the 

Grenvil1e series metasediments and volcanoclastics. The Black Angel 

isotopic data does not compare wel1 with these isotopic distributions. 

In summary, the Black Angel lead isotope compositions are more 

closely related to the Pine Point and 5iJesian deposits than any other 

carbonate-hosted deposits. 
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Cone J us ions 

j) Lead isotopic 'Model ages' of mineralisation, at 1502-1440 ma" 

are young with respect to the inferred geologic age, 1860-1680 rna. and 

therefore represent radiogenic lead. 

ii) The galena lead isotope ratios from the Black Angel deposits 

and mineralisation in the Marmori ik area give a bimodal distribution. This 

may reflect changing lead isotope U/Th/Pb compositions in the source 

enviroment. Pyrite lead isotope compositions lie between the two data 

sets.Thls poss1bly suggests that mixing took place between lead isotope 

compositions from separate sources during mineralisation. 

jji) The homogeneity of data is likely to be a response to the 

remob111sation and metamorphism of the sulphide ores during Rinkian 

metamorphism and deformation. 

iv) The close affinity of the data to the orogene/upper crustal 

evolution curves in the Plumbotectonics model suggests a derivation of 

ore lead from a reworked sedimentary basin with no mantle contribution. 

The feldspar-rich psamm1tes of the Qeqertarssuaq Formation are the most 

probable lead source. The thorogenic nature of the lead may due to an 

Archean Basement derivation for the Qeqertarssuaq Formation psammites. 
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Chapter 8. A stable Isotope study of the Black Angel sulphides 

and host rocks 

8.1 Introduction. 

This chapter presents the results of a stable carbon, oxygen and 

sulphur isotope study on the Black Angel sulphides, the surrounding Zn-Pb 

mineralisation, and the carbonate lithologies of the Karrat Group. The 

analyses were carried out at the British Geological Survey Sulphur Isotope 

Laboratories, Gray's Inn Road, London, under the supervision of Dr. Baruch 

Spiro. Several analyses were also carried out at WaIJingford and the 

Scotttsh Universities Research Reactor Centre (S.u.R.R.CJ, East K11bride, 

due to fallures of the mass spectrometer at the British Geological Survey. 

No previous sulphur isotope work has been carried out on the Black 

Angel depostts. However, Garde (1977) carried out a carbon and oxygen 

isotope study on the Marmorillk Formation carbonates. 

This isotopic study is aimed at determining:-

(0 the stable isotoptc characteristics of the massive 

Black Angel sulphides and mineralisation in the host rock 

carbonates and metapelltes. 

(ij) the eQu11ibration temperatures of ore sulphides and 

host rockS, 

(110 the significance of the isotopic characteristics to 

ore formation, metamorphism and remobiltsation. 
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8.2 Methods of Analysis 

20 sulphur isotope analyses were carried out on; pyrite 

poikiloblasts and sphalerite/galena pairs from the Black Angel ore bodies, 

on pyrite from the Agpat Nunngarut and South Lakes Glacier deposits, and 

pyrite and pyrrhotite from the metapel1tes of the Nukavsak Formation 

(Fig. 6.1 & 6.2). 

18 carbon isotope analyses were performed on graphite/carbonate 

pairs from graphitic marbles of the Marmorilik Formation. The analyses 

were aimed at defining the peak metamorphic temperature throughout the 

Marmorlllk Format1on by USing the graph1te/carbonate geottlermometer 

(Bottinga, 1969; Wada, 1977; Ohmoto and Rye, 1979). 9 oxygen isotope 

analyses were also carried out on the carbonate samples. 

Oetalls of the preparation techniques used for the 

mass-spectrometric measurements are given in appendh< 2. Sources of 

error In the analyses may be obtained from trace amounts of mineraI 

contaminant. The main error is in the accurate determination of a34s, a 13C 

or alBa isotope. IsotopiC fractionation during sample preparation led to 

one sulphur sample being lost. 

8.l Results 

8.l. I Carbon Isotopes 

The resu1ts of the carbon isotope analyses have been standardised 

to the POB standard. The carbon isotopic compOSitions are expressed, in 

per mil, as:-

a '3 c • [( 13C / '2C) I (13C/ '2C) - 1] x 1000 SImPle sample slandrd 

Results from the carbon Isotope analyses are given tn table 8.1 a 

and depicted In figure 8.1. The graphite shows a narrow range of a 13 C 

values between - 6.89 to -10.42 ".0 The a13c values for the graphite 
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Table 8.1 a: Carbon and oxygen isotope data from the Marmorillk 
Formation carbonates 

Location alBo al3c al3c ~c-g 
·c Lithological description c c 9 T 

V 215 F - 11.31 -0.06 -8.28 8.22 432 Fine graphite in Up. Mermorilik 
V 197 13.17 . 2.13 -6.89 1.76 753 Dirk grfJ'{ graphlUc calcite marble 
Oil -13.76 -0.06 -7.80 7.71 172 Wispy graphite in calcite marble 
Oil 1620 -7.50 +0.51 -10.32 10.83 319 Footwall Bleck AnQBl deposits 
MX -13.83 -1.03 -9.15 8.42 420 erey b8nded calcite oolomite merble 
1413 -11.77 -5.82 -9.09 3.27 1170 Footwall I zone, graphitic calcite 
389 -1 1.61 -1.32 -9.09 7.77 176 Unit 3 eraphtttc calc-oolomite( T 1 ) 
408 -10.50 -1.76 -10.12 8.66 408 Unit 3 erey calcite oolomite. MP 5 
858 -8.29 +0.23 -10.04 10.27 330 C3raphittc oolomite, Unit 1 

Table 8.1 b Sulphur lostope compos It Ions of sulphides from the 
Black Angel deposit and surrounding mlneral1sation 

Location a34s a34s a34s t.34S ·c Ltthologtcal setting p sp g T 

E.40 3.96 2.66 1.30 110 Coarse rex. sp-gn patr 
L. 66 3.54 2.57 0.97 477 Coarse rex. sp-gn pair 
O.l.Z 2356 2.57 1.59 0.98 475 Coarse rex. sp-gn pair 
V.216 2.15 0.50 1.95 328 coarse rex. sp-on patr 
M.72 2.83 Py. Poikiloblast in sheered ore 
E.36 4.76 Qxrse rex py. 
T.2 4.96 Carse rex py. 
E.46 4.99 Coarse rex py. 
est.. 12 4.52 Dissem. ftne py. 
Nungarutt 6.72 7.22 Py. idiobl8St in sheered sp. ore 
Agp8t 9.00 Py' idioblast in sheered sp. ore 
sorte Nunatak 7.12 Masstve py. in peltttc schist 
V133 (- • po) 11.78· Rex. po. in graphitic schist 
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10..adte •• u..Cft.t QuaI'I7. N.J. 11.7 to II.S 11.1 -0.' to 0.1 -0.1 (3) 

MIddle ud Upper A8pblbollte '1M". Marble. 
ZI C8Iclte •• AdIroDcIKk aft ••• N.Y. 17 1 ..... n.Z u.. -4.1 to 1.0 O.J (1) 
I ..... te •• AclboDdeck Mt ••• N.Y. .. 21.0 to D.' ZU -1.3 to U 1.3 (1) 
I cubonate •• I ... t %D-h ....... N.Y. ZU .. n.o D.' aUto U 0.' (4) 
1J ..tclte.. GftDylIIe .... " .. ce. Oat. lUton.' ZU -LI to U 0.' (S)(') 

LDwer A8pbllMlUte ... GreeD.clWlt , .... 
47 Mlelte.. OftDylIIe .... " .. _. Ont. sa 11.1 to Zl.l Z1.4 -o.J to •.• J.O (I) 

v ... __ rpboMd Carbeeato .. 1.0-2.0 ".~. 
at e.1dte. ud ....... 11.3 to 21.Z 20.1 -1.0 to 1.0 O.J (') 

W.ft ... : (1) Velie, .ad O'N.U (1114). (Z) V~ ud O'NeIl (1.1). (3) ..... 11 ..... 
(l"'). (4) VIM .... t .a. (lIM). (S) Dwua ud VeIIe~ (1.'. (') ...... t .a. (1"'). 
(7) V .... r ad H .. ,. (1"". 

Table 8.1 c Oxygen Isotopic ratios for carbonate In 
unmetamorphosed carbonates to granulite facies 
marbles (After Valley. 1986). 
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(1 in OK) 
nOC) 

Compounds A B C D R.nge 

CaM&<CO,he -8.914 8.737 - 18.11 8.44 s600 
C.eo,· -8.914 8.SS7 - 18.JJ 8.27 s600 
HCOl-' 0 -2.160 20.16 -35.7 s290 
coi-~ -8.361 8.196 -J7.66 6.14 slOO 
H,CO,(·P)· 0 0 0 0 slSO 
CH4' 4.194 -5.210 -8.93 4.36 s700 
CO' 0 -2.84 -17.56 9.1 s330 
C<gr.phite)' -6.637 6.921 -22.89 9.32 s700 

e Based on empirical fnctionation f.cton be""een dolomi1e and calcite of Sheppard 
and SCh .. ·.rcz (1970) . 
• Polynomial fit of values calculated by Botting. (1969). 
'Polynomial fit of elperimental data of M.linin et al. (1967). Deuser and Degens 
(1967). Wendt 0%8). Emrich et al. (970). Mook et al.. (1974). and Vogel ()961). 
~PoIynomial fit of values c.lculated by Thode ct al. (965). 

-Estimated in Ohmoto (1972) on the basis of H,CO,(ap) = CO,(aq) + H1COJ. 
J Polynomial fit of values calculated by Botting. (1968) . 
• PoIvnomial fit ofvalues calculated bv Urev (1947). 

Table 8.2 Equilibrium isotopic fractionation factors of carbon 
compounds with respect to CO2, (From Hoefs, 1980) 
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Figure 8.3 Equilibrium isotopic fracUonaUon factors among carbon 
compounds relative to H2C03(ap), where ~3(ap)· H2C03 + CO2 (aQ). 

(From Ohmoto and Rye, 1979) 
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hostIng carbonates range between + 0.51 to - 5.82 %., with an average of 

-1.27!. 1.0%. a 13c. These values are in close agreement with the data 

obtained by Garde (1977)(Carbon isotope ratios of forty calcite and 

dolomite samples gave the following ratios: -0.2.!. 1.0%. a 13CC' -9.6 to 

-14~. a 13Cgr (Fig. 8.1» and are consistent with the a 13C values obtained 

for unmetamorphosed Pre-cambrian marine carbonates (Schidlowski et al., 

1975). The a 13Cgr values correspond to both an organic and a metamorphic 

origIn. Carbon Isotope analysIs cannot define whether graphIte Is a 

metamorphIc or organIC derivatIve (Wada, 1977). 

Experimentally determIned carbon Isotope fractIonations have 

been carrIed out by a number of people for exchange amongst graphite, 

calcIte, carbon dIoxIde, and methane (Bott Inga, 1969; Monk et a1., 1974; 

Ohmoto, 1972). The calculated fractIonation curves (Table 8.2 & Fig. 8.3) 

between carbonate and graphite have been used in thIs study as a 

geothermometer for the Marmorlllk FormatIon. Samples V 197 and I 413 

are interpreted to reflect graphite / carbonate disequllibrium. The 1113 CC- g 

values calculated for the other carbon isotope analyses (Table 8.1 a) 

correspond to temperatures of between 319·C - 472·C (:!: 20·C). The 

highest temperatures calculated for the eQull i brat ed, graphite/carbonate 

pairs fit very well with other geothermometric data establtshed for the 

peak metamorphiC grade in the area (section 5.5 & section 8.4). 

8.3.2 oxygen Isotopes 

The results of the oxygen Isotope analyses have been standardised 

to the SNOW standard. The oxygen isotopic compositions are expressed, in 

per ml1, as:-

a180~I' • [(180/160>umpl' I (180/160>SUndrd - 1] x 1000 
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The oxygen isotope compositions range in value between - 7.5 & 

-13.76 %. (Table 8.1 a). These composItIons are in close agreement wIth 

the results obtained in Garde's (1977) study (-9.9 ~1.5~. a'60) (Fig. 8.1), 

who stated that the values were compatible with the isotopic 

compositions of unmetamorphosed limestones of eQuivalent age. This is 

clearly not the case. The oxygen isotopic compositions are very strongly 

depleted with respect to both unmetmorphosed (range of a 16 0; 11.3 - 26.2 

".) and metamorphosed carbonates (range of a'8 0; 18.1- 28.1) of 

equivalent age (Table 8.1 c) (Valley. 1986>' 

A strong similarity exists in the oxygen isotope compositions of 

the greenschist-granulite facies marbles of the Grenville province and 

those of unmetamorphosed carbonates (Table 8.1 c). This isotopic 

similarity has been taken as evidence in favour of fluid-absent 

metamorphism (Valley. 1986). 

Therefore the strongly depleted character of the Marmorllik 

Formation carbonates may suggest high fluid flow during Rinkian 

metamorphism. The fluids were probably relatively hot. meteoric waters 

(a18 0 0 to - 50 ",. >. that interacted with the unmetamorphosed carbonate 

so as to leave the rock strongly depleted in a 18 0 and the fluids relatively 

enriched (Criss and Taylor. 1986), This metamorphic fluid-flow is likely 

to have been active in homogenising lead (section 7.3) and sulphur isotope 

compositions (section 8.3.3). The carbon isotope compositions remained 

relattvely unchanged as carbon isotopes are particularly resistant to 

isotope eXChange (section 8.5.1). 

The oxygen isotope depletion is widespread throughout the 

Marmori1ik Formation (Table 8.1 a & Fig. 8.1). Thus no evidence exist to 

suggest that hydrothermal fluid flow (such as In the production of SEDEX 

depOSits, sectton 9.4.4) was restricted to the Black Angel depOSits. 
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8.3.3 Sulphur Isotopes 

The results of the sulphur isotope analyses have been standardised 

to the Canon Diablo iron meteorite standard. The sulphur Isotopic 

compositions are expressed, in per mil, as:-

The sulphur Isotope data is presented in Table 8.1 b and Figures 8.1 

& 8.2. 0 345 values have been obtained from four sphalerite-galena 

equi l1brium pairs, ten pyrite and one pyrrhotite sample. 5ulphates are 

found in the Marmori1ik area, but analyses of these sulphates are 

incomplete at the time of writing this thesiS. 

The isotope values obtained for galena, sphalerite and pyrite are 

relatively homogeneous throughout the mine (Fig. 8.2). Pyrite is 

approximately 1 X. heavier than the sphalerite data, with the sphalerite 

approximately 1 X. heavier than galena. This is consistent with the 

equilibrium fractionation curves for these particular minerals (Table 8.3 & 

Fig. 8.4) and represents that the minerals are in equl1ibrium. Pyrite values 

range from 2.83 to 4.99 I., with a mean of 4.39 X •. The value of 2.83 X., 

from the highly sheared porphyroclastlc ore of the middle Cover zone (M 

72W), is slightly anomalous, probably representing a minor 

premetamorphic variation in the isotopic distribution. The isotopic 

distribution for sphalerite shows a narrow cluster of data between 2.45 to 

3.96 I. o34s, and the galena 0.50 to 2.66 I. 0 34s. The sphalerite-galena 

mineral pairs become IsotoplcaJ1y lighter as one moves east in the mine. 

Pyrite from mineralised units away from the Black Angel ore 

bOdies give heavier isotope values e.g. the Nunngarut (6.721.) and Agpat 

(9.001.) pyr1tes, as IS a sphaler1te sample (7.221.) from the Nunngarut 

(Fig. 8.1). The pyr1te from the South lakes Glacier showing (CSl 12) Is 

Ii I 
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consistent with the Black Angel da~ (Figs. 8.1 & 8.2). 

Pyrite from metapelite of the Nukavsak Formation is also heavier 

(7.45".) than the pyrite In the Black Angel mineralisation. but It l1es 

within the general a 345 range of pyrite from the carbonate hosted 

mineralised showings in the MarmoriHk Formation. The pyrrhotite of the 

Nukavsak Formation is heavier (11.78".) than a11 other minerals, and is 

not in eQutlibrium with the pyrite (Fig. 8.4). 

8.4 Sphalerite-Galena Geothermometry 

The experimental calculation of isotopic eQul1ibrium fractionation 

curves (Table 8.3 & Fig. 8.5) amongst sulphur compounds (Rye and Ohmoto, 

1979) has al10wed many coexisting sulphur bearing mineral pairs to be 

used as geothermometers. The suitabt1ity of mineral paIrs for 

geothermometry varies according to the separation of the equilibrium 

curves for any two minerals. The larger the separation the more sensitive 

the geothermometer. Recrystallised sphalerite and galena mIneral pairs, 

from the 03 related recrystallised ore facies (section 6.5.6b), were found 

to be the most favourable for sulphur isotope geothermometry. The rocks 

were coarse grained, therefore uncontaminated samples were easily 

obtained by microdrl11tng. 

The sphalerite-galena system has been studied in detail by 

Grootenboer and Schwarz ( 1969), Kiyosu ( 1971), 

KaJiwara and Krouse (1971), Czamanske and Rye (1974) and Smith (1977). 

These workers have constructed equilfbrium curves (Fig. 8.5) for the 

sulphur isotopic fractionation between sphalerite and galena (A ~5sp-gn) 

at temperatures between 50 - 500·C (Fig. 8.5). Rye (1974) has argued that 

the Czamankse and Rye (1974) curve gives the best agreement with fl111ng 

temperatures of fluid Inclusions over the temperature range from 370·C to 

125·C. In this study this curve has been taken as the best estimate for 

eQutllbratlon temperatures of sphalerite and galena. 
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\ T:' KI nOC) 
C:mil"" .... " 1 C ;W .. 

C~ } C A.SOo . lH:O 5.26 60 ± O.S ~lSO 
SrSOt 
1&.50.- ( .. CIt (±1.01 > ... 
,,~..,.. 

S~ (4.12) (S.G) (-S.O) >25 
So. 4.lQ -o..s ± o..s lSO-lOSO 
scar (0.67) (0.431 (-1.1S) >25 
caS~ (0.6 t: 0.1) 
StS~ (0.6 ± 0.1) 
laS~ (0.6 ± 0.1) 
~p~ (o..s ± 0.11 
~oS,~ (0.45 ± 0.1) 
FoS, 0.40 ± 0.01 zoo..;'GI 

C..s,~ (0 .• t: 0.1) 
NiS! (0 .• ± 0.11 
~..s! (0 .• ± 0.11 
laS G.l0 t: O.at •• 
",..s~ (UO ± 0.05) 
FeS G.l0 ± O.at ---C~ (0.10 ± O.at) 
NiS~ (0.10 ± O.at) 
Cue-aS,~ (O.at ± 0.05) 
H,S (,.aq.) 0 
CueS, -0.05 ± 0." lIOO-6GI 
S(-Se) -0.16 t:G.1 ... 
MS- -0.06 ± US -0.6 .l5I 
CII,F.s.~ (-0.25 t: 0.1) 
C4$4 (-0 .• ± 0.1) 
CeS4 (-0 •• ± 0.1) 
S..s~ (-0.45 t: 0.1) 
PbS -0.'1 ± 0.05 •• Hp· (-0.7 t: 0.1) 
C.aJ4 (-0.15 t: 0.1) 

~",. (-0.15:t: 0.1) 

AaJI· (-0.' ± 0.1) 
sa-t (-0.11) (-1.1» (-I.U) >25 

Table 8.l EQu111br1um isotoplc fractionation factors of sulphur 

It 

Z" .-

compounds with respect to H2S, (From Hoefs, 1960) 
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Figure 8.4 Equt11brlum isotopic fractionation factors among sulptv 
compoundS relative to ~S. SOlid lines - experimentally detenntned. Dashed 
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The anomalous 6 34S figure for pair four (V216) has been 

discounted because of galena fractionation during analysis. The remaining 

sphalerite galena pairs give 6 34Ssp_gnX. values or 1.30 x. to 0.95 x. 
(table 8.1 b) which corresponds to a range in the eQulllbration 

temperatures of 410· to 47rC. The eQul1 ibrat ion temperatures ca lculated 

from the mineral pairs agree well with the inferrred peak metamorphic 

conditions of upper greenschist facies in the Upper Marmorillk Formation 

(section 5.5). 

8.5 Discussion 

8.5.1 Effect of metamorphism on Carbon and Sulphur Isotope 

compos I ttons 

It has generally been found in metamorphic ore deposits that 

(Rye and Ohmoto, 1974; Ohmoto and Rye, 1979; Hoefs, 1980; Ohmoto, 1986):-

1) Carbon Isotopes are particularly resistant to isotopic exchange. 

The distribution of the isotopes is largely a pre-metamorphic distribution. 

II) large scale premetamorphlc a 34s variations are retained during 

metamorphism, with the average a 34S of major units being unchanged. 

tit) Small scale sulphur Isotope changes can be superimposed on 

the original isotopic distribution during metamorphism, such as; 

redistribution of sulphur isotopes among coexisting minerals that define 

the temperature of metamorphism, and local a 3-4s variations that reflect 

the structural or chemical metamorphic history. 

No large scale variations are observed in the sulphur isotOPiC data 

of the Black Angel deposits (Table 8.1 b). However, the pyrite of M72W is 

somewhat anomalous and a variation in a34s of sphalerite and galena pairs 

occurs as one moves east in the mine. The a34s of pyrite Is more variable 

thrOughOUt the Karrat Group. 

on comparing the sulphur Isotopic distributions of relatively 

undeformed carbonate hosted depOSits, such as MVT (Fig. 8.6), SEDEX 'Irish 

type' deposits (FIg. 8.7) and McArthur River depoSits (Fig 8.8) with those of 
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higher grade metamorphic carbonate hosted de~osits, such as the 

Balmat-Edwards (Whelan et a1., 1984) and the Black Angel deposits, it is 

clear that a much tighter isotopic distribution occurs in the 

metamorphosed deposits. This suggests that strong metamorphic 

homogenisation of the Black Angel sulphur isotope compositions has 

occurred. However, Rye and Ohmoto (1979) and Goodfellow (1987) have 

suggested that a homogeneous sulphur Isotopic distribution indicates that 

the oreibearing mineral sulphur was derived from the same sulphur source 

and was preCipitated under the same chemical conditions. 

8.S.l Sulphur Isotopes and ore genesis 

In many carbonate hosted ore deposits stable isotopes have been 

used as a tool In determining modes of ore genesis ( Heyl et a1., 1974; Rye, 

and Ohmoto, 1979; Whelan et aI., 1984; LeHuray,1984; Powell and MacQueen 

1984; Muir et aI., 1965; Caulfield et aI., 1986). In the following section the 

possible sources of ore sulphur are discussed and the isotopic signatures 

of the Black Angel deposits are compared with those of other carbonate 

hosted sulphides. However there must remain doubt as to the significance 

of the metamorphlcally equilibrated Black Angel sulphur IsotOPiC 

signatures (section 8.5.2). In addition the limited number of analyses and 

the broad lithological range over which the samples were taken In this 

study present stat1stlcal limitations as to the significance of the results . 

• ) Sulphur source - / 

The source of sulphur In the Black Angel deposits is hard to 

assess. Ohmot~~9) argued that It Is neccessary to calculate the total 

sulphur Isotope content (a34sIs) of the mineralising system before the 

sulphUr sources can be worked out. In most ore deposit studies, the total 

Isotope content cannot be calculated. 

Sulphur Is likely to be Introduced Into ore forming fluids of 

carbOnate hosted depoSits either directly or Indirectly from seawater. 
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Sangster ( 1976) noted that marine hosted stratabound deposits have 

generally derived their sulphur from bacterial reduction of seawater 

sulphate, with most stratabound sedimentary depOSits showing a 15 ~. 

depletion in a 34S relative to coeval seawater sulphate. However, sulphur 

isotope data on stratbound deposits have indicated other sulphur sources 

Sea water sulphur is recycled within the sedimentary system by a 

number of processes and may be introduced into ore forming fluids by 

dissolution of pre-e)(isting evaporitic minerals followed by inorganic 

(Barton, 1967) or organic (Shearman, 1971; Trudinger, 1981) reduction of 

sulphate (Fig. 8.9). Alternatively, it may be introduced into the ore-fluids 

as reduced sulphur by:-

j) mi)(ing of the sulphide brines with water enriched in H2S by 

bacterial sulphate reduction (Jackson and Beales, 1967). 

it) dissolution of pre-e)(isting sulphides (Lovering, 1961) 

110 thermal degredation of organiC sulphur bearing hydrocarbons in 

petroliferous material (Skinner, 1967). 

If seawater sulphate is considered as a possible source of sulphur 

for the Black Angel mineralisation, then the sulphur isotopic composition 

of Proterozoic sea-water needs to be known. This may be appro)(imated by 

analyses of sulphate minerals. Unfortunately no results have been obtained 

from sulphate minerals in the Marmori1ik. Formation, but the a 34S values 

of contemporaneous seawater for appro)(imately 2000 Ma. (encompasing 

the Black Angel and McArthur River deposits) has been estimated at 

+20 !. 5 ". a 3<4s (Vlnogradov, 1972; Claypool et al., 1980; MUir et a1.,1985). 

The Black Angel sulphides are depleted in a 34S by approximately 

15 I. relative to this value for Early Proterozoic sea-water sulphur. Thus 

the posslbUity exists that the Black Angel sulpfv was derived by 

baCterial reduction of seawater sulphate. However, a direct fixation of 

seawater sulphur dlrlng syn-genetlc or early diagenetic mlneral1saUon 
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seems unlikely (section 8.5.3 b). 

The possibility also exists that the sulphide sulphur was partly 

derived by dissolution of pre-existing evaporitic minerals (section 3.2.3), 

or a mixing of sulphide brines with fluids enriched in H25. Unfortunately 

no data are available as to the sulphur isotope compositions of the 
bhe. 

evaporitic minerals, and so conclusions cannot be drawn as tOlrelative 

importance of this mechanism as a source of ore sulphur. On the other hand 

as the 1sotopic composition of pyrite both within the Black Angel deposits 

and in the Karrat Group is comparable, 1t is possible that some sulphur 

was introduced Into the Black Angel depos1ts In the form of reduced 

sulphur by hydration (dissolution) of pyrite (Ohmoto and Rye, 1979). 

In summary, 1t is suggested that most of the ore bear1ng sulphur 

was derived by bacterial reduction of sea-water sulphate. However, minor 

amounts of sulphur may have have been derived from the Marmori I ik 

Formation by both the partial dissolution of pre-e)(isting evaporitic 

minerals and the hydration of pyrite. 

b) IsotopiC signatures In carbonate-hosted deposits 

Mississippi Valley type (M. V.T.) mineral1satlon displays a wide 

range of generally enriched sulphur isotopic compositions between -10 & 

+40~. (Fig. 8.6). The individual deposits do not show such large isotopic 

ranges, and In the case of Pine Point a relatively narrow isotopic 

distribution is produced (Fig. 8.6a). The isotopic compositions of M.V.T. 

mineralisation spans the data from the Black Angel ore bodies. As in many 

M.V.T. deposits, there is a correlation in Black Angel galena samples 

between the radiogeniety of lead and a depletion in a 345 compositions 

(Fig. 8.10). The variation In lead and sulphur isotopes In the Black Angel 

depos1ts 1s very small1n comparison With the IsotopiC diverSity in the 

heterogeneous N.V.T depOSits. Even so thiS observation has been 

interpreted to suggest that the lead and sulphur were transported together 
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10 the same ore solutIons, and that the solutIons varIed In lsotop1c 

composition through time ( Rye and Ohmoto, 1974; Sverjensky et a1., 1979; 

Sverjensky, 1981) 

In the carbonate-hosted 'Irish type' deposits the sulphur isotope 

rat ios are highly variable and Isotopically Jighter than the Black Angel 

deposits (Fig 8.7). There is no correlation between lead isotopic data and 

a 345 values within these depOSits. A dual sulphur source has been 

predicted for the 'Irish type' depOSits (Coomer and Robinson, 1976; 

Caulfield et a1., 1986; Samson and Russell, 1983 & 1987), a deep seated 

crustal source forming sulphides with a 345 values close to OX. and a sea 

water sulphate source forming sulphides by bacterial reduction of 

sulphate with variably depleted a 3045 values. Sulphur isotope estimates 

for seawater during the formation of the Irish deposits are almost 

equivalent to those for estimates of Proterozoic seawater sulphur (e.g. 

lSI.), but as the IsotopiC signatures for the Black Angel and 'Irish type' 

deposits are dissimllar, it is highly unlikely that the same isotopic 

processes were active during the generation of the 'Irish type' and Black 

Ange I depos its. 

The McArthur River deposits (Fig. 8.8) have relatively homogeneous 

sulphur isotopiC distribut ions between + 3.5 and + 15 x. a 3045 (Muir et a1., 

1983) that are also comparable with Mt. Isa, Lady Lorreta and the 

Rammelsberg depOSits (Fig. 8.8). The Black Angel isotopic Signatures lie 

within this isotopic range. 

In the Balmat-Edwards deposits (Whelan, 1984) Zn-Pb sulphur 

Isotope compositions are heavier (a 304S = 11-17 X.) than in the Black 

Angel deposits, but are similar In that they show a strongly homogeneous 

dtstrtbut ton. 
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8.6 Conclusions. 

Although the stable isotope studies of the Black Angel deposits 

and surrounding mineralisation were Quite limited, several broad 

conclusions may be drawn:-

j) large scale homogenisation of the Black Angel sulphur isotope 

compositions has occurred during Rinkian metamorphism. This 

homogenisation is also present in the Balmat-Edwards deposits. 

iO a ISO values (Garde, 1977) for the Marmorillk Formation 

carbonates are strongly depleted. They probably represent interaction of 

the carbonates with depleted waters either during late diagenesis or 

Rinkian metamorphism. Carbon isotope variations have sufferred Httle or 

no metamorphic homogenisatlon. al3c values are indicative of 'norma)' 

marine carbonates. 

10 eQuHabratlon temperatures of between 410-477·C have been 

estimated for peak Rinkian metamorphism from sulphur isotope 

geothermometry of sphalerite and galena pairs from the 03 related 

recrysta1Jlsed ore facies. The graphite/carbonate geothermometer gave 

more variable results with a value of 476·C for peak metamorphism. 

Itt> sulphide sulphur was probably derived by the reduction of 

sea-water sulphate, with minor sulphur contributions from the dissolution 

of pre-existing evaporttes or by the hydration of pre-eXisting pyrite. 

(Proterozotc sea-water sulphate Is estimated at lSX.) 

tv) a positive correlation exists between galena lead radtogeneity 

and decreasing () 345. This possibly indicates that sulphur and lead were 

transported in the same ore forming solution during ore formation. 

v) sulphur isotope compositions of the Black Angel sulphides lie 

within the range of the MVT, McArthur River and Proterozoic shale-hosted 

deposits, but are dlsslmtJar to the sulphur isotope compositions of the 

'Irish type' depOSits. 
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Chapter 9 Discussion. 

9.1 Introduction 

This chapter deals with 1) the tectonic evolution of the Marmorllik 

area wlth respect to the Rinkian mobile belt. The mechanisms of gneiss 

dome formation are discussed, as their formation so directly affects the 

deformation style and processes which occurred within the overlying 

supracrustal units i1) the processes and mechanisms of ore deformation 

and the 111) problems of classifying and constraining genetic models for 

the Black Angel sulphides. 

9.2 Tectonic evolution of the Marmorilik area 

9.2.1 MechanIsms of gneiss dome formation 

Basement massifs are recognised in a number of tectonic belts 

characterised by high temperature-low pressure metamorphism. Their 

formation has been ascribed to many tectonic processes (Fig. 9.1). 

Basement domes are observed in:- 1) In the Loch Monar district (Ramsa.y, 

1967) where the domes are formed through buckl1ng, either by the 

Interference of two antiformal folds or by the development of 

non-cylindrical folds; 11) In the Alpine (and Norwegian) thrust systems 

(Wl1liams, 1982) as culminations iii) In the SvecokcireLLd.io _' (Ramberg, 

1967 & 1980) where the domes have been interpreted to have developed 

through gravitationalinstabl11ties set up between basement and 

supracrustals; Iv) the eastern Pyrenees (Soula, 1982) where gneissic, 

plutonic and metamorphic domes have been interpreted as forming through 

diapirism during major regional shortening; v) In the basin and range 

province U.S.A. (Spencer, 1984 & Allmendinger and others, 1987) as 

tectonically denuded extensional core complexes. 

The characteristic tectoniC features recognised In the basement 

massifs of the Marmor111k area are compared with the structures formed 

withIn these major tectonic systems (table 9.1). 
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Table 9. I A comparison of the tectonic features of basement 

massifs in the Marmorilik area with the features of 

basement massifs formed during different tectonic processes. 

Marmori1ik area Contract ion Diapirism Extension Transtension 
and Rinkian belt 

Domes and ENE-"IM* As culminations Common Ridges common Oblique periclin.1 
AnUfonnal ridges (tectonic coll.pse) ridges common 

Mnsi' contains Rotated thrusts Verticale)(lanslon tb:ommon Uncommon 
high IOgle normal faults on blCkthrust at centre of dome 

Mylonitic decollement. Assoclalad with Highly atlanualad Common Common 
laclonic slides units above dome 

PolydirtCtional Unidirectional PolydiredionaJ Unidirectional Unidirectional/oblique 
tectonic transport modlnc.lIon vergence away modln.d by pericllnal 
vrgenc. away from the by backlhrulls from dome ridges 
bl58m8ftVCCMr contact 

Slicked tectonic ,lidH Convnon Grl\'ity collapse None None 
In bIS8m8f'It and COVll' of dome 

Recumbent folds form in None Common Common Common 
,xtenslonal flUltshttts. 

CIS fabric a. ,tretching Opposite Slnll Common Common Oblique slip common 
UntlUon on the ofshur 
bnImII'IVcowr contact. 

F 1nI'I1"9 .xllnslonal to None COfM\On Common Uncommon 
comprlSsional cleavagn 

anement .Jdlnslonal ContrlClion similar fabrics Unconvnon Uncommon 
,..,..Ics translate into Into .xllnsion on upbrntcl 
compressional domIl mrgin 
f.,.ie, 



A) BUCKL"'G MODEL 

B) THRUSTING MODEL 

C) DIAPIRIC MODEL 

D) EXTENSIONAL MODEL 
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a) Intersecting fold model 

In the Marmorll ik area, as well as other parts of the Rinkian 

mobi1e belt, there is no evidence of intersecting fold phases or 

non-cylindrical folding during the development of the basement massifs. 

b) Thrusting model 

The formation of basement massifs as culminations within a 

thrust sheet (Fig. 9.1) or possibly as transported basement sl1ces within a 

thick skinned compressional system Le. 02 deformation in Marmorl1ik 

(Fig. 9.2) Is well documented and has been suggested as a mechanisms for 

gneiss dome product Ion in the Svartenhuk Halve (Grocott, 1987) (Fig. 2.8). 

Kinematic Indicators and strain trajectories within thrust sheets 

are generally unidirectional and indicate a dominant tectonic transport 

direction (Fig. 9.1), though the development of backthrusts at the sticking 

point in a sole thrust wll1 form structures with opposing tectonic 

transport directions (Fig. 9.2). The presence of polydirectional verging 

structures above the gneiss domes (section 2.3.3) in the Marmori1ik area 

and the Rlnkian mobile belt, suggests that a thrusting model was not the 

mechanism responsible for generating the mantled gneiss domes. However, 

the domes are modified by tectonic sl1des on the Alfred Wegener (Fig.4.34) 

and NunnarssugssuaQ peninsulas (Fig. 4.13). 

c) Diapiric model 

Diapirism has long been a favoured mechanism for gneiss dome 

formation, since Ramberg (1967) produced his classic centrifuge models 

of diapiric structures. 

Insights into the strain patterns developed during diapirism have 

been gained from the deformation of models with primary density 

inversions in a centrifuge (Ramberg, 1967 & 1980; Dixon, 1975; 

Schwerdtner & Troeng, 1977; Schwerdtner et a1., 1978; Dixon and 

summers, 1983 & 1985). The most sophisticated modelling of diapirs, or 
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Figure 9.2 The rotation of compressional structures by the formation of 
back thrusts, an e)(ample from the Svartenhuk peninsula. 
(After Grocott et a1., 1987) 
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Deore gneisses 

b 

Figure 9.3 Schematic representation of finite strain In two stages of a 
model diaplr a) an Immature dome with an extensional through 
to overturned basement supracrustal contact b) a mature 
'mushroom shaped' dome with considerable basement 
overthrust Ing. (After Dixon, 1975). 



ant lformal ridges, has been performed by Dixon ( 1975) (Fig. 9.3) and Dixon 

and Summers (1983 & 1985). A cautionary note by Dixon (1975), suggests 

that it Is often difficult to apply these finite strain models of diapirs to 

areas where a later pervasive deformation has been superimposed on the 

dome structure. Such difficulties do occur in the Marmorilik area, where 

02 fabrics react ivate and overprint 01 structures: However, a number of 

conclusive similarities are found when structures in the basement 

massifs of the Marmorilik area are compared to Dixon's models (Table 9.1). 

These are namely:-' 

1) a vertical stretching and shear zones in the basement with 

upright axes of principal extension it) a shear zone with a down dip 

stretching lineation at the basement supracrustal contact, e.g. mylonitic 

decollement and extensional llstric fans in the supracrustals 11 1) fanning 

Cleavages, consisting of extensional CIS fabrics and flattening Cleavages, 

in the supracrusta 1 overburden. 

Recent workers have favoured this diapiric model for the genesis 

of the Rinkian basement massifs (Henderson, 1973; Escher and Pulvertaft, 

1976; Pedersen, 1980; Grocott, 1987), but have neglected to determine the 

mechanisms responsible for the initiation of these diapirs. 

Ramberg (1967 & 1980) suggested that diapirism was driven by 

the formation of unstable density gradients within the lithosphere. A 

primary, Isothermal, density inversion may arise through compositional 

variations and is known as a Rayleigh-Taylor instability. DenSity 

inversions may also occur by heat flow. These instabilities are known as 

Rayleigh-Bernard instabilities and have been linked with dome formation 

in high temperature-low pressure metamorphiC terranes (Talbot, 1974 & 

1979; Den Tex, 1975; Soula, 1982). 

Studies on the density gradients within the Marmorl1lkl Rlnklan 

lithologies have been carried out by Henderson (1969). He calculated that 

the specific gravity of the Rlnklan lithologies were on average:-
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Karrat Group 

Nukavsak Formation 

Marmorilik Formation 

Qeqertarssuaq Formation 

Archean Basement Granod10r1te 

Gne1ss Complex Granullte/amphibolite gneiss 

9 cm-3 

2.77 

2.76 

2.74-2.79 

2.72 

2.66 

The densities of these lithologies are not llkely to have altered 

greatly as a result of increased pressure or temperature (Soula, 1982). It 

is clear that the units of the Karrat Group are denser than the 

granullte/amphibollte gneiss by approximately 0.08-0.1 g cm-3, while the 

difference between the Karrat Group and the granodiorite is merely 

0.02-0.05 g cm-3. In the Pyrenean gneiss domes the difference in density 

between the basement and supracrustals was up to 0.3 g cm-3 (Soula, 1982) 

and in Ramberg's models (1967 & 1980) as high as 0.5 g cm-3. The 

differences in the Rinkian Mobile belt are very minor and are possibly not 

large enough to initiate diapirism on their own. Therefore some other 

mechanism may be responsible for 'kicking off' the diapirism. 

d) Lithospheric extension 

A theory not previously applied to the Rlnkian mobile belt for 

generating basement domes is one of llthospheric extension (Allmendinger 

& others, 1987) (Fig. 9.4) and models analogous to core complex 

development (Fig. 9.1c). Antiformal uplifts of metamorphiC and plutoniC 

rocks are a common characteristic of the Cordilleran metamorphiC core 

complexes (Coney, 1980). Their formation is attributed to the 

gravitational collapse of an overthlckened crustal welt. The uplifts occur 

1n low-angle normal-fault terrains and are generated by attenuation of the 

hangingwall panel. The inferred direction of the upper-plate transport is 

typically unid1rect10nal, the upper-plate rocks appearing to have moved up 

one s1de of the upl1fts and down the other (Spencer, 1984) (F1g. 9.5). 
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Figure. 9.5 Schematic diagram of warping and uplift of a detachment 
fault and the Initiation of a metamorphic core complex, 
(After Spencer, 1984)J 

B) 

A) 

Figure 9.6 a) Trajectories of maximum shear stresses (slip lines) for 
Indentation model, with a rigid Indentor (shaded) 
b) Indentation model In relation to the North Atlantic craton 
dead triangle zone superimposed on the Archean block, and 
Indentor on the Ketl1ldlan showing potential transcurrent and 
overthrust motions. M • Marmorlllk, p. Pakttsoq. 
(After Watterson, 1978 
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Textures and tectonlc packages developed at the supracrustal 

basement contact in the Marmorillk area (4.2.2) are somewhat analogous to 

those of the metamorphlc core complexes developed ln the Basln and Range 

province of U.S.A. (DaviS, 1987; Naruk, 1986). However, deformation 

occurred at a deeper crustal level in the Rlnklan mobile belt than ln the 

Cordllleran complexes. Deformation and basement massif productlon may 

have occurred through the generat 10n of an anastomosing set of 

sub-horizontal shear zones (below the brittle-ductile transitlon), in a 

manner simllar to that of Figure 9.4c. 

Extensional models generally assume pure dip-Slip components. 

However, it is conceivable that obliQue-sl1p components are active in 

broadly extenSional systems. This has been suggested In the mixed-mode 

basins of Gibbs (1987). 

Transtensional processes were active in the evolution of the 

Rinklan mobile belt. Major sinistral shear systems have been recognised at 

several locations, namely: at Marmoril1k, where 03 sinistral shear zones 

occur; in the Rinks Isbrae district, where en-echelon WNW-ESE trending 

pericllnal antiformal ridges are produced at an oblique angle to the late 

stage through-gOing shear zones (Fig 2.7); in the Ikerasak district 

(Grocott, 1984) as large scale throughgoing sinistral shear zones (the 

shear zone's age is uncertain), and in the Ata Sund district, where the 

PakttsoQ shear zone acts as a major boundary fault (Fig. 2.4) 

(Late Rinkian age) between the Rinkian and NagssugtoQuidian mobl1e belts 

(Escher and Burri, 1967). 

The regional significance of these shear systems has previously 

been overlooked. Watterson (1978) interpreted the shear zones as 

Proterozoic manifestations of a northward directed continent-continent 

collision In a zone now represented by the Kettlldlan Mootle Belt (Fig. 1.1). 

This collision Is envisaged to have produced an 1Jtf1If of both dextral and 

Sinistral shear zones which wrapped around the rigid Archean block (Fig. 

9.6). 



The presence of these major transtensional structures, suggests 

that transtensional processes were responsible for the initiation of 

basement/supracrustal perterbations in the Rinkian mobile belt. 

The combined effect of these perterbations and the gravitational 

instabilities already present between the basement and cover sequences 

(9.2.1 c) may have acted to translate the regional trans/extensional 

stresses into localised vertical (diapiric) motions within the basement. 

Once the vertical motions were initiated, the rate of diapiric 

propagation depended on the rheological characteristics of the overburden 

above the massifs (Ramberg, 1967). A variation in domal uplift rates 

occurred in the southern Marmorilik area where the gently arched 

granodioritic massif and basement/supracrustal contact is rotated 

westwards into an upright and final1y an overturned attitude (Fig. 9.7). The 

most rapid diapiric growth took place on the NunarssugssuaQ peninsula, 

where once having reached an overturned attitude the large dome 

progressively deformed by processes of heterogeneous simple shear and 

gravity spreading to produce an overthrusted, imbricately stacked, 

non-cylindrical, basement margin (Fig. 4.13). This l1nk between diapirism 

and sub-horizontal basement shear has been suggested recently by Brun 

and van den Driessche (1985) and supported by examples from the Shuswap 

terrane. 

9.2.2 Summary of the tectonic evolution for the Marmortllk area 

On the basis of the preceeding discussion 1t is envisaged that 

deformation tn the Rinkian Mobl1e belt was intttted by continental 

collision between the Ketil1dian belt and the stable Archean craton (Fig. 

1. 1 ) during Mid-Proterozoic times. The Ket il idlan indentor is interpreted 

to have propagated overthrustlng In the NagssugtoQldlan mobl1e belt (Bak 

et aI., 1975; Watterson, 1978) and the lnlt1at1on of transtenSional 

stresses In the Rlnklan mobl1e belt. 

Sinistral shear Initiated perlcl1nal basement ridges, with a vague 
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ENE-W5W trend, which together with the pre-existing density variations 

between the basement and supracrustal units ga-/e rise to more rapid 

diapiric movements of the basement in the upw~ed ridges. 

The diapirs initially developed as upward propagating structures, 

above which the supracrustals deformed by sub-horizontal extensional and 

contractional processes (Fig. 9.7 & section 4.2). As diapirism proceeded a 

continuum of structures developed. The slower moving zones formed 

upwarped ridges whilst the faster propagating zones developed 'mushroom' 

structures with overturned basement nappes (Fig. 9.7). As the basement 

domes/ridges grew, the structures in the overlying supracrustals 

overprinted one another. The final stages of the progressive Rinkian 

deformation were marked by the formation of discrete, large-scale, 

sinistral shear zones (Fig. 4.28). 

The recognit10n of differentially propagat1ng domal structures 1n 

the Marmor1111< area (Fig. 9.7) may be used to reinterpret other areas 

of the Rinkian mobile belt and 1n particular the Kigarsima nappe (Fig. 2.9). 

An early theory suggested that the nappe was a late stage Rlnkian 

structure (Henderson and Pulvertaft 1967). This can be dismissed as the 

nappe is refolded by the 5nepyramiden gneiss antiform (Fig. 2.9) (Grocott, 

1987). It is predicted that the nappe originally developed as a rapidly 

propagating basement arch, slightly before or at the same time as the 

other domal complexes in the belt. The basement arch grew into a bulbous 

mushroom structure (similar to the NunnarssugssuaQ peninsula), which 

was sub-horizontally sheared at deep crustal levels to produce the present 

day overturned nappe. 
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9.3 Sulphide deformation and metamorphism 

The recognition and understanding of the metamorphic effects 

imposed upon the Black Angel sulphides is imperative if the environment 

of deformation, and in particular the temperature, confining pressure, and 

the differential stress and strain rate under which the sulphides have been 

subjected are to be interpreted. Detailed reviews of sulphide 

metamorphism are given by McDonald (1967), Vokes (1969), Stanton 

(1972) and Mookerjee (1976)(table 9.2) 

Regional metamorphic processes, active in the deformation of the 

Black Angel sulphides, are responsible for the following effects in 

sulphides: 1) chemical changes in mineralogy; ii) physical changes in grain 

size and fabriC; iiO mobilisation of minerals and elements (Table 9.3). 

9.J.1 Chemical changes of the Black Angel ores 

Stanton (1972) stated that sulphides are less noted for their 

chemical changes- as they do not react readily with either the 

accompanying silicate or carbonate- than for their physical changes. Work 

by McDonald (1967) suggested that an increasing mineralogical diversity 

Is developed In conjunction with an increased metamorphiC grade. The 

Black Angel sulphides are not mineralogically diverse (section 6.5.6). 

Chemical transformations within the Black Angel sulphides are 

recognised In the pyrite/pyrrhotite horizons of the Banana and T zones 

(Fig. 6.32 & 6.43). The pyrrhotite lenses are thought to be metamorphiC 

products of pyrite reduction. The origin of the massive pyrrhotite units 

found In the Nukavsak Formation (section 3.3.3) Is less clear. They may be 

either sedimentary exhalatives (Flnlow-Bates et a1., 1977; Craig, 1980 & 

1983; Sunblad, 1981) or metamorphiC derivatives of pyrite. 

Pyr1te/pyrrhot1te redox react10ns have been studied In nature by Barnes 

and Kellerud (1960, Curt1s and Spears (1968), Curtis (1980), Hall (1986) 

and Hall et a1. (1987). Pyrite Is the stable Iron oxide 1n sedimentary rocks, 

but during metamorphism pyrite wll1 dissociate to pyrrhotite, If 8 low 
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Table 9.2 Regtonal metamorphtsm of sulphides - a summary 
(after Mooker Jee, 1976) 

Ore/rock type Observable: effects Inferred possibility of 
,.eneration of new ore 
bodies (or ore-nuids) 

Remarks/References 

C, Elite" of ttl;oMI m"tlmorphism 
(1) Sulphide ore (a) Iow-,ude: both tex-

bodies twal-structurallnd 
mineralo,ical-chemical 
ch&rll!es initiated 

(a) low-,ude: expUlsion 
or metlmorphic water 
initiated; mipation or 
water essentiaDy It,ata­
bound; solution-redeposi­
tion phenomenon influen­
ces c:onrllwation or ore· 
shoots within orebodies 

(b) medium~de: physi­
cal remobilization 'by 
pJastic nowlPi Ilrely, 
new ore shoots Idjacent 
10 main orebody; extent 

KaUiokoski (1965); 
Tempelman.Kluit. 
(1970); Vokes (1968) 

Ito (1971); Mookherjee 
(l970a,b); Stlnton 
(J972, p. 624); Vokes, 
(1968); Williams (1960) 

(b) medium~rade: couse 
pain size; mineralo,ical 
rec:onstitution. some phy· 
.icat remobilization. in­
aease in Co/Ni 1atio in 
pyrites or chemical remobilization. 

throu,h metamorphic 
,..ata of in .itu oriein, is 
likel)' to be inconsequen­
tial 

(c) hialh'lflde: coarse 
plin-size; spectacular, 
but limited pllysical re­
mobilization; "ore­
dykcs"; Increase in pyr­
rhotite/pyrite rltio; 
nurowa spread of 6'''S 
values; some veins, 
richer in AI. As, Sb,lnd 
Au than the puent ore­
bod)" in Idjacent rocks 

(d) ultrlmetamorphism 
Ind pali~enesis: 

(c) JUah",ade possibility 
or ,enaltion or sulphide 
neomllmlS on I very lo­
cal scale; localized met.­
hydrothermltaoluti')n 
activity; Io"'~istlnce 
transport or Ippreciable 
tonRIJe of mlterial never 
proYed; chcmicaDy remo­
bilized friction conllins 
AI. As, Sb and Au in 
much laraer concentra­
tion than the parent ore 
body .indicatisw differen­
tial milration ofelcments 

(d) ultrlmetamorphlsm 
and pali"lenesis: 

stubbornly resistinl homo,enization process, ini­
.. ted by metanlorphic c:onvuJCRCC. until a mohen 
01 nuid phase predominates; in that .talle the iden­
tity of the material, as brlo .. i .. to a pre-existillJ! 
ore bod),. is irretrievable lost in the hetcrosenous 
milin or mallma~encrati"' environment 

JuYC, (1967); Krause 
(l9S6); Lawrence 
(1967); .C.ucher (1940); 
Mookhcrjee. ('970a.b); 
Ramdobr (1938); 
Schadlun (1960); 
Solomon (1963); Vokes 
(1963,1966.1969. 
1971) 

S~cyer et II. (1964); 
Clvelln (1955) 
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enough oxidation state is attained (the presence of graphite indicates this 

to be the case in the Marmorilik Formation, Fig. 5.10), by the following 

reaction:-

A complex growth history has occurred between pyrite and 

pyrrhotite in the pyrrhotite units of the Black Angel (Table 6.4). Pyrite 

porphyroblasts grow and are rotated within a 02 foliated pyrrhotitic 

matrix (Fig. 6.30 & 6.32, Table 6.3), but rarely include pyrrhotite. A zone of 

pyrrhotite depletion occurs adjacent to the porphyroblasts (Fig. 6.32a). It 

is likely that pyrite dissociated to pyrrhotite during the 01 deformation. 

The pyrrhotite was sheared during 02 deformation and was then oxldised 

(under higher f02 conditions) during 03 deformation and preCipitated as 

pyrite. The oxidation may be considered as a retrogressive metamorphic 

process (Hall, 1983), which proceeds as follows:-

8F eS + 5C02 + 2~0 ~ 4FeS2 + CH4 + 4FeC03 

(sol.) 

Other Chemical changes 10 the sulph1de mineralogy dur1ng R1nklan 

metamorph1sm are not1ceable In sphalerite and may be responsible for the 

production of tennantlte and arsenopyrite during 03 deformat10n 

(Table 6.4). Large variations 1n sphaler1te trace element concentrations 

exist between sphalertte encapsulated In pyrite and that of the 

eQulll brated ore matrix (Table 5.1 a & b). It Is noticeable that the 03 

eQul1~brated sphalerite Is depleted In arseniC, whlle arsenopyrite formed 

during the 03 event (Table 6.4). It Is therfore l1kely that the arsenic 

released during 03 sphalerite eQuHLA>ratlon combined with Iron to produce 

arsenopyrite. The production of tennantlte (Fig. 6.35), In the galena rich 

ores of the Angel and Cover zone, Is probably ~ ) due to a reaction between 

galena and arsenopyrite during OJ deformation. 

The chemical eQull~brat1on of the sulphides has occurred along 
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with an homogenisation of lead and stable sulphur and oxygen isotopes in 

the Black Angel sulphides and host rocks during the Rinkian event 

(chapters 7 & 8). 

9.3.2 Physical changes of the Black Angel ores 

a) Introduction 

Physical changes in the texture and mineralogy of the Black Angel 

sulphides are the most common effects of the Rinkian metamorphism. It is 

interpreted, by analogy with less deformed sulphide deposits, that at the 

onset of metamorphism Le. deep burial, sulphide grain size increased 

(Stanton, 1972). The grain growth occurred in order to maintain the 

minimum interfacial free energy under the prevailing PIT conditions. With 

an increase in metamorphiC grade and the presence of directed stresses, 

the sulphides began to deform both in a brittle and plastiC manner. 

Naturally deformed sulphides have been studied principally by 

Ramdohr (1969) and Stanton (1964, 1972). Systematic experimental 

studies on sulphides deformation have been carried out by Siemes et a1. 

(1970), Atkinson (1972, 1974, 1975a, b, and 1976), Clark and Kelly (1973), 

Salmon et a1. (1974), Clark et al. (1977) Siemes (1976, 1977) and McClay 

(1978). An excenent review of sulphide deformation textures developed in 

low grade regional metamorphiC terranes is given in McClay (1978). A 

summary of this data Is presented in table 9.3. A summary of the 

mechanisms active during the plastiC deformation of the Black Angel 

sulphides is presented in table 9.4. 

The Black Angel sulphides are characterised by early layered and 

sheared deformation fabrics that are overprinted by late stage (03) 

annealing textures. The ores may be termed 'texturally mature', The 

following section discusses and Interprets the various deformation 

textures developed In each ore forming mineral during each tectonic event 

(Tables 6.4 & 9.5). 
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TABLE 9.4: SUMMARY OF THE DEFORMATION MECHANISMS AND 

MICROSTRUCTURES FORMED DURING DUCTILE 

DEFORMATION 

DEFORMA T ION PIT REGIEME MICROSTRUCTURES FORMED 
MECHANISM 

DISLOCATION Moderate T ITm Sl1p Hnes, deformation bands, Kink 
GLIDE Slow strain rates bands, deformation twins, micro-

fracturing, straight dislocation lines, 
tangles, walls and hedges, glide poly-
gonisation. Strong preferred crystal 
orientation. 

DISLOCATION Moderate T ITm Elongate grains, deformation bands, 
CREEP Slow strain rates sub-grain development, 

recrystall1sed grains, strong 
preferred crystallographic 
orientation. 

01 FFUSIONAL T> 0.6 Tm Grain elongation, accumulation of 
CREEP Gra1n size depen- phases at ~1n boundar1es, low 

dency, processes dislocation dens1ty, lack of crystall-
Nabarro-Herring ograph1c orientation, grain boundary 
and Coble creep, sliding (square or rectangular grains 
Diffussive mass with large areas parallel to shear 
transfer. direct ion). 

STATIC T> 0.6 Tm and is Polygonal sub-grains with low dislo-
RECOVERY & maintained at catton density, equant straight 120· 
REX. elevated temper- grain boundaries. Tilt walls and 

atures sub-grains not found, secondary grain 
growth by gra1n boundary migration 
to give lobate and dentate boundaries 
with pinn1ng by inclUSions that may 
leave Inclusion tral Is. 

DYNAMIC High temperatures Equant and elongate sub-grains, with 
RECOVERY & accelerated creep appreciable dislocation denSities, 
REX. with fluctuating Irregular w-a1n boundaries, flattened 

stress-strain Lto 01 and elongate paral1el to ~, 
curves. deformation bands and trails. 
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b) Mineral deformation mechanisms 

Pyrite 

Pyrite deformed predominantly by cataclastic processes during 01 

and 02 tectonic events (Table 9.5). Cataclasis is common in pyrite (Vokes, 

1969, 1971; Ramdohr, 1969; Mookerjee, 1976; Sarker et a1., 1980) and 
of 

occurs under a wide varietYLP/T conditions. Relict 01 fractures are picked 

out by the presence of fine, discontinuous, lens-like, inclusions of galena 

and chalcopyrite. Cataclast1c deformation is thought to have been 

responsible for the nucleation of new grains that have been fragmented, 

rotated and elongated in many of the 02 related ore tectonites (Table 6.2). 

During 01 and to a lesser extent during the 02 deformation, pyrite 

exhibited a degree of plasticity. Some grains are flattened and elongate. 

Internally dislocation etch pits are developed that combine to form sUp 

Hnes and deformation bands (Fig. 6.24 f & h). These features are indicative 

of dislocation glide and dislocation creep processes (Table 9.3), which 

take place at moderate temperatures and relatively slow strain rates 

(Nicholas and Poirier 1976). This plasticity indicates that 01 deformation 

took place under medium to high grade metamorphic conditions (Mookerjee, 

1971; Sarker et ai, 1980; McClay and Ellis, 1983), 

Grain aggregation of pyrite (Table 6.4) is responsible for many of 

the exceedingly coarse grained ldlomorphic 03 pyrite porphyroblasts. 

Aggregation Is achie..ved by static annealing and grain boundary migration, 

and is largely responsible for the development of the healed fractures and 

sieve porphyroblasts commonly found in the banded and porphyroclastic 

ore facies (Fig. 6.3221 & b). 

Sphalerite 

Sphalerite deforms by a number of processes at relatively low 

temperatures, and thus prov1des few clues as to the conditions of ore 

deformation. Sphalerite elongation occurred during 01 deformation. This 

elongation 1s p1cked out by the presence of chalcopyrite 1nclusions along 
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TABLE 9.5 MICROSTRUCTURES DEVELOPED IN THE BLACK ANGEL 
SULPHIDES DURING THE TECTONIC EVOLUTION OF 
THE MARMORILIK AREA. 

MINERAL EARLY SOUTH YER61N6 SINISTRAL LATE EXTENSION 
RECUMBENT FOLD & FAULT SHEAR PHASE PHASE 
DEFORMATION DEFORMATION DEFORMATION DEfORMATION 

PYRITE Moderate grain elon- Severe cataclasis Grain growth and Minor cataclasis 
gation. dislocation eleh with fragmentation ~ polygonal grains with grain fracturing 
pits piclcing out slip Jines rotation of grains . with 120' triple of polygonal grains 
and deformation bands. Elongate grains with junctions. lack of 
Flattening on fold limbs dislocation pits. slip sub grains ele. 
polygonisalion in hinges lines. kinks and walls . Intense grain aggre-
Many textures obscur- gation. 
red by grain growth. 

SPHALERITE Grain growth obscures Dynamic recryslallis- Grain growth and Calaclastic failure 
many early textures. ation with core mantle aggregation . Dentate fragmentation and 
Minor grain elongation textures . Sub-grains cuspate boundaries grain size reduction 
lanceolate deformation and grain elongation grain boundary pin- elongate irregular 
twins . Medium sized preferred crystal ori ning. Broad anneaJin~ grains. 
grains showing grain entation. Defm. twins twins Earlier defm. 
growth and annealing. twins bent. 

6ALEHA Moslly recrystallised Duplex textures with Coarsely recrysta- Remobillsed into 
sphalerite. Now llised grains. Poly- fractures and polyg-
recryslallised but gonal grains. 120' onal unstrained 
minor grain elong- triple junctions. grains. 
ation. sub grains and Grain boundary mig-
dislocation pits . Most ration. Severe 
now recryslallised. grain elongation ~ 

twinning kinking ~ 
sub-grain formation 

PYRRHOTITE Not known Strongly elongate Polygonisation and Not observed 
grains with internal minor grain growth. 
sub grains. kinks. Inclusions of sphale 
Flame like defm twins rite and grain 

boundary piming 

CHALCO- Irregular grains included Grain growth and Grain growth and Mobilised into late 
PYRITE in sphalerite at old grain mobiliastion obsC\res mobilisation inlo fractures. 

boundaries and defm. microstructures. fradlJ"8S 
twins. and capttred as inc-

clusions in pyrite 
and sphalerite 

ARSEHo- Not known Not known Euhedral rhombs. Fracturing and 
PYRITE lack of sub grains fragmenlation of 

strong grain growth grains . 
aMealing and over-
growth telCi.tres. 

TEHNANTITE Nol known Not Known Coarse grains with lad of fracturing. 
dentate and lobale Minor moblllsaUon. 
overgrowths. Grain 
boundary migration. 
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relict grain boundaries and deformation twins. Dynamically recrystaJlised 

core-mantle microtextures (Figs. 6.33 & 9.9) developed in the 

porphyroclastic ore facies during 02 deformation. Dynamic 

recrystallisation is associated with accelarated dislocation creep 

mechanisms and fluctuating stress-strain regimes (Nicholas and POirier, 

1976). The textures are representative of hot-working with grain 

refinement and strain softening (White, 1975 & 1977). 

Strong recrystallisatlon and annealing of the plastlcal1y deformed 

and dynamically recrystallised sphalerite occurred during the 03 

deformation. 

Pyrrhotite 
Pyrrhotite deformation is sensitive to temperature (Clark and 

Kelly, 1973) (Fig. 9.10) and hence pyrrhotite acts as a relatively good 

geothermometer. 01 microtextures are not preserved in pyrrhotite. In the 

02 slide systems of the I zone (Fig. 6.21) and in the T zone, fOliated 

pyrrhotitiC horizons contain fragmented and recrystalllsed sphalerite 

clasts (Fig. 6.30). The pyrrhotite was less competant than the sphalerite, 

which suggests that temperatures greater than 200·C (Clark and 

Kelly, 1973) were attained during this deformation. The pyrrhotite Is 

annealed, though relict 02 deformation textures are preserved as 

dynamically recrystall ised strongly elongate grains (Fig. 6.31 c &d), with 

kinks and flame-like deformation twins (Table.9.5). Kinks and twins 

develop in pyrrhotite at temperatures above 300·C (Gill, 1969; Graf and 

Skinner, 1970; Atkinson, 1972 & 1975b; and Clark and Kelly, 1973) and are 

indicative of dislocation deformation mechanisms (Table 9.4). 

Pyrrhotite annealed during 03 deformation. Recrystallisation in 

pyrrhotite has been reported to occur at 525-666-C Gill (1969), though 

McClay (1978) states that syntectoniC recrysta111satlon would occur at 

lower temperatures during natural deformation at slow strain rates. The 

weight of evidence compl1ed during this study for the peak Rlnklan 
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metamorphic grade (section 5.5) suggests that pyrrhot ite must have 

recrystallised, in the Black Angel sulphides, at temperatures less than 

500·C. 

Galena 

D 1 Be D2 related galena microtextures are rare (Table 9.5). Strong 

grain growth recrystallisation and annealing took place during D3 

deformation and peak Rinkian metamorphism (Table 6.4). Static recovery 

and grain growth textures (Table 9.4) such as polygonal grains with 120· 

triple junctions and straight grain boundaries are particularly apparent in 

the highly mobl1e galena of the recrystall1sed ore facies. Anneal1ng 

experiments carried out on galena show that dynamic recrystalllsation 

occurs in labaratory experiments at 200·C and strain rates of 3 x 10-7 

sec-I (McClay and Atkinson 1977) whereas statiC anneal ing shows 

recrystaJlisation at 200·C (Clark et a1., 1977) and marked 

recrystal1isation at 400·C ( Clark et al., 1977; Siemes, 1976 & 1977; 

Stanton and WiJley, 1972). 

Apart from severe grain growth, dislocation processes were active 

in the 03 deformation. In the bleby ore tectonite (Fig. 6.37) the galena 

forms highly elongate grains and internaJ1y develops subgrains, suggestive 

of dynamic recrystal1isatlon, and kink bands that are a11gned perpendicular 

to the elongation direction, suggestive of dislocation gltde and creep 

mechanisms (Fig. 6.37). High temperature testing of polycrystall1ne galena 

by Atkinson (1972, 1974, 1976a) and Salmon et at (1974) showed that at 

low temperatures 20·-200·C (001) < 11 0> sUp and kinking occurred in 

coarse grained galena (Salmon et a1., 1974), whereas in fine grained galena 
&~\()~ 

Atkinson found that kinks rarelYibefore 200·C. 
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9.3.3 Summary of ore deformation mechanisms 

a) 01 deformation processes 

It is difficult to predict the PIT regiemes and sulphide 

deformation mechanisms in operation during the Dl deformation as most 

of the 01 deformation textures have either been overprinted or 

recrystallised during the later 02 & D3 tectono-metamorphic events. 

However, in pyrite D 1 deformation was taken up by plastic, dislocation 

creep and dislocation glide processes, and cataclastic mechanisms 

operatIng under moderate tempertures (= +400·C) and low (02. 

A period of static recovery, grain growth and annealing is 

interpreted to have taken place after D 1 deformation. For as Stanton 

( 1972) suggested, at temperatures exceeding 250-300·C any pause in 

deformation would lead to annealing. 

b) 02 deformation processes 

The sulphides deformed by brittle fal1ure (cataclasis) and plastiC 

dislocation creep and dynamic recrystallisation processes during the 02 

deformation. These deformation mechanisms indicate that moderate to 

high temperatures, aSSOCiated with fluctuating strain rates, occurred 

during this event. The greater degree of pyrite cataclasis in 02 related ore 

tectonites is interpreted as an effect of both the increasingly plastiC 

nature of the matrix, which would have allowed a greater rotation of the 

pyrite grains, and the increased strain rate under which deformation took 

place. 

c) OJ deformation processes 

Textures indicative of static recovery mechanisms are present 1n 

03 sulphide minerals. Static recovery mechanisms result from a 

malntalnance of elevated temperatures (T ITm ) 0.6), These conditions are 

synonymous with those of peak Rlnklan metamorphism (section 5.5). The 

excessive grain size of the late stage annealed ores, and In particular the 
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massive pyritic ore where pyrite grains are up to 20 cm., is thought to 

have resulted from a punctuated sequence of straining and annealling 

events (Stanton, 1972; Mookherjee, 1976). The strong mobllisation of 

galena, and to a lesser extent sphalerite, into fold hinges during the 03 

deformation (Fig. 4.32 & 6.44) is thought to have taken place largely by 

dislocation processes followed by static recovery and recrystallisation 

mechanisms. Diffusional creep possibly influenced remobiJisation in the 

galena, although textures synonymous with this process (Table 9.4) were 

not observed. 

d) D4 deformation processes 

Cataclastic fracturing of all sulphide minerals occurs in 

association with the Late extensional phase deformation. The presence of 

fractures in the more mobile minerals such as galena and chalcopyrite and 

pyrrhotite, whose strength rapidly diminishes below 200·C (Fig. 9.10) 

(Clark et at, 1973), suggests that this late stage deformation occurred 

under low temperatures <200·C and at relative!.-y high strain rates. 

e) Summary 

The ores have dominantly deformed by plastic processes such as 

dislocation creep and gl1de (Table 9.4), with severe cataclasis in pyrite, 

during 01 and 02 deformation. Mobilisation and recrystal1isation of the 

high grade ores, located In 03 fold hinges (Fig. 6.20), was accomplished by 

plastic dislocational (possibly minor diffussive processes) and static 

recovery processes. 
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9.4 Classification of and models of ore genesis for the Black 

Angel deposits 

9.4. 1 Introduction 

Previous interpretations of ore formation have included a syn or 

epigenetic origin (Garde, 1978), and an early diagenetic to epigenetic 

sabkha-related origin, with a Marmorllik Formation metal source (F.D. 

Pedersen, 1980; J.Pedersen, 1980). These theories are unacceptable, as 

simple mass balance equations indicate that the amount of Zn-Pb needed 

to form the Black Angel deposits cannot be derived from the MarmoriHk 

Formation carbonates. Also the mineralogy of the Black Angel is 

Inconsistent (lacking Cu) with other deposits, such as the Roan (Zambia), 

that are interpreted to have formed through similar sabkha processes 

(Renfro, 1974). 

9.4.2 A Comparison of the B1ack Angel deposits with 

carbonate-hosted deposits 

The Black Angel deposits are strongly metamorphosed and 

tectonicany deformed carbonate-hosted sulphides. The deposits are 

analogous, both in terms of their stratigraphie and tectonic setting, to the 

Balmat-Edwards Zn-Pb deposits (Whelan, 1984). However lsotoplc--, . 

inconsistencies exist. 

In an attempt to formulate a model of ore genesis for the Black 

Angel sulphides, the characteristics of the deposits are compared with the 

1) 'Irish-type' carbonate-hosted deposits which are a genetic sub group of 

the SEDEX deposits (L~d.or\) 1986) and i1) the 'Mississippi Valley-type' 

(MVT) stratabound Zn-Pb deposits (Table 9.6). 

a) Mineralogy 

The MVT deposits . usually contain Pb-Zn-Fe (py &ma) sulphides, 

whereas the 'Irish-type' assemblages are commonly 

Fe (py & po)-Zn-Pb sulphides(Table 9.6). Copper minerals are rare in both 
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Table 9.6: Comparison of carbonate hosted Pb-Zn deposits with 

the Black Angel deposits 

Features M.V.T deposits Irish deposits Black Angel deposits 

Major melals Pb-Zn-fe. Zn-Pb-fe Zn-Pb-fe 

Trace melals generally lack Cu. Ag Significant Ag. Ag. As. localised Cu (up lo 0.5") 

minor Cu 

Grade and low orade 8" comb. 9-11" Comb. 18" Comb 

TOMage small isolated deposits 12-18106l. 13.5 106l. 

Mineralisation stralabound in Discordanl feeder zone stralabound to tectonically discordanl 

slyle solution cavities with di55em.5traliform 

Age Late Proterozoic to Carboniferous Early Proterozoic 

triassic (Met. aoe 186011680 rna.) 

Tectonic selling Basin margin intrlCralonic faull Slable basin margin. 

tectonically slable controlled basin growth faulls not recognised 

tectonicallY .no 

thermally active 

Sedimentary Platformal carbonates Bank and lagoonal flCie~ Platformal carbonates with clastic 

Controls with reefs. bars. slump abutting growth faulls basin La the north. Carbonate 

breccias at basin margins structures deformed minor 

or facies boundaries stromatolites 

Host rock shallow water carbonates Argillaceous ",its Recrystallised carbonates. 

character Unconformities within inlerbedded with Mineralisation associated with 

the ore sequence muddy carbonates Calcile/dolomite transitions above 

pelite. Deformation obscures u/e 
DiagenetiC Dolomitisa!lon. ores In Early diagenetic lext. RecrystallisaUon ITId annealing 

Modification dolostone5. Silicification parlialto tolal rex ~ localised late dolomitisation 

and tarsllncallon dolomlUsalion with high poroslly. Minor sntdnclUon 

Barile Common stratiform Limited stratabound to discordant 

(up to 2.3 106U and In fine schistose layers 

Flourile Common Rare Common. both in ore and hosl rods 

Red beds Uncommon In F .Wall faull boooded None 

panel and basemenl 

Evaporiles Back reef evaporites Sabkha facies to North Massive anhydrite bands and 

recrystalllsed gypStn 

Volcanics None Minor tuffaceous ooits None 
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Table 9.6 continued. 328 

Features M.V.T deposits Irish deposits Black Angel deposits 

Orpnics Ves Ves Ves (Graphite films end euhech) 

possibly metamorphic &. bil"",n 

(Primary) Coarse colloform with Fremboidal end Colloform end colloidal (?) tedlnS 

Ore texttre disseminated replacement colloform lexltres end euhedral marcasite (?) rhombs 

significant breccia owrprinted by sheared annealed 

mineralisation textures 

Ore zonation Random VerUcal and horizontal ZonaUon controlled by deformation 

Cu-ln-Pb from vent Cu, FeS and 8arite localised to F .wan 
and S.E orebodies. Central pyrite zone 

Mineralising 15-251 Na~<1 10-25 wil HaCI brines Fluid inclusion 25 wil MaCI. 

Fluids T8I'f1)erlbres 5O-175·C between 90 -260·C ~. 220·C (<m1.z) 

EPIGENETIC EPI-SYNGENETIC EPIGENETIC 

lead Isotopes Hi-.ly radiogenic Radiogenic Sli-,Uy radiogenic 

wriable but homogeneous homogeneous, with minor wrillion 

Sulptu- RInge (30 I. Range) 30 I. Range (10 I. homogenised 

Isotopes zero to strongly positive moderately negaltYI sll-.Uy positive 

lllCll5ulptu- Negat.iw correl8lion None Negatiw correlltion 

isotopes (though homogellised data) 

Con1»i1ed from Andrew (1986), Ashton (1986) 8oest. .tal., (11)81), Cat.hles and Smith (1983). 

Cluln.ld .tal., (1986), 6ust.Ifson and Wi11iems (1981). Heyl It aI .• (1974), Hilzmln and large (1986). 

Lydon (986), <JII. (1980), Russell (1986) and 5angster 0976 &. 1966). 



classes and if present form in uneconomic amounts. Mineralogical 

variations do occur between the two classes, 'Irish-type' deposits 

commonly contain high silver and sil ica (usuaJJy as chert) contents. The 

MVT class commonly contains fluorite. 

The Black Angel main sulphide assemblage of Fe-Zn-Pb-Ag is more 

closely related to the the 'Irish-type' rather than the M.V.T. (Table 9.6). 

However, the Black Angel ores contain minor copper, pseudomorphed 

marcasite (Fig. 6.40) and fluorite (Fig. 3.1 Oc), which is almost exclusive to 

the M.V.T. ores. Greater concentrations of pyrrhotite are found in the Black 

Angel than would be expected in most M.V.T. ores. The pyrrhotite is 

interpreted to be a product of metamorphic desulphldisation rather than a 

primary exhalative derivative. 

b) TectoniC setting of the deposits 

Both the 'Irish-type' and M.V.T depOSits are spatially related to 

sedimentary basins. The 'Irish-type' depOSits (Hitzmann and Large, 1986), 

and also the H.Y.C deposit of the McArthur River basin (Muir et a1., 1985), 

typically occur within tectonically active fault controlled epicratonic or 

intracratonic marine basins, whose dimensions generally exceed 100km 

(Large, 1980, 1981 & 1983). The individual depOSits are normally found in 

third order fault controlled baSins, with the faults acting as channel ways 

for fluid migration during sedimentation (Lydon, 1986; Russell, 1986). In 

contrast, the MVT ore depOSits appear to be located towards basin margins 

(Fig. 9.11 )(Anderson and MacOueen, 1982) in platformal carbonates which 

are generally dolomites and less commonly limestones (Sangster, 1976). 

Although the original stratigraphic relationships have been largely 

obliterated within the Marmoril1k area by the Rinkian 

tectono-metamorphic event, the Black Angel ores occur In platformal 

carbonates on the southern margin of a large clastic basin (Fig. 2,5 & 

9.,13 !. The basin has similar dimenSions to those of the M. V.T depOSits 

(Figs. 2.8 & 9. 11 ). 
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Dlngl.-
Central 
Midland, 
aa,ln 

Kilometres ° "00 
I I 

(15) MAJOR LEAD-ZINC DISTRICT 
...... Estimated Pb.Zn content (million tonnes) 

«:) DISTRICT WITH MINOR LEAD ZINC OCCURRENCES ...... 

figure 9.11 Simplified distribution of Mississippi Valley-type ore 
districts of central U.S.A. showing their spatial relation to 
sedimentary basins. (After Lydon, 1966). 

330 



c) Temperature of ore formation 

Carbonate-hosted Pb-Zn ore deposits are interpreted to have 

formed from hydrothermal solutions (Beales and Jackson, 1967; 

Sverjinsky, 1981) with essentially the same chemical characteristics, at 

temperatures up to 250·C. Fluid inclusion filling temperatures for MVT 

deposits are most commonly in the range 1 00-150·C (Roedder, 1976), 

whereas the fluid inclusion and isotope data for carbonate-hosted SEDEX 

and 'Irish-type' deposits indicate higher temperatures of sulphide 

formation, i.e. up to 250·C (Gustafson and williams, 1981; Boast et aI., 

1981; Samson and Russell, 1983; Nesbitt et aI., 1984; Gardner and 

Hutcheon, 1985; Caulfield et aI., 1986). 

The limited fluid inclusion data from the Black Angel 

mineralisation (Hughes, 1981), on Quartz from the Nunngarut and Ark 

mineralisation, gave homogenisation temperatures of 220·C - 230·C. and 

salinities of 29 wtX NaCI. These temperatures are comparable with the 

formation temperatures of the 'Irish-type' deposits. 

d) Textural characteristics and metal zonation 

'Irish-type' deposits develop a range of 

epigenetic-early diagenetic-syngenetic mineral1sation textures. 

Discordant, replacement and fracture fiJI (epigenetic) mlnerallsation In 

the Navan deposit (Ashton et aI., 1986) is associated with the fault and 

vent zone along which the ore forming fluids were expelled. Syngenetic 
e~QL 

textures, such as framboldal pyrite, pyritic chimneys (BOYC~ 1983) and 

thin stratiform layers of sphalerite and galena (Ashton et aI., 1986) are 

present. These are Interpreted to have deve loped at or near the 

sediment/water Interface. Metal zonation from 

copper-sphalerlte-galena-pyrtte Is observed both upwards through and 

laterally outwards away from the feeder zone (Gustafson and Williams, 

1981; Andrew, 1986). The deposits are generally wedge shaped In 

cross-section and are laterally continuous along strike (Andrew, 1986). 
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In M.V.T. deposits epigenetic void f111 textures are predominant. 

Framboidal pyrite and thinly disseminated stratiform mineralisation is 

largely absent. Metal zonation trends are not recognised. The deposits form 

as random irregularly shaped pods and lenses. which vary in size from 0.5 

to 15 million tonnes. 

Framboidal textures. synonymous with syn-genetic mineralisation. 

have not been recognised in the Black Angel sulphides, whereas many 

epigenetic textural forms are present (Fig. 6.40). The depOSits occur in 

both a sheet-like form (Fig. 6.11) and as irregularly distributed pods. This 

is largely the result of polyphase deformation. Metal zonation trends are 

strongly contro11ed by deformation processes and tectonic structures 

(Figs. 6.44-49), though a primary (?) iron rich core Similar to that found in 
*Cll 

the Su11ivan mine (Hamilt0'l' 1976) occurs in the Angel zone (Fig. 6.46). 

e) IsotopiC characterlsUcs 

Many of the lead and stable isotopic characteristics of the M.V.T. 

and 'Irish-type' depOSits have been discussed with respect to the isotopic 

distributions of the Black Angel sulphides in chapters 7 & 8. The lead and 

stable isotopic data from the Black Angel sulphides have been strongly 

homogenised. Thus they are not reliable criteria on which to base a 

classification of the deposit 

f) Summary 

The Black Angel mineralisation exhibits characteristiCS that are 

similar to both M.V.T and SEDEX 'Irish Type' depOSits. Possibly the greater 

weight of evidence,namely the geological setting, minor mineral 

assemblage, textural and host rock characterlstics,tend to be more closely 

linked with the epigenetic M.V.T depOSits. However several characteristiCS 

such as the temperature of ore formation and the major metal 

concentrations are more compatible with the 'Irish-type' depOSits. 
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9.4.3 Model of Ore Genesis for the Black Angel sulphides 

a) Metal sources 

Lead isotope signatures for the Black Angel deposits suggest that 

lead was derived from upper crustal sediments (section 7.5), which were 

eroded from the basement. Metal abundances of the potential source rocks 

are given in Table 9.7 (Krauskopf, 1967). Simple mass balance equations 

indicate that the amount of Zn-Pb needed to form the Black Angel deposits 

cannot be derived from the Marmori1ik Formation carbonates. Pb-isotope 

analysis has predicted that the most likely lead source is from the thick 

sandstone sequences of the QeqertarssuaQ Formation, which occur in the 

clastic basin to the north of Marmorllik (Fig. 9.13). The shales and 

psammites of the Nukavsak Formation may have contributed Zn and Fe, but 

are more likely to be metal sinks (Gustafson and Wll1iams, 1981). 

b) Derlvatton and transport of ore forming fluids 

Many theories exist as to the origin of ore forming fluids. The 

most popular theories of ore genesis are related to the dewatering of 

sediments during basin compaction (Noble, 1963; Jackson and Beales, 

1967; Dozy, 1970; Sverjinsky, 1981 &1984; Cathles and Smith, 1983). 

Many examples exist that suggest that SEDEX and MVT deposits 

formed from ore fluids that were derived from the same baSin, by baSin 

dewatering. In the MacArthur River BaSin (Fig. 9.12), MVT (Cooley and Ridge 

deposits; Walker et aI, 1983) and SEDEX (H.Y.C. depOSit; Rye and Williams, 

1981) depOSits have been interpreted on the basis of their isotopiC 

compositions to have been derived from the same hydrothermal system. 

The Selwyn Basin of northern Canada is another good example of the 

relationship between MVT and SEDEX deposits. The shale basin contains the 

AnvlJ Range, MacPass and Howards Pass SEDEX deposits, which pass 

eastwards through transitional deposits containing elements of both 

SEDEX and MVT depOSits, e.g. The Vulcan deposit (Mako and Shanks III, 

1984) into platformal carbonates that host MVT depOSits, e.g. Gayna River 
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Rode type Source Cu Ph Zn Ag Co 

Cranite5 (low Ca) (5) 1-100 5-70 5-110 
(1) (10) (11*) (3\1) (0.037) (1) 

Intermediate rocks (5) <5-200 2-62 5-125 
(6) (35) (15) (72) (0.07) (10) 

BaWls (5) 10-260 <1-3Ii 30-230 
(1) (87) (6) (lOS) (0. 11) (~) 

Ultramafic rocks (5) 2-300 25-00 
(I) (10) (I) (SO) (0.00) (ISO) 

Carbonate rocks (5) <I-ISO < 1-200 <1-180 
(I) (4) M (20) (0. OX) (0. 1) 

Deep lea cLAys (5) 10-2,000 < 10-13\1 80-1,300 
(I) (250) (80) (HlS) (O. ll) (74) 

Sbak. (S) 2-300 5-M 16-430 
(I) (45) (20) (US) (0.07) ( 1!J) 

Black dWe, (2) 20-500 7-200 34-7,000 1-24 7-300 
(Z) (70) (ZO) «300) «1) (10) 

Sanditonel (5) <1-155 <1-80 5-1\18 
(I) (X) (7) (16) (O.OX) (0.3) 

Continental crUlit (.) (55) (12.5) (70) (0.07) (25) 
MelMlliferow brine, 

s.itoo Sea brine (3) 8 100 540 
Chelelu:n brine (7) 0.\1-15 3.6-77 0 .Y-5 .• 
Mluiuippi brines (8) <2-111 <2-360 

Source, oi ~rmation 
(I) Turekiao and Wedepohl, l!lbl 
(2) Vine and Tourtelot, 11170 
(3) White, IY68 
(4) Taylor, IYM 
(5) Wedcpohl, ed., Handbook of Ceochemidry 
(6) ViJIosradov, IY62 
(7) Lebedev, ID67 
(8) Carpenter, Trout, and Picbtt, 11174 

Table 9.7 Metal contents of potential source rocks 
(Range and (average), all 1n ppm) (After Krauskopf. 1967). 
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and Bear Twit (Sangster, 1986). 

Pb-isotope data from the Black Angel deposits, suggests that the 

fluids migrated laterally along the Qeqertarssuaq 'ormation stratiform 

aquifer and into the carbonate I ithologies of the Marmori I ik Format ion. 

Fluid inclusion data from Hughes (1981) suggests that the Black Angel 

deposits ore forming solutions were highly saline,29-33 wt.~,NaCI brines. 

Studies on hydrothermal ground waters in present day basins have 

reported metal rich oO-field brines, carried in sodium and calcium 

chloride waters which range In temperature from 1 OO·C to 140·C, that 

contained 370 mgtl Zn and 92 mgtl Pb (Carpenter et a1., 1974). 

c) Minerai deposition 

Ore forming fluids are undersaturated up to the site of ore 

deposition. Deposition of sulphides is likely to result from a) cooling of 

the brines b) decrease In the activities of the complex forming ligands 

c) Increase In as2. The degree of saturation or deposition of sulphides will 

increase as a consequence of 1) Increased H2S concentration which may be 

due to sulphate reduction, reaction from organics, or mixing with sulphide 

solutions. ji) Increased pH caused by either reaction with carbonates or 

feldspars. itt) decreased chloride concentration, resulting from dilution by 

meteoriC waters iV) decreased temperature (Barnes, 1979). 

The Black Angel sulphides contain many primary vold-fil1 textures 

(Fig. 6.40), but lack syn-genetic framboidal textures. The sulphides are 

therefore interpreted to have formed epjgenetically. It is envisaged that 

processes (t) and (to were active in the precipitation of the sulphides. It 

is noticeable that the Black Angel sulphides are hosted in anhydrite 

bearing calcitiC marbles which occur tn close aSSOCiation with graphite 

bearing pel1tlc units, both of which would be capable of Increasing H2S 

concentration in the ore carrying solUtions. 

336 



SOUTH 
EPIGENETIC CARBONATE-HOSTED 

NORTH 

Zn·Pb-Fe-Ag MINERAUSATION 
I, 

KANGIDLEQ FJORD KM. I UMANAK 

III ~ I 

",-,,,,,-:,,, ... ~-; ,,\,,\~. ; 
... " . -~"':~~'"","' ... ,!(,\''..':':,,:/\'..:. . '·"'''''"t_,'',._ SUBSIDING CLASTIC BASIN .-\,..I-I'/"'-pR~BnDy_~ I)/"",,-,,-\,1 

" '..: ...... I~,.:.I,'..." ',_, .... : ':'/-"!..'i,\-,\-,,~;\.r """/ ... 'I':'~-:';\""~-:" ..... 

MINOR Pb-Zn FROM 
SHALE 

BASEMENT 
DERIVATION FOR REWORKED SEDIMENTS 

(thorujenic contarrunant to Pb-isotope data) 

',-, :/~:'\~\.I~~:;"~/'!.;\"'-"" ;;' .... 7".-,-,\,!. .... ,~, "';'!~\ ... , ,';_'; ....... ,','.', 
,,-Z,;,:, &:~;'~'-':I,"~_<.".~\I)-'~/.- ,,- .SLIGHTLY RESTfUCTED '>~\.3'\.:-: 
- .... :.~\j -,' ~... .... '"% .... ~ ",,, ,"" \ ........... 

'..~.i~~~_~\:~_ ?? ___ !:;~-:.\-\; ~~~), I\ __ ~ !~..cNWPJ1A,'!.f:. ~I.~ Tf.9.F!~~'~-.~,-..\, 
... ~ - "",f ", ... \-~ ... ' .... 1'.,\.,_-.... ,,, ... -Fi' ,_\ ,._,'" '--' \ " ,_ \ .. ~ .... , ',"'"._\, .. ~'_' .... ' 

",\_,*,:'-~lr';"\""X'_I- -,'_\1,-' .... '."-1'-,., --,_,\~/ .... ~ ,,. .... \ '_',~,',\ .. '..!\_;\.:: ..... ,,- .... I~"i 
~,' ... \',-~ ', ....... ,,'";;-\!. '!.'_ "'.1:,-.... •• ",-" ~., ~!, -,V _\;~.'j' ': ..... : - .... ~ I _,~ ~"" -:.,a .... ;I\; .... '.!.i~ ,,!' 1\-, 
~ ~, ,' .... ' ... \ ,-' ... ' ,,,,,~, ,-,-\- ! ... ,.-; ,-r ... _, -',-, -- ,I, ,.: ... ' .... (,,,; ......... -h _ ,"1 "'1' ":'" ... ' .... ',.1 . 
. ...... ";., ':' ,~ ... -1,:_' . _',_/~,;~ 'L,.:.' ,' .... '/ '- ~, ... \/_:.;_\= ,'.... :::, ... ,~ ... !,'-,- •• :-, ....... i-,~~-;'!-I!~! 

ALFRED WEGENER HIGH 1,,$//'-', I:-~"j ... f~_\,'.,.-.,:/_· _ ·" ,_",- ~, ... '_ .... \ _.~ I ..... 
7' 

RIFTED BASEMENT MARGIN 

LEGEND 

UMANAK GNEISS NUKAVSAK FORMATION 

SERMIKAVSAK FORMATION KANGIDLEQ FORMA liON 

MARMORILIK FORMA liON 

o 

1 

2 

3 

4 

5 

(MODIFIED FROM ALLEN AND KING 1979) 
y/ EXTENSION OR 

GROWTH F AUL T 
.-_.-.. -.. -. ••• ! .••• --.. -. 
"ft- .-:c· 

QEQERT ARSSUAQ FORMATION 

Figure 9.1 J 

_f 
CfRIVATION AND MOVEMENT 
DIRECTION OF METALS 

Schematic representation of a model for the genesis of the 
Black Angel deposits 

L 
~ 

~ 
--.J 



d) Summary 

Pb-isotope data suggest that the source of metals in the Black 

Angel sulphides were derived from the Qeqertarssuaq Fomation and 

possibly parts of the Nukavsak Formation, during compaction of the 

northern clastic basin (Fig. 9.13). The metals are interpreted to have been 

expelled towards the basin margins, along the basal sandstone aquifer 

(Qeqertarssuaq Formation), as soluble complex ligands in hypersaline 

chloride brines. The fluids were reduced on meeting the platformal 

carbonates of the Marmort11k Format10n wh1ch contained an 1ncreased H25 

concentration (derived from sulphate reduction and reaction with graphite) 

and an increased pH. This reduction led to the precipition of sulphides. The 

absence of framboldal textures but presence of many void-fill textural 

forms, indicates that the metals were preCipitated epigenetically within 

solution cavities in the carbonates (possibly after evaporites). Sulphide 

sulphur has Signatures synonymous with bateriogenic reduction of 

sea-water. The sulphur was possibly carried in the ore-forming fluids 

(Fig. B.l 0, section B.S.3 b) and was probably also derived from sulphates 

within the Marmoril1k Formation (section 8.S.3a) 

9.4.4 Alternattve models of ore formatton 

There are two possible alternative models of ore genesis for the 

Black Angel sulphides, namely a) Convective cell model b) Seismic pumping 

model 

a) convecttve ce II model 

Russell (1986) proposed a deep convective cell model for the 

formation of the 'Irish-type' SEDEX related and in particular the Navan 

deposits. This same theory has been appl1ed to the genesis of the 

Silvermtnes depostt (Andrew, 1986). Fluid inclusion data (Samson and 

Russell, 1987) show that the temperature of ore formation was 

approximately 220·C. Lead isotope ratios (Mills et at, 1987) are 
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Figure 9.14 Diagram illustrating the progress of a convection cell as it 
excavates downwards to tap older continental crust with 
less radiogenic lead which is transported upwards to form a 
giant exhalative orebody. (After Mills et a1., 1987). 



progressively less radiogenic the younger the mineralisation. 

The model derived to explain these characteristics is one of 

downward excavating convection cells, that were set up during regional 

extension (Fig. 9.14). I t is thought that seawater penetrates the crust 

along extensional fractures. The fluids spread out when they reach the 

brittle-ductile transition. As the fluids circulate they are converted to 

acid brines that scavenge for metals and mix lead from the upper crust. 

On meeting semi-brittle fault zones towards the basin margins, 

the hydrothermal solutions move upwards through the crust and 

precipitate their constituents syngenetically on the sea floor, or as early 

diagenetic mineralisation within unlithified sediments on or close to the 

fault zone (it may be hypothesised that epigenetic mineralisation would be 

produced if the fault zone didn't reach the surface). The fluids penetrate to 

greater depths, eventually tapping basement, as the brittle-ductlle 

transition zone moves downwards as the crust is cooled. 

The convective cel1 theory is not thought to be applicable to the 

Black Angel depOSits as it relates to a tectonically active extensional 

basin. Also lead isotope and sulphur isotope compositions for the Black 

Angel sulphides do not conform to those of the 'Irish-type' deposits 

(sections 7.S.2 & 8.S.3b). 

b) Seismic pumping 

This process has been invoked to explain mineralisation at 

McArthur River (Muir, 1979), Mt. Isa (Muir, 1981) and Tynagh (Boast et a1., 

1981). According to Sibson et a1. (1975), as stresses build up prior to 

failure on a fault, a large number of extension fractures open up normal to 

the least compressive stress and fil1 with fluids, e.g. ground water. When 

failure occurs these fluids, rich in minerals leached from the country 

rocks, are rapidly expelled and preCipitate their solutes at or near the 

surface. This process works best in wrench fault systems as a high 

differential stress is required. The special attraction of the theory Is that 
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it explains the supposed pulsatory nature of mineralisation. 

This process is refuted as the origin of the Black Angel deposits, 

for the temperatures of formation (up to 350·c) for this model far exceed 

those esUmated during the formation of the Black Angel deposits. 

However, this process is likely to have had a bearing on the 

recrystallisation and homogenisation of the Black Angel ores. 

9.5. Exploration potential for unfound mineralisation 

A good exploration potential exists for new Zn-Pb deposits both on 

a regional and a local deposit scale within the Marmorilik area and Rinks 

Isbrae district. 

9.5.1 Regional exploration potential 

The theories of ore genesis for the Black Angel deposits may be 

particularly useful in deciding upon areas of exploration for new ore 

deposits. The Black Angel deposits are interpreted to be related to M.V.T 

deposits. If the Black Angel deposits were formed from dewatering of the 

northerly clastic basin (section 9.4.3 d). then there exists a great 

potential for SEDEX deposits to be found at the hinge zone of the northerly 

clastic basin (Fig. 9.14). Exploration for these SEDEX deposits should 

therefore focus upon the clastic basin margins. where growth faults and 

feeder zones for SEDEX mineralisation, would be expected. Exploration for 

new M.V.T. deposits should focus on calcite/dolomite (chemical) fronts, 

which would be favourable areas for Zn-Pb precipitation. 

9.5.2 local exploration potential 

Although the Black Angel deposits have been extensively drilled on 

a 200 metre grid from the Black Angel mountain and by exploratory 

diamond drilling from within the mine, there is still a high potential for 

the discovery of new, small tonnage, high grade deposits. 

Mlneral1satlon in the Upper Marmor111k Formation is extensive In a 
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thin sheet-like form for many kllometres. Ore grade mineralisation is 

locally formed where tectoniC thickening has occurred. Not only does the 

Rinkian tectonism control ore grade, but~lsO has a major effect on the 

orientation of the mineralisation (Figs. 6.44-49). 

01 deformation structures have a major control on ore location. 

The Nunngarut deposit is located in the 01 Nunngarut fold hinge (Fig. 6.9), 

whllst the Black Angel deposits have been folded about the 01 Black Angel 

nappe (Fig. 6.14), transposed parallel with 51 fabrics and stretched along 

an 080 trending belt that lies parallel to the 01 fold axis. Significant 

mineralisation has also been intersected at the Deep Ice zone and recently 

at V 215, both of which lie along the 01 080 trend (Fig. 6.1). 

The Black Angel deposits are held in a major 02 tectonic slide 

wedge (Fig. 6.10>, which rapidly narrows to the south of the I zone. 

Exploration in the immediate area of the Black Angel sulphides should be 

restricted to this tectonic wedge. The Unit 4 stratigraphy which hosts the 

Black Angel sulphides (Fig. 6.2) is tectonically repeated along the northern 

margin of the South Lakes cliffwall (Fig. 6.10). Significant new, Black 

Angel type, mineralisation may be expected to be found within this 

tectono-stratigraphy, especially if evaporitic and graphitic bearing units 

are intersected. 

Local reorientation of the ore horizon has occurred about open 03 

folds. The major D3 folds have a half wavelength of approximately 2.5 km. 

that intersect the 01 mineral1sed trend at the C area, Angel zone; MX area, 

Cover zone; and Deep Ice zone (Fig. 6.15). As the mineralised sheets are so 

extensive in the Marmori lik area, it is predicted that high grade, 

recrystalHsed mineralisation (of the recrystallised ore facies) may be 

developed 2.5 km to the ENE of the Deep Ice zone along the 01 080 trend. 

Away from the Black Angel deposits, there is potential for new 

finds associated with the Nunngarut zone to the east of the A fjord, below 

the Middle Marmoril1k tectonic slide zone, on a strike parallel to the 

Nunngarut fold (Figs. 3.1 & 4.1 a). A large north verging 01 fold Is present 
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in this area. Drill ing should focus on it's hinge zone. Elsewhere the 

exploration potential within the Marmorllik area is limited. 
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Chapter 10: Conclusions 

10.1 Introduction 

This thesiS has entailed regional surface mapping of the 

Marmori 11k area together with detailed underground mapping of the Black 

Angel deposits and petrographic, microprobe and isotopic analyses of the 

sulphides. Results from these studies have provided new insights into the 

understanding of the complex tectonic and metamorphic evolution of the 

Marmorilik area and in particular the tectono-stratigraphic setting of the 

Black Angel deposits, and the modes of ore deformation, mobil1sation and 

genesis of the sulphides. 

10.2 Stratigraphy 

Two major tectono-stratigraphic units are recognised in the 

Marmorlllk area. They are the Basement Umanak Gneiss Complex and the 

Karrat Group Supracrustals. The Karrat Group lies with a sheared contact 

upon the basement gneisses. Significant tectonic thickening, inversion and 

omission of the stratigraphy occurred during the polyphase, 

Mid-Proterozoic, Rinklan event. In the Marmorllik area, the Karrat Group 

conSists of the Qeqertarssuaq, Marmorilik and Nukavsak Formations. A new 

tectono-stratigraphy has been established for the Karrat Group 

supracrustals In the Marmortllk area, which has sub-diVided the 

Marmori1ik Formation into six mappable units. The Marmorl1ik Formation 

represents a platformal carbonate succession on the southern margin of a 

clastic basin. 

10.3 Tectonic evolutton 

The Karrat Group supracrustals have been deformed in the 

Mid-Proterozoic (1860-1680 MaJ, polyphase, tectono-metamorphic 

Rlnklan event and a later extension phase deformation. 

Continent-continent collision between the Ketll1dian and the stable 

ArChean plates propagated deformation In the Rlnktan mobile belt. 
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Sinistral transtensional stresses were generated within the belt. which 

propagated low amplitude periclinal basement folds. A diapiric rise of the 

basement. due to gravitational instabilities. resulted in gneiss dome 

formation. The domes propagated at different rates and thus developed a 

continuum of gneiss dome structures, from gently upwarped antiforms to 

large overfolded and imbricated basement nappes. 

In this research, three Rinkian tectonic events have been 

recognised in the Marmorllik area. These are namely the:- j) 01 Early 

recumbent phase deformation iO 02 South verging fold and slide phase, and 

the iii) 03 Sinistral shear phase. 

In the Rinkian event, the basement deformed by sub-vertical 

motions. Basement uplift was translated into ductile sub-horizontal 

supracrustal deformation, which was largely accomodated by 

heterogeneous simple shear mechanisms. A system of ductile to 

semi-ducti Ie deformation structures developed in each Rinkian event. 01 

deformation was associated with southerly basement doming, which 

propagated a north verging gravity slide block in the overlying 

supracrustals. In the gravity slide block, extenSional fault and slide 

systems formed to the south and large recumbent overfolds, such as the 

Black Angel nappe, formed to the north of the supracrustal sequence. The 

02 deformation consisted of a south verging fold and tectonic slide 

system, which was generated by basement overthrusting in the northern 

Marmorllik area. The deformation was colinear to 01 deformation, but 

proceeded at higher strain rates. 03 deformation developed a major 

Sinistral shear zone, in which a major transtensional half graben with 

periclinal folds were formed to the north, and a closely spaced en-echelon 

array of sinistral shear zones to the south-east. These shear zones 

progressively cross-cut the F3 fold axial traces. 

The last phase of deformation occurred In the Late Pre-cambrtan 

and conststed of N-S trending, west-side down, extension faults that are 

fl1led with dolerite dykes . associated with smaller dolerite s111s, 

345 



10.4. Metamorphism 

Amphibollte to greenschist facies metamorphic grades were 

attained during the Rinkian tectonic event. Quantitative studies, during 

this project, have defined the peak metamorphic grade in the Marmorilik 

area as occurrIng at 470·C and between 2.5-3.0 Kbars under low (02 and 

high but slightly variable fS2 conditions. Thequantitative analyses were 

carried out by j) sulphur isotope geothermometry using equllibrated 

sphalerite-galena pairs 10 carbon isotope geothermometry on 

carbonate/graphite pairs and jji) sphalerite geobarometry using the FeS 

content of sphalerite inclusions within pyrite. The calculated 

temperatures were found to be consistent with the metamorphic grade 

estimated from metamorphic mineral assemblages. 

10.5 Mlnerallsatton 

10.5.1 Introductton 

The Black Angel Zn-Pb-Fe sulphides consist of 13.5 mllHon tonnes 

of sphalerite, galena and pyrite with subordinate pyrrhotite, chalcopyrite 

and tennantfte at grades of approximately 20" combined Zn-Pb. The 

sulphides occur as massive, stratabound, carbonate hosted depOSits within 

the Upper Marmori 11k Formation (Unft 4) evaporite-fluorite-barite bearing 

calcitiC marbles. The mineralisation is developed in massive, randomly 

distributed pods and sheet-like horizons. Significant Zn-Pb minerallsation 

occurs at three other levels in the Marmorfl1k Formatfon 

tectono-strat igraphy. 

The Black Angel depOSits are texturally mature. The mineralisation 

was formed prior to the Rinklan event and has since undergone four phases 

of deformation which have generated a spectacular array of ten ore 

tectonite types. The ore tectonltes have been classified according to their 

mineralogy and texture into four ore facies associations. These are the 1) 

Banded ore facfes 11) Porphyroclastfc ore facies jfO RecrystalHsed ore 
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facies iv) Massive pyritic ore facies. The ore facies are directly related to 

specific tectonic processes and deformation events. 

10.5.2. Deformation of the ores and host rocks 

The polyphase Rinkian deformation 1s the major controlling factor 

in the geometry and orientation of the Black Angel ore bodies. and has 

acted as a major influence on the ore grades, thicknesses, and textural 

distribution of the sulphides. The sulphides deformed plastically during 

the Rinkian events and in a catacla.stic manner during the Late extensional 

deformation. However, pyrite deformed by both cataclastic and plastic 

processes in the Rink ian events. 

In the 01 early recumbent phase deformation the mineralised 

horizon was folded about the Black Angel nappe. This resulted in:- two 

mineralised levels, the Angel-Cover-Tributary zone horizon and the 

I-Banana zone horizon; the transposition of the minerallsation into the 

plane of the F 1 axial fabric; an elongation of the long axis of the sulphide 

sheet parallel to the F 1 fold axis (080) and the formation of the banded ore 

facies. Large scale recumbent folds with nipple like accomodation 

features and low-angle tectonic sl1des occur in the ore. The upper surface 

of the ore horizon is characterised by rootless folds with axialplanar 

seams of semi-massive and stringer like mineralisation. 

02 deformation caused tectonic thinning and imbrication of the ore 

horizon along 02 tectonic slide planes and tectonic thickening in 02 

isoclinal fold hinges and antiformal imbricate stacks. An imbricated 

sequence of closely spaced, steeply north dipping, attenuated and 

discontinuous ore lenses occurs in the I zone. Intense 02 shearing occurred 

both within the ore horizon and along the ore-host rock boundary. The 

shearing generated i) an ore horizon of relatively consistent thickness and 

moderate grade (221 combined Zn-Pb) iO the ore tectonttes of the 

porphyroclasttc ore facies iii) discordant tectoniC contacts between the 

ore hortzon and the host rocks in the Cover zone, southern Angel zone and 
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Banana zone and iv) 'durchbewegung' textures by way of gangue material 

being incorporated into the mineralisation by delamination and subsequent 

boudinage of the host rocks. 

03 deformation deformed the deposits into open, upright-northerly 

incl ined, pericl inal folds, which reorientated the ore horizon into 

ESE-WNW trending hook and cusp-llke closures which parallel the 03 axial 

planar trend. Considerable tectoniC thickening occurred in the synformal 

03 fold closures. Coarse grained, high grade, mobilised and statically 

annealed ores of the recrystallised ore facies developed in the low stress 

fold hinges. 03 sinistral shear zones transected the ore horizon, 

downfaulting it to the west by up to 20 metres. The shear zones often 

rooted in the sulphides with the formation of bleby sphalerite and sheared 

galena ore tectonites. 

The late extenSion phase deformation had little effect on the 

orientation or style of mineralisation, but caused local downfaulting of 

the ore horizon and a closely spaced fracture system within the ore 

horizon and host rocks. These fractures promote block rotation and rock 

slabbing, which has hindered production work in the mine. 

10.S.l. IsotopiC analyses 

A Lead isotope analysis was conducted on galena and pyrite 

samples of the Black Angel sulphides and surrounding mineralisation. The 

galena lead isotope compOSitions show a closely spaced homogenised, 

bimodal distribution linked by the pyritic lead isotope 

compOSitions, all of which indicate a reworked upper crustal lead source. 

The bimodal distribution of data suggests that two separate mineralising 

phases existed and that a change in the isotopic compOSition of the source 

area occurred through time. Model age dates of 1500 Ma. calculated for the 

mineralisation are young in comparison to the calculated deformation age 

dates for the Rinklan moblle belt. The lead Is therefore sltghtly radiogenic. 

Stable sulphur isotope analyses carried out on the Black Angel 
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Zn-Pb-Fe mineralisation show a homogeneous, weakly positive, 

distribution of data. Strong metamorphic re-eQuilibration of the sulphur 

isotope compositions occurred during the Rinkian event. Sources of sulphur 

are difficult to predict due to this metamorphic re-equil Lbrat ion. Stable 

carbon isotope analyses of the carbonates indicate normal marine origins. 

Stable oxygen isotope compositions of the Marmorilik Formation 

carbonates are strongly depleted with respect to unmetamorphosed 

carbonates of equivalent age. They represent an interaction of the 

carbonates with strongly depleted fluids, either during late diagenesis or 

Rinkian metamorphism. 

10.5.4. GenesiS of the Black Angel mineralisation 

The Black Angel depOSits are strongly deformed and 

metamorphosed carbonate-hosted sulphides. As a result of the complex 

tectono-metamorphic history of the depOSits, concluslve evidence in 

favour of a particular genetiC model for the evolution of the sulphides 

doesn't exist. Primary textural features are rare and are only preserved in 

metamorphic pyrite grains. Euhedral void-fill textures are present, 

whereas framboidal pyrite is not observed. Mineralogical and geological 
More. 

associations suggest that the depOSits areLclosely linked with the MVT 
WI~ 

class of Pb-Zn sulphides than(the SEDEX 'Irish-type' class. 

It is interpreted that the Black Angel mineralisation formed 

epigeneticaJ1y from metal rich basinal brines that were expelled from a 

northern clastic basin. The OeqertarssuaQ Formation acted as a basal 

sandstone aquifer for hydrothermal fluid flow. 

10.6. Exploration potential In the Marmort1lk area 
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There exlst5a good potential for as yet unfound mineralisation on 

both a local and regional scale. Shale-hosted SEDEX deposits are ltkely to be 

found to the north of the Alfred Wegener peninsula at the hinge zone of the 

northern clastic basin. 



The ore grades, thickness and orientation of the Black Angel ore 

deposits are dominant ly controlled by tectonic processes and trends, 

whereas the original location ofl~ineralisation is stratigraphically 

controlled. The Black Angel deposits have been folded, transposed and 

elongated along an 080 trending belt parallel to the fold axis of the Black 

Angel nappe. The deposits have subsequently been deformed into a 02 

tectonic wedge. Exploration for unfound sulphides should be made along the 

080 trending belt within the 02 tectonic wedge. It is predicted that high 

grade mineralisation exists 2.5 km. ENE of the Deep Ice Zone along the 080 

trend, where F3 & F I fold axial traces are interpreted to intersect. 

Significant new, Black Angel type, mineraliation is expected to 

occur in Unit 4 stratigraphy that is tectonicaJJy repeated along the north en 

margin of the South Lakes cliffwall. There is also a potential for new 

finds associated with an extension of the Nunngarut zone to the east of the 

'A' fjord, below the middle Marmoriltk tectonic slide zone. 
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Appendices 

Append1x 1: Lead Isotope analyses 

Sample preparation 

32 galena and 5 pyrite samples were analysed for their lead 

isotope ratios from the Black Angel deposit and surrounding mineralised 

showings. Samples of fresh galena and pyrite were prepared by crushing to 

a very fine powder (-80 mesh) in an agate pestle and mortar. The mortar 

and pestle were cleaned between each sample using suprapure nitric acid 

and dlsttl1ed water. 

Approximately 3.45 milligrams of galena was weighed out and 

placed in a clean pyrex beaker and was dissolved in 3 millil1tres of 7 

molar hydrochloric acid. The beakers were then placed on a hot plate to 

evaporate the solution to dryness. The lead chloride produced was then 

dissolved in 2 millil1tres of distilled water and 6 molar nitric acid. The 

solution was again evaporated to dryness. 3 mt11igrams of lead nitrate 

were produced for each sample of galena. 

Before analysing pyrite the amount of lead in each pyrite sample 

had to be determined. This was done by a process of anion exchange 

chemistry. Pyrite samples were coarsely crushed and approximately 0.33 

grams of each sample were placed in a 25 m.l. pyrex beaker. 1 m.l. of a 

206lead spike and 1 m.l. of a 235uranium spike was added to the pyrtte 

sample. The pyrite was then dissolved In 10 m.l. of 6 molar nitric acid and 

evaporated to dryness in order to obtain the lead nitrate. 

Sample loading 

The sample solution is mounted on a single rhenium filament using 

silica gel and orthophosphoric acid. 

1) A stngle drop (. 2-5 J.l1) of silica gel suspension was placed on the 

centre of the single mentum filament. The filament was drted ustng a 

cun-ent heating (1 amp). 

351 



2) A drop ofthe sample solution (10-7 to 10-8 g) was placed on the 

filament and dried using current heating. 

3) A drop of orthophosphoric acid (0.75N) ultra pure grade is added and 

dried using current heating. 

4) The current was raised to 2 amps for 5 minutes and then the current 

was raised unttl the ftlament glows red hot. The filament is kept at this 

temperature until a white deposit begins to form. The current is then 

raised further unt I I the fl lament is red hot. 

5) the bead containing the filament Is loaded with other beads into a 

barrel which Is In turn placed in the mass spectrometer. 

Sample analysts 

The samples were measured 50 times and the statistical average 

was taken. The values were recorded along with the lead spectrum. The 

results were standardised against Natioonal Bureau of Standards 

981value, namely:- 206/204: 16.9371,207/204: 15.4913,208/204: 

38.7213. Errors were due to the inaccuracy in the measurement of the 204 

isotope. 
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Appendix 2 Stable Isotope analyses 

Carbon Isotope preparation 

Graphite analysts 

Samples for both the oxygen and carbon isotope analyses were 

taken from graphitic calcite and dolomite marbles. The samples were 

crushed in a Jaw crusher untll the fragments were < 2mm. Graphite 

samples were purified by handpicking and acid treatment of the crushed 

samples. The acid treatment consisted of placing ~ 100 g of sample into a 

conical flask with SOX HCI, the solution was diluted after a large enough 

anmount of graphite had been released. The graphite floated as a fl1m on 

the acid and was decanted off and col1ected by filtering through a glass 

filter paper. Approximately 1 g of graphite was obtained for each sample. 

The remaining carbonate was used In the carbon and oxygen analysis. 

Afew milligrams of the graphite was placed in a quartz vessel and 

was burnt to CO2 in pure oxygen at 9S0·C. The graphite combustion was 

completed by oxygen circulation and by passing the gases through a column 

fi11ed with copper oxide at 7S0·C. 

Carbonate analysts 

The crushed carbonate from the graphite analysis was further 

crushed to a fine powder in a an agate pestle and mortar (-80 mesh). 10 

mil1igrams of carbonate was reacted with 100X phosphoric acid at = 2S·C 

(McCrea, 1950) to I tberate CO2, 

oxygen Isotope preparation 

The CO2 I iberated during the carbonate preparat ion was used in the 

oxygen isotope analysis. The CO2 obtained for each preparation was 

analysed by mass spectrometry at the B.G.S. Stable Isotope laboratories 

Grays I nn Road, London. 
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Sulphur isotope preparat ion 

20 sulphur isotope analyses were carried out on pyrite, pyrrhotite :1 

and sphalerite-galena pairs from the Black Angel deposits and Marmorilik ::1 

mineralisation. In each case a fine grained sample was obtained by r 
micodrilling followed by grinding in an agate pestle and mortar 

(-80 mesh). The drill and pestle and mortar were cleaned with nitric acid 

and distilled water between each sample. 

The pure sulphide (~ 2-3 mg) were then converted to 502 by 

reaction with an oxidising agent, in this case V20S' The reaction was 

carried out by combustion in a vacuum with a solid oxidant. This procedure 

minimised the presence of contaminant gases, in particular CO2, 

The resultant 502 was analysed by mass spectrometry against the 

Canon diablo iron meteorite standard. 



Appendix 3 Sulphide etches 

Brebrlck Scanlon etch 

The Brebrlck and Scanlon etchant (1957) was used in picking out 

grain boundaries, deformation twins, kinks and annealing twins in 

sphalerite and galena. The etchant was a mixture of 100 g thiourea / 1 

litre of water and concentrated hydrochloric acid in the ration 5: 1 

respectively. This etchant was usedat temperatures of 65-75·C for 

periods of between 30-150 seconds. The temperature and timing of the 

etching varied between speCimen, but was critical if consistent results 

were to be obtained. Pyrite was resistant to this etch. 

Pyrite etchant 

A variable etchant was used in pyrite etChing. It consisted of 

between 10-50" nitric acid with minor amounts of alcohol (- 10: 1). The 

pyrite blocks were etched for between 2-4 minutes at temperatures 

between 55-70·C. The more concentrated acid solutions produced quicker 

etches. Care is to be taken at high temperatures with the 50" nitric acid 

to prevent boiling. 

The etch was particularly useful in revealing grain boundaries and 

internal deformation textures such as kinks and dislocation pits. Primary 

growth textures were also revealed by this method. 

355 



REFERENCES 

Abercrombie, H.J., Sldppen, O.B. end Marshall, D.O. ( 1981): F -OH substitution in natural 
tremolite, telc, phlQrJ)Pite. Conlrib. l1iner8! Pelro!, 97.305-315 

Akende, S.O. end Zentelli, M. (1984): GeolO;Jic, Ouid inclusion end stable isotope studies of the 
GIJiS R tver L~-ztnc deposit, Nova SCott a ,~. [con. (JeD I. 79. 1181- 1211 

Allen, C.R. & Herr is , C.J. 1979: Veer end report Kerrat group reconMissance pr01'emme 
Mermortltk erea, West Greenland. Int. Comtnco report. 34 pp. 

All mendi naer ,R.W., Hauge, T A., Heuser, E.C., Potter, C.J., Klemperer, S.l., Nelson, K.D. 
Kruepfer, P. and Oliver, J. ( 1987): An overview of the COOORP 40·N transect, western 
Un t ted States. The fabric of en orogenic belt. Bull. (Jeol. Soc. Am., 98, 308-319 

Ander3Cfl, e.M. end Macqueen, R.W. (1982): Ore deposit modeJs- 6. Mississippi Velley-type 
Iesi-zincdepo$its. Oeosci. Cln., 9, 108-117. 

Andersen, M.C. & Pulverteft, T.C.R. (1985): Rb-Sr whole ra 'eges' from reworked basement 
plsses in the Umenek eree, centre I West Greenland. Bu/I. Oeol. Soc. Oenm8rk,34. 
205-212. 

_--------- ( J 986): Ctcurrences of anorthoslt1c rcx:ks In the 
reworked Archeen basement in the Umenek 8r8e, centrel West Greenland. R8pp. 
(Jrln/lnds 1601. l/nd6rs. 129,5-18. . 

~,C.J. ( 1986): The tectono-stratigraphiC mntrols to mineralisation in the Silvermines 
area, County Tipperary, Ireland. In Araw C.J., R.W.A Crowe, S.Finlert, W.M. Pennell 
SKi F.J. Pyne (e,), (JeD/DIY 8nd (Jenesis of lfiner8/ Oeposils in Ire/Ind. Irish 
~iation of economic oeolO;Jists, Dublin. 377-418 

Atk ill9OO, B.K. ( 1972): An experimental investigetion of the rheolo;w of some sulphide 
minerals. UnpUblished Ph. D. thesis, Univ. oflanctJn. 

____ ( 1974): Experimental deformation of po1ycrysta11ine galena, chalcopyrite end 
pyrrhotite. Tr8ns. Insl. l1in. l1el8/1. 83(1), 19-28. 

____ (19758): Experimental deformation of po1ycrys\a11ine pyrite. Effects of 
temperature, pressure, strain rate end porosity. [con. 0101., 10,473-487. 

____ ( 1975b): A preliminary stLO( of the inOuence of temperature end strain rete on 
the rheolo;w of po1ycrysta11tne pyrrhotite ore. N. ..lb. If/nlr. Ifh., II, 483-499. 

_--- ( 1976): The temperature -and strain rete- dependent mechanical behaviour of 
a po1ycrystal1ine gelene ore. [con. (JeD!., 11 ,513-525. 

8dlam, J.P .N. (1981): Shele hosted Pb-Zn deposits: prooucts of exhalation offormetlon 
wllters? Tr8ns. Insl. l1in. 11111/1. (Secl. 8), 90, B70-876. 

8ak, J., Brcx:ott, J., KorstgArd, J., Nash, D, SBrensen, K., endWetterson, J. ( 1975): Tectonic 
impltcetions of Precambrian shear belts in western Greenland. N81url, 254, 566-569 

Bernes, H.l., ed. (1979): 81Qchemislry of Hytlrolh6rm8/ Orl O,posils. Wiley, New 
York. 798pp. 

_--end Kener-ud, O. (1961): Eeon. Oeol., 66, 6~8-688. 

356 



Berton, P .B. (1967): Possible role of organic metter in the precipitetion of Mississippi Valley 
ores, In: Brown, J.S., (ed.), 6enesis of stratiform leed zinc barite deposits in 
carbonate rocks: lcon. Oeol, Hon 3.371-377. 

81ck Ie, M.J. and Powell, R. ( 1977): C8lclte-oolom Ite aeothermometry for Iron- bearlnQ 
C8rboMtes. Contrib. l1inera/. Petro/., 59. 281-292. 

8oest, A.M., Coleman, M.L. end Halls, C ( 1981): Textural and stable Isotopic evloonce for the 
genesis of the Tynegh base metel deposit, Ireland. Econ. (Jeol. 16.27-55. 

8oest, A.M., Swainbenk, I.e., Coleman, M.L. end Hells, C. ( 1981): lesj isotope variation in the 
Tynagh, Sl1vermines end Navan base-metal deposits, Ireland. Inst. l1in. 118t811. 
Trans. (sect. B), 90. 115-119. 

80th, RA. end Stumpfl, E.F.( 1987): Distribution of silver in the Broken Hill oreb~. Econ. 
Oeo/., 82. 1037-1043. 

Bottinoe. Y. (1969): calculated fractionation fectors for the cerbon and hydrogen isotope 
exch8nge in the system celeite-arbon dioxlde-lJ'ephite-methene-hydrogen-water 
vapour. 6eochim. Cosmochim. Acta, 33.49-64. 

Boyce, AJ., COleman, M.l. end Russell, M.J. (1983): Formetion of fossil hydrothermal 
chimneys and mounds from Silvermines,lreland. Nature, 306.545-550. 

Boyer,S.£. end Elliot, D. ( 1982): Thrust systems. Bull. Am. Assoc. Petrol. Oeo/., 66. 
1196-1230. 

BrlctJwater, D. (1911): Routine K/Ar age determinations on NlCks from Greenland carried out 
for OOU In 1910. /lapp. Orlnlands geol tJnders. 35.52-60. 

Bri~, L., Kostelka, L., Omenetto, P., Schneider, H.J., Schroll, E., Schulz, O. andStrucl,1 
( 1918): Comperative reflections on four alpine Pb-Zn lEposits. In, Klemm, D.O. end 
SChneider, H.J. (ads) Time and stratabound ore deposits. Springer-verlag, 8erlln. 
273-293. 

Brebrick, RJ. end Scanlon, W.W. ( 1951): Chemieel etches 8I'ld etch pit patterns on PbS. c/. 
Chem. Phys., 27.601-608. 

Brun, J.P. end van den Driessche, J. ( 1985) Oiepiric piss mes in collision belts. 
Abstracts of international conference on tectonic and structural processes, 
department of structural geology, tJniv. of lJtrecht. 20-1. 

cameron. E.M. end 6errels. R.M. (1980): aeoct\emieel compositions of some Precembrlan 
sheles from the CeNlfien Shield Chem. Oeol., 28, 181-191. . 

arne, R.C. end cathro, R.J. (1982): sedimentary exh8lat1ve (mx) z1nc-lefli-sl1ver 
depoSits, northern C8nedian Cord111era. Bull Can. Inst. Nin. Netall. 75.66-18. 

Qrpenter, AB., Trout, M.l. end Pickett, E.E. ( 1914): Prel1m1nary report on the origin end 
chemical evolution of 18lKi- end zinc-rich oil f1eld brines in central Mississippi: Econ. 
Oeol.. 69, 1191-1206. 

cathles, L.M. end Smith, A. T. (1983): Thermal oonstrelnts on the formation of MiSSissippi 
Val1ev-type 'eed-zlnc depos1ts and thier Impl1cations for episodic dewatering end cEposlts 
genesis. Econ. 8601., 78. 983-1002. 

357 i 



~ ! 'T!I! !il!--_ .. ==-~.---~-----­» 

Caulfield, J.G.B., lehurlJ(, A.P. end Rye, D.M. (1986): Isotope studies of sediment hosted 
b8se-metal ooposits in Ireland. Part 1, New date from the ooposits in Q). Meath. 
Westmeeth end longford; Pert 2, A review: in Andrew C.J., R.W.A Crowe, S.Finl8Y, W.M. 
Pennell end f.J. Pyne e,Oeology and Oenesis of l1ineral Oeposits in Ireland. 
Irish association of EammIC geolo;Jlsts, Dublin. 591-618. 

Chatterjee, A.K. (1983): l1eta/logenic map of the province of Nova Scotia, sC8le: 
1:500,000. Dep8rtment of Mines and EnerClt', Nova Scotle. 

CheSSeX, R., Delaloye, M., Gular, F. & Escher, A. 1973: U-Pb isotopiC 8J8S of zircons from 
Precambrian rcd:s of West areenlend. Fortschr. l1iner. 50, 60-61. 

Clark, B.R. end Kelly. W.C. ( 1973): SUlphide deformation studies: I. Experimental deformation 
of pyrrhotite end sphelerite to 2000 bers end 500·C. lcon. (Jeo!, 68, 332-352 

___ , Price, F.R. end Kelly, W.C. ( 1977): Effects of an nee 11 no on ooformatlon textures In 
galena. Contrib. l1iner8/. Petro!., 64. 149-165. 

Claypool, a.E. , Holser, W. T., Kep len, I.R., Sakai H. end ZaIc, I. (1980): The ~ curves of 
sulphur end oxygen isotopes in marine sulphate end their mutual interpretation. Chem. 
(Jeo/., 28, 199-260. 

Clemmey, H. ( 1985): Saiimentary ore deposits. In, B rench ley ,P.J. and Wi11 iams , B.P.J. 
(e), Sedimentology: Recent developments and applied aspects. B10well 
Scientific Publications, Oxford. 229-248. 

Coney, P.J. ( 1980): Cord111erlll metamorphiC core complexes: en overview. In, Crittenden, 
M.D., Coney, P .J. end DaviS, a.H. (e) Cordilleran metamorphiC core comp lexes. 
l1em. geo/. Soc. Am., 153. 35-78. 

Cox, SJ., Etherid;le, MA and Hobbs, B.E. ( 1981): The experimental ductile deformation of 
po1ycrySta11lne and slnole crystal pyrite. Econ. {Jeo/., 76, 2105-2117. 

CraiO, J.R. ( 1983): Met8rnorphic feetures In Appaldlien massive sulphides. l1in. l1a9., 47. 
515-526. 

Cumming. a.L. and Richards, J.R. ( 1975): Ore lead Isotope ratios In 8 continuously ch8nQlno 
eerth. EarthPlanetSciL6tt6rs, 28,155-171. 

Curtis, C.D. ( 1980): Diagenetic alteration of bla shales. J. (Jeol. Soc. Lond., 137, 
189-194. 

___ end Speers, DA ( 19(8): The formation of sedimentary iron minerals. Econ. 
Oeo!., 63,257-270. 

CzDmenske, C.K., end Rye, R.O. (1974): Experimentally determined sulphur isotope 
frs::tionation between sphalerite and galena in the temperature range 600·C to 275·C. 
Econ. {Jeo!., 69, 17-25. 

DeYis, a.H. ( 1980): Structural ch8rfl:teristics of metamorphic oore complexes. In, 
Crittenden, M.D., Coney, P.J.1Ild Devts, a.H. (eels) Cordilleran metamorphiC core 
complex,s. l1,m. 9'0/' Soc. Am., 153.35-78. 

__ - ( 1983): aeologlcel development of 8 metamorphiC are complex. (JlIOlogy, 7. 
120-12~. 

358 



-
Davis, 6.H. ( 1987): A shear zone mllEI for the structural evolution of metamorphic core 

complexes in S.E. Arizona. In, Coward, M.P., Dewey,J.F. & Hancock, P.L. (EcIs.) 
Continent6/ extension6/ tectonics. J. Oeo! Soc. Spec. Pub., 28,217-266 

Dawes, P.R. ( 1976): Precambrian to Tert1ary of northern Greenland. In Escher, A. & Watt, 
w.s. (eels) Oe%gy of Oreen/6nd, 248-303. Copenhegen: Geo\. Surv. Green I ond. 

Dawes, P.R. & Kerr, J.W. (ads) 1982: Nares Strait and the drift of Greenland: a conflict in 
plate t~tonics. l1eddr Oren/and, tJeosci 8,392 pp. 

Della Valle, ( 1977): A report on field-work during 1976 & 1977 on the Uvkussigsat showing. 
Internel Cominco report. 

Degens, E.T. Md Ross, D.A., eds. (1969): Hot brines 8Ild recent heevy metal deposits in the Red 
sea. Springer-verlag, New York. 

Den Tex, E. ( 1975): Thermally mantled gneiss m8S: the case of convective heat flow in more 
or less solid oro;Jenic baSement. in, BorrfKjeile, 6.J., Ritsema A.R., Ronooal H.E. and 
Simon, E.J. (eds) Progress in Oeodyn6mics. Koninkijlc NederlandsAlcemie yen 
Wetensch8p, Amsterdam, 62-19. 

Dixon, J.M. ( 1915): Finite strain and progressive deformation in models of diapiric structures. 
Tectonophysics, 28,89-114. 

___ and Summers, J.M. ( 1983): Patterns of total and incremental strain in subsiding 
trQUOhs: experimental centrifuoe mcxEls of interdiapir synclines. Can. J. Earth Sci, 
20,843-861. 

___ and ( 1985): Recent €EVelopments in centr1fuoe mtxE111nQ of tEK:tontc 
processes: equipment, model construction techniques end rheology of model materials. 
J. struct. Oeo!, 7,83-' 02. 

Doe, R.E. and Zartman, R.E. (' 919): PlumbotEK:tonlcs I, The Phanerozoic, in Barnes, H.L., ed. 
tJeochemistry of Hydrothermal Ora Daposits. John Wiley and sons, New York. pp 
22-10. 

Dozy, J.J. (' 910): A geolo;JiC81 mtxEl for the genesis of the llBi-zinc ores of the Mississippi 
Velley, U.S.A. Inst.l1in.l1eta/l Trans. (sect. 8),79,163-110. 

Edmunds, F .R. ( 1981): Halo stld{: 8 preliminary report. Internel Cominco report. 2' pp. 

Ec:t«ards, A.B. and Beker, 6. (1954): Scapolitisetion in the Cloncurry distr1ct of north-western 
Queensland. J. Oeol. Soc. Aust., 1, 1-33. 

Eeckhout, B. van den & 6rocott,J. '982: Investigations on the Precambrian rocks of 
Svartenhuk H81VB, centrel West Greenlend. /lapp. Orlnlands geol. Vndars. 110, 
22-26. 

Elder, T .G. ( 1967): Yeer end report 1967 - Vestgron Mines Ltd., Work Greenex concession. 
Internal Cominco report. 22pp. 

Escher, A. & Burrt, M. (1967): Strattgraphy nj structureldeYelopment of the Precambrtan 
rocks tn the area northeast of Otsko Bugt, West areenlend. /lIPP. (Jrlnllntls 
leol. Unders. 13.1-28. 

---& Pulvertaft, T.C.R. ( t 968): The Pra:embri8l"l rooks of the Upernavfk-Kreulshevn 
see (12'l-7101S' N), West6reenlend. Rapp. Orln/ands 11101. Vnd6rs. 15. 11-14. 

359 



-T t 

Escher, A. & ( 1976): Rinkian mobile belt of West Greenland. In Escher, A. & 
Watt, W.S. (ads) Oe%gy of Oreen/and, 105-119. CopenhllJen: Geel. Surv. Greenland. 

___ , S.eresen, K. & Zeek, H.P. (1976): Nagssugt~idian mobile belt in West Greenland. 
In Escher ,A. & Watt, W.S. (eds) tJe%gy of tJreen/8n~ 77-95. Copenhagen: Geol. 
SUrv. Greenland. 

fleutv,M.J. (1964): Teetonicslides. Oeo/. flag., 101,452-456. 

finlow-bates, T., Croxford, N.J.W. and Allen, J.M., ( 1977): Evidence for, and implications ofa 
prlmery FeS phase In IB-zlnc bearing sediments, Mount I sa. ftinera! Deposila, 
12. 143-149. 

eennlcott, RA ( 1976): VetS' end report on diamond dr1111nQ prt)Jramme on AQpat Island, west 
Greenland. Internel Cominco report. 45pp. 

____ (1979): Veer end report on di8lTlond drilling prt)Jr8lTlme on Bla Angel 
Mountein, west Greenland. Internal Cominco report. 34pp. 

Gerde, AA (1911): Strontium geochemistry end arbon end oxygen isotopic compositions of 
lower Proterozoic ctllomlte end calcite marbles from the Marmorililc Formation, West 
Greenland. Precambrian Res. 8, 183-199. 

___ (1978): The lower Proterozoic MarmoriH" Formation, east of Marmorilik, West 
Oreenlend. fl6ddr (irln/and. 200 (3),71 pp. 

___ (1919): Strontium geochemistry and carbon and oxygen IsotopiC compositions of 
the Lower Proterozoic oolomite end celcite merbles from the MermoriJik Formation, West 
Greenland. PreCambrl6n Res. 8, 183-199. 

___ & Pulverteft, T.C.R. ( 1976): ~ relations of the Precambrian Marmori11k marble 
formation, central West Greenland. Rapp. Orlnlands geo/. (/nders. 80,49-53. 

eerdner, H.D. end Hutcheon, I. (1985): Geochemistry, mineraIOIlY', and gaolOIlY' of the Jason 
Pb-Zn cEpostts, M~Mman Pass, Yukon, C8n8nda. Econ. (Jeo/., 80,1257-1276. 

6erven, a. end Freeze, RA (1984): Theoreticalenelysis of the role of ground weter flow in the 
genesis of stratabound ore deposits. 2. Quent1tettve results. Am . .Jour. ScI., 284. 
1125-1114. 

Gibbs, A.D. ( 1984): Structural evolution of extensiOMl basin margins. .J. (Jeol Soc. Land., 
141 • 609-620. 

___ ( 1987): Development of extensionel8nd mixed-mcxie sedimenetry bosins. In, 
Coward, M.P., Dewey,J.F. & HancocIc, P.l. (Eds.) Continental extensionallectonics . 
.J. Qeo!. Soc. Spec. Pub., 28. 19-34. 

am, J.E. ( 1969): Experimental deformation and IIlnetlling of sulphi(2s end the interpretatton of 
ore textures. [can. (JIIO!., 64. 500-508. 

&lldsmlth. J.R. end Newton, R.E. ( 1969): P-T -X relations In the system ~-M~3 at hl~ 
temperatures end pressures. Am. ,J. [IIrlh Sci., 261A, 60-190 

360 



O<xx1fellow, W ( 1987): Anoxic stratified oceans as a source of sulphur in sediment-hosted 
stratiform Zn-Pb reposits (Selwyn basin, Yukon, Carma). Chem. (Jeo! (Isotope 
tJeosci), 65, 359-382 

Graf, J.l. and Skinner, B.J. ( 1970): Strength and reformation of pyrite and pyrrhotite. Econ. 
(Jeol. , 65, 206-215. 

Grocott, J. (1981): Structural evolution of the Ikeresak area, Umanak district, central West 
Greenland. Rapp. (Jrln/ands geol. t/nders. 105,33-35. 

___ ( 198~): Geometry of superposed colineer deformations in the Ikerasak area, 
Umenak district, central West Greenland. Precambrian Res. 26,235-263. 

___ , van ~n Eeckhout, B. and Vissers, R.M.l. ( 1987): Mantled gneiss antiforms and 
nappes in west Greenland. .J. (Jeol. Soc. L ond, 144, 723- 7~~. 

___ & Vissers, R. (1984): Field mapping of the early Proterozoic Kerrat Group on 
Svartenhuk Halv.8', central West Greenland. /lapp. (Jrlnlands geol. {jnders. 120, 
25-31. 

GrootenbOer, J. and Schwarz, H.P. ( 1969): Experimentally ~termlned sulphur Isotope 
fr~tion8tions between sulphlre minerals. Earth Planet. Sci Leiters, 7, 162. 

Oustefson, L.B. and W1l11ems, N. (1981): Sediment hosted stratiform deposits of copper, l~ 
and zinc. Econ. (Jeo!, Seventy fifth Anniversry Volume (B.J. Skinner ed.), 139-178. 

Hell, A.J. (1986): Pyrite-pyrrhotine remx reections in nature. l1in. l1ag., 50,223-230. 

Hall, A.J., B~, A.J. end Fanick, A.E. (1987): Iron sulphi(2s in metasediments: isotopic 
support for e retrOQresslve pyrrhoUte to pyrite retEUoo. Isotope (Jeoscience, 6, 
305-310. 

Hemblin, W.K. ( 1965): Origin of 'reverse dreg' on the oown-throw side of normel18Ults. Bull. 
8801. Soc. Am., 76, 11 ~5- 116~. 

Hamilton, J. M., BiShop, O.T., MorriS, H.C. and Owens, O.E. ( 1976): C3e010ll{ ofthe Su11ivan 
or~ Kimberley, B.C., canD. in, Hutchinson, R.W., Spence, C.D. and Franklin, J.M. 
(adS) Precembrlan sulphide deposits. Oeol. Assoc. Can. Speclel peper 25. 

Herding, T.P. ( 1985): Seismic ch8r~teristtcs end identification of negative flower structures, 
positive flower structures end positive structur81lnverslons. Bull. Am. Assoc. 
Petro! 8801. I 69, 582-600. 

HarriS, C.J. ( 19.81): Report carried out on the Marmortlik Plateeu June-September 1980. 
Y.,. end report Greenex AlS. 

___ ( 1982): Report on dtemond €ttlling and geophysicel pr0l'8mmes on the 
Mermorilik Plateau - west Greenland 1982. Internal Cominco report. 32pp. 

___ ( 1985): Report on diemond€tillingon the Bls:k Angel Plateau - west 6reenland 
1985. Internel Comjnco report. 41 pp. 

Hendarson, e. ( 1969): the use of structural contour maps in the stlJti of ptss-metasediment 
relatIons In the Umanelc area, West Greenland. Spec. Pap. geo! Ass. Can. 5, 
129-142. 

361 



____ & Pulvertaft, T.C.R. ( 1967): The stratigraphy and structure of the Precambrian 
rocks of the Umanak area, West Greenland. ffeddr dansi peo/. foren. 11. 1-20. 

Henderson, J.R. & Tippett, C.R. ( 1980): Foxe Fold Belt in eastern Baffin island, District of 
Franklin. Current Research, Part a, Geol. Surv. Cen., Pap. 80-1A, p. 147-152. 

____ ( 1981 ): Sheath folds with horizontal X axes in Northeast canDo J. Struct. 
Geol. 3. 22' -232. 

____ ( 1983): Structure and metamorphism of the Aphebian Penrhyn Group and its 
Archean basement complex in the lyon Inlet area, MelviJJe Peninsula, District of 
Franldin. Spec. BII/I (Jeo/. SIIrv. Can. 324. 50 pp. 

Heyl, A.V., Landis, G.P. and Z8I"tmen, R.E. (1974): IsotopiC evidence for the origin of 
Mississippi Valley- Type mineral deposits: a review. Econ. (Jeo/., 69. 992- 1006. 

Hitzmenn, M.W. end Large, D. ( 1986): A review end classification of the Irish carbonate-hosted 
base metal deposits. In Ntdrew C.J., RW.A Crowe, S.Finl&(, W.M. Penne)) 80d F.J. Pyne 
{fIJs,}, (Je%gy and (Jenesis of ffinera/ Oeposits in Ire/and. Irish association of 
economic geologists, Dublin. 217-238. 

Hoefs, J. (1980): Stable isotope geochemistry, 2nd edition. Springer-Verlag, Berlin. 208pp. 

Hughes, R.B. ( 1981): A nuld 1ncluslon stlKtf of the Zn-Pb mlnerel1S8tlon In the Marmor111k 
aree, west Green lend. Unpublished BSe. thesis. C3eolo;r; dept, Imperial Co))ege. 82pp. 

Hutchison, M.N. and Scott, S.D. ( 1961): Sphalerite geobarometry in the Cu-fe-Zn-S system. 
Econ. (Jeo/.,16, f43-153p 

Jeckson, SA and Beales, F.W. (1967): An aspect of sedimentlr'Y basin evolution: The 
concentration of Mississippi Valley-type ores during late stages of diagenesis. BII/I Can. 
Pet. (Jeo/., 5. 363-433. 

Kajiwara, V.H. and Krouse, H.R. ( 1971): Sulphur isotope partitioning in metalHc sulphide 
systems. Can . .J. Earth Sci., 8, 1397-1406. 

Kalsbeek, F. (1981): The northward extent of the Arche8n basement of Greenland-a review of 
Rb-Sr whole rock ages. Precambrian Res. 14, 203-219. 

Kalsbeek, F., Taylor, P .N. & Henriksen, N. (1984): ~ of rtUs, structures and metamorphism 
in the Nagssuotoqidien mobile belt, West Greenland. Can. ,J. Earth Sci. 21. 
1126-1131. 

King, A.R. ( 1981): Report on prospecting end correlationpro;ramme in the Marmori11k 
Formation, west Greenland. Internel Comtnco report. 

Kiyosu, Y. (1971): Sulphur iSOtope frl£tionation among sphalerite, oalena and sulphide ions. 
(Jeochem. ,J., 7, 191- 199. 

Knudsen, J.C. (1980): Arctan ultramafic rooks with relict spinifex textures in the Umenelc 
erea, centrel west Greenland. Rapp. (Jrllands geo/. {/ndf1rs. 100. 44-48. 

Kreuslcopf. K.B. ( 1967): Source rocks for metal-baring nutds.. In Bernes, H.L.. as. 
OtJochtJm Islry of HydrolhtJrma/ Ora Oeposils. John Wiley end sons. New York. 
1-30 

362 



Kwak, T.A.P. ( 1977): Scapolite copmpositional changein a metamorphic grooient and its bearing 
on the i!Entification of meta-evaporitic sequences. (Jeo! l1ag., 114, 343- 354 

LarC}',D.E. (1980): Geolo;Jical parameters associated with sediment hosted, submarine 
exhalative Pb-Zn deposits: an empirical m~l for mineral exploration. (Jeologisches 
J6hrbuch, D40, 59- 129 

___ ( 1981) sediment hosted submarine exhalative Pb-Zn !Eposlts: a review of the 
geolo;Jical characteristics and genesis. In, Handbook of stratabound and stratiform 
ore deposits (K.H. Wolf, ed.). Elsevier, Amsterdam, 9. 469-501 

___ (1983): Sediment hosted massive sulphide 1~-2inc deposits: an empirical mOOs!. 
In,l1ineralog. Assoc. Canada Short Coarse Handboot, 8, (OJ. Sanoster ed.), 
1-29. 

Larsen, O. & MBl1er ,J. 1968: Potasslum-ar~n stUdies In West Greenland. Can. ,J. Earth 
Sci 5,683-691. 

LeHurey, AP., ( 1984): lM:! end sulphur isotopes end e mOOeI for the origin of the Ducktown 
deposit, Tennessee. Econ. (jeol., 79, 1561-1513. 

Lister, a.s. end Snoke, A.W. ( 1984): S-C mylonites. ,J. Struc!. (Jeol., 6,611-638. 

lovering, T.S. (1961): SUlphide ores formed from sulphide !Efficient solutions. Econ. (Jaol., 
56,68-99. 

LytDn, J.W. (1983): Chemical peremeters controlling the origin end deposition of 
S8iiment-hosted stratiform lesj zinc deposits. l1inera/og. Assoc. Canada Short 
Coarse Handbook, 8, 115-250. 

__ (1986): MOOsls for the generationof metalliferous hydrothermal systems within 
sedimentary rocks and their appl1acb111ty to the Irish C8rbonlferous Zn-Pb lEposlts, In 
Andrew, C.J., Crowe, R.W.A., Finlay,S., Pennal1 , W.M., andJ.F. Payne ads., Oeoloqy and 
Genesis of mineral deposits in Ireland: Dublin, Irish Assoc. Econ. (jeologisls, 
555-511. 

Mako, D.A. and Shanks 1\1, W.C. (1984): Stretlform sulphide and barite/fluorite 
minerelisation of the Vulcan prospect, Northwest Territories: exh8letion of besinel brines 
elong a faulted continental margin. Can. ,J. Earl SCI: 21, 18-91. 

Macintyre, D. J. (1982): Geological setting of the recently discovered stratiform 
barite-sulphide deposits in Northeastern British Columbia Can. Insl. l1in. l1elall., 
Bull. 75,99-113. 

Malden, K.J., Ch1m1bre, l.R. 8I1d Smalley, T.J. ( 1986) : CUspate ore-well rook Interfas, 
piercement structures, end the looe1isetion of some sulphide ores in deformed sulphide 
deposits. Econ. Oeol., 81, 1464-1412. 

Manby, a.M. ( 1983): Primary scepolite from the Forland complex of Prins 1<8I"1s Forland, 
Svalbard. l1in. l1a9-, 17,89-93. 

McClay t I<.R. ( 1918): An analysis of sulphide deformation in low grade metamorphic 
envlroments. Unpub. PhD. thesiS. Unlv. of lonOOn. 391 pp. 

___ end Atkfnson t B.I<. ( 1917): Experimentally induald kfnking and ennealing of single 
crystals or QDln. T8ctonophyslcs, 39, 115- 189. 

363 



McClay, K.R. and Ellis, P.G. ( 1983): Deformation and recrystallisation of pyr;te. l1in.l1ag., 
41,527-538. 

___ and (1987): Geometries of extensional fault systems developed in 
mOOeI experIments. Oeology, 15,341-344. 

McDonald, J.A. ( 1967): Metamorphism and its effects on sulphide assemblages. l1inera!. 
Deposita, 2,200-220. 

Mills, H., Hall idlr,t , A.N., Ashton, J.H., Anderson, I.K. and Russell, M.J. ( 1987): Origin of a giant 
oreblXt( at Neven, Irelend. Nature, 321,323-326. 

Mook. W.O .• Bommerson.J.C. 8ndStavermen. W.H. (1974): Orbon isotopefr~tionat1on 
between di550lved biccrbonete end grJSeOUs arbon-dioxide. bIrth SCI: PllJnet. 
Lellers, 22, 169. 

Mookerjee, A (1971): Deformation of pyrite. Econ. Oeo/., 66, 200. 

____ ( 1976): Ores end metamorphism: Temporal Rf genetic relationships. In, 
Wolf, K.D. (eel) HlJndbook of stratabound and stratiform sulphide deposits. E 
Isiev;er, Amsterdam. 4,203-260. 

Morildyo. T. (1984): Carbon isotopic stlD,' on coexisting calcite end graphite in the Ryoke 
metemorphlc rocks. Contrib. ffinera!. Petro!., 81, 251-259. 

Muir, M.D. ( 1979): A sebkha mroel for the deposition of part of the Proterozoic MrArthur 
eroup on the Northern Territory. and its implicetions for mineralisation. Bureeu of 
Mineral Resources. J. Aust. (Jeol Oeophys. ~ 4, 149- 162. 

___ ( 1981 ): The microfossils from the Proterozoic Urquert Shele. Mount lsa. 
Queensland. and their significance in relation to the depositionsl enviroment. diagenesis 
endmlnerellset1on. tfinerlJ!. Deposita, 16,51-58. 

___ I Donnelly, T.H., Wilk.ins, R.W.T. end Armstrong, K.J. (1985): Stable isotope, 
petrological. end fluid inclusion studies of minor minarel deposits from the MrArthur 
Basin: implications for the genesis of some sediment hosted base metal mineralisation 
from the Northern Territory. Aust . .J. Earth Sci 32,239-260. 

Myers. 0 ( 1973): Geola;Jical report end ela::tromagnetic surw{ report, Greenex AlS utilisation 
concession. Internal Com I nco report. 16pp. 

Nsruk. S.J. ( 1986): Strain end displlDmlent ~ross the Pinaleno Mountains sheer zone. 
Arizona. U.S.A. .J. Struct. (JeD!., 8, 35-"6. 

Nesb1tt.8.E., Lonastaffe. F.J., Shaw. D.R. end Meuhlenbfdls. K. (1984): 0xyQen isotope 
geochemistry of the Sullivan massive sulphide deposit. Kimberley. Brithish Columbia. 
Econ. 060!. 79,933-946. 

Nicholes. A and Poirier. P. ( 1976): Crystalline plasticity and solid state flow in metamorphiC 
rooks. WHey. Lonmn. "40pp. 

Nichols, R. ( 1981): Report on diemonddri11tngon the Bla Angel Plateau. Internal Cominco 
report. 3 1 pp. 

Noble, EA (t 963): Formation of ore deposits by water of cmpdion. £con. fMol SI, 
1 '''5- 1156. 

364 



Ohle, E.l. (1980): Some considerations in determining the origin in ore deposits ofthe 
Mississippi Velley- type - Pertll. E con. (Jeo I. 1S. 161- 172. 

Ohmoto, H. (1972): Systematics of sulphur and carbon isotopes In hydrothermal ore deposits. 
Eeon. (Jeo/. 61,551-578. 

Ohmoto, H. end Rye, R.O. (1979): Isotopes of sulphur and arbon. in Barnes, H.L., ad. 
(Jeoehem Istry of Hydrothermal Ore Deposits. John Wiley and sons, New York. 
509-567. 

Pedersen, F.D. (1980e): The stretigrephy, mhola:,' end bese-metel deposits of the Lower 
Proterozoic Mermor111k Formetlon, west of Mermorilit, centrel West Greenlend. 
Unpublished C8nd. scient. thesis. Geologicellnstltute, Univ. of Arhus. 80 pp. 

____ ( 1980b): Remobillsetion of the massive sulphide ore of the Black Angel Mine, 
centrel West Greenland. Eeon. (Jeo/. 15, 1022-1041. 

____ ( 1981): Polyph8se deformation of the massive sulphide ore of the Black AnQeI 
Mine, centrel West Greenland. t1ineral. Deposila16, 151-116. 

____ & eannicott, RA (1980): Relat10nships between the Prambrlan 
metesediments of the Mermorilik Formation end the Kerret Group, Umenek eree, West 
Greenland. Unpublished cand. scient. thesis. C3eologicallnstttute, Univ. of Arhus. 20 pp. 

Pedersen, J. (1980): En geologisk 00 geokemlsk underss'galse af den Prekembriske 
Marmoriltk Formation, vest Gr.nlend,- omr'btomkrino Mermorilik by. Unpublished 
MSc. thesis. Geological institute, Unlv. of Arhus. 138pp. 

Powell T.6. and MecQueen R.W. ( 1984): Organic QelXhemlstry of the Pine point LMi-zlncore 
field end region, Northwest terrltorries, QrD: Eeon (Jeo/', 78, 1-25 

Puhan, D. ( 1976): Metamorphic temperature determined by meens of the mlorntte-celclte 
solvus geothermometer - examples from the Centrel 08nere orogen (South West Africa). 
Conlrlb. t1ineral. Pelro/., 58, 23-28 

___ andJohennes, W. (1974): Experimentelle Untersuchung dar reektion Dolomit + 
Ke11feldspat + H20 - PhlOlJ)Ptt + Celclt + ~. Contrlb. t1lner61. Petrol., 18, 

23-31. 

___ end Metz, P. ( 1973): In Puhen, D. end Hoffer ,E. Phase reletions of telc end tremol1te 
in metamorphic celcne mlomlte sediments In the southern portton of the Darnara belt 
(S.W. Africa) Conlrib. t1ineral. Plllro/.,10, 201-21~. 

Pulvertaft, lC.R. (1973): Recumbent foldlno and flat 1y1ng structure in the Precambrian of ' 
northern West Greenland. Phil. Tr6ns. R. Soc. Lond. A273, 535-545. 

_____ ( 1919): Mapping in the Umenek district, czntrel West 6reenlend. Rapp. 
(Jrlnlands leol. {/nd8rs. 95.21-30. 

_____ ( 1986): The development of thin thrust sheets end basement-cover 
sandwiches in the southern pert of the Rinklen belt, Umanelc district, West Greenland. 
/lapp. (Jrlnl6nds leol. Vnd8rs. 128, 15-87. 

_____ .Arm'sen. M.C .• J.rgensen.J.B., Knudsen.J.C. &Schtatte.l. (1980): 
Mapptng tn the Umenek dtstrtct,amtrel West Greenland. /lapp. (Jrlnl6nds gtItIl 
Vntl8rs. 

365 



Remberg, H. ( 1967): 6revity, deformation end the Eerth's crust, 8S studied by centrifuged 
m~ls. AcDmic Press, LooOOn. 

____ ( 1980): Diepirism and grevity COllepS8 in the Scsndinevian C8lec:bnides. J. (Jeo!. 
Soc. L ond., 131.261-270. 

____ ( 1981 ): Gravity, deformation end tne Earth's crust: in ttmry. experiments end 
geoll)Jlcaleppllcat1on. Aamnic Press. lonmn 452pp. 

RemOOhr, P. ( 1969): The ore minerals and their inter~owths. PerQ8lTlon press, Oxford. 
1174pp. 

R8ffiSQI, J.e. ( 1967): Folding end fracturing of rocks. M~8W Hl11. New York. 568pp. 

Renfro, A.R. ( 1974): Genesis of eveporite-essu:iated stretif(l1ll meteIHferous deposits - A 
sabkha process. Econ. (Jeo!., 69. 33-45. 

RlXtJers, D.A. ( 1980): Analysis of pun-apart basin development prOOlJcaj by en-khelon and 
strike-slip feults. In, Ballmce, P.F. end Reming, H.e. (ads) Sedimenl6tion in 
oblique-slip mobile zones. Spec. Pub. Int. Ass. Sedimenlol., 4, 27-41. 

ROfdjer, E. (1976): Fluid inclusion evidence on the genesis (lore in sedimentary and volcanic 
rocks. In, Handbook of slratabound and stratiform ore depOSits (K.H. Wolf, 
ed,). Elsevier, Amsterdlm, 2, 67-110. 

Ross, 0.1. & lier*son. O. (1972): New geophysical «*Ita on the continental shelf of central and 
northern West Greenlend. Can. J. Earth SCI: 10,485-497. 

Russell. M.J. (t 978): Downward exC8Yat1ng hy(Fothermal cens and Irish-type ore deposits: 
Importance of en underlying thick Celemnien prism. Inst. l1in. 1161611. Trans.# 87, 
ta: 8. 168-171. 

___ (1983): Major sediment hosted exhalative zinc end lMi deposits: Formation from 
hydrothermal convection cens that deepen durino crustal extension. In, l1ineralog. 
Assoc. Canada Short C06rse Handbook, 8,251-282. 

___ (1966): ExtenSion and convecUon: A genetic mooel for the I rish carboniferous base 
metal end barite deposits. in Nwrf!NI. C.J., Crowe, R.WA. Finl~. 5 .• Pennell, W.M .• 
endJ.F. Payne (ads.). Geology end Oenesis of mineral depJsits in Ireland: Dublin. Irish 
Assoc. Econ. OeologI5IS,545-554. 

Rye, D.M. and Wmiams. N. ( 1981): Studies of the base metel sulphim mposits at MrArthur 
River. Northern Territory, Austre1ie: III. The stDble isoq,e geochemistry of the H.Y.C., 
Rid;Je, and Cooley deposits. Econ. (Jeol. 76, 1-26. 

Rye, R.O. (1974): Comparison of sphelertte-gelene sulphur isJtope temperatures with 
ftl1tno-temperatures of fluid inclusions. Econ. (Jeo/' 69,26-32. 

__ end Ohmoto, H. ( 1974): Sulphur and carbon isotopes ni ore genesis: a revif!NI. Econ. 
(JeD/., 69, 826-842. 

selmon, B.C., Clarlc, B.R. end Kelly, W.C. ( 1974): Sulph1d8 dBfcrmation studtes: II. 
Experimental deformation or gDlena to 2000 bars and 4OCrC. Econ. 8801.. 69. 1-16. 

Sangster. D.F. (1976): Carbonate hosted lead-zinc deposits. In, H8nd/Jook of str818/Joulld 
and slr611form ora d8poslls (K.H. Wolf, ed.). E1sav1r ,Amsterdam, 6,447-456. 

366 



Sangster, OJ. ( 1986):Ages of mineralisation in Mississippi Valley- Type (MVT) deposits: a 
critical requirement for genetic mOOelling. in Andrew I C.J., Crowe, R.W.A., Finlay, S., 
Pennell, W.M., end J.f. Payne (eds.), Geola;ry end Genesis of minerel deposits in Ireland: 
Dublin, Irish Assoc. [con. Oe%pisls,625-634. 

Samson, LM. end Russell, M.J. ( 1983): Fluid inclusion dete from Silvermines bese 
metal-barytedeposits,lreland. Inst. l1in. l1etall. Trans., 92. sec B. 61-11. 

____ and ( 1981): Genesis of the Silver-mines Zinc-L~-B8rite deposit, 
Ireland: Fluid inclusion end stable isotope evidence. [con. (Jeol. 82. 311-394. 

S8rker, S.C., Bhattew::t\eryy8, P.K. and Mukherjee, A.D. (1980): Econ. Oeol., 75.1152-1167 

Sewk ins, F .J. (1981): Ore genesis end the episodic dewetering of sedimentery besins: 
application to giant Proterozoic ItBi-zinc deposits. Oe%gy, 12. 451-454. 

Schidlowski, M., Eichmann, R. and Junoe, C.E. (1915); Pnmnbrian sedimentary carbonates; 
carbon and oxyoen isotope QeOChemistry and implications for the terrestrial oxvoen 
budJet. Precambrian Res., 2. 1-69. 

Schwerdtner, W.M. end Troeno, B. ( 1911): Strain distributioo within 8rCU8te diapiric rlliJes of 
stliconeputty. Tectonophysis. 50. 13-28. 

_____ , SUtc11ffe, R.H. and Troeng, B. ( 1918): Patterns of total strain In the 
crest81 regions of immature diapirs. Can . .I. Earth Sci., 16. 1437-1447. 

Serct(uchenko, D.P. ( 1975): Some Prs::8fTlbrien SC8POute-beering r(dcs evolved from 
evaporites. L ithos, 8. 1-1. 

Shwman,D.J. (1911): Discussion: Inst. l1in. l1el. Trans., Sect. B. 80. B50-B52. 

Sibson, R.H., Moore, J. MeM. end RlIlk1n, A.H. (1975): seismic pumptng- a hydrothermal Ouid 
transport mechanism . .I. Oeol. Soc. L ont/. 31 , 653-659. 

Stemes, H. ( 1910): Experimental deformation of galena ores. In, P8Ul1sch, P. (ed) 
Experimenta/and natllral rocK deformation. Springer-verlag, Berlin. 165-208. 

___ ( 1976): Recovery and recrysta1HS8tion of experimentally deformed ODIena. 
Econ. 8eo/. 71, 763-771. 

___ ( 1911): Recovery end recrysta111setion of deformed galena. Tectonophysics, 
39.111-174. 

Simpson, C. end Schmid, S.M. ( 1983): An evaluation of criteria to deduce the sense of movement 
tn sheeraj rooks. Bull. (Jeol. Soc. Am.~ 94. 1281-1288. 

$tippen, O.B. ( 1914): Experimental mOOsI for low pressure metamorphism of sntceous 
mlomtttcmerble. Am. &I. SCI., 274.287-509. 

Skinner, B.J. (1961): Precipitation of Mississippi Vall~-type ores. In: Brown,J.S., (ad), 
fJ6n6sis 01 stratiform /6ad zinc lJarit6 .posits in t:6rlJon616 rOCKs: £eon. 
8801.,"on 3,363-370. 

Smtth, J.W. and Croxford, N.J.W. (1913): Sulphur Isotope ratios In the MrArthur 
lead-zinc-snver deposit Natur., 245. 10- 12. 

367 



Smith, JW., Doolen, S. and McFarlane, E.F. ( 1977): A sulphur isotope geothermometer for the 
trisulphide system galena-sphalerite-pyrite. Chem. (Jeo/. I 19, 83. 

Soula, J.C. ( 1982): Ch8r~teristics and mode of emplament of gneiss OOmes and plutonic 
OOmes In the central-eastern Pyrenees . .J. Struct. Oeo/., 1, 313-342. 

Spencer, J.E. ( 1984): Role of tectonic cmnudation in warping and up lift of low-angle normal 
faults. Oeology, 12, 95-98. 

Spry, A ( 1979): Metamorphic textures. Pergamon press. Oxford. 350pp. 

Stay, J.S. and Kremers, J.D. (1975): ApprOXimation of terrestriallEBf isotope evolution by 8 
two-stage model. Eerth Plenet. ScI. Letters, 26,207-221. 

Stanton, R.l. ( 1964): Mineral interfus in stratiform ores. Trans. Inst. l1in. l1ela/., 
11(1),45-79. 

___ ( 1972): Ore petrolO1l. McGraw HiH, New York. 713pp. 

___ and Willey, H.e. ( 1972): Experiments on 8 specimen of galena from the Coeur 
d'Alene, Idaho. Econ. (Jeo/., 67, 776- 788. 

Sverjensky, DA (1981): The orioin of a Mississippi Valley- Type deposit in the Viburnam 
trend. , Southe6st M Issourt. Econ. (Jeo/., 76, 1646- 1672. 

____ D.A. (1984): on field brines esore-forming solutions. Econ. (Jeo/. 71, 
119-153. 

Talbot, C.J. ( 1974): Fold nappes es essymetrlc m8lltled piss mes end enslaHc orogeny. 
T6ctonophysics. 21,256-276. 

___ (1979): Infrestructural mlgmaUUc upwe11tng In E. Greenl8fld Interpreted es 
thermal convective structures. PreCambrian Iles., I, 77-93. 

Taylor, P.N. end Moorb8th, S. ( 1986): Dating of carbonete rrelcs by the Pb/Pb methcx1 Abstrfd 
In Terra Cognite. p81. 

Tch8lenko, J.S. ( 1970): Simtlarlttes between shear zones of different mlV'ttudes. (Jeol. Soc. 
Am. Bull., 1 I, 1625-1610. 

Tilley, C.E. ( 1918): Min. M8Q., 21, 272-276. 

Trudlnoer, PA ( 1981): Bureau of Mineral Resources, cJ.Ausl. (Jeol. (Jeophys., 1,149-162 

Vaesjokl, M. end Gulson, B.L. (1986): carbonate-hosted base met81 deposits: leEKt Isotope d8t8 
bearing on their genesis and exploretion. Econ. (Jeo/. II, 156-172. 

VlnQrTav, V.1. (1972): The IsotopiC composltton of sulphur es 8 factor Indicating constancy of 
its cyclic circulation tn time. Chem. (Jeo/., 10, 99-106. 

Voices, F .M. ( 1969): A review of the metamorphtsm of sulphide deposits. 
Earth Sci. IlIV., 5, 99-143. 

Wd, H. (1977): IsotopiC studies of ~htte in metamorphosed carbonate nx:ks of central 
Japan. (Jeoch6m .J. ", 183-197. 

368 



Walker, R.N., Gulson, B. andSmith,J. (1983): The Coxcodeposit - A Proterozoic Mississippi 
Valley- type ooposit in the McArthur River district, Northern Territory, Australia. 
Econ. (jeol. 78, 21~-2~9. 

Walker, R.N., l(JJ8fl, R.G. and B innekamp, J.G. (1977): R~t geolOJicel advances concerninQ 
the H. Y.C. ond 6SSOCiated ooposits, McArthur River, N.T. 1I0ur. (Jeo/. Soc. Aust. 21, 
365-380. 

Watterson, J. (1978): Proterozoic intraplate deformation in the light of south-east Asian 
naltectonics. Nature 273,636-640 

Whelen, J.F., Rye, R.O. end DeLorraine, W. (1984): The B8lmat-EctNards zinc-lead deposits­
synsedimentary ore from Mississippi Va1Jey-Type flUids. Econ. (Jeo/.. 79, 239-265. 

White, D.E. ( 1968): Environments of generation of some b8se-metal ore deposits. 
Econ. Oeol., 63, 301-335. 

White, S. ( 1975): Estimations of strain rates from microstructural features. 
J. Oeol. Soc. Lond.. 131,577-583. 

___ ( 1977): eeolOJlcel slgnlf1C80C8 of recovery end recrysta111set1on processes In 
quertz. Tectonophysics. 39, 113-170 

Wilcox, R. E., Harding, T.P., end seely, O.R. ( 1973): Basic wrench tectonics. 
Bull. Am. Assoc. Petro/. 080/., 57, 74-96. 

Willi8lTls, G.O. ( 1982):Thrust ttdontcs tn the south central Pyrenees. J. Struct. (Jeol., 7, 
11-17. 

WOOltock, N.H. and Fisher, M. ( 1986): Strike-slip duplexes . .J. Struct. Oeol., 8, 725-735 

Zartmann, R.E. and Doe, B.R. ( 1981): Plumbotectonlcs - the mal. Tectonophysics, 75, 
135-162. 

Zartmenn, R.E., P8Wlowska, J. end Rubtnowskt, Z. ( 1979): lEat tsotoptc oomposttton of ore 
deposits from Snesia-Crm.:ow mining district. Prace Inst. geol. 95, 133-150. 

369 



APPENDED REFERENCES 

Ashton. J.H .. Downing. O.T. and Finl~. S. ( 1986): The gaJlcx;ry of the Neven Zn-Pb orebOOy. In 
Andrew C.J .• RW.A Crowe. S.Finl~. W.M. Pennell end F.J. Pyne (f!JJs.). Oe%gy 8nd 
Oenesis of l1inera/ /)eposits in Ire/and. Irish essociation of economic geologists, 
Dublin. p 2~3-280. 

Berton. P.B .• end Toulmin. P. ( I 966):Ph8se rel8tions involving sphalerite in the Fe-Zn-S 
system. Econ. Oeo/., 61, 815-8~9. 

Coomer. P .G .• end Robinson. B.W. ( 1976): Sulphur and sulphate-oxygen isotopes and the origin 
of the Silvermines deposits, Ireltmd. tfinera/ium /)eposita, II, 155-169. 

Craig ( 1980): Norges (Jeo/. finders., 360, 295- 325. 

Criss, R.E., and Taylor, H.P. ( 1986): Meteoric hydrotherm81 systems. In Stable isotopes in high 
tempereturegeolOQlcal processes (Eds., Vel1try',J.W., T~lor, H.P. endO'Nell,J.R.). Min. 
Soc of America spec. pub. 16,373-422. 

Cumming, G.L., end Robertson, O.K. ( 1969):lsostopic romposition of lelXi from the Pine Point 
deposit. Econ. (Jeo/., 64, 731- 732. 

Doe, B.R. end Delevoux, M.H. ( 1972): Source of leed in Southeest Missouri gelene ores. lcon. 
8eol, 69, 409-425. 

FahriQ, W.F., end Jones, O.L. ( 1969): Peleeomegnetic evidence for the extent of Ma::kenzie 
igneous events. C8n. J. Earth Sci, 6.679-688. 

FahriO, W.F., Irving, E., end Ja::kson , 6.0. ( 1971): Palaeomegnetism of the Franklin diabeses. 
Can . .; Earth Scl, 8.455-467. 

Fletcher. I.R., end Farquhar, R.M. ( 1982): lBi isotopic compositions of Belmet ores end their 
genetic Implications. lcon. (JeD/., 77.464-473. 

GOOtIin, C.I.. Sinclair. A.J. end Ryan, B.D. ( 1982): LE81 isotope mooels for the genesis of 
C8rbon8te-hosted In-Pb, Shale-hosted Be-Zn-Pb, end Silver-rich depOSits in the 
northern Censjien cordillera. lcon. 8eol., 77, 82-94. 

Ludwig. K.R., end Silver. L.T. ( 1977): Lecl1 isotope inhomogeneity in Precembrien igneous 
feldspers. (Jeochim, Cosmochim. Acta, 41. 1457-1471. 

Miyashiro. A. ( 1973): Metamorphism end metemorphic belts. aeorge Allen ~ Unwin. lonmn. 
492 pp. 

Nesbitt, B.E. and Kelly, W.C. ( 1980): Metamorphic zonation of SUlphides, oxides end graphite in 
end around the orebodles at Ducktown. Tennessee. Econ. (JeD/., 75. J 010- 1021. 

Ohmoto, H. ( 1986): Stable iSOtope geochemistry of ore deposits. In Stable isotopes in high 
tempereturegeolo;!icel processes (Eds., Velltry',J.W., T~lor, H.P. 8ndO'Nel1,J.R.). Min. 
Soc of America spec. pub. 16.491-556. 

Piper, J.DA. ( 1980): PelEOOltfJ'letism of the Swa:lish repakivi suite: Proterozoic tectonics of 
the Baltic Shield. £Irth Plllnet. Sci Letters, 46.443-461. 

Piper. J.D.A. ( 1983): The Ity'nemics of the continentol crust in Proterozoic times. In 
Proterozoic geol~ (Eds. M8:tBris, l.G .• Byers. C.W., Mickelson. D.M., end Shanks, w.e.). 
aeo1. Soc. Am. Mem., 161 • 11-34. 



Ramberg, H. ( 1949): On the petrogenesis of gneiss camp 1exes between Sukkertoppen end 
Christiensh88b, West ereenland. /1eddr. Danst. (Jeol. Foren., 11, 3' 2-327. 

Ramssy, J.e., and Gr8h8m, R.H. ( 1970): Strain variation in shear belts. Can. J. Earth Sci, 
7, 786-813. 

Ray, J.L., end Lapointe, P.L. ( 1976): The paleeomtqletism of Huronian rdlEe end Nipissing 
dl8b8se; post Huron181'l1gneous events end apparent polar path for the interval 
2300-1500 Ma for Laurentia. Can. J. Earth Sci., 13. 749- 779. 

Ri~, J.E., and Smolnrske, I. ( 1972): Fm:tors beering on the genesis of the Silesien-CrlmVian 
IIB1-zinc deposits in southern Poland. XIV Inst. cs,1. Congress, Montreal, 1972, Sect., 6. 

Scott, S.D. ( 1983): Chemical behaviour of sphalerite and arsenopyrite in hydrothermal and 
metamorphiC enviroments. /1in. /1ag., 47. 427-435. 

Sunbla:t, K. ( 1981): Chemical evidence for, and implications of, IS primary FeS phase in the 
Ankervattnet Zn-Cu-Pb massive sulphide deposit, amtral Swedish Celemnides. 
/1inera/illm deposita, 16.129-146. 

Valley, J.W. ( 1986): Stable Isotope QEWlemlstry of metamorphiC rocks. In Stable isotopes In 
high temperature geological processes (Eds., Valley, J.W., Taylor, H.P. and O'Neil, J.RJ 
Min. Soc of America spec. pub. 16.445-490. 

Vokes, F .M. ( 1971 ): Some aspects of the regional metamorphiC mobilization of preexisting 
sulphide deposits. l1inera/illm DepOSita, 6, 122-129. 

von Englehart, W (1961): 8111!. Oeol. Insf. tlniv. tlppse/e, 40. 189-204. 

Watkinson, A.J. ( 1983): Patterns of folding and strain influenced by linearly anisotropic bands. 
J. Strllc/. Oeol., 5.449-454. 

Wernicke, B and Burchfiel, B.C. (1982): Modes ofextensionel tectonics. J. Strllc/. (Jeol., 4. 
104-115. 

Winkler, H.G.F. ( 1979): PetrogenesiS of metamorphiC rocks. Springer-verlag. Berlin. 348pp. 

- ''. 
f ';' . 



FIGURE 3·1b 





FIGURE 4·1 a 







FIGURE 6·16 



+ 
- 01 DEFORMATION STRUCTURES 

N --A--o- 02 DEFORMATION STRUCTURES ---- 03 DEFORMATION STRUCTURES 

~ ANTIFORM 

---t- ~YNFORM 

~ TECTONIC SLIDE 

~ -:=-? SHEAR F AUL T ' 

+ 

COVER ZONE 

ANGEL ZONE 

10 
, 
--'-' 

--o 

./ 
".. 

./ 

-.",..""" 
, 

o 
I 

TRIBUTARY ZONE 

BANANA ZONE 

--- ~-.... , ---_ ---- '-'" ' ...... _, 
35 . 

1KM 
J 

+ 

+ 



FIGURE 6·17a 





FIGURE 6·17b 





FIGURE 6 ·17c 






