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Abstract. The Mobrun Zn-Cu-Ag-Au deposit in the 
Noranda mining camp is hosted by Archean mafic and 
felsic submarine volcanic rocks. The deposit comprises 
three massive sulfide complexes: the Main and Satellite 
Lenses near surface, and the 1100 orebody at depth. The 
rocks have been subjected to lower greenschist-facies 
metamorphism and related deformation, which resulted in 
changes in ore textures, development of shear zones and 
veins systems, remobilization of gold, and formation of 
a new mineral (electrum) within the orebodies. Both mech- 
anical and chemical processes operated to produce sec- 
ondary textures and structures resulting from brittle de- 
formation, ductile deformation, and annealing. The speci- 
fic deformation mechanisms include brittle failure and 
cataclastic flow, dislocation glide, dislocation creep and 
solution-precipitation creep. The Main and Satellite 
Lenses are characterized by excellent preservation of pri- 
mary sulfides deposited from and reworked by synvol- 
canic hydrothermal fluids. These orebodies were affected 
to a limited degree by mechanical processes of deforma- 
tion. In contrast, the 1100 orebody is characterized by 
a higher degree of development of textures and structures 
related to metamorphism and deformation, especially 
those formed by chemical processes. The differences may 
be due to the greater depth of the 1100 orebody relative to 
the other lenses, as regional metamorphic isograds are 
subhorizontal, and more extensive interaction between 
metamorphic fluids and the 1100 Lens. 

Deformation experiments on natural polycrystalline sul- 
fides have provided information on their mechanisms of 
deformation. Under greenschist-facies metamorphic con- 
ditions, pyrite deforms exclusively by cataclasis (Atkinson 
1975; Cox et al. 1981). In contrast; chalcopyrite and 
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sphalerite deform ductilely, by intragranular (dislocation) 
sliding and deformation twinning (Clark and Kelly 1973; 
Kelly and Clark 1975; Roscoe 1975). Pyrrhotite, which 
undergoes brittle deformation at low temperature and 
pressure, deforms ductilely by twin-gliding at temper- 
atures above 250~ (Clark and Kelly 1973). Interpretation 
of deformation textures may be made difficult by the fact 
that evidence of ductile deformation in sulfides may be 
obliterated by subsequent static (postdeformational) re- 
crystallization or thermal annealing. This is especially 
common in pyrrhotite. 

Examining the effects of deformation on monomineral- 
lic sulfide aggregates is useful, as it provides information 
about the relative importance of diffusion, slip, and inter- 
granular deformation (Poirier 1985). However, the behav- 
iour of individual sulfide minerals during metamorphism 
and related deformation of massive sulfide deposits may 
vary greatly, depending on temperature, strain rate, con- 
fining pressure, fluid pressure, differential stress, permeab- 
ility within the zone of deformation, and the nature of 
adjacent or matrix-forming sulfides (Ashby and Verrall 
1973; Kelly and Clark 1975; Knipe 1989; Cook et al. 1993; 
Duckworth and Rickard 1993). Cox (1987) subdivided 
deformation mechanisms in sulfide minerals into the fol- 
lowing categories: 1) brittle failure and cataclastic flow; 
2) low-temperature plasticity (dislocation glide and mech- 
anical twinning); 3) dislocation creep; 4) solution-precipi- 
tation creep; 5) solid-state diffusion creep; and 6) grain- 
boundary sliding. The effects of metamorphism and defor- 
mation on massive sulfide deposits have been described by 
many authors (Vokes 1969; Mookherjee 1976; McClay 
1991; Craig and Vokes 1992, 1993; Vokes and Craig 1993, 
among others). 

The general effects of metamorphism and deformation 
on rocks comprise chemical/mineralogical changes, tex- 
tural changes, and structural changes. In their study of 
sulfide deposits in the Appalachian - Caledonian Orogen, 
Craig and Vokes (1992) observed that metamorphism 
ranging from greenschist- to amphibolite-facies had little 
effect in altering the mineralogy; however, metamorphism 
had a significant effect on ore textures and the distribution 
of minor elements among co-existing minerals. Similarly, 
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greenschist-grade me tamorph i sm of the M o b r u n  vol- 
canogenic  massive sulfide (VMS) deposit  resulted in cha- 
nges in ore textures, development  of tectonic structures, 
and  remobi l iza t ion of ore consti tuents.  The purpose of 
this paper  is to describe these changes, and to discuss the 
specific mechanisms responsible. 

R e g i o n a l  g e o l o g y  

The Mobrun deposit is one of a group of VMS deposits within the 
Noranda mining camp hosted by interbedded mafic and felsic sub- 
marine volcanic rocks of the Archean Blake River Group (BRG) in 
the south-central part of the Abitibi Greenstone Belt (de Rosen- 
Spence 1976). The BRG is the uppermost volcanic sequence in the 
southern part of the belt and is underlain by tholeiitic flows of the 
Kinojevis Group in the eastern segment of the belt (Minist~re de 
l'Energie et des Ressources du Qu6bec - Ontario Geological Survey 
1984). Both groups have been folded into the Blake River Syn- 
clinorium (BRS), a large-scale east-trending structure. The BRS is 

bounded by regional high-angle reverse faults, the Porcupine 
Destor Break on the north and the Larder Lake Cadillac Break on 
the south. 

The area has been affected by two main periods of deformation, 
designated D1 and D2 (Dimroth et al. 1983a; Hubert et al. 1984). 
Most of the Noranda camp is located on the gently dipping upright 
limb of one of a number of large-scale northwest-trending F1 folds. 
No penetrative cleavage is associated with D1 folds; however, D1 
faults typically are marked by bedding-parallel zones of schistosity 
possibly formed during D2. The main cleavage-forming event (D2) 
resulted in east-west-trending folds and an associated domainal 
cleavage. The most intense D2 deformation is localized along the 
Larder Lake - Cadillac Break, a structure which appears to post- 
date F1 folds but pre-date D2. 

Metamorphic grades in the BRG generally range from prehnite- 
pumpellyite to greenschist facies (Jolly 1980; Dimroth et al. 1983b; 
G61inas et al. 1984). Amphibolite facies assemblages which overprint 
greenschist assemblages occur in the contact metamorphic aureoles 
of syn- to late-tectonic intrusions (G61inas et al. 1984). In the 
Noranda area, greenschist facies assemblages dominate. Locally, 
these overprint hornblende hornfels facies assemblages developed in 
aureoles of stocks (Jolly 1978; Riverin and Hodgson 1980). 
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Fig. 1. Geology of the Mobrun deposit, modified from Caumartin and Caill6 (1990). Inset: location map 
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Mine geology 

The Mobrun Zn-Cu-Au-Ag Mine is located 30 km northeast of 
Rouyn-Noranda (Fig. 1). It was operated by Ressources Audrey Inc. 
until 1992, at which time Cambior Inc. became the operator. The 
deposit is hosted by a north-facing homoclinal sequence of felsic to 
mafic lava flows and felsic to intermediate pyroclastic rocks (Fig. 1; 
Caumartin and Caill6 1990; Riopel et al. 1990; Barrett et al. 1992; 
Larocque and Hodgson 1993). The rock units hosting the orebodies 
strike at 110 ~ to 120 ~ and dip subvertically (Fig. 2). 

The deposit consists of three massive sulfide complexes: the 1100 
orebody, the Main Lens, and the Satellite Lens Complex (Fig. 1). 
The respective grades and tonnages are listed in Table 1. The 1100 
orebody is stratigraphically lowest and consists of 4 separate mass- 
ive sulfide lenses, designated A, B, C, and D. The B lens, which 
contains the bulk of the mineralization, has a lateral extent near 
300 m and a maximum thickness of 50 m in its central part. It 
extends downward from 360 m below surface and is open at depth 
(Fig. 2). The smaller A and D lenses are located stratigraphically 
above the B lens; the intermediate C lens is located stratigraphically 
below the B lens and also is open at depth. The outcropping Main 
Lens has a lateral extent of 350 m, a present vertical extent of 200 m, 
and a maximum width of 40 m in the core. The Satellite Lens 
Complex (SLC) comprises three massive sulfide bodies (Fig. 1) rep- 
resenting three parts of one originally continuous lens which was 
offset by northeast-striking faults. Synvolcanic hydrothermal alter- 
ation associated with the mineralization consists of chloritization, 
sericitization, silicification, and carbonatization (Caumartin and 
Caill6 1990; Riopel et al. 1990; Larocque and Hodgson 1993). 

The structure of the rocks hosting the Mobrun deposit has been 
described by Caumartin and Caill6 (1990) and Riopel et al. (1990). 
A regional schistosity (S1) oriented parallel to the strata is cut by 
a second schistosity ($2) which strikes east-west and dips steeply to 
the south. These fabrics are developed mainly in localized zones of 
intense deformation which follow the zones of altered rocks envelop- 
ing the Main and 1100 orebodies, and probably formed during the 
regional D2 deformation. Two major reverse fault zones striking 90 ~ 
to 100 ~ are present within the schist zone enveloping the Main Lens, 
one in the immediate hangingwall and one in the immediate foot- 
wall. A late fault system striking 020 ~ to 040 ~ cuts the strata, 
resulting in offsets of the Satellite Lens Complex (Fig. 1). Liaghat 
et al. (1993) proposed a temperature of deformation for the Main 
Lens of 300 ~ and a pressure of 2 kb. These estimates are consistent 
with the results of a regional metamorphic study (W. Powell, per- 
sonal communication 1993). 

Petrography of primary mineralization 

In the  M o b r u n  deposi t ,  four teen facies of  minera l i za t ion  
have been identif ied (Table  2) which represent  m a p p a b l e  
subuni t s  of the mass ive  sulfide bodies  (Larocque  1993; 
La rocque  et al. 1993). The  te rm "facies" refers to a dis t inct  
type  of minera l i za t ion  with specific minera logica l ,  tex- 
tural ,  and  s t ruc tura l  character is t ics  (Fig. 3). These facies 
have genet ic  significance as they resul ted f rom specific 
depos i t iona l  or  de fo rma t iona l  processes (c.f., "sulfide 
l i thofacies" of  Brown and  M c C l a y  1993). P r i m a r y  facies of  
minera l i za t ion  resul ted f rom synvolcanic  h y d r o t h e r m a l  
and  diagenet ic  processes  and  are s imilar  to sulfide min-  
e ra l iza t ion  observed  in m o d e r n  seaf loor  and  u n m e t a m o r -  
phosed  K u r o k o  depos i t s  (Eldr idge et al. 1983; P a r a d i s  
et al. 1988; Pe ter  and  Scot t  1988). 

In  the M o b r u n  orebodies ,  there  is excellent  preserva-  
t ion of p r i m a r y  facies of minera l iza t ion ,  given the s ta te  of  
de fo rma t ion  of  the  host  rocks.  These  p r ima ry  facies are  
overp r in ted  local ly by secondary  facies resul t ing f rom 
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Fig. 2. Composite section showing the relative depths of the Mob- 
run orebodies (modified from Caumartin and Caill6 1990) 

Table 1. Ore reserves, Mobrun Mine a 

Orebody Tonnes Cu% Zn% Ag g/t Au g/t 

Satellite u 179,000 1.20 2.41 42.27 4.98 
Main u 955,000 0.81 2.44 30.30 2.27 
1100 ~ 7,572,000 0.84 5.87 42.50 1.75 

Total 8,706,000 0.84 5.42 41.12 1.87 

aprovided by Ressources Audrey Inc. 
bproven reserves, February 1, 1989 
cProbable reserves, October 25, 1991 

m e t a m o r p h i s m  and de fo rma t ion  (Figs. 4, 5). Tab le  2 sum- 
mar izes  the character is t ics  of  facies of  minera l i za t ion  in 
the M o b r u n  deposi t .  Some examples  of  p r ima ry  facies are 
i l lus t ra ted  and  descr ibed  be low in o rde r  to p rov ide  a basis 
for c ompa r i son  with the facies resul t ing f rom m e t a m o r -  
ph ism and deformat ion .  

The  ma in  sulfide minera l s  in the M o b r u n  orebodies  are 
pyri te ,  sphaler i te ,  and  chalcopyr i te .  M i n o r  a m o u n t s  of  
galena,  a rsenopyr i te ,  digenite,  and  te t rahedr i te  have been 
observed.  Magne t i t e  occurs  local ly  with chalcopyr i te .  Pyr -  
rhot i te  is a b u n d a n t  t ow a rds  the footwal l  of the B and  
C lenses of  the 1100 o rebody ,  bu t  has  no t  been obse rved  in 
the M a i n  and  Satell i te  Lenses. Quar tz ,  ca rbona te ,  chlori te ,  
muscovi te ,  and  albi te  are the ma in  non-sulf ide  minerals .  

Bedded  pyr i t ic  minera l i za t ion  consists  of  mic romet re -  
scale euhedra  of pyri te  in a ma t r ix  of chlor i te  (Fig. 3A), 
and  resembles  a well sor ted  sediment .  G r a n u l a r  minera l iz -  
a t ion  consists  of mic romet re -  to  mi l l imetre-sca le  sphe- 
roids  and  sphero ida l  aggregates  of  pyr i te  in a ma t r ix  of  



442 

T a b l e  2. Facies of mineralization in the Mobrun deposit a 

Primary facies Formed by deposition and reworking of sulphides by syn-volcanic hydrothermal fluids 
(syn-genetic/diagenetic) 

Bedded pyrite 

Granular pyrite 

Nodular pyrite 

Massive fine pyrite 

Massive pyrite-chalcopyrite 

Massive sphalerite 
Banded pyrite-sphalerite 

Banded pyrrhotite-pyrite 
Banded pyrrhotite-sphalerite 
Stringer mineralization 

~.tm-scale pyrite euhedra in chlorite matrix 
apparent layering, "graded bedding" 

- lain to mm-scale pyrite spheroids and spheroidal aggregates in matrix of sphalerite or 
gangue, internal colloform banding defined by porous pyrite, chalcopyrite, sphalerite, galena 

- mm- to cm-scale spherical bodies of pyrite in a sphalerite matrix 
- radiating internal structures 
- microcrystalline to cryptocrystalline pyrite 

colloform textures defined by porous pyrite, minor chalcopyrite, galena, sphalerite 
massive pyrite with unoriented replacement veins of chalcopyrite or pseudomorphic 
replacement of colloform/spheroidal pyrite by chalcopyrite 

- massive fine-grained sphalerite 
- bands of massive sphalerite up to 10 cm wide, alternating with bands of granular, massive, 

or nodular pyrite 
- bands of massive fine-grained pyrrhotite interlayered with granular pyrite 
- bands of massive pyrrhotite interlayered with massive sphalerite 
- veins, disseminations, and patches of chalcopyrite and/or pyrrhotite in altered wallrock 

Secondary facies Formed during metamorphism and deformation 

Granular metablastic mineralization 

Massive metablastic pyrite 

Foliated mineralization 
Transgressive veins and breccia zones 

coarse-grained pyrite metacrysts in a matrix of gangue or other sulfides, metacrysts generally 
free of inclusions 

- massive coarse pyrite with granuloblastic texture (triple junctions), some sutured 
grain boundaries 
transgressive wispy bands of fine, abraded pyrite and discontinuous bands of angular pyrite 

- suhparallel and orthogonal sets of veins and veinlets, anastomosing networks 
of veinlets, vein breccias 
contain any of pyrite, chalcopyrite, sphalerite, galena, electrum, quartz, chlorite, carbonate 

a From Larocque [1993], modified from Larocque et al. [1993] 

sphalerite or gangue (Fig. 3B). The spheroids exhibit com- 
plex internal structures consisting of cores and concentric 
bands of sulfides (chalcopyrite, sphalerite, and galena) and 
gangue, similar to features described by Lianxing and 
McClay (1992). Massive fine pyrite consists of microcrys- 
talline to crypocrystalline pyrite which locally contains 
chalcopyrite, sphalerite, and galena in colloform bands 
(Fig. 3C). Banded pyrite - sphalerite comprises bands of 
massive fine-grained sphalerite alternating with bands of 
granular or massive pyrite (Fig. 3D). Pyrrhotite-bearing 
primary facies consist of massive pyrrhotite interlayered 
with either granular pyrite or massive sphalerite. 

R e s u l t s  o f  m e t a m o r p h i s m  a n d  d e f o r m a t i o n  

The characteristics of secondary facies of mineralization 
are a function of the degree and style of deformation to 
which pr imary facies were subjected. In general, mecha- 
nisms of deformation may be divided into mechanical and 
chemical processes. Mechanical processes that accomo- 
date strain include brittle deformation (brittle failure, 
cataclastic flow, grain-boundary sliding) and ductile 
deformation (dislocation glide, dislocation creep, defor- 
mation twinning); chemical processes include diffusive 
mass transfer (lattice-diffusion creep, grain-boundary dif- 
fusion creep, solution-precipitation creep) (Vokes 1969; 
McClay 1977; Poirier 1985; Cox 1987; Gilligan and 
Marshall 1987). Both mechanical and chemical deforma- 
tion mechanisms, as well as recovery processes (e.g., sub- 

grain formation, postdeformational recrystallization), 
were responsible for the modification of primary facies of 
mineralization in the Mobrun deposit. 

Mechanical processes 

The most commonly observed facies of mineralization in 
the Mobrun deposit that resulted from brittle deformation 
consists of transgressive veins and breccia zones. These 
formed as fillings in tectonically generated dilatancies 
caused by high fluid-pressure. These fracture-fillings of 
varying widths developed mainly in massive pyrite, and 
commonly occur in orthogonal or subparaUel sets (Fig. 4). 
On the basis of form, the veins can be subdivided into 
simple planar veinlets (<  1 cm thick) and veins (>  1 cm 
thick), anastamosing networks of veinlets filling fractures 
or replacing recrystallized grain boundaries (see below), 
and vein breccias in which fragments of pyrite float in 
a matrix of non-sulfide and sulfide minerals. The veins and 
matrix material in the breccia zones consist of remobilized 
ore constituents and gangue minerals, including any of 
pyrite, chalcopyrite, sphalerite, galena, electrum, quartz, 
carbonate, and chlorite (Figs. 4, 5A). 

Cataclastic flow resulted in the development of foliated 
pyritic mineralization in the Mobrun deposit (Figs. 5B, C). 
This facies consists of transgressive, wispy, commonly 
kinked bands of fine-grained pyrite in a chloritic matrix. 
These bands alternate with discontinuous bands of 
coarser-grained angular pyrite in a matrix of quartz and 
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Fig. 3A-D. Reflected-light photomicrographs and scanning elec- 
tron microscope (SEM) backscatter electron (BSE) images of pri- 
mary facies of mineralization. Lengths of scale bars (lower righO in 
parentheses (py pyrite, sp sphalerite, cp chalcopyrite, ga galena, ch 
chlorite, cb carbonate). A Bedded pyritic mineralization consisting of 
pyrite euhedra in a matrix of chlorite (50 gin). B Granular pyritic 

mineralization consisting of spheroidal bodies of pyrite in a matrix 
of carbonate. Primary layering from upper left to lower right 
(500 gm). C Massive fine pyrite with colloform banding defined by 
galena, chalcopyrite and sphalerite (100 gin). D Banded pyrite 
- sphalerite consisting of massive fine-grained sphalerite and granu- 
lar to euhedral pyrite (200 lam) 

chlorite. Individual pyrite grains in chloritic bands are 
rounded (Fig. 5C) due to abrasion that occurred during 
shearing (Vokes 1969; Cox 1987). This facies likely result- 
ed from deformation of primary facies containing brittle 
sulfides in a ductile matrix, such as bedded or granular 
pyrite; deformation of the ductile chloritic matrix would 
have facilitated the rounding of brittle grains of pyrite 
within the matrix. 

Evidence of ductilely deformed sulfides co-existing with 
sulfides which underwent brittle deformation has been 
observed on a number of scales in the Mobrun deposit. 
For example, in a stope-face in the Satellite Lens Com- 
plex, parallel sets of quartz-chalcopyrite veins crosscut 
zones of massive pyrite, but are absent in intervening 
sphalerite-rich zones (see Larocque et al. 1993, Fig. 6). 
This juxtaposition of deformational style has also been 
observed in thin section, where brittle fractures in a band 
of pyrite bounded by unfractured massive sphalerite are 
filled by chalcopyrite (Fig. 5D). In addition, the sphalerite 
matrix containing granular pyrite in Fig. 6A deformed 
ductilely (likely by dislocation gliding), resulting in pres- 

sure-solution of the brittle grains of pyrite (see below). 
These observations are consistent with the estimates of 
temperature and pressure of deformation by Liaghat et al. 
(1993). Under lower greenschist-facies conditions, pyrite 
exhibits brittle behaviour, whereas sphalerite deforms 
ductilely (Marshall and Gilligan 1987, Fig. 4). 

Chemical processes 

Recrystallization of pyrite resulted in the development of 
granular and massive metablastic mineralization. Granu- 
lar metablastic mineralization consists of coarse-grained, 
commonly idioblastic, pyrite metacrysts (Craig and Vokes 
1992; Vokes and Craig 1993) which generally are free of 
inclusions. The pyrite metacrysts are surrounded by 
a matrix comprising other sulfide or gangue minerals 
(Figs. 6A, B), and likely formed by static recrystallization 
of primary granular pyrite. They commonly exhibit sub- 
parallel intragranular extension microfractures (Cox 
1987) which are filled with chalcopyrite (Fig. 6B). Caries- 
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Fig. 4A, B. Sketches of hand specimens containing secondary veins. 
A Parallel vein and veinlets of quartz cutting massive fine pyrite. 
B Multiple generations of veins cutting massive fine pyrite. Early 
chalcopyrite veinlets are crosscut by later polymetallic veins (con- 
taining galena, sphalerite, chalcopyrite, and chlorite) 

like growth embayments indicative of metablastic growth 
(Vokes and Craig 1993) also have been observed (Fig. 6A). 
The presence of ductile matrix sulfides or gangue resulted 
in fracturing (due to grain-boundary sliding) and indenta- 
tion (due to pressure-solution) along grain boundaries in 
brittle pyrite metacrysts (Fig. 6A). Bulging grain bound- 
aries (Fig. 6A) suggest that dynamic recrystallization of 
granular pyrite also occurred (Cox et al. 1981; Cox 1987). 

A variation of granular metablastic mineralization con- 
sists of overgrowths of pyrite on cores of primary granular 
pyrite (Figs. 6C,D). The overgrowths commonly exhibit 
textures different than those in the cores of grains. For 
example, spongey pyrite has been observed as over- 
growths on featureless grains of pyrite (Fig. 6C), and 
massive, inclusion-free pyrite has been observed rimming 
pyrite with a random or concentric arrangement of inclu- 
sions (Fig. 6D). While it is possible for overgrowths to 
have formed during diagenesis (e.g., hydrothermal re- 
working in the syngenetic sulfide pile), the preferred ori- 
entation of many of the overgrowths indicate that they 
formed as a result of solution-precipitation creep during 
synkinematic metamorphism. In addition, euhedral meta- 
blastic pyrite overgrowths on foliated mineralization in 
the 1100 Lens (Fig. 6E) suggest that cataclastic flow pred- 
ated metablastesis. Some pyrite metacrysts associated 
with foliated mineralization are surrounded by pyrite-free 
boundary layers which are thickest parallel to the local 
foliation direction (Fig. 6F), indicating anisotropy of dif- 
fusion rates parallel and perpendicular to a pre-existing 
foliation (Cook et al. 1993). 

Massive metablastic mineralization consists of massive, 
generally inclusion-free, pyrite or pyrrhotite exhibiting 
granuloblastic or "foam" texture (Stanton 1964) with 
triple junctions indicative of recrystallization (Fig. 6G). 
These recrystallization textures likely formed by thermal 
annealing of deformed grain aggregates (c.f. Lianxing and 
McClay 1992). It is possible for recrystallization to occur 
during synvolcanic hydrothermal reworking. However, 
presence of elongate grain-fabric (Fig. 6G) and sutured 
grain boundaries (Fig. 6H) resulting from solution-pre- 
cipitation creep indicate that recrystallization occurred 
under directed pressure during metamorphism (Vokes 
1969; Cox 1987; Vokes and Craig 1993). The presence of 
subgrain structure in some samples containing recrystal- 
lized pyrite indicates that the recrystallization was dy- 
namic rather than static (Cox 1987). In other samples, 
annealed or sutured grain boundaries appear to have 
opened up, either due to tectonic deformation or fluid 
pressure (Vokes and Craig 1993). The dilatant zones sub- 
sequently were filled and grain boundaries replaced by 
chalcopyrite (Fig. 6H). 

In addition to textural changes resulting from recrys- 
tallization and pressure-solution, chemical changes occur- 
red during metamorphism and deformation of the 
Mobrun deposit. Ion-microprobe analysis of sulfides has 
established that syngenetic gold is present in the orebo- 
dies, and that metamorphic recrystallization of pyrite re- 
sulted in the release of invisible gold and its subsequent 
deposition in tectonic veins in electrum and secondary 
chalcopyrite (Larocque et al., 1995). Petrographic and 
chemical evidence indicate that the extent of metamorphic 
remobilization (i.e., distance of transport) was small in the 
Main and Satellite Lenses, but on the order of hundreds of 
metres in the 1100 Lens (Larocque et al. 1993). 

Discussion 

There is restricted development of secondary facies in the 
Main and Satellite Lenses, and those facies that are 
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Fig. 5A-D. Reflected-light photomicrographs and SEM BSE im- 
ages of secondary facies of mineralization resulting from mechanical 
processes. Lengths of scale bars in parentheses (py pyrite, sp 
sphalerite, cp ehalcopyrite, el electrum). A Massive fine pyrite cut by 
veinlet containing chalcopyrite, sphalerite and electrum (200 gin). 
B Foliated pyritic mineralization comprising wispy bands consisting 

of rounded grains of pyrite (white) in a chloritic matrix (dark grey), 
developed during shearing (250 pm). C Rounded (abraded) grains of 
pyrite and chloritic matrix in foliated pyritic mineralization (50 pro). 
D Millimetre-thiek band of pyrite in massive sphalerite contains 
veinlets of ehalcopyrite filling parallel fractures. Surrounding 
sphalerite contains no veinlets, having deformed ductiMy (1 ram) 

observed resulted mainly from mechanical processes. 
Transgressive veins resulting from brittle failure of mass- 
ive pyrite are the most abundant of the secondary facies 
in these lenses. Ductile deformation of sphalerite (likely 
accomplished by dislocation gliding) also occurred. 
Evidence of cataclastic flow and static recrystallization of 
pyrite are present but rare. In contrast, although the 
1100 Lens exhibits significant preservation of primary 
facies, development of secondary facies resulting from 
both mechanical and chemical processes is pronounced. 
Transgressive veins and zones of dynamic and static rec- 
rystallization and metablastic growth are abundant. 
Zones of foliated mineralization resulting from cataclastic 
flow exhibit restricted development, present only in the 
flanks and stratigraphic hangingwall and footwall of the 
massive sulfide bodies. Evidence of solution-precipitation 
creep commonly was observed in the 1100 orebody, espe- 
cially at the eastern end of the B lens (Larocque 1993). 

The distribution of secondary facies at Mobrun is con- 
trolled at least in part by the rheological properties of the 
primary facies affected, and the rheological properties of 

surrounding rocks. Observations at Mobrun are consis- 
tent with the fact that sphalerite deforms ductilely under 
greenschist-facies metamorphic conditions (Clark and 
Kelly 1973), whereas pyrite undergoes brittle deformation 
(Atkinson 1975; Cox 1987). Where pyrite was in a matrix 
of sphalerite in the Mobrun orebodies, strain was ac- 
comodated by ductile flow of sphalerite, and pyrite was 
unaffected. In contrast, zones of massive pyrite deformed 
brittly under the same conditions. This is significant be- 
cause brittle deformation of pyrite facilitated development 
of fractures which provided depositional sites for re- 
mobilized gold and sulfides. 

Differences in primary ore assemblages and textures 
among the various orebodies account for some of the 
differences in the degree of development of secondary 
facies of mineralization. However, some differences appear 
to be the result of gradients in metamorphic conditions 
within the mine. Robert and Brown (1986) and Powell 
et al. (1993) have presented evidence for the subhorizontal 
orientation of regional metamorphic isograds in the 
Abitibi province. Given that most volcanic strata in the 
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Abitibi dip subvertically, their results indicate that the 
assemblages observed must have formed during late- to 
post-tectonic metamorphism rather than during initial 
burial of the volcanic pile. This may explain why the 1100 
Lens of the Mobrun  deposit appears to have been sub- 
jected to more intense metamorphism than the other 
lenses. Whereas the Main and Satellite Lenses outcrop or 
subcrop, the upper part  of the 1100 Lens is at a depth of 
300 m, below the lowermost extensions of the Main and 
Satellite Lenses (Fig. 2). Thus, the 1100 Lens was sub- 
jected to slightly higher temperatures and confining pres- 
sures during metamorphism than the other lenses. 

This fact could account for the presence of pyrrhotite in 
the 1100 Lens,  and the lack of it in the other lenses, as 
many early workers interpreted pyrrhotite as a meta- 
morphic product of the breakdown of pyrite. However, 
the lack of breakdown textures of pyrite in the 1100 Lens 
and the documentat ion of pyrrhotite in modern seafloor 
deposits (Lonsdale et al. 1980) support  the interpretation 
that pyrrhotite in the 1100 Lens is primary. Also, the 
distribution of pyrrhotite on the property-scale at Mob-  
run is similar to that in the Noranda  camp as a whole: 
relatively gold-poor pyrite-pyrrhotite ores occur lower in 
the stratigraphy, whereas pyritic ores with higher gold 
grades occur higher in the stratigraphy. 

Other factors which may influence deformational style 
include fluid activity and permeability within the zone of 
deformation (Ashby and Verrall 1973; Duckworth  and 
Rickard 1993). In some metamorphic  environments, the 
deformation process is controlled by mass transfer in an 
advecting fluid phase, and the deformation rate is deter- 
mined by the rate of fluid flow (Etheridge et al. 1984). At 
Mobrun,  the evidence for extensive metamorphic  remobil- 
ization of ore constituents and significant fluid-ore inter- 
actions (Larocque et al. 1993, 1995), as well as the presence 
of ore textures resulting from solution-precipitation, indi- 
cate that fluids were abundant  in the area of the 1100 Lens 
during metamorphism and deformation. In contrast, the 
Main Lens does not appear  to have been affected much by 
fluids. The amount  of interaction between fluids and each 
of the ore lenses may be related to the relative thicknesses 

Fig. 6A-H. Reflected-light photomicrographs images of secondary 
facies resulting from chemical processes. Scale bars represent 500 gm 
unless specified otherwise (py pyrite, sp sphalerite, ep chalcopyrite, 
po pyrrhotite). A Penetration of large pyrite metablast by two 
smaller metablasts due to ductile deformation of sphalerite and 
pressure solution of pyrite. Small metablasts with caries-like growth 
embayments at top left and bottom right. Grain-boundary bulging 
indicative of dynamic recrystallization at top middle and bottom 
middle (250 gin). B Pyrite metablasts with subparallel veinlets of 
chalcopyrite. C Spongey pyrite overgrowth on massive metablastic 
core. Overgrowth is thickest parallel to foliation direction (foliation 
direction parallel to long axis of photo). D Pyrite metablast with 
relict concentric arrangement of inclusions in core and inclusion-free 
metamorphic overgrowth. E Foliated pyrite resulting from cataclas- 
tic flow with overgrowths of metablastic pyrite. F Pyrite metablast 
separated from foliated pyrite by a concentric zone depleted in 
pyrite. The depleted zone is thickest parallel to the foliation (i.e., 
parallel to long axis of photo) and thinnest at right angles to the 
foliation. G Triple junctions ("foam texture") developed in massive 
metablastic pyrite. Flattening perpendicular to long axis of photo. 
H Polygonized and recrystallized massive pyrite with sutured grain 
boundaries replaced by chalcopyrite veinlets (100 gm) 
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and volumes of the orebodies compared to their host 
rocks. Both the Main and 1100 Lenses are hosted by 
pyroclastic rocks (which had a relatively high pr imary 
permeability) overlain and underlain by less permeable 
rhyolitic lava flows (Fig. 1). The pyroclastic units likely 
acted as horizons of enhanced or focussed fluid-flow. 
There is a greater thickness of pyroclastic rocks overlying 
the Main Lens through which fluids could have flowed, 
compared to the relatively small thickness of pyroclastic 
rocks underlying the 1100 Lens (Fig. 1). Thus, the 1100 
Lens may have interacted more extensively with meta- 
morphic fluids because there was less space for the fluids 
to flow around the orebody. 

Conclusions 

Greenschist-facies metamorphism of the Mobrun  deposit 
resulted in changes in ore textures, development of tec- 
tonic structures, remobilization of gold and sulfides, and 
formation of a new mineral (electrum). 

Textures and structures resulting from brittle deformation 
(e.g., brittle failure, cataclastic flow), ductile deformation (e.g., 
dislocation glide, dislocation creep), and recrystallization 
(static and dynamic) are present in the Mobrun orebodies. 

Both mechanical and chemical processes operated dur- 
ing deformation and metamorphism of the deposit. The 
Main and Satellite Lenses were affected mainly by mech- 
anical processes, whereas the 1100 Lens was affected by 
both mechanical and chemical processes. 

The higher degree of development of secondary facies of 
mineralization (especially those resulting from chemical 
processes) in the 1100 Lens relative to the other lenses may 
be due to its greater depth (as regional metamorphic  
isograds are subhorizontal) and more extensive interac- 
tions with metamorphic  fluids (possibly resulting from 
enhanced flow through the 1100 Lens). 
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