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ABSTRACT 
The Bell and Granisle open pit mines exploited two porphyry 

copper-gold deposits in the Babine Lake region of central British 
Columbia. The Belf mine produced 303 277 tonnes copper, 12 794 
kg gold and 27 813 kg silver from 77.2 million tonnes of ore, while 
the Granisle mine produced 214 300 tonnes copper, 6833 kg gold 
and 69 753 kg silver from 52.7 million tonnes of ore. 

The deposits are associated with intrusive rocks of a Tertiary 
continental magmatic arc known as the Babine Igneous Suite. This 
suite consists of the remnants of volcanic edi3ces constructed on 
rocks of the Stikine terrane during Eocene time. Tertiary extension 
and transtensional faulting resulted in the formation of a series of 
northwesterly trending grabens in the Babine Luke region. The most 
prominent of these structures is the Morrison Graben which is 
bounded on the east by the Morrkon Fault and its offset, the New- 
man Fault. Dikes and plugs of intermediate to Yekic cafc-alkaline 
porphyritic intrusive rocks were emplaced along thae faults with 
extrusive equivalents preserved in downdrop basins as jlows, debris 
jlows, hornblende crystal tuff and piles of poorly consolidated vol- 
canic rubble. Volcanism was focafly Eixposive, with coarse breccias 
plugging volcanic vents. 

The Bell deposit is a classic high-level porphyry copper-gold 
deposit with symmetrical zones of biotite-magnetite and propyfitic 
a f t e r a t i o m p r v a s i v e  quartz-sericite alteration. The 
principal su3 I are c lcopyrite and pyrite occurring as dirsemi- 
nations, fracture.fillings and in an intensively developed quartz stock- 
work. Symmetry was subsequently disrupted by explosion and 
collapse, resulting in the partial destruction of the upper part of 
the southeastern quadrant of the deposit. 

The Granisle deposit also has well developed biotite- 
magnetite/propylitic alteration zoning, but less extensive develop 
ment of a pervasive quartz-sericite overprint. The principal sulphdes 
are chafcopyrite, bornite and pyrite. 73e Granisle deposit appears 
to be exposed at a lower level than the Bell deposit and may 
represent the root zone of a porphyry system. 

Operating practices at Beff and Granisfe are described with 
emphasis on their evolution in response to technological and eco- 
nomic change. 
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An extensive emmination of the Bell dewit, beginning in 1988, 
dentifred a potential open pit resource of 70.4 miflion tonna grading 
0.44% Cu and 0.20 g/t Au at a strb ratio of 1.9:I. Economic con- 
siderations prevented development of this resource at the time of 
the mine closure in 1992. 

Introduction 
The past-producing Bell and Granisle porphyry copper-gold 

mines operated by Noranda Minerals Inc. (now Noranda Mining 
and Exploration Inc.) are situated in the Babine Lake region of 
west-central British Columbia, some 65 km east of Smithers (Fig. 
1). Bell mine (latitude 55’01 ’N, longitude 126’14’W), is on New- 
man Peninsula and operated from 1!72 to 1992. Granisle mine (lati- 
tude 54’57’N, longitude 126OO8’W) is on McDonald Island, 8 km 
to the southeast of Bell mine, and operated from 1966 to 1982. 

Topography in the region is subdued with maximum elevations 
at both mines being 825 m above sea level (asl) or 110 m above 
the mean level of Babine Lake. Prior to development, the Bell 
deposit was covered by 3 m to 30 m of lake bottom sediments and 
glacial till, while the surface expression of the Granisle deposit was 
a small rocky knoll referred to by Emmens (1914) as the “bare hill”. 

The Bell and Granisle mines, together with a number of other 
porphyry Cu k Au prospects in the Babine region, are hosted by 
small Eocene intrusions of hornblende-biotite-plagioclase porphyry 
known locally as “BFP”. These intrusions were emplaced as part 
of a continental magmatic arc along north-northwest trending faults 
and associated north and northeast trending fault structures that 
developed during the latter stages of a major period of transten- 
sional block faulting (Carson et al., 1976; Richards,l988). 

History 
Newman Peninsula and McDonald Island (Fig. 2) are named 

after Charles Newman and H.J. McDonald, two prospectors who 
were active in the region during the early 1900s. Prior to 1914, New- 
man drove several short adits 800 m west of the current Bell open 
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Photograph taken by Grant Webb looking south along Newman Peniasula with Bell m foreground and Granisle in background. G m t  Webb flew bush planes throughout northern Canada 
and Alnska and mrded the landscapes he spw with hi9 camera. He lived the bush pilot's dream with a passion and combined it suprbly with photography to bring to others image of a world 
seeesnible only by Sir. On January 13, 1993, while raptsin of a DG3 cargo plane, Grant was killed m a mash moments after takeoff from Bronson Cmk, British Columbia. The photographs Grant 
created during his thing career are now in the care of his wife Debbie and daughters Ashley and Amber m Smithers, British Columbia, Canada. 

?. 



FIGURE 1. Location map with princil#rl tectono-straUgraphic belts and ter- 
rane boundaries. Modified from Gab* and Yorath (l!”). The phcipal 
terranes am A X  (Alexander); CC (Cache Creek); Q (Quesnellia); W Wm- 
gellia). Stikine terrane is in light stipple (modified from Richards, 1988). In- 
set shows location of the major deposits of the Babm porphyry copper 
dishict. 1. Morrison. 2. Hearne Hin. 3. Bell mine. 4. Granisle mine. 

pit to test shear and vein related gold, silver, lead, zinc and copper 
mineralization. During the same period, Newman and McDonald 
were also associated with the development of a number of explo- 
ration workings that tested disseminated and breccia related cop 
per minerahation and gold, silver, lead, zinc and copper veins within 
and adjacent to what is now the Granisle open pit (Ehmens, 1914). 

In 1929, The Consolidated Mining & Smelting Company of 
Canada, Limited drilled five diamond drill holes in the “bare hill” 
region at Granisle and outlined 7.2 million tonnes grading 0.8% 
Cu, 0.3 g/t Au and 5 g/t Ag (Dolmage, 1943). The property lay 
dormant until 1945-1946 when four holes totalling 675 m were 
drilled. 

The Granby Consolidated Mining Smelting and Power Com- 
pany Limited acquired the Granisle property in 1955 and conduct- 
ed a drilling program consisting of vertical holes spaced 60 m apart 
which tested the Granisle deposit to a depth of 90 m. Subsequent 
infd drilling led to a feasibility study in April, 1964 based on 7765 
m of drilling in 66 vertical drill holes. This feasibility study indicat- 
ed a mineable open pit reserve of 20.6 million tonnes grading 0.53% 
Cu to a depth of 146 m (652 m asl) using a cutoff grade of 0.3% 
Cu and a waste to ore strip ratio of 0.15:1.00. Construction was 
begun in 1%5 and production, at 4500 tonnes per day, was achieved 
in 1966 (Parliament, 1964; Fahrni et al., 1976). 

Production from the Granisle mine during its operating life 
totalled 52.7 million tonnes averaging 0.47% Cu with an average 
waste to ore ratio of 1.37:l. Cutoff grade varied between 0.20% 
and 0.35% Cu depending on economic conditions. Recovered metals 
totalled 214 300 tonnes copper, 6833 kg gold and 69 753 kg silver. 

In 1%2, Noranda J3cploration Company, Limited (now 
Noranda Mining and Exploration Inc.) staked eleven claims on New- 
man Peninsula covering the original Newman workings on the shore 

of Babine Lake and ’ucted limited pace and compass controlled 
geological, electromasletic and magnetic surveys m o m ,  1%2; 
O’Keefe, 1993). Strong electromagnetic anomalies were detected ex- 
tending east from the original Newman workings. These anoma- 
lies and associated weak magnetic correlations led to the staking 
of additional claims and follow-up geological, electromagnetic, mag- 
netic, silt and soil surveys over grids established in late 1%2 and 
early 1%3 (Dirom, 1964). 

Three diamond drill holes were drilled in July, 1%3 to test 
selected electromagnetic and copper soil anomalies. The first hole 
intersected strong pyrite mineralization (10% to locally massive 
pyrite) within what was later recognized as the pyrite halo associ- 
ated with the Bell orebody. The next two holes intersected strongly 
altered, partially oxidized sedimentary rocks and feldspar porphyry 
containing disseminated and fracture filling copper mineralization 
with erratic but significant grades up to 0.82% Cu over 1.52 m. 
The fourth hole, a vertical hole drilled early in 1964 to test a - 350 
mV self-potential anomaly 90 m west of DDH 3, averaged 0.94% 
Cu from bedrock at 4 m to end of hole at 62 m. These holes, col- 
lectively, were the discovery holes at Bell and set the stage for the 
ultimate development of the Bell copper-gold deposit. 

Although many people contributed to the development of the 
Bell mine, Noranda’s history of discovery in the Babine region dur- 
ing the period August, 1%2 to June, 1964 is generally attributed 
to the efforts of Noranda’s Norpex Group (Newell et al., this 
volume; O’Keefe, 1993). The mine was appropriately named in 
honour of A.M. (Archie) Bell, General Manager of Noranda 
Exploration Company, Limited at the time of discovery. 

Drilling and exploration at Bell during 1964 to 1968 led to a 
1969 feasibility study which indicated a mineral resource of 116 mil- 
lion tonnes averaging 0.48% Cu. Contained within this mineral 
resouTce were mineable open pit reserves of 42 d o n  tonnes grading 
0.50% Cu to a depth of 470 m using a cutoff grade of 0.30% Cu. 
The waste to ore strip ratio was calculated at 0.52:1, after removal 
of some 5.5 million tonnes of overburden (Hall and Kraft, 1%9). 
Gold and silver grades were estimated at 0.35 and 1.0 g/t, respec- 
tively, with molybdenum averaging less than 0.01%. Initial gold, 
silver and molybdenum estimates were based on metallurgical test 
results as systmatic assaying for these elements had not been done. 

Production from the Bell mine during its operating life totalled 
77.2 million tonnes averaging 0.47% Cu with an average waste to 
ore ratio of 0.98:l. The cutoff grade varied between 0.25% and 
0.35% Cu depending on economic conditions. Total recovered 
metals were 303 277 tonnes copper, 12 794 kg gold and 27 813 kg 
silver. 

Regional Geology 
The Babine region is situated in the Intermontane Belt of west- 

central British Columbia (Fig. 1). It is underlain by late Paleozoic - 
Mesozoic volcanic and sedimentary rocks of the Intermontane Su- 
perterrane (Gabrielse and Yorath, 1989; Wheeler and McFeely, 
1991), whose boundaries coincide approximately with those of the 
Intermontane Belt. The Intermontane Superterrane comprises a 
number of ameted terranes which amalgamated prior to being weld- 
ed to the North American craton in Late Jurassic to Early Creta- 
ceous time. The largest of the acaeted terranes of the Intermontane 
Belt is the Stikine terrane. 

The tectonic history of the Babine region has three principal 
phases, progressing from a system of island arcs in the Late Trias- 
sic to Early Jurassic, through a middle to late Mesozoic post- 
orogenic molasse sequence and culminating with a continental mag- 
matic arc in the Late Cretaceous and Early Tertiary (Monger et 
al., 1972). The Stikine terrane evolved as a collage of island arcs 
with an internal stratigraphic record independent from that of the 
North American craton prior to amalgamation. Alkaline and calc- 
alkaline volcanic, volcaniclastic and intercalated sedimentary rocks 
accumulated as subaqueous and emergent volcanic piles from late 
Paleozoic to early Mesozoic time. 
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A m w t i o n  of the Stildne terrane with the North American amstrum 'on of Andem-m ~ v o l c a u i c ~ o n t h e ~  
continent was followed by acNmulation of m o b t p  sedhnen- 
m y  rocks in late Middle Jurassic to k l y  cretaceous sumessor 
basins. Late cretaceous to k l y  Tertiary magmatlrrm . led to the 

Porphyry Deposits of the Northwestern Cordillera of North Amehca 

tar;me. The porpbyry wppmdd d+ts of the region are hosted 
by epizod intrusionS assodated with the TatiarY magmatic arc. 

The Babine area geology has been described by numemus 
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authors including Carter (1966a, 19C- Carter and Clarke (1%6), 
Tipper and Richards (1976a) and Car.- -, et al. (1976). The sedimen- 
tary, volcanic and intrusive rocks may be classified according to 
their tectonic history as follows. 

Late Paleozoic to Early Mesozoic Island Arcs 
In the Babine region, the island arc stage in the evolution of 

the Stikine terrane is recorded in the volcanic and sedimentary rocks 
of the Takla and Hazelton groups. 

The oldest rocks belong to the Triassic Takla Group and are 
exposed on the western side of Babine Lake. Takla Group rocks 
commonly comprise basalt, andesite, volcaniclastics, limestone and 
greywacke. 

The Lower to Middle Jurassic Hazelton Group evolved as a 
calc-alkaline island arc assemblage. The group is divided into the 
Sinemurian Telkwa Formation, the Pliensbachian Nilkitkwa For- 
mation and the Bajocian Smithers Formation (Tipper and Richards, 
1976a). Of these, the Telkwa Formation is the most widespread 
across the Babine region. The base of the Telkwa Formation is ex- 
posed on Sterrett Island as chert pebble and heterolithic conglomer- 
ates of probable Hettangian (Early Jurassic) age. Above the basal 
conglomerate, calc-akahe volcanic, pyroclastic, epiclastic and minor 
sedimentary rocks characterize the formation. Internally, there is 
a southwest to northeast progression from subaerial volcanic rocks 
of the Howson facies to the submarine Kotsine facies with inter- 
vening alternately subaerial and submarine rocks known as the 
Babine shelf facies. The axis of the Hazelton trough is known as 
the Nilkitkwa depression and parallels the shore of Babine Lake 
east of the Bell mine. 

Rocks of the Kotsine subaqueous facies (Tipper and Richards, 
1976a) of the Telkwa Formation fill the Nitkwa Depression, crop 
ping out on McDonald and Sterrett islands, on Newman Penin- 
sula, in the highlands east of the Bell.mine and on Hearne Hill. 
The most common rock types attributed to the Kotsine subaque- 
ous facies on Newman Peninsula are green tuff, vesicular, amyg- 
daloidal and massive basalt and dark green pyroclastics. 

Waning volcanism and the onset of marine transgression is 
marked by shallow-water marine sediments of the Bajocian Smithers 
Formation. The Smithers Formation outcrops on N m a n  Penin- 
sula north of the Bell mine and west of the Newman Fault. It con- 
sists of strongly fossiliferous brownish siltstones with abundant 
organic material. 

Middle Jurassic to Cretaceous Successor 
Basins 

Amalgamation of the Stikine terrane with the craton resulted 
in uplift of the Omineca crystalline belt on the eastern margin of 
the terrane. The Bowser and Nechako successor basins developed 
to the west of the uplifted terrane, marking the onset of the molasse 
stage in the development of the Stikine terrane. Detritus was shed 
from the uplifted areas into the basins. The southeastern limit of 
marine transgression in the Bowser Basin is approximately at the 
latitude of the Granisle mine. The molasse stage comprises two prin- 
cipal units, the Middle to Upper Jurassic Bowser Lake Group and 
the Cretaceous Skeena Group (Richards, 1988). 

The Bowser Lake Group is a thick succession of mainly marine 
clastics and marine to non-marine deltaic sedimentary rocks that 
accumulated in the Bowser Basin. It consists predominantly of shale, 
siltstone, sandstone and minor interbedded volcanic rocks. This 
group underlies most of the low-lying area between the Bell mine 
and Morrison Lake. 

The Middle Cretaceous Skeena Group comprises interbedded 
marine and non-marine sedimentary rocks together with basic and 
intermediate flows and brewias. It is regionally widespread and 
occurs on the western side of Newman Peninsula and in the Bell 
pit where its faulted contact with the Hazelton Group is obscured 
by Eocene intrusions. Black shale with wisps of sandstone, pale green 
tuff, minor bentonite and brownish siltstone characterize Skeena 
Group rocks on Newman Peninsula. 

Late Cretacec - Tertiary Extension, Trans- 
tensional Faulting and Construction of a 
Continental Magmatic Arc 

The end of the molasse stage of sedimentation was marked by 
the emergence of the Coast Plutonic Complex and development 
of discrete downdropped volcanic basins across the Stikine terrane 
(Richards, 1988). Extension and transtensional faulting east of the 
Insular Belt was accompanied by a brief but spectacular magmatic 
episode that led to the deposition of thick piles of subaerial vol- 
canic rocks and pyroclastic debris in the down-faulted basins. Vol- 
canic activity was commonly explosive (Monger et al., 1972). 

The Eocene Babine Igneous Suite was emplaced as a continen- 

ing and magmatism. The suite is a high-K “Andean”-type 
calc-alkaline suite of intermediate to felsic composition, but has alka- 
line trace element characteristics (Ogryzlo et al., this volume). The 
suite is bimodal, with rocks of intermediate and felsic composition 
approximately equally represented. Mafic end members are 
unknown. The most typical and distinctive rock is a biotite- 
plagioclase phyric hornblende andesite. Deposits of poorly indu- 
rated hornblende crystal tuff containing c a r b o d  tree stumps and 
wood fragments, chaotic greenish debris flows with green and red 
clasts and columnar flows outcrop on Newman Peninsula south 
of the Bell mine. These rocks have been preserved in a down-faulted 
block and are in fault contact with Lower Jurassic rocks to the east 
(Fig. 2). 

Associated dikes and plugs appear to be feeders for the piles 
of volcanic debris. The centres of magmatic activity also host the 
porphyry cupper-gold deposits of the Babine region. The most com- 
mon and distinctive lithology is a hornblende-biotite-plagioclase 
phyric rock of intermediate composition with a crowded porphyritic 
texture, locally known as biotite feldspar porphyry (BFP). Intru- 
sive rocks also include sparsely porphyritic bodies of dacitic to rhye 
litic composition. Where contacts are discernible, the rhyolitic bodies 
appear to predate the BFP intrusions. Potassium-argon ages range 
from 52 Ma at Morrison to 44 Ma on Bear Island in Babine Lake 
(Carter, 1974,1982; Carson et al., 1976). Ages of the Babine intru- 
sions are not distributed according to a simple pattern; however, 
with some exceptions, they become younger to the southwest. 

A post-stockwork body of quartz-biotite-feldspar porphyry 
(QBFP and/or QFP) is exposed in the southeastern quadrant of 
the Bell pit. The rock is massive and is white in colour due to in- 
tense sericitearbonate alteration. It is further distinguished by the 
presence of partially resorbed phenocrysts of unstrained “volcanic” 
quartz. 

tal magmatic arc during this period of extension, transtensl ‘onal fault- 

Regional Structural Style 
The structural setting of the northern Babine Lake region is one 

of dextral shear, transtensional faulting and crustal extension. The 
Eocene metallogenic episode (pers. comm. T. Richards, 1993) dur- 
ing which the Babine copper-gold deposits formed was associated 
with an episode of continental-scale transcurrent faulting. An exten- 
sional basin formed in the Babine region bounded by deep-seated 
faults that appear to have tapped bodies of magma. Dilatant zones 
formed along these major faults during episodes of transcurrent 
faulting. The dilatant zones served as loci for emplacement of the 
ephnal porphyritic plutons of the Babine Igneous Suite. 

The principal structural elements are presented in F i e  2. The 
Late Cretaceous-Early Tertiary northeast-southwest directed exten- 
sion (pers. comm., T. Richards, 1993) formed a series of north- 
west trending grabens. The most prominent is Morrison Graben 
which extends for approximately 35 km from the northern end of 
Hagan Arm (Fig. 2) to the northern end of Morrison Lake and 
ranges from 2 km to 4 km in width. Rocks of the Middle to U p  
per Jurassic Ashman Formation of the Bowser Lake Group un- 
derlie much of the graben and are bounded to the east and west 
by uplifted horst blocks formed by older rocks of the Lower to 
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Middle Jurassic Hazelton Group. The Mc 3n Fault, which forms 
the eastern boundary of the graben, can. LTaCed as a prominent 
northwesterly linear marked by fault scarps over a distance of a p  
proximately 100 km. It appears to be offset at the north end of 
Hagan Arm by a dextral transcurrent fault toward the centre of 
Newman Peninsula, where its continuation is known as the New- 
man Fault (Carter, 1974). The Newman Fault is “stitched” by a 
series of porphyritic felsic and intermediate hypabyssal plutons of 
the Eocene Babine intrusions. It terminates at its southern end 
against the uplifted block of basal Jurassic rocks which underlie 
McDonald and Sterrett islands (Fig. 2). 

At Bell, multiple, upwardly diverging bodies of rhyolite, dacite 
and biotite feldspar porphyry (BFP) were emplaced across the trace 
of the Newman Fault. At Granisle, a BF’P dike trending 025’ cuts 
across McDonald Island and is bracketed by two major north- 
westerly trending faults. The orientation of the dike suggests that 
it may occupy a tensional feature created by dextral shear between 
the coupled faults. 

Many of the more significant porphyry copper-gold deposits 
in the Babine region are associated with the Morrison Graben and 
even more closely with the Morrison and Newman faults which 
bound it on the east. The Granisle and Bell mines wig. 2) lie close 
to the trace of the Newman Fault while the Hearne Hill deposit 
is located on the scarp of Morrison Fault, overlooking the Morri- 
son deposit in the Morrison Graben wig. 1). Porphyry prospects 
of lesser importance within the Monison Graben include South 
Newman, North Newman and Sparrowhawk. Porphyry prospects 
are also known to be associated with parallel to subparallel graben 
and fault structures immediately east and west of the Morrison 
Graben. 

A final episode of extension superposed a rift on the pr- 
northwesterly trending horst and graben structures. The main body 
of Babine Lake and parts of Newman Peninsula are underlain by 
a north trending downdropped basin fded with Eocene volcanic 
rocks. The northwest arm of the rift is underlain by down-faulted 
Cretamus sedimentary rocks and the northeast arm is a failed rift 
connecting Babine Lake to Morrison Graben (Fig. 2). 

Geology of the Bell Porphyry Copper-Gold 
Deposit 
Introduction 

The Bell deposit is a classic symmetrically zoned porphyry 
copper-gold deposit spatially assOciated with multiple phase sub- 
volcanic intrusions of the Babine Igneous Suite. symmetry of miner- 
alization and hydrothermal alteration has been si@ka.ntly modified 
and disrupted by explosion and collapse events and by the e m p b  
ment of a postmineral subvolcanic mass of quartz k biotite-feldspar 

The deposit is situated on the central portion of Newman Penin- 
sula (Fig. 3). The peninsula is dissected by the northwest trending 
Newman Fault. This structure marks the faulted contact between 
Cretaceous Skeena Group and Eocene rocks to the west and Lower 
Jurassic Hazelton Group rocks to the east. The Eocene Babine In- 
trusions which host the copper-gold mineralization were emplaced 
at the intersedon of this fault with an east-northeast trending fault 
that cuts across the peninsula. 

The Bell orebody is crescent shaped in plan between bedrock 
surface (-750 m) and the 580 m elevation, with the arc open to 
the southeast. Below the 580 m elevation, the shape is annular. The 
vertical extent of the Bell mineralization is unknown; however, it 
probably extends well below the deepest drill hole which termin- 
ated in material grading 0.55% Cu at an elevation of 150 m. The 
deposit straddles the trace of Newman Fault, with most of the ore 
lying imm-ly west of the fault. The northeast limb of the deposit 
extends 500 m to the east of the fault. 

The deposit is surrounded by a broad pyrite halo extending radi- 
ally outward some 1100 m. Rocks within the pyrite annulus con- 

porphyry (QBF’P/QFP). 

tain an average of 10% -ite as disseminations, stringers and 
fracture fillings. 

A zone of hydrothermal alteration extends outward over a radius 
of some 1500 m from the centre of the deposit affecting virtually 
all rocks within the central Newman Peninsula. Rock within the 
Bell open pit are often so intensely altered that identification of 
the original rock is difficult. 

Hydrothermal alteration in the porphyry copper deposits of the 
Babine region developed first as an inner core of potassic altera- 
tion mantled by a shell of propylitic alteaation. This pattern of central 
potassic (biotite-magnetite) and peripheral propylitic (chlorite- 
carbonate) alteration is best preserved in the Morrison and Hearne 
Hill deposits. A moderately to intensely developed sericitecarbonate 
alteration overlaps the potassic/propylitic zone at the Bell and 
Granisle deposits. In addition, a well developed, quartz-seriute stock- 
work occurs peripheral to the biotite-magnetite core in the Bell 
deposit. Carson et al. (1976) concluded that the sericite-mbonate 
and quartz-sericite record later stages of alteration which overprinted 
the earlier chlorite-carbonate and biotite assemblages. 

Description of Hostrocks 
Hazelton Group 

Rocks assigned to the Telkwa Formation of the Lower Juras- 
sic Hazelton Group occur east of Newman Fault and are the oldest 
exposed at Bell. Unaltered rocks OCCUT on the northern and s~uthern 
parts of Newman Peninsula and along its eastern shore. The 
dominantly marine succession consists of green aquagene tuff and 
tuffamus argiUite overlying massive light green volcanic flows, 
amygdaloidal basalt and green volcaniclastia. 

Within the Bell deposit, Hazelton Group rocks have experienced 
weak to intense alteration. Diamond drilling and pit wall mapping 
have shown them to be predominantly tuffs with minor intercal- 
ated siltstone. Alteration is dominantly sericitic to weak quartz- 
sericitic resulting in an aphanitic grey-buff coloured rock known 
as “buff tuff” in mine terminology. Zones of medium to dark 
brown-grey biotite-altered tuff occur in the central northeast por- 
tion of the Bell pit. The unit is cut by a fine network of hairline 
fractures commonly displaying sericitic alteration envelopes. Sul- 
phide mineralintion occurs as disseminations and in stockworks. 
Copper grades vary from trace to over 1%. 

Skeena Group 
Lower to Middle Cretaceous Skeena Group rocks are found 

west of Newman Fault and consist of interbedded tuff, siltstone, 
argillite and shale. Rare beds of pale green, swelling bentonite were 
observed in diamond drill core. 

Skeena Group rocks adjacent to and within the pit display vary- 
ing intensities of alteration with sericite-carbonate alteration 
predominant. In areas with intense alteration, original textures have 
been destroyed. Where rock type could not be distinguished, the 
rocks were classified as undivided sedimentary rocks. Rocks are typi- 
cally very fme grained and buff-yellow-grey to dark grey in colour. 
Sedimentary rocks generally display a fine hairline stockwork con- 
taining up to 3% disseminated sulphide mineralization. 

Chlorite-carbonate altered rocks are exposed on the west and 
northwest side of the pit. The fme-grained rocks are pale to dark 
green with buff sericitic and brown biotitized sections. The dark 
green colour is imparted by smectite clays in the dtstones after horn- 
felsing or hydrothermal alteration has removed the darker organic 
matter. Hairline stockwork veinlets locally display sericitic altera- 
tion envelopes. Sulphides occur as disseminations and fme fracture 
coatings. Exposures of Skeena Group rocks on the upper benches 
of the Bell pit were baked to a brittle dark brown biotite hornfels 
representing early developed biotite. 

Babine Igneous Suite 
Subvolcanic intrusions of Eocene rhyolite, rhyodacite and bio- 

tite feldspar porphyry (BFP) were emplaced across the trace of the 
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CRETACEOUS LEGtNU 
EOCENE 

BABINE IGNEOUS SURE SKEENA GROUP (Ubian?) 
Post stockwork biotite plagioclase porphm Intermediate fragmental volcanic rocks- 4 dike. black. hard. 
Quartz biotite plagioclase porphyry (QFP, 
QBFP). White. Post stockwork. 

Explosion breccia. Boulders and cobbles of 
BFP in a tuffaceous matrix. 

Blotite piagioclawr porphyry, moderate to 

Black shale, siltttone. pale green tuff. 

JURASSIC 
HAELTON GROUP 

Smithers Fannation (Baiooian): 

Nilkltkwa Formdon? PI 

rocks. brtck red tuff. 
Telkwa Formation (5inemurlan): 
Kokine Facies (marlne). 

Dark green marine tuff, sandstone. 

-k pervashn qz-serpy alteration (BFP qz-oar) ifemus. 
Dark brown greywacke, highly fossil- 

Quartz stockwork. Intermediate volcan f c 
Biotite pla ioclase porphyry, biotite magnetlle 

porphyry undMded (BFP). 
alteration TBBFP) and biotite plagioclawr 

Rhyollta. rhyodacb. Dikes, plugs, and 
domes. Sparse plagioclase phenooysk. 

Green and grey intermediate volcanic & 
volcaniclattic rocks, amydaloldal basalt. I 
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I Y Y I ,LITHOLOGY 

ALTERATION ZONING 

EOCENE 
BABINE IGNEOUS sum 

Quartz blotlto plagbolasr 8 pcrtlally morbul 
quo& phmwysh (OFP,O~$%kll e. mauivb. Port 
stookwork. 

Rhyollh.. rhyodaolh wlth span. plaglodas. 
phenacv.1.. Pale plnk to whlh 1" colaur. 

CRETACEOUS 
SKEENA OROUP (Alblm?) 

Black ahale. rillston., pale green luff. 

JURASSIC 
HAZELTON GRWP 

Tdkwa Formallon (Slnmwdaan): 
Kofsln. facin (marlno). 

Andun.. dark g m n  marlne luff. .ond.ton* 
Undivldsd whom . xhnJn ly  aHeM. 

COPPER GRADES 

fgj .20 to .50 x C". 

>.M x C" 

ALTERATION ZONING 

W r o t b n n d  blont. m 
to nr. Py 1-3% ow Y-lS fmctuun flnhgw > 
dlemlnal.4. 

notit-. Pbg f m h  to aHem 

Newman Fault on Newman Peninsula. Extrusive equivalents are 
preserved in a down-faulted block 2 km south of the Bell mine. 

wall of the Dell pi[ are encrusted with bright ycUow jarosite, white 
melanterite and blue cuorian melanterite (Canon et al.. 19761. The 

indidng the intrusive complex once formed part of a volcanic pile. 
The felsic rocks appear to occupy a dilatant wne formed along 
the N m a n  Fault. Successive pulses of BFP intrusions may indi- 
cate a magmatic centre which migrated across the peninsula from 
west to east. The fd intrusive pulse was preceded by an expb 
sion, possibly laterally directed, that destroyed a part of the 
southeastem portien of the orebody. 

Rhyodacite 
Eocene rhyodacite occurs as large masses exposed a c r ~  the 

middle of the Newman Peninsula. Rocks of dadtc to rhyolitic corn- 
position are grouped as undivided rhyodacite Wg. 3). Unaltered 
specimens contain approximately 70% SiO,. In general, they con- 
sist of a very pale pink, greyish-green, buff or white aphanitic 

growth of sulpbates may be related to &e underlying wholkrock 
composition; the highly siliceous rocks are low in G O ,  MgO and 
other acid consuming constituents. 

Rhyodacite outside the almtion halo may be either b r d e d  
or massive; some breccia fragments display flow banding. Closer 
to the orebody, &cite ahration, hairline fractures and stockwork 
development increase. Fine-grained sulphide disseminations 
predominate with minor sulphide mineralization witbin the frac- 
tures and stockwork. 

Rhyodacites and adjacent rocks within the ore zone exbibit in- 
tern quartz-saiate alteration. Feldspar phenonysts are scattered 
and indistinct, ahnost blending into the groundmass. The unit is 
cut by a fine, intense stockwork of grey to purp!+geyquartzvehlets 
and d ~ h i d e  sthgm containk chalcomite and mi te  as blebs 

grounmnasS with mttered indistinct white f- phenoaysts (<2 
mm). Textwes in alterd rhyodacite range from eaahy and soft 
in micitecartmate altered racks to vitrmns and hard in quarb 
&cite altered rocks. The rocks are usually brittle with broken sur- 
faces being sharp and angular. Weathered exposures on the north 

and disseminations. Finelydivid& sulphih;. diss&tions are also 
common in the matrix. Lesser mounts of h d t e  and magnetite 
occur as hairline fracture f-. Rougbly 30% of the Bell ore- 
body is contained in rhyodacite; pavasive crackle brecciation of 
the silicmw and brittle rock provided the higb porosity and pame- 
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ability necessary for circulation of hy 
tion of sulphides. 

iermal fluids and deposi- 

Biotite k Hornblende Plagioclase Porphyry (BFP) 
Lithology and Geochemistry 

BFP intrusions at the Bell mine OCCUT as irregularly shaped sub- 
volcanic plugs and dikes crosscutting rhyodacite intrusions and 
Mesozoic sedimentary and volcanic rocks. Spatial relationships sug- 
gest emplacement of BFP occurred soon after intrusion of rhyo- 
dacite although the body of rhyodacite exposed on the north wall 
of the pit appears to intrude the main BFP plug which has been 
dated at 51 Ma (Carter, 1974). 

The BFP intrusions extend over an elliptical area 1u)o m by 
600 m with the long axis oriented southeast (Fig. 3). Contacts of 
BFP with country rock are nearly vertical (Fig.4) although the stocks 
appear to ooalesce at depth. An apophysis from the main BFP intru- 
sion extends to the northwest and hosts the 16-zone mineralization. 

Unaltered BFP outcrops on Newman Peninsula south of the 
mine. The rocks have a medium grey to dark grey fine-grained 
groundmass enclosing abundant biotite, hornblende and feldspar 
phenocrysts. Phenocrysts range in size from 1 mm to 4 mm and 
impart a moderately crowded porphyritic texture. In thin section, 
hornblende phenocrysts not affected by hydrothermal alteration are 
reddish brown to brown needles of “basaltic” hornblende and com- 
monly have dark opacite r ims of iron oxides and pyroxene. 
Plagioclase phenocrysts exhibit complex zoning and polysynthetic 
twinning. Primary biotite phenocrysts are normally fresh, euhedral, 
dark brown to reddish brown coloured in thin section and appear 
to have crystallized late. Silica contents range from 56% to 639’0, 
K 2 0  contents range from 2.3% to 3.2%, averaging 2.5% and 
A1203 averages 15.4%. The Al2O3/(Na20 + K20 + CaO) ratio 
ranges from 1.18 to 1.92, averaging 1.41. Titanium is low, averag- 
ing 0.74%, and Sr is exceptionally high, averaging 880 ppm (Ogryzlo 
et al., this volume; Ogryzlo, in prep.). The overall composition is 
that of an acidic high-K calc-alkaline hornblende andesite. However, 
immobile trace element ratios are more typical of alkaline rocks, 
with the ratio of NbN> 0.67. 

The presence of hornblende warrants discussion. Hornblende 
phenocrysts are typical of mediurn to high-K andesites crystaking 
from hydrous melts (Gil, 1981) and emplaced at topographically 
and stratigraphically high levels in stratovolcanoes. Fractionation 
of a silica-poor phase such as hornblende requires at least 3% H20 
and is an efficient mechanism for increasing SiOz in the residual 
melt. Mineralogy and wholerock chemistry, particularly enrichment 
in incompatible elements such as K and Sr, are characteristic of 
andesite emplaced in a continental magmatic arc at a considerable 
distance from a subduction zone, having traversed a considerable 
thickness of continental crust. 

Alteration in BFP 
Alteration zoning is best displayed by progressive mineralogi- 

cal changes in the BFP. Hornblende is least stable and is the first 
mineral to show the effects of hydrothermal alteration. Chlorite 
and apple green epidote replace hornblende on the fringes of the 
alteration halo and mark the outer limits of propylitic alteration. 
Calcic zones in plagioclase are altered to concentric shells of car- 
bonate and clay minerals. In the Bell pit, chlorite altered BFP occurs 
largely on the northwest edge with minor patches occuning through- 
out the deposit. Chlorite tends to impart a dark green-grey cast to 
the rocks. Biotite and pale grmaeam coloured feldspar phenoaysts 
are replaced by sericite, carbonate and greenish clay minerals. Horn- 
blende phenocrysts are replaced by chlorite. Late fractures and vein- 
lets filed with carbonate are common. Sulphides occur as fine 
disseminations, as veinlets and within the carbonate fracture fillings. 

Biotite altered BFP, defined as BBFP, OCCUTS in the central part 
of the main intrusion and represents the potassic core of the deposit. 
Abundant black primary (magmatic) biotite, sucrose brown 
hydrothermal biotite, magnetite and cream to white feldspar 
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phenocrysts appear in xk brown-grey, fine-grained groundmass. 
Feldspar phenocrysts range from relatively unaltered to completely 
replaced by sericite. Hydrothermal biotite becomes more abundant 
and coarser grained closer to the orebody. 

The BBFP core is weakly to intensely silicified. Brittle failure 
has affected a large area on the southeastern wall of the Bell pit, 
resulting in the propagation of horizontal tension fractures in the 
BBFP. Spacing on the fractures is from 1 cm to 4 cm. The frac- 
ture surfaces appear as rough partings with no evidence of move- 
ment. The rock is easily broken apart by hand and reassembled 
by fitting the rough pieces back together. 

The BBFP is cut by gypsum filed fractures and veinlets. Quartz 
filed fractures are rare. Hematite and magnetite occur as dissemi- 
nated blebs and hairline fracture f&gs. Alteration in BBFF is 
largely isochemical, with minor addition of volatiles (Ogryzlo, in 
prep.). Copper mineralization is generally weak in this unit but lo- 
cally may attain ore grade. Sulphides consist mainly of fine-grained 
matrix disseminations or sparse blebs (to 5 mm) and minor frac- 
ture fw of pyrite, chalcopyrite, bornite and minor molybdenite. 
Rare native copper has been identified. 

Within the potassic core are zones of intense argihc alteration. 
Near contacts with post-stockwork quartz-biotite-feldspar (QBFP) 
intrusions, BBFP is locally altered to green masses of disaggregat- 
ed biotite phenocrysts, plagioclase phenocrysts and groundmass. 
Plagioclase contains a pale green alteration biotite and swells on 
exposure to moisture, causing disaggregation and an earthy texture. 
Chemically, the rocks are characterized by depletion of alkalis and 
CaO (Ogryzlo, in prep.). The alteration is attributed to the circula- 
tion of corrosive hydrothermal fluids emanating from the post- 
stockwork QBFP intrusions. 

Superimposed across the propylitichiotite-magnetite alteration 
zones is a well developed quartz-sericite-pyrite stockwork. Quartz- 
sericite-pyrite alteration is best developed in the western half of the 
main intrusion and includes roughly 50% of the copper-gold ore. 
Rocks in this zone exhibit pervasive quartz flooding and sericite 
alteration to the point where original textures are obliterated. Where 
textures are discernible, rocks are typically light buff-grey in colour 
with intensely sericitized soft white feldspar and soft buffcoloured 
biotite phenocrysts. The zone is characterized by crackle breccia- 
tion filed with a closely spaced stockwork of grey to purple-grey 
quartz veinlets and stringers. Chalcopyrite, pyrite and minor bor- 
nite occur as fine groundmass disseminations in the hostrocks and 
within the quartz stockwork. Areas with very intense quartz vein- 
ing have mosaic breccia textures in which unrotated angular frag- 
ments may be reassembled into their original positions. 

The quartz stockwork does not extend into the central core of 
the deposit which remains as a zone of intense biotite-magnetite 
alteration with only weak copper mineralization. The transition from 
quartz-sericite-pyrite altered BFP to the central zone of biotite al- 
tered BBFP is striking. Copper grades decrease inward from 
>0.50% Cu to <O.u)% Cu over a distance of 10 m to 20 m, stock- 
work quartz veining disappears and the colour of the rocks changes 
from the brilliant white of the quartz-sericite zone through a pale 
green transitional zone to dark grey or black in the biotitemagnetite 
zone. 

Quartz k Biotite-Feldspar Porphyry (QBFP and QFP) 
A post-mineralization intrusion of quartz-biotite-feldspar por- 

phyry (QBFP) replaces the southeastern quadrant of the orebody 
above the 580 m elevation. Quartz-biotibfeldspar porphyry (QBFP) 
is distinguished from quartz feldspar porphyry (QFP) by the presence 
of discernible relics of primary biotite. Both rock types are consi- 
dered as undivided QFP in the following discussion. 

Exposures of QFP on the southeast wall of the pit are bright 
white in colour and massive in appearance. In cross-section, the 
main QFP body appears to have a narrow feeder dike at depth 
that flares upward to form a “champagne-glass” shape (Fig. 4). 
A number of smaller QFP dikes occur throughout the southeast 

CIM Special Volume 46 



and central east portion of the pit, as outlined by diamond driuing 
and pit wall mapping @g. 5). 

The QFP is similar in appearance to intensely seridtized BFF' 
but the two may be dkhgukhed both texturally and mineralogi- 
&. Most notable is the absence of fr?lcturing and stockwork devel- 
opment in the QFP. Chalcopyite is present in QFP only in minor 
am0m as dissgldnahbns d w e a s - f i l l i n g s . Q u a r t z  
feldspar porpbyry is charactenzed ' by the presence of phenouysts 
of partiauy resorbed unstrained ''volcanic" quartz as OLweNed in 
thin d o n .  It has a more linegained, mded  porpbyritic tex- 
ture than BFP and lacks black primary biotite phenouysts. B~otite 
has be~l a y  saicitized resulting in t m a i - d ,  soft, pearly 
and platy altaed phenouysts. Pervasive Eerici-bonate altera- 
tion has developed in feldspar to produce white to mamaloured 
altered p h e n m t s  with a w a ~ ~  to earthy texture in a light buff- 
grey grmmdnms. Weak gypsum veinlets are developed locally. 

ically, hydrothermal alteration in QFP is characterized by the 
duction of volatile& Loss on ignition ranges from 8% to 12%. 
Depletion of alkalis, particularly N%O, and bigbly variable 
alumina content (15% to 24%) indicates that leaching by corrosive 
hydrothennd fluids has also affected QFP. Alumina enrichment 
indicat~ that Al& has remained as a refractory phase under 
hydrothermal allaation as other elements were selectively moved. 

Breccia 
In addition to the crackle and mosaic brecdas in the quartz- 

micibpyrite stockwork wne, pebble dike, collapse and explosion 
breccias have been OM at Bell. 

Porphyry Deposits of the Northwestern Cordillera of North Arne 

F y r i t e m a s i i n s ~ d i s s g l d n a h b n s  from 1% to 3%. chan- 

canentedwithpylireandquam.0pmspacesareahundant.k 
features have beRl armbuted to latbstage venting of steam and gar 
from the intrusion. 

A prominent collapse hrecda is apored on the northeast waU 
of the pit along the nonhem contad of the QPP. The breccia is 
characterized by angular metre-long slabs of QFF' supportrd by 
d e r  dases of tuff containing mineraliml stockwork veinlets Ti, 
6). Clam of QF'P and tuff are encased with m i h e m  thick rinds 
of blitck chalcedony and pyrite. The brecda appears to have formed 
from slabs and blocks of QFP caving into a void partidy filled 
with stockwork mineralized rubble. Fluid inclusions in the chalcc- 
dony canent are vapour fied, indicadng that cementation coin- 
cided with the movement of steam through the hrecda. The breccia 
is dmilar in appearanoeand modeof formadon to minaalized brec- 
cias found &where in the Bahine region, panicularly on Heame 

Explosion breccias have been remrded from diamond drilling 
southeast of the QFP intrusion and are poorly exposed at the base 
of the dl on the south wall of the pit. There, the brexia consists 
of rounded 30 an to 60 an boulders of BFF' in a poorly consoli- 
dated matrix with some boulders exhibiting exfoliated surfaces. 

Hill (Ogryzlo n al., this volume). 

Mineralization at Bell 
The core of the Bell orebody, as defined by the 0.30% Cu con- 

tour, is crescent shaped in plan benvgn bedrock surface and 580 
m elevation with the crescent open to the southeast. The northeast 
limb is separated from the main orebody by a barren late-stage 
BHF'P dike referred to as the northeast wane horn. The 16-rone. 
a low-grade extendon of the main orebody, lies northwest of the 
main orebody which it joins at depth. Below 580 m elevation, the 
muin orebody becomes essentially annular in plan although gmda 
to the southeast tend to be lower than thase to the ~ r t h  and west 
0%. 3). The dg.reau ingrade in thesoutbeast quadrant may reflec~ 
muaural ofTxt caused by collapse and fa- The low& core 
of the annulus is approximately 100 m by 200 m in sire and hen& 
655". It coincides with the potassic wne as represented by the core 
BBFF' phase. 
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n e  distribution o e  of silver * e r u o n  is als~ npt 
fully understood. Systananc dver arsaylng was not done on drill 
core until after 1988. Some zoning is evident on the bads of blan 
hole assays. Producdon records indicate average recovaed silver 
was 0.36 p/t from ore estimated to have a head grade of I p/t. 

Molybdeniu occurs as fracture fihgs, di\seminations and small 
blebs. It rends to be slightly more scattered spatially than copper, 
with higher wncentdons internal u) high-grade copper wnes. 

oreb~dy which amages O.WWO 
MO. TIXS of- throughout the orebody as time dis- 
vminadons and with chalwpyrite as [racture coatings. A dininn 
bomite zone does not d s t .  Marcasite and pyrrhotite, although of 
minor hpomce, OCNI throughout the deposit as rare blebs and 
disseminations. Sweraar omus mostly in t h w e  wne 
replacing chalcopyrite and ma& pyrite. Traces of pnmary chal- 
mdte were found in drill wre throughout the orebody. Minor galena 
and sphalerite occur in late quartzarbonate veins that cut the 
deposit and sunounding rocks. 

7___ a b ~  

I 
FIGURE P. Rhyod.dfe wilh i&mt pusrasaidtawrite dteration and 
ahdnp. 

The principal copper mineral at Bell is chalwpyrite with minor 
brnite and chalcodte. Gold and silver were also recovered in wn- 
centrate. Non-ewnomic dphides include pyrite with minor pyr- 
rhotite, mcasite, molybdenite, sphalerite and galena. 

Minerdhation OCCUIS in all rock types but the majority of the 
copper-gold ore lies within pasively quartz-sericite altered thy+ 
dacite and BFF' (Figs. 7a, 7b). In this zone, chalcopyrite and pyrite 
OCCUT as f i e  dissanination, fracture fillings and within the intense 
quartz stockwork cutting the rhyodadte and BFF'. The average cop- 
per head @ over the life of the Bell operation was 0.47% Cu. 

The distribution and grade of gold mineralization at Bell is 

gold until after 1988 and gold occurs in quantities near assay de- 
tection limit. A 1992 checkassay program covering over 500 com- 
posite samples indicated significant differences between gold vahw 
obtained using commercial fm assay methods and those obtained 
using in-house atomic absorption methcds. The differences in some 
sample pairs exceeded 100% and reflect both sampling problem 
and labratory b. The Bell mill production records indim reco- 
vered gold averaged 0.16 p/t over the life of the operation. The 
average head grade and mvery factor cannot be stated with cer- 
tainty, but are estimated at 0.26 g/t Au and 62%. respectively. 
Regardless of absolute values, there is a close correlation between 
coppa and gold at Bell with higher gold grades associated with 
highs wpper grades. Under the scanning el631011 mimmp, gold 
has been observed as discrete 50 micron particles in embayments 
in chalwpyrite and pyrite grains. 
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U f l d t  t0 quantify. WR WaS Mt SySteIIlatidy assayed for 

Geol y of the Granisle Porphyry Copper- 
Gold%Dosit 

The I h e ~ i s a n ~ a s y m m e h i c a n y  w~clawicporphyly 
coppa-gold deposit with multiple phare dike- 
like intsusiom of the te but exposed at a deeper 
stratigraphic level than the Bell deposit. Dikes of biotite feldspar 
wrpbyly 0 of 
emplaced in island 
lift by regional bloc 
ton Group and the root of the porphm copper-gold system. 

Hazelton Group on McDonald and 
Sterrett Islands 

McDonald Island is largely underlain by marine volcanic and 
sedimentary rocks, included in the Kotsine subaqueous fades of 
the Sinmutian Telkwa Formation of the Lower Jurassic Hazelton 
Group m p p a  and Ricbards, 1976a). The volcanic and sedimen- 
tary s u d o n  has been &&led (Fahmi et al., 1976) into a sedimen- 
tary/epiclastic member and a volcanic member. The central and 
eastern parts of the island are underlain hy green to purple inter- 
mediate tuff and breccia with intercalated chert pebble wnglomer- 
ate. These rocks strike northerly, dip moderately to the west and 
are apparently overlain in the westw part of the island by massive 
and amygddoidal andeitic flows and thinly bedded shales (Fahmi 
et al., 1976). Some of the oldest rocks expcd in the area are on 
Sterren Island where the base of the Hazelton Group is marked 
by well-bedded fossihfaous shale, &stone and wnglomemte. Qasts 
within the basal wnglomerate correlate elxwhere with the Triassic 
Takla and Permian Asitka groups which are inferred to underlie 
the Jurassic succesFon (Richards, 1988). It is possible that the chert 
clasts in the wnglomerate exposed on McDonald Island are also 
derived from the Permian Asitka Gmnp. 

Porphyritic, amygdaloidal and fragmental ande&e and inter- 
medmte ash tuff of the Hazelton Group are exposed in the Granisle 
pit. On the east side of the pit, intensely altered Hazelton rocks 
OCCUI as inclusions and roof pendants in the qnartz diorite. Thee 
rocks include strongly biotitized tuffs, mi001 flows and breocias. 
Hazelton Group volcanic and volcanicMc rocks are g e n d y  dark 
grey, weak to mcdemtely silicified and may wntain magnetite. Less 
altaed Hazelton mcks OQW pipheml to the ore wne. The m&- 
ately soft, less alw rocks are multiwloured to pale yellow and 
exhibit weak to moderate saicite/clay alteration. Minor felsic flows 
wnsiSting of scattered feldspar and quartz phenoaysts in a he- 
gained pale yellow gmundmass occur locally on the nortbwest side 
of the deposit. 

Babine Intrusions on McDonald Island 
Copper mineralization is associated with a series of Tertiary por- 
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phyritic intrusions that cut Lower Juras Iazelton rocks in the 
central part of McDonald Island (Fig. 8). Although several intru- 
sive pulses may have occurred at the Granisle deposit (Kirkham, 
1971), two main porphyry phases are idenMied. The two units have 
the same bulk composition but are differentiated by texture, inten- 
sity of alteration and crosscutting relationships. The first intrusive 
stage is a northeasterly trending elliptical plug (Fahmi et al., 1976) 
of quartz diorite microporphyry. The northwestern margin of the 
quartz diorite plug is cut by a more coarse-grained biotite feldspar 
porphyry dike striking 055". Smaller dikes and irregular masses of 
the later biotite feldspar porphyry also cut the older plug. 

K-Ar age determinations on four biotite samples collected in 
and near the Granisle orebody yielded a mean age of 51.2 Ma k 
2 Ma (Carter, 1972). Three of these samples came from biotite feld- 
spar porphyry (both mineralized and unmineralized) and the other 
from a quartz-chalcopyrite-bomite-apatite vein. 

Quartz Diorite Microporphyry 
Quartz diorite microporphyry is exposed on McDonald Island 

as an elliptical intrusive body with dimensions of 500 m by 300 m 
in plan. The rock is composed of 1 mm phenocrysts of mned ands 
sine feldspar and phenocrysts of biotite in a fine-grained to aphan- 
itic groundmass of quartz, plagioclase and biotite (Fahmi et al., 
1976). Primary magmatic amphibole grains have been completely 
altered to fine masses of secondary biotite (Carter, 1972). Hydrother- 
mal biotite, disseminated in the groundmass, imparts a dark grey 
to black colour depending upon the amount of secondary biotite 
present. The feldspar phenocrysts, although locally euhedral, tend 
to be subhedral and somewhat indistinct, with crystal edges merg- 
ing with the groundmass. 

Although the quartz diorite generally has sharp contacts with 
the younger biotite feldspar porphyry, contacts with older units, 
mapped as porphyritic andesite, are indistinct or gradational. Be- 
cause the lithologies are similar in appearance, it has been suggested 
that the quartz diorite may have formed in part either by recrystal- 
h t i o n  or by post-intrusion hydrothermal metasomatism of ande- 
site (Fahmi, 1%7). Alternatively, the andesite may represent a 
synvolcanic intrusion (Piteau and Martin, 1977). 

Crosscutting relationships indicate that the quartz diorite 
microporphyry predates the biotite feldspar porphyry. No age dates 
have been determined for the quartz diorite; hence, the degree to 
which it predates the biotite feldspar porphyry is uncertain. 

Biotite Felhpar Porphyry (BFP) 
Characteristically the BFF at the Granisle mine is a crowded 

porphyry, with phenocrysts of euhedral, relatively fresh plagioclase 
2 mm to 5 mmin diameter, and 1 mm to 2mm flakes and books 
of fresh brown biotite. Phenocrysts comprise 35% to 50% of the 
rock, with feldspar more abundant than biotite. The groundmass 
is a fine-grained to aphanitic mixture of quartz, plagioclase, bio- 
tite, potash feldspar and apatite (Fahmi et al., 1976) which varies 
from light to dark grey in colour. Outside the pit area the BFP 
is a uniform grey colour and contains minor hornblende phenocrysts 
in addition to the plagioclase and biotite phenocrysts. 

Several phases of biotite feldspar porphyry overlap the period 
of mineralization. The most prominent of these is a northeast trend- 
ing dike that cuts the northwest edge of the quartz diorite plug. 
The dike is light to dark grey and ranges in composition from quartz 
diorite to granodiorite depending on the amount of potash feld- 
spar present, most of which is secondary (Carter, 1972). The dike 
averages roughly 120 m in thickness, increasing to 200 m thick in 
the pit. 

Alteration in the Granisle Deposit 
Biotite-Magnetite (Potmic) Alteration 

A crudely oval zone of potassic (biotite-magnetite) alteration 
is coincident with, but of greater areal extent than the copper ore- 
body (Fahmi et al., 1976). Within this zone, finely disseminated 

hydrothermal biotite colc Xazelton rocks and the quartz diorite 
microporphyry dark brown-grey to black. The rocks are weakly 
to intensely silicified and contain variable amounts of disseminated 
magnetite. Gypsum veinlets, where present, generally OCCUT in biotite 
altered rock. Phenocrysts in the microporphyry (especially biotite) 
tend to be obscured by alteration. Primary magmatic hornblende 
is replaced by he-grained aggregates of secondary biotite. Magnetite 
tends to be most strongly developed near borders of the ore mne 
and occufs both as fine stringers and rims on biotite phenocrysts 
(Fallmi, 1%7). 

The younger BFP appears fresh in hand specimen and 
phenocrysts are essentially unaltered; however, the groundmass con- 
tains sparse to abundant light to dark brown secondary biotite uni- 
formly distributed throughout the rock. Secondary potassium 
feldspar is also present within the ore zone but is of limited extent 
and detectable only by petrographic staining (Fahmi et al., 1976). 
It is fine-grained in the groundmass and also occurs as thin enve- 
lopes enclosing veinlets and fractures. 

Carbonate-Sericite-(Quartz)-Pyrite Alteration 
The central biotite/potassic alteration zone grades outward to 

a carbonate-sericite-quartz-pyrite zone which forms a partial ring 
around the deposit (Carson and Jambor, 1974). In this zone, in- 
trusive and volcanic rocks weather to a bleached buff colour, mafic 
minerals are altered to a mixture of sericite and carbonate, and 
plagioclase phenocrysts are variably sericitized. Pyrite and marca- 
site are abundant, comprising 3% to 5% of the rock by volume 
and occuning as both disseminations and stringers. Although coarse- 
grained BFP locally bears ore grade mineralization, the sericite- 
carbonate zone is generally classified as waste. 

Carbonate-sericite-pyrite altered rocks are exposed on the north- 
western wall of the Granisle pit and crop out southwest of the pit. 
This alteration assemblage weathers with a bright yellow jarosite 
stain on exposed surfaces. Where marcasite is present, weathering 
is rapid, with the rock breaking down within the space of a few 
years to a yellowish mass of clay minerals. 

Dacite and other felsic units, described in earlier publications, 
have been reclassified as carbonate-sericite altered rock. Some of 
these units, however, may be equivalent to the latsstage quartz- 
biotite-feldspar porphyry (QBFF/QFP) unit identified at the Bell 
mine. 

Chlorite-Carbonate-Epidote (Propylitic) Alteration 
Minor propylitic (chloritearbonateepidote) alteration is exposed 

on the periphery of the pit and locally within blocks of waste in 
the main orebody. In the pit, weak propylitic alteration is indicated 
by a green tinge to the groundmass and/or feldspar phenocrysts 
accompanied by variable degrees of carbonate fracture filling. 

Rocks outside the pyrite halo show varying degrees of propylitic 
alteration, with chlorite, carbonate and epidote as common consti- 
tuents (Carter, 1972). 

Structure in the Granisle Deposit 
McDonald Island is bracketed to the southwest and to the north- 

east by two northwesterly trending block faults (Fig. 8). One crosses 
the west side of the McDonald Island and the other extends along 
the channel separating the island from the east shore of Babine Lake 
(Carter, 1972). 

Between these block faults, a complementary set of faults striking 
predominantly 025" is exposed in the pit, with the most prominent 
faults dipping 57" to 75" east and secondary faults dipping steeply 
to the east and west. The major faults contain thick sections of 
gouge and breccia and have slickensides developed on the fault sur- 
faces. Although displacement is often ambiguous, local offset rela- 
tions show left-lateral displacement (Piteau and Martin, 1977). 
Copper bench-assay plans also suggest some vertical offset occurred. 
Dominant joint patterns are subparallel to the main fault patterns. 
The structural pattern indicates that the BFP intrusions at Granisle 
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were emplaced in a transtensional dilatan .ie between two right- 
stepping transverse faults subjected to dextral shear. 

A north-northeast striking zone of quartz stockwork cuts across 
the main zone of biotitemagnetite (potassic) alteration. Within this 
stockwork, 60% of the stringers are oriented 285"/80"E; 30%, 
010"/80"E; and 10% are horizontal (Fahrni, 1%7). 

Mineralization and Ore Zone 
The major portion of the Granisle deposit is contained within 

an elliptical zone of pervasive biotite-magnetite (potassic) alteration 
with its long axis orientated northeast. The limits of mineraliza- 
tion, as defmed by the 0.10% Cu isopleth, form a northeast trend- 
ing elliptical body 800 m long by 450 m wide (Fig. 8). Symmetry 
of copper grade distribution is disrupted by two pipe-like bodies 
of waste. These waste zones form continuous vertical structures 
which flare slightly at depth. The zones are elliptical in plan with 
long axes roughly oriented 075" and 350". The shape and distribu- 
tion of these internal bodies of waste suggest that mining opera- 
tions may have been nearing the bottom of the copper mineralized 
portion of the porphyry system at the time of closure in 1982. 

The principal sulphide minerals in the Granisle ore zone are chal- 
copyrite, bornite and lesser amounts of pyrite. Visible sulphide con- 
tent in the ore zone is low, generally comprising less than 3% of 
the rock by volume. Chalcopyrite is most widespread, occurring 
as disseminations both in the quartz stockwork and in the ground- 
mass. Bornite is most concentrated in the southern half of the ore 
zone and was more abundant in the upper portions of the orebody 
(Fahrni, 1%7). The average head grade over the life of the Granisle 
operation was 0.47% Cu. 

Gold occurs as grains of electrum ranging in composition from 
81.5% to 88.5% Au, with the balance being silver (Cuddy and Kes- 
ler, 1982). The grains of electnun are 10 to 60 microns across and 
are found in grains and on selvages of bornite. Recovered gold grade 
at Granisle was less than that of Bell, averaging 0.13 g/t d e d .  
Annual production records indicate a significant decrease in 
recovered gold grade with depth. Average head grade has been esti- 
mated at 0.2 g/t. 

The average recovered silver grade at Granisle was 1.3 g/t and, 
like gold, appeared to decrease with depth. The average head at 
Granisle has been estimated at 2 g/t Ag. 

Molybdenite, galena and sphalerite occur in small amounts in 
the Granisle deposit. Drill core and blast hole sampling in 1977 and 
1978 indicated that molybdenum was distributed in a more or less 
annular zone surrounding the high-grade copper zone. Average grade 
within the 0.005% Mo isopleth was estimated to be 0.010%. Ris- 
ing prices for molybdenum in 1978 to 1980 encouraged the instal- 
lation of a molybdenum recovery circuit which was completed in 
1980. Recovery of molybdenum was abandoned shortly thereafter 
due to metallurgical difficulties arising from the erratic distribution 
of molybdenite within the deposit and the significant drop in price 
after 1980. 

Although ore may be present in any of the mine lithologies, 
it is more dominant in the quartz diorite microporphyry. Much of 
the ore grade material is associated with a quartz stockwork that 
parallels the main axis of the biotite-magnetite (potassic) zone; 
however, ore grades also occur in rocks containing only dissemi- 
nated copper minerals and lacking the quartz stockwork. 

Fluid History, Temperature and Depth of 
Emplacement of the Babine Porphyry 
Copper-Gold Deposits 

Strongly saline magmatic-hydrothermal brines were instrumental 
in the early evolution of the Babine porphyry copper-gold deposits. 
Magmatic waters were essential to the development of the central 
potassic biotite-magnetite-chalcopyrite core zones and peripheral 
propylitic (chlorite-carbonate) zones at Bell, Granisle and Mom- 
son. Increasing dilution of magmatic-hydrothermal brines with 
meteoric waters led to the development of sericite-carbonate-pyrite 
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FIGURE 9. Fluid sourres and hydrothermal evdution of the Babine por- 
phyry copper deposits (from Zaluslri, 1992). 

alteration at both Bell and Granisle and an overprint of quartz- 
sericite-pyrite stockwork at Bell (Wilson et al., 1980). 

At 55" North latitude, Granisle and Bell are the most northerly 
porphyry copper mines in the world. The stable heavy isotopes of 
hydrogen and oxygen (D and 1 8 0 )  in rain and snow become 
progressively more depleted in relation to Standard Mean Ocean 
Water with increasing latitude and increasing altitude. Depletions 
are recognized by low or negative values for 6D and 6180, with 
more negative values indicating greater depletion. In addition, 
meteoric waters are significantly more depleted near the west coast 
of North America. For these reasons, meteoric waters in the north- 
central Cordillera have 6D and 6180 values of approximately - 150 
and - 20 per mil, respectively, among the lowest on the continent. 
Pristine magmatic waters are less depleted than meteoric waters in 
the northern Cordillera. Isotopic values are in a relatively narrow 
range of -50 to -86 for 6D and + 5  to + 10 for 6180 (Guilbert 
and Park, 1986). The isotopic contrast between meteoric and mag- 
matic waters for the Babine deposits will, therefore, be greater than 
for most other deposits in North America. This contrast makes the 
Babine deposits particularly amenable to studies involving the mixing 
of magmatic and meteoric waters in hydrothermal alteration. 

Calculated isotopic values of waters in equilibrium with biotite 
at 541 "C in the biotibmagnetite (potassic) zone at Bell have a mean 
6D%o of -86 per mil and a mean 6 W t z o  of 7.2 per mil 
(Zaluski, 1992), indicating they were primarily of magmatic origin. 
Indicated compositions for waters in the outer propylitic zone yield 
a 6Dy of - 112 per mil and 6Wq0 of 7.4 per mil. The lower 
value or 6D in the propylitic zone suggests depletion of D from 
mixing of magmatic waters with a lesser component of isotopically 
evolved lighter meteoric waters. Nonetheless, magmatic waters ap- 
pear to have dominated the hydrothermal system during the for- 
mation of the initial central potassic and peripheral propylitic 
alteration zones. 

Strongly saline potassiumenriched chloride brines of mainly 
magmatic origin were responsible for potassium alteration and 
copper-gold mineralization at Granisle. Isotopic compositions for 
waters in equilibrium with biotite in the biotite-magnetite (potas- 
sic) zone at Granisle were similar to those at Bell. Calculations of 
fluid compositions at 541°C yield 6D ranging from -47 to 
-95 per mil and 6 W t z o  of 7.1 to 8Yper mil. Temperatures, 
however, were higher at Granisle than at Bell. Potassic alteration 
and ore at Granisle formed at temperatures ranging from 400°C 
to over 800°C (Wilson et al., 1980) from potassiumdched fluids 
(KMa >0.2) having a mean salinity of 64.7%. Fluid inclusions 
contain liquid + vapour + halite + sylvite f an unidentified K- 
Fe-Cl phase, in contrast with inclusions from the Bell deposit which 
lack sylvite. Isotopic data from the propylitic zone also indicate 
predominantly magmatic waters. 
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Mixing of magmatic waters H I component of evolved 
meteoric waters appears to have been responsible for sericite- 
carbonate alteration at both Bell and Granisle (Zaluski, 1992; Fig. 9). 

waters. Circulation iorrosive mixed meteoric and magmatic 
hydrothermal brines leached copper and gold from the biotite- 
magnetite zone. Precipitation of sulphides from strongly saline chlo- 

M k m g  of isotopically lighter meteoric waters with strongly saline 
magmatic waters under acidic reducing conditions was responsible 
for the quartz-sericite (phyllic) overprint at the Bell deposit. Waters 
in equilibrium with mineral separates in the quartz-sericite (phyllic) 
overprint at Bell are isotopically lighter than magmatic waters 
(Zaluski, 1992). Calculated fluid compositions at 400°C range be- 

ride brines increased [H+]  and [Cl-] ion concentrations and 
lowered pH. Acidic, reducing, copper- and gold-enriched brines cir- 
culated through the shattered highly permeable BFP and rhyoda- 
cite subsequently bleaching and altering the rocks. Chalcopyrite and 
electrum were deposited with pyrite in quartz stockwork that healed 
the fractures in the bleached and broken rocks. 

tween 1.8 and 4.6 per mil for 6Wq0 and between -101 and 
-130 per mil for 6 ~ % ~  in the quartz-sericite zone. Fluids 
trapped in inclusions in the quartz-sericite stockwork at Bell have 

Bell Deposit: Explosion, Collapse and 
Intrusion of QFP 

mean salinities of 66.1% NaCl equivalent, K/Na <0.2, and 
homogenize by halite disappearance after disappearance of vapour 
between 289°C and 619°C (Wilson et al., 1980). Vapour-rich in- 
clusions are most abundant, with a lesser number of inclusions fied 
with liquid + vapour + halite or liquid + vapour + halite + 
an unidentified K-Fe-Cl phase. Estimates for minimum pressures 
at which the stockwork was developed range between 50 bars to 
100 bars, which translates into a minimum depth of emplacement 
of 150 m to 300 m for the Bell deposit (op. cit.). Formation of 
the quartz-sericite stockwork appears to have involved a mixture 
of magmatic and meteoric fluids (Zaluski, 1992), with an increase 
in salinity from evolution of vapour during boiling. Acidic reduc- 
ing conditions prevailed during deposition of the quartz-sericite 
stockwork. Calculated maximum pH for aqueous fluids in the 
quartz-sericite stockwork was 3.8, assuming K/Na ~ 0 . 2 .  The rocks 
acquired a bleached white colouration as silicates were altered to 
white sericite and oxides were reduced to sulphides. 

Postulated Genesis of the Bell and Granisle 
Deposits 
Emplacement of the Babine Intrusions 

An easterlydipping subduction zone developed along the Western 
margin of the northern Cordillera in Late Cretaceous to Early Ter- 
tiary time. Low degrees of partial melting (around 10%) of mantle 
lithosphere at depth beneath the Stikine terrane led to the forma- 
tion of a hydrous copper-gold bearing alkaline melt which rose to 
underplate the Stikine terrane. Back arc extension and transtensional 
faulting in the Babine region tapped the melt which then rose along 
the deep-seated fractures. Assimilation of the island arc rocks of 
the Stikine terrane and fractionation of hornblende from the ascend- 
ing hydrous melt led to the evolution of a bimodal calc-alkaline 
suite of hornblende andesites and rhyodacites known as the Babine 
Igneous Suite. Fluctuating water pressures from the repeated breach- 
ing of magma chambers led to the development of complex zon- 
ing pattems in plag~oclase. Copper partitioned selectively into residual 
phases facilitated by high Al2O3/(Na20 + K 2 0  +CaO) ratios 
(Feiss, 1978). The Morrison Fault and Morrison Graben, together 
with the offset Newman Fault, served as a locus for the emplace- 
ment of the intrusions. Multiple magmatic pulses formed an Eo- 
cene stratovolcano at Bell at the intersection of northwesterly 
trending normal faults and easterly trending cross faults (Figs. lOa, 
lob). Similarly, multiple intrusions were emplaced as dikes in a dila- 
tant zone between two northwesterly trending faults at Granisle. 

Formation of the Bell and Granisle Zoned 
Porphyry Copper-Gold Deposits 

Circulating magmatic-hydrothermal waters led to the develop- 
ment of zoned porphyry copper-gold deposits at Bell (Fig. 1Oc) and 
Granisle with central biotite-magnetite chalcopyrite mineralization 
mantled by propylitic haloes of chlorite and carbonate. At Bell, 
pervasive brittle failure shattered the BFP and rhyodacite in the 
Western part of the deposit, caused either by release of energy upon 
second boiling and decompression of fluids released from crystal- 
lizing magma (Bumham, 1985) or from an influx of cooler meteoric 

As magmatic and hydrothermal activity was waning in the Bell 
deposit after the formation of the quartz stockwork, continued influx 
of water (possibly of meteoric origin) interacted with hot rock or 
magma. A subsequent phreatomagmatic blast removed the upper 
part of the southeastern quadrant of the orebody and produced 
a crater which was partially fded by coarse vent breccias (Figs. lod, 
lOe). In the core of the deposit, gravity-induced vertical tensional 
stresses caused by removal of support led to brittle failure in the 
central BBFP. Sheeted horizontal tension fractures propagated 
through the BBFP with spacings of 1 cm to 4 cm. 

A final pulse of magmatic activity backf'iied the crater p rodud  
by the explosion with an upward-flaring intrusion of quartz k biotite- 
feldspar porphyry (QFP) (Fig. 1Oe). Massive QFP is exposed in the 
Bell pit where it intrudes shattered BBFP (Fig. 3). The porphyry 
system lacked sufficient energy in its waning stages to induce crackle 
brecciation in the QFP intrusion. However, hydrothermal activity 
continued. Hydrothermal fluids associated with the QFP caused 
pervasive internal sericitecarbonate-pyrite alteration and were 
responsible for the development of patches of argdlic overprinting 
in BBFP. The late-stage fluids were sufficiently corrosive to form 
a solution cavity along the northern contact of the QFP which was 
fdled by the northeast collapse breccia (Fig. 4). Narrow vents bored 
by a fmal episode of gas streaming were partidy fiied with pebble 
breccias. Continued subsidence due to removal of support from 
gas venting or magma withdrawal led to formation of collapse struc- 
tures bracketed by inward-dipping normal faults (Fig. 100. 

The deeper Granisle deposit, undisturbed by similar subvolcanic 
events, was preserved as a classic zoned porphyry copper-gold 
deposit. The b i o t i t ~ r n ~ ~ t ~ ~ c o p ~ t ~ ~ ~ t e  assemblage in the 
orebody was emplaced at a depth which was near the lower limits 
of meteoric water circulation. A small component of deeply cir- 
culating hydrothermal fluids, however, lead to the development of 
an incomplete halo of carbonate-pyrite-sericite alteration. 

Structural Adjustment 
Movement along major regional structures led to uplift of the 

McDonald Island block. The base of the Hazelton Group and the 
roots of the Granisle deposit were exhumed. Unroofing was most 
probably from erosion; however, the deposit may also have been 
dismembered by faulting in a manner similar to the Morrison - 
Hearne Hill deposits (Ogryzlo et al., this volume). The Bell deposit, 
in contrast, remained relatively protected from post-Eocene erosion 
in a down-dropped fault block. Oxidation and weathering of the 
upper portions of the deposit produced a blanket of supergene en- 
richment. Quaternary -on scoured out the subsidenceshattered 
BBFP core of the Bell deposit, forming a central crater-like depres- 
sion. Up to 40 m of varved glaciolacustrine clays were deposited 
in the depression, along with spruce, fir and dwarf birch trees and 
at least one woolly mammoth. Radiocarbon dates of 42 900 -t 1860 
yr B.P. and 43 800 f 1830 yr B.P. were obtained on wood 
associated with the mammoth bones which were dated at 34 OOO 
k 690 yr B.P. (Harington et al., 1974). The ore deposits remained 
thus until their discovery, with the exposed Granisle deposit erod- 
ing into the Babine Valley and Bell protected under its blanket of 
impervious clay. 
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Bell Mine - Mining, Mil: j and Engineering 
P rac 1 ices 
Operating History 

Prestripping of the Bell pit began in 1970. The initial mill de- 
sign and metallurgical process was based on metallurgical tests per- 
formed on drill core composites and the concentrator started 
operations in September, 1972 with a designed production rate of 
9100 tonnes per day (tpd). Actual mill throughput (Fig. llb) ex- 
ceeded design almost from the outset by 10% to 15%. Average 
concentrator production was increased incrementally to 15 100 tpd 
by 1980 and to 16 OOO tpd by the end of mining in 1992. Together 
with the increases in throughput, copper recovery, copper concen- 
trate grade and gold and silver recoveries all improved to a greater 
or lesser extent during the mine life. The advances in concentrator 
performance were largely achieved with enhancements to the con- 
centrator process and with changes in operating philosophy. Oxide 
ore in the upper part of the deposit, however, did degrade concen- 
trator recovery in the earliest years. As well, milling of old, 
weathered, low-grade stockpiles upon closure adversely affected mill 
recovery in 1992. 

Total production from the Bell pit was 77.2 million tonnes of 
ore and 75.8 million tonnes of waste for an overall waste to ore 
strip ratio of 0.98:l. The original or Kraft pit (Fig. 12a) was locat- 
ed in the approximate centre of the current void and was designed 
to produce 42 million tonnes at a strip ratio of 0.52:l (Hall and 
Kraft, 1%9). Original pit production (ore and waste) was 16 400 
tpd (Fig. lla). 

Production increased in 1979 to 33 OOO tpd (ore + waste) when 
the pit dimensions were increased from 48 ha to 100 ha in area, 
additional prestripping was completed and the mining equipment 
was modernized. The expansion was scheduled to produce an addi- 
tional 55 million tonnes of ore at a 1 . 2 1  strip ratio. However, declin- 
ing metal prices and rising costs brought about a temporary closure 
in October, 1982 after only about 25% of the expansion ore had 
been mined. This closure lasted until a waste rock prestripping pro- 
gram was initiated in October, 1983. 

The waste rock prestripping program progressed satisfactorily 
until ore was exposed on the east part of the pit adjacent to the 
QFP, however, anticipated metal price increases did not material- 
ize and mining operations were shut down again. In September, 
1985 operations were restarted with concessions from government, 
labour, suppliers and the company facilitated by the Critical Indus- 
tries legislation which was introduced by the Government of Brit- 
ish Columbia in March, 1985 (Ethier and Laramie, 1990). A modest 
version of the original pit expansion was initiated to produce 17.3 
million tonnes of ore at a strip ratio of 0.75:l to conclude mining 
of available ore from the bottom of the existing pit over a 38-month 
time frame, at a pit production rate of 25 OOO tpd (Fig.12b). 

Improved operating procedures, coupled with an employee 
involvement program and improved copper prices, allowed opera- 
tions to continue past the initial three-year plan. Two additional 
expansions were justified, resulting in pushbacks to the west wall 
and the south wall. These last two pushbacks provided an addi- 
tional 7.2 million tonnes of ore at a 1:l strip ratio and 10.9 million 
tonnes at a 1.1 : 1 strip ratio, respectively. Production rates for these 
expansions were 27 OOO to 30 OOO tpd. With the virtual completion 
of waste mining by the end of 1990, pit production dropped to 
16 500 tpd of almost exclusively ore. By March 1992, 95% of the 
ore projected in the 1979 expansion was extracted. 

Technical factors which contributed to the overall success of 
the Bell mine included ease of grade control, relatively good pit- 
wall stability, “clean” concentrate relatively free of impurities and 
the presence of a core of higher grade mineralization within the 
deposit. With gold accounting for 20% to 35% of the mine revenue, 
the income stream was also partially buffered against economic cy- 
cles. The homogenous nature of the ore meant that sampling and 
daily planning were relatively simple. Dilution was seldom a 
problem: if dilution did OCCUT across a staked waste/ore contact, 

ore grading 0.25% iould usually be diluted with waste grad- 
ing 0.24% Cu unless the staked contact involved QFP or BBFP 
where grade changes were abrupt. The main benefit of “clean” con- 
centrate meant that Bell production was in demand as smelter feed 
even in times of low metal prices. The high-grade core permitted 
flexibility in planning: during periods of low metal prices or during 
wall pushbacks when large amounts of low-grade had to be 
processed, ore from the high-grade core was usually available to 
improve the revenue stream. 

Operating Practice 
Operating practices at the Bell mine evolved considerably over 

the life of the operation to incorporate technological changes in 
equipment and methods and to adapt to the physical and economic 
conditions that presented themselves as mining progressed deeper 
into the orebody. 

Mining 
The mining method used at Bell was traditional open pit: drill, 

blast and muck using truck and shovel. During mining of the final 
expansion pit, but before all waste stripping had been completed, 
the production rate was typically 27 OOO to 30 OOO total tonnes per 
day with 15 OOO to 16 OOO of that being ore. Pit operations ran 
24 hours/day and 365 daydyear. 

The Bell pit (Fig. 12) was mined in 12.2 m (40 ft) benches be- 
ginning with the 2620 bench (798 m asl) on the north wall and 
progressing to the 1540 bench (474 m asl) in the bottom of the pit. 
Safety berms with a nominal width of 16 m were left every second 
bench (double benching) down to the 2180 bench and with a nominal 
width of 21 m left every third bench (triple benching) below the 
2180 bench. 

At mine closure, the pit was serviced by a single haulage ramp 
entering the pit near the primary crusher on the southwest corner, 
spiralling clockwise down the north wall around to the south wall, 
then switching back twice on the southeast wall before continuing 
the clockwise spiral down to the pit bottom. The haul ramp had 
a nominal width of 30 m and a grade ranging from 8.5% in the 
upper part of the pit to 10% in the lower sections. Earlier pit con- 
figurations had an additional ramp on the south wall meeting the 
main ramp at the extreme east side of the pit. This ramp was cut 
off and mined out during the last pushback. Although not origi- 
nally incorporated into the pit design, runaway lanes were retro- 
fitted into the pit layout in later years where possible (usually at 
the junction of the haul ramp and a safety berm). 

Blast hole drilling was done with up to three Bucyrus-Erie rotary 
drills: two 45-R drilling 251 mm holes and a 6@R cidhg 311 mm 
holes. Blast holes were drilled with 1.2 m to 1.5 m of subgrade 
giving an average total blast hole length of 13.4 m. The blast pat- 
tern designs varied depending on the hole size, the rock type, the 
degree of internal rock structure and the direction of blasting. Typi- 
cal production layouts used square pattern with 6.1 m to 7.3 m 
spacing in ore and 7.3 m to 8.5 m spacing in waste, resulting in 
drilling factors ranging from 100 to 175 tonnes per metre drilled. 
Greater ore fragmentation was desired to enhance primary crusher 
throughput while the required fragmentation for waste was only 
governed by the “diggability” of the muck pile. Trim and buffer 
drill patterns were used to minimize wall damage from blasting. 
Trim-hole spacing was usually 3 m to 3.5 m and a single buffer 
row with 4.3 m to 4.9 m spacing was used between the trim row 
and the main production pattern. The trim line was designed parallel 
to the final wall with the toe of the trim holes corresponding to 
the final toe-line of the bench below. 

Blasting was primarily done using bulk ANFO at powder fac- 
tors averaging 0.25 kg/t for ore and 0.20 kg/t for waste. Damp 
holes were blasted using plastic hole liners where possible and pump 
able bulk emulsion was used in extreme water inflow conditions 
(common in the pit bottom). Emulsion averaged 10% to 15% of 
total explosive consumption. Production holes were loaded with 5 
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m to 6 m collars, buffer holes were loaded with about half the 
production charge and trim holes were decoupled using undersized 
115 mm blast hole liners loaded pneumatically with ANFO and sus- 
pended in the hole. 

Initiation was accomplished using a nonelectric system with the 
same 410 ms downhole delay in each hole firing a 450 g cast primer. 
Differential hole timing was achieved through the use of surface 
delays: commonly 35 ms between holes and 100 ms between rows. 
Firing sequences were "V" or "double-V" with the buffer and trim 

holes being fired within the same blast as the production holes but 
timed to fire after the production holes in front had started to move 
the muck out from the wall. 

The primary loading equipment at Bell was four P&H 19OOAL 
electric shovels with 8.4 m3 buckets. Back-up mucking capacity was 
provided by one Dart 6OOC and one Caterpillar 9926 wheel loader. 
Twelve Unit Rig M85 dieselelectric trucks equipped with 90 tonne 
boxes and oversized power trains were used to haul both ore and 
waste. The haulage fleet was expanded for a period in 1990-91 by 
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the addition of three 135 tonne capacity Caterpillar 785 mechani- 
cal drive trucks which were used exclusively on waste haul during 
a period of high stripping. 

Ore was hauled either directly to the primary crusher or was 
deposited on the mill-feed stockpile immediately adjacent to the 
crusher. Waste was hauled to one of the large waste dumps on the 
north or east of the pit and was also used in the construction of 
the very large tailings dams south of the pit. 

Overburden stripping was carried out by one of two methods. 
Contract scrapers were used to strip the glacial till when the total 
depth was greater than the 12.2 m bench height. When the over- 
burden was less than a bench in depth and an adequate rock foot- 
ing could be found, the overburden was stripped using the primary 
mining fleet of shovels and trucks. 

In addition to the primary mining equipment mentioned above, 
there were numerous pieces of ancillary equipment which were used 

in a support capacity at the mine: two Caterpillar 14G graders for 
road maintenance; four D9-size dozers for dump maintenance, dam 
construction and safety berm cleanup; one rubber-tired dozer for 
shovel cleanup; one converted 55 tonne haul truck and one con- 
verted scraper hauling water for dust suppression; and two small 
excavators for berm cleanup and dam and seepage pond con- 
struction. 

Rob Cut 
In the fall of 1991, government approval was sought and con- 

ditionally granted to attempt the mining of an additional 3.6 mil- 
lion tomes of high-grade ore at Bell below the pit design, in a project 
known as the Rob Cut (Fig. 13). The high-grade ore was to be sup  
plemented with 2.7 million tomes of low-grade ore from the top 
of the 16 zone to provide an additional 14 months of mill feed. 

The plan was to mine out two berms Starting with the 1740 berm 
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and later the 1700 berm and, using tl tra operating room gained 
on the pit floor, to extract an additional bench and a half below 
the current pit bottom (Fig. 13b). In any pit, the average pit-wall 
slope angles tend to flatten toward the pit bottom as haul ramp 
spirals become tighter with decreasing pit Circumference. The Rob 
Cut plan did not increax the overall designed pit slope beyond sug- 
gested limits but did result in local sections of the pit wall with 73 
m vertically between catchment berms or twice the usual height at 
Bell. 

The Rob Cut work began in the winter of 1991 and required 
the use of innovative approaches and technology. Contract drilling 
was done using underground style down-hole hammer drills drill- 
ing angled 165 mm blast holes up to 42 m in length. Bulk delivery 
of emulsion explosives was also done with a unit initially designed 
by Imperial Chemical Inc. (ICI) for use in underground mines. New 
wall scaling techniques were also developed. The best method in- 
volved the use of a spiked steel weight called a "pineapple" sus- 
pended from a counterweighted pipelaying side boom mounted on 
a D6 bulldozer working from a higher safety berm. 

Unfortunately, the winter of 1991-92 was exceptionally mild in 
northern British Columbia with a number of successive freezing and 
thawing cycles. These conditions made it impossible to ensure the 
safety of operators working under the high walls as small pieces 
of loose rock were continually spalling and falling to the work areas 
below. The Rob Cut effort was abandoned in February, 1992 despite 
the completion of two successful longhole blasts. 

Geotechnical Considerations 
The primary geotechnical work at Bell involved determining the 

design pit-wall angles, realmmeending remedial action when problems 
were encountered and developing monitoring strategies that could 
be used to track pit wall performance. The geometry of drilling 
patterns, the limitations of drilling equipment and the overbreak 
character of Bell rock resulted in a fairly standard interberm wall 
angle of 69" (4.6 m backbreak per 12.2 m bench). Depending on 
rock mass characteristics, the designed overall pit wall slopes were 
steepened or flattened by adjusting the nominal berm widths and 
by the location of haulage ramps. 

A considerable amount of structural wall mapping was done 
and the location, number, attitude, moisture conditions, infilling 
and continuity of structural features entered into a computer data- 
base to facilitate geotechnical interpretations. In addition, a limit- 
ed amount of uniaxial compressive strength (UCS) testing was done 
to characterize the strength of the different rock types encountered 
at the mine. Results of the UCS work indicated strengths ranging 
from 55 Mpa to 175 Mpa. Using the data gathered, the deposit 
was divided into a number of structural domains which correspond- 
ed to zones of similar rock type and strength and containing dis- 
crete joints sets and/or faults. Slope design criteria were established 
for each domain, based on overall rock mass failure mode analysis 
and on structurally controlled failure envelope analysis. The criteria 
were specified with an objective of creating a factor of safety of 
1.3 to 1.5 for overall slope stability and factors of safety of 1.1  
to 1.2 for bench-scale stability. 

One of the prime features that governed pit design was the struc- 
tural domain within the "shattered zone" on the lower southeast 
side of the pit. This low rockmass strength domain was a zone of 
BBFP in the waste core, with numerous, tightly spaced horizontal 
tension fractures and cut by vertical and 60" dipping joints at regular 
intervals, giving a "sugar cube" appearance. The pit design coun- 
teracted the structural weakness of this domain by switching the 
haulage ramp back and forth across the southeast wall resulting 
in overall pit wall slopes of 34" to 36" in this area. The compara- 
tively shallow pit slopes in this zone gave the Bell pit its charac- 
teristic kidney shape in plan with a reentrant wall to the southeast. 

In contrast to the weak shattered zone, the highest structural 
stability at Bell was found in the north wall rhyodacite zone and 
in the silicified core ore zone. These domains were characterized 
by high rock strengths and a relative absence of adverse structural 

features. Inter-ramp . angles in these zones were 50" to 52" and 
overall wall angles were 48" to 50". 

The remaining structural domains at Bell had an intermediate 
degree of stability. These areas include the east, west, southwest 
and upper southeast walls. Rock strengths for these areas were 
moderate to high and slope stability was primarily a function of 
the prevalent structural features. All these zones were character- 
ized by adverse structural features striking parallel or subparallel 
to the pit walls in plan and dipping in toward the pit centre at 45" 
to 60". Overall wall angles for these zones were typically 44" to 46". 

The general practice to stabilize overburden slopes above the 
pit rock-walls was to reslope to 20" to 25" and to establish safety 
berms at the rock-overburden interface. As well, ditches were dug 
back from the overburden crests to redirect surface water away from 
the till slopes. 

In comparison with other open pit porphyry operations in North 
America, the wall stability at Bell mine was good. Bench-scale 
failures did occur in a number of areas, especially in the upper 
southeast wall of the pit. These small failures typically did not pose 
a great problem after they were cleaned up, except to occasionally 
cut off access to safety berms. 

Specific structural features which caused local problems were 
the "haul road failure" in the northwest comer of the pit directly 
beneath the main North ramp, the south wall failure at the rock- 
overburden contact and a structural wedge in the northeast corner 
above the conjunction of the North and East ramps. Corrective 
measures taken to lessen the impact of these problems included res- 
loping above the failure areas and stepping the walls in below the 
failures to derrease the slope angles locally. Additional remedial steps 
were taken on a case-by-case basis to proactively reduce the possi- 
bility of wall failures. These included regular wall scaling, safety 
berm cleanup and the installation of some horizontal drain holes 
in specific areas, to dewater potential wedges. The structural wedge 
in the northeast comer required some redesign of the main haulage 
ramp leaving a rock buttress on the toe of the wedge. 

Despite being located on a peninsula in Babine Lake and with 
the pit bottom approximately 230 m below the elevation of the lake 
surface, the groundwater inflow rates at Bell were relatively moder- 
ate. Inflow rates averaged loo0 litres per minute over the year and 
peaked at about 2O&l litm per minute during spring runoff. In com- 
parison, the Brenda mine near Peachland, located above 1500 m 
as1 and quite distant from any large bodies of water, experienced 
average inflow rates four times greater than those at Bell. The low 
inflow rates at Bell could be attributed to low overall rock mass 
permeability and the lack of continuity of major unhealed struc- 
tural features. At the Granisle mine, inflows were two to three times 
higher than those at Bell. 

Pit Slope Monitoring 
A sophisticated pit slope monitoring system was developed and 

implemented at Bell in 1991. Previous pit slope monitoring had been 
carried out on an ad hoc basis using industry standard procedures: 
survey prisms installed in areas experiencing problems were moni- 
tored on a daily basis, or as required, until activity had subsided 
to normal levels. Monitoring requirements increased as mining 
progressed more wall was exposed, existing walls became weathered 
and pit slope angles approached practical limits. The existing prac- 
tice was useful only during daylight hours and often required addi- 
tional survey labour outside of regular hours to maintain adequate 
coverage. 

The new system, called Norpit, employed a Wild-Lietz robotic 
total survey station (digital theodolite plus electronic distance meas- 
urement - EDM). The unit was installed in a stable, weatherproof 
station on the north wall of the pit. The robotic theodolite was con- 
trolled by a microcomputer at the remote station and shot a num- 
ber of survey prisms located around the pit on walls identified as 
potential problem areas. The theodolite located each target in the 
cycle by centering over the prism using a search algorithm based 
on rebound signal characteristics. The prism location data were 

276 CIM Special Volume 46 



relayed by radio telemetry from the remob- ,ation computer to a 
base station computer located in the pit foreman’s office. Here the 
prism location was automatically calculated, stored in a database 
and compared to previous location information. Alarms were set 
up to alert pit foremen when any prism was showing significant 
movement or was not located by the instrument. The remote theo- 
dolite system was capable of surveying up to 50 targets per hour. 

The Norpit system had many advantages over the old system. 
It worked 24 hours/day, hindered only by heavy fog. It compiled 
a large database of target information which was available for anal- 
ysis by the geotechnical staff and provided some valuable feedback 
directly to the operations department without the need of direct 
technical input. A planned second remote station on the southeast 
wall, reporting to the same base station, would have provided full 
360” coverage of the Bell pit. 

Milling 
The Bell concentrator was a traditional 19770s designed process 

using conventional crushing, grinding and flotation to effect the 
extraction of the chalcopyrite followed by dewatering of the con- 
centrate. In the final years, it treated an average of 16 OOO tonnes 
of ore per day operating on a 24 hour/day 365 day/year basis. 
Production was 185 tonnes to 225 tonnes of concentrate per day 
grading an average 27% Cu and 9.6 g/t Au. As with mining, the 
milling process at Bell evolved over the 20 year life of the opera- 
tion. This summary focusses on the process as it existed at the close 
of operations in 1992. 

Primary crushing of pit ore was through a 1.65 m x 1.07 m 
gyratory crusher producing a - 15 cm product from the pit-run 
feed (typically 80% - 45 an); screening out the - 13 mm material 
to the fine-ore bins and depositing the remainder on the coarse ore 
stockpile. The coarse ore was reclaimed to the secondary crushing 
plant and run in open circuit through a 2.13 m standard head 
secondary cone crusher and then into closed circuit through one 
of two 2.13 m short head tertiary crushers. The final - 13 mm 
product from the crushing process was stored in two fine-ore bins. 

With an original design throughput of 9100 tpd, large increases 
in production at the crushing stage of the Bell concentrator circuit 
were realized without changing any of the major crushing units. 
These increases were achieved by three main strategies (per;. comm., 
R. Tessier, 1994). It was recognized that the initial step in the com- 
minution process was pit blasting and that crusher throughput could 
be enhanced relatively cheaply if blast fragmentation of ore was 
pushed as high as practical. Secondly, the primary crusher was iden- 
tified as the tightest bottleneck in the crushing circuit. To overcome 
this, the crusher gap settings were opened as much as possible and 
the crusher was choke fed to allow maximum throughput. As well, 
detailed maintenance planning and close attention paid to crusher 
operating parameters allowed for maximum equipment availabil- 
ity. Lastly, modifications to the screen decks in the secondary crush- 
ing plant significantly reduced the amount of fines which were 
incorrectly reporting to the secondary and tertiary crushers and 
affecting their performance. 

The - 13 mm fine ore was fed into one of two identical grind- 
ing circuits; each with an open circuit 1335 Kw, 3.% m x 5.49 m 
rod mill followed by a 2675 Kw, 4.11 m x 8.53 m ball mill in 
closed circuit. Final output from the grinding process was designed 
to be 80% passing 74 p. 

Grinding practice changed toward the end of the mine life as 
the concentrator operating philosophy evolved. This philosophy 
focussed on maximizing the total metal units which could be 
produced by the mill for a given period of time and cost. The modi- 
fied operating practice required a thorough understanding of the 
grind-graderecovery relationships for the Bell ore. A significant por- 
tion of the ore processed was of low grade (0.25% to 0.45% Cu) 
and when this ore was being milled, tonnage throughput was the 
prime operating focus. Reduced recoveries due to coarser grinds 
were accepted to allow greater throughputs. When processing higher 
grade material (>0.5% Cu), attention shifted to maximking recov- 

eries and reducing tailings ,es by slowing down the throughput 
and increasing the fineness of the grind. Operating changes which 
allowed this philosophy to be put into practice included optimiza- 
tion of the grinding media and improvements to the hydrocyclones 
to optimize the recirculating loads and to provide better control of 
the final grinding product. 

After grinding, the ore was fed to one of two rougher flotation 
lines followed on the underflow side by the scavenger flotation cir- 
cuit and on the overflow side by two precleaner line. The precleaner 
underflow was reground and recombined with the overflow and 
fed into the three-stage cleaner circuit which had one additional 
regrinding stage before the final cleaner scavenger bank. 

originally, the Bell concentrator used a number of complicated 
recirculation and regrinding stages in the flotation circuit that created 
many chances to recover each particle of Chalcopyrite. As with the 
grinding and crushing circuits, the flotation operating philosophy 
changed toward the end of the operation. The flotation circuit was 
altered to provide a more open system with greater frst-pass resi- 
dence time, but lower recirculating loads. As well, every effort was 
made to route fully liberated chalcopyrite particles to the dewater- 
ing stage as early as possible and avoid regrinding of clean ore. 
These changes allowed the operators greater control over the flota- 
tion circuits with greater sensitivity and quicker response time to 
operator-controlled variables. The commissioning of an on-stream 
analyzer in 1990 gave the flotation operators the circuit feedback 
information necessary to match the control they were expected to 
exert. 

The circuit changes improved the overall metallurgy of the Bell 
concentrator significantly (Fig 11 b). Copper recovery during the later 
years of production ranged from 83% to 85% compared to 80% 
to 82% average recoveries in the earlier years. Gold recoveries also 
increased through the life of the operation from 55% to 65% in 
the early years to 65% to 70% in the last few years. Some of the 
gold recovery improvement, however, is attributed to changes in 
gold distribution and its sulphide association with depth. 

The final stage of processing at Bell was dewatering. Dewater- 
ing was accomplished in three stages. First, the concentrate pulp 
density was raised by passing it through a 18.3 m diameter thick- 
ener. Secondly, the concentrate pulp was caked using a 2.44 m diam- 
eter disc fiter. Finally, the moisture content of the concentrate was 
reduced to a designed 7% in a gas-fred rotary-kiln drier. 

Mill taihgs were pumped to one of two large tailings impound- 
ments south of the pit on the Newman Peninsula for final deposi- 
tion. The engineered tailings structures consisted of run-of-mine 
rockfill dams with fine rock fiter lining, cycloned sands and, fi- 
nally, tailings s h e s  and decant water. 

Granisle Mine - Mining, Milling and 
Engineering Practices 
Operating History 

Granisle Copper Limited commenced development of the 
Granisle deposit in early 1%5 with initial work focussing on access, 
plant construction and the clearing for a townsite on the west shore 
of Babine Lake. Of prime importance during the frst year was the 
installation of a 3.2 km “bubbler” system to keep an ice-free channel 
open across Babine Lake to Sterrett Island through ice up to 1 m 
thick during winter conditions (Carter and Clarke, 1966). This bub- 
bler system utilized an air-line 3900 m long suspended at a maxi- 
mum depth of 50 m below surface. Air fed through small holes 
spaced 10 m apart in the pipe, coupled with regular barge cross- 
ings, kept a 30 m wide channel open under normal winter condi- 
tions. A similar bubbler system 13 km further north on Babine Lake 
was later used to provide access to the Bell mine. 

By the end of 1966,320 OOO tonnes of overburden and 450 OOO 
tonnes of waste rock had been removed in preparation of the 
Granisle open pit. On November 16, 1966, the Granisle concentra- 
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FIGURE 14. Work flowchart shoving the major work stages common to 
a finandal and technical study of pit expansion or new pit development, 
highlighting the iterative nature of the process. 

tor commenced processing at a rate of 4500 tpd (Clarke, 1%7; Fahr- 
ni et al., 1976). 

Power for the Granisle plant and townsite was supplied initi- 
ally by 11 dieselelectric generating units with a total capacity of 
5500 kW. This power was replaced with hydroelectric grid power 
in 1971 when a 138 kW transmission line was brought in to service 
the Bell mine and surrounding region. 

In 1%9, Granisle Copper Limited initiated a major drilling pro- 
gram to search for additional reserves. This program was success- 
ful and led to a plant expansion which saw throughput increase 
to 12 OOO tpd by 1973. 

Total production from startup in 1966 to closure in 1982 was 
52.7 million tonnes averaging 0.47% Cu with an average waste to 
ore ratio of 1.37:l. The original feasibility open pit reserve was 20.6 
million tonnes grading 0.52% Cu us& a cutoff grade of 0.3% Cu 
and a waste to ore strip ratio of 0.15:l.W. 

Amalgamation of the Granisle and Bell operations took place 
in late 1979 following the Noranda Group acquisition of the Granisle 
mine. Operations continued until 1982 when low metal prim forced 
closure of both mines; the Granisle mine was decommissioned as 
its remaining resources were considered subeconomic at mid-1980 
metal prices and operating costs. 

Although low grade, Granisle was a successful operation dur- 
ing its early years due to a low strip ratio (deposit outcrop formed 
a small knoll), a high concentrate grade (b0rnite:chalcopyrite ratio 
significantly higher than most British Columbia porphyry copper 
deposits), strong copper prices dwhg the critical early years of oper- 
ation and overall low capital cost due to the effective use of used 
equipment. Granisle Copper Limited recovered its initial investment 
in the first two years of operation. 

Operating Practice 
As at Bell, operating practices at Granisle evolved over the life 

of its operation. These involved conventional mining and milling 
practices that differed little from those described for Bell and, hence, 
will not be described in detail. 

Diamond drilling at Granisle totalled 41 700 m completed in 
four stages with 1200 m in 1929, 7900 m during the period 1955 

to 1%2,29 OOO m d. .g the period 1%9 to 1973 and a fmal 9600 
m in 1990. Of the 280 holes completed, 213 were vertical. Average 
depth was 110 m, the deepest hole was 522 m (450 m asl) and drill 
hole spacing averaged 60 m. 

The Granisle pit was initially mined in 9.1 m (30 ft) benches 
but was increased to 10.7 m (35 ft) benches below the 2470 bench. 
Production ranged from just over 5000 tpd of mostly ore in the 
early years to 40 OOO tpd with 12 OOO tpd of this being ore in 1977. 
Pit operations ran 24 hours/day and 365 days per year. Granisle 
production performance is illustrated in Figure 11. The difference 
in concentrate grade between Bell and Granisle (due to the higher 
bomite component at Granisle) is clearly evident in Figure llb. 

In 1977, Granisle Copper Limited initiated an investigation into 
the possible recovery of a molybdenum byproduct. This led to the 
construction of a molybdenum circuit in the Granisle mill. This cir- 
cuit became operational in 1980 but was shut down shortly there- 
after when a sharp decrease in price made molybdenum recovery 
uneconomic. 

Reclamation and Environmental 
Considerations 

During the operating life of the Granisle and Bell mines, care 
was taken to protect the environment and to initiate reclamation 
of disturbed areas as soon as possible. Testing and research were 
carried out to establish the best type of natural vegetation, fertiliz- 
ers and ground preparation to optimize reclamation results. Since 
closure of Granisle in 1982 and Bell in 1992, decommissioning plans 
at both sites have been implemented. 

Economic Considerations: Bell 2000 Project 
The feasibility of extending the life of the Bell operations be- 

yond 1992 was studied in earnest beginning in late 1988. The study 
was named the Bell 2OOO project. The project work included dia- 
mond drilling, geologic mapping, revision of existing geologic 
models, ore reserve estimation, metallurgical investigations, metal- 
lurgical modelling, evaluation of alternative mining methods, inves- 
tigation of alternative waste disposal options, operating cost 
modelling, revenue modelling, geotechnical investigations and model- 
ling, idealized pit designs, detailed pit designs, mining schedules, 
detailed operating and capital cost estimations and financial ana- 
lyses (Stothart, 1991). 

The project included a review of all known potential mining 
opportunities within 30 km of the Bell facilities, including the 
Granisle and Momson deposits. The Bell deposit became the prime 
focus of the study as it was recognized that a tonne of ore from 
Bell would displace material of similar grade from either Granisle 
or Morrison on the basis of transportation costs alone. 

The study was a reiterative process (Fig. 14) which was carried 
on at varying levels of intensity before final reports were submitted 
early in 1992. Unfortunately for financial reasons, the decision was 
made not to proceed with the Bell 2OOO expansion. The type of 
evaluation carried out for Bell was also carried out to a lesser ex- 
tent for the Granisle mine. To avoid repetition, only the Bell evalu- 
ation is detailed in this paper. 

Much of the work during the evaluation study relied heavily 
on computers (Stothart, 1991). These were used to manipulate the 
large amount of data and to facilitate multiple iterations of com- 
plicated procedures. Imperial measurements and drawings were used 
throughout the Bell 2OOO evaluation to minimize conversion errors 
and to preserve continuity with operating practice and existing data. 

Reserve Estimation 
Estimation Techniques 

The original production feasibility study for the Bell deposit (Hall 
and Kraft, 1%9) was based on an ore reserve model constructed 
using spherical interpolation of diamond d d l  hole assays representing 
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FIGURE 15. Fqebental copper variogram for the W deposit. Both variograms show a nugget effect of about 0.018% Cu. The vertical variognun 
is equivalent to the major axis of the spherical search volume used for grade interpolation and exhibits a range of -250 m. The horizontal variogram 
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30 OOO m of drilling in 215 vertical AX and AQ diamond drill holes 
spaced 30 m to 60 m apart. As more detailed geological and grade 
information became available during the course of mining, the model 
was revised beginning in 1974 using the proprietary General Pit Sys- 
tem (GPS) suite of computer programs developed by Noranda. 

The principal considerations to design an ore reserve model for 
Bell are the pipe-like symmetry of the deposit, the “assay wall” 
type of contacts and the occurrence of post-ore features. The assay 
wall boundaries present a modelling problem in that the inner and 
outer assay walls are not symmetrical. Whereas grades decrease 
gradually outward from the porphyry system, the inner assay wall 
boundary between the stockwork ore and the biotite-magnetite 
altered core is much more abrupt and dips inward at around 75” 
in the upper parts of the deposit. Averaging of grades across the 
inner boundary would have resulted in upgrading of waste blocks 
and downgrading of ore blocks. These considerations were largely 
resolved by the use of inverse distance squared weighted interpola- 
tion of diamond drill and blast hple assays within a search volume 
defined by an oriented parallelepiped. The dimensions and orien- 
tation of the search parallelepiped were designed to reflect sample 
density, the continuity of grades in the vertical direction and con- 
tinuity of grades in directions tangential to the porphyry “dough- 
nut” or annulus. Post-ore features, in particular a post-ore dike 
or plug in the northeast corner of the deposit, were partially iso- 

lated using planar constraints across which interpolation could not 
OCCUT. This was only partially successful, as the plug had been essen- 
tially straddled by diamond drilling and proved to be much more 
irregular than modelled. The GPS ore reserve model, revised from 
time to time with new diamond drilling data, was the basis for the 
later expansions of the mine beyond the original feasibility pit. 

During the three-and-a-half years of the Bell u)oo project, the 
Bell orebody was modelled a number of times. Techniques used 
included inverse distance weighted int-lation, relative kriging and 
sectional polygon estimation methods. Early in the study, and in 
confiumation of earlier ore modelling efforts, it was determined that 
Bell was a relatively ‘well behaved’ deposit in regard to modelling 
for copper distribution. Estimates obtained using given sets of ge- 
ologic assumptions and given sets of assay data were highly repeat- 
able, both at the global and local level, regardless of the estimation 
technique used. Repeated modelling runs were necessary to manage 
the significant amount of additional data that was generated dur- 
ing the course of the project and to accommodate evolution in ge- 
ologic thinking. 

The reason ore estimation results obtained at Bell are relatively 
insensitive to the technique used is best explained by the grade dis- 
tribution characteristics determined by the geostatistical analysis done 
early in the project. The two important points to note on the sample 
variograms for copper grade (Fig. 15) are the small nugget effect 
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(0.018% Cu) and the long range (: m). Expressed differently, 
this means a good estimate of a copper grade can be obtained by 
using the nearest known sample point(s) and the reliability of the 
estimate is high even if the known sample point is relatively distant 
from the point of estimation. Additionally, the geostatistical evalu- 
ation c o n f i e d  geological observations that local grade continuity 
within the ore was highest in a vertical or near vertical direction 
(range 1250 m) and in directions tangential to the porphyry an- 
nulus (range 150 m to 200 m) and was low in directions which were 
radial to the annulus (range 75 m to 100 m). It was also concluded 
that the orebody exhibited a strong proportional effect. This effect 
could be filtered out, but it ruled out simple kriging as a useful 
estimation technique at Bell because of that method’s fundamental 
assumption of independence of variability. 

As the Bell resource estimation results were shown to be rela- 
tively insensitive to the estimation technique employed, it was pos- 
sible to select a method that would provide the desired degree of 
confidence at minimum cost in terms of time and resources. The 
majority of reserve estimatons completed during the Bell 2ooo review 
were performed using an iterative adaption of the inverse distance 
method. This method was chosen over other options as it was well 
suited to producing a regular block model (as was required for input 
to pit design optimizing routines) and was capable of rapidly han- 
dling the very large data sets involved. In addition, the method itself 
is straightforward and the influence of the design parameters on 
the execution and results were well understood by all team mem- 
bers and could easily be communicated to others. 

The orebody modelling work that was done at Bell involved 
five basic steps: data gathering, geologic interpretation, identifica- 
tion of the estimation design parameters, running the model on the 
computer, and fmally quantifying and analyzing the model. As men- 
tioned earlier, this process was performed repeatedly as more data 
became available, as the geologic interpretation was refined and as 
the interpolation technique evolved. 

Data Gathering 
A very large and diverse volume of raw data was used during 

the Bell 2OOO evaluation and required constant review to ensure 
integrity. Both diamond drill hole and blast hole assay intervals were 
used as sample points. Lithologic and alteration data were derived 
from core logging with additional information provided from geo- 
logic pitwall mapping. Topographic data were obtained from aerial 
topographic maps and from mine surveys. Geotechnical data were 
not used significantly in the ore estimation process, but did see later 
service during the pit design process. Geotechnical data were gathered 
by structural mapping of pit walls and during core logging by 
measuring the rock quality designation (RQD) and noting charac- 
teristics of structural discontinuities. 

Diamond drilling history at Bell includes the exploration phase 
mentioned earlier, followed by %oo m of mixed vertical and angle, 
largely BQ, core holes completed during the mining phase from 
1972 to 1988 and 37 300 m of NQ drilling in 128 angle drill holes 
completed as part of the Bell 2OOO project. Total diamond drilling 
on the Bell property at closure in 1992 was 78 OOO m in 445 holes. 
Of this total, 73 300 m in 382 holes delineated the Bell deposit with 
60% of the meterage Wed in angle holes. Drill hole spacing varied 
from 30 m to 120 m. A target pierce point spacing of 60 m on 
the “ultimate” pit surface was largely achieved. 

The diamond drilling information was entered into “Normin”, 
a proprietary computer database program developed by Noranda. 
The actual database included administrative data, collar locations, 
down-hole acid dip tests, Speny Sun measurements, interval assays 
for copper (typically 3 m to 4 m), composite assays for copper and 
gold (typically generated over bench intervals of 12.2 m), geotech- 
nical information, geologic descriptive logs and a six-character geo- 
logical code. Coding of pre-1989 diamond drill logs was done and 
included in the new database. However, this effort was made 
difficult because of the changing geological concepts and terminol- 
ogy used by some 23 geologists over a 27-year period. 

Sectional and pi ‘iaps were developed from the database. A 
curve-fitting algorithm was used to generate drill hole traces based 
on collar location and downhole survey information. Part way 
through the Bell 2ooo project, down hole Speny-Sun azimuth meas- 
urements were discarded when it was noted that many calculated 
drill hole traces showed abnormal deviations toward the core bio- 
tite altered biotite feldspar porphyry (BBFP) unit. These abnormal 
deviations were attributed to the relatively high magnetite content 
of the BBFP unit. 

Using the Normin program, an assay sample data fde (SDF) 
was generated for copper grades for all samples greater than 
1.5 m in length. Each assay was represented as a point sample lo- 
cated at the midpoint in space of the sample interval. 

Blast hole data were digitized from existing blast hole plans and 
included collar coordinates and copper assay. Copper assaying at 
Bell was typically carried out for almost every blast hole giving an 
average sample separation of 7.6 m in plan. The samples were taken 
as cuts across the entire cuttings pile and were intended to be 
representative of the entire blast hole length (typically 13.4 m). The 
largest mining benches had upward of 8OOO blast holes and the over- 
all data set was some 97 OOO assays. A separate data set for gold 
assays of blast holes was also input by digitizing. In many loca- 
tions, particularly in areas that were mined early in the life of the 
mine, no gold assaying had been canied out. Even when done, gold 
sampling of blast holes was carried out on a much broader inter- 
val than that for copper, giving an average sample spacing of about 
30 m in plan. 

An SDF for blast hole assays was created with the point loca- 
tion for each sample being set at the mid-bench elevation. The blast 
hole SDF was screened so that only those assays contained in a 
60 m thick shell adjacent to the walls of the pit remained in the 
fie. The approach was justified on the basis that data from the 
Centre of the mined out pit were too distant to be used for estima- 
tion of block grades in unmined areas and that, in any event, sam- 
ples in the shell would mask the effect of data in the centre due 
to the inverse distance estimation method being used. The diamond 
drilling SDF and the blast hole SDF were merged into a single con- 
solidated SDF for use in interpolation runs. 

Geological information gathered through wall mapping was not 
entered into the computer database but was plotted on geologic 
bench plans and used for verification purposes. Structural map- 
ping information, however, was collected in a database program 
leveloped by the Noranda Technology Centre. Information could 
3e generated from this database as graphical output either in the 
form of stereoplots or as structural maps. 

Topographic data were digitized into the AutoCAD drafting 
system where they could be used as regular mine plans and topo- 
graphic maps or as a sample database of point elevations. Com- 
puter representations of the original topography and of the 
overburden/bedrock interface were also maintained. 

Maps used most extensively during the Bell modelling phase 
included plans generated at bench intervals (12.2 m) corresponding 
to existing mine bench elevations and two sets of vertical sections 
generated at 30 m intervals (100 ft): one set looking north and the 
other west. These composite plans and sections were produced at 
1:1200 and 1:2400 scales and contained current pit and surface 
topography, potential pit expansion limits, coded geological infor- 
mation and assay information plotted as colour-coded grade histo- 
grams, profiles and/or text along the drill hole trace. 
Software-generated blast hole copper assay contours or isopleths 
(colour-coded by grade interval) were also plotted on the sections 
and bench plans and were invaluable in interpreting geological con- 
tacts. Similar plans and sections were developed for the Granisle 
and Momson deposits to maintain standards and to facilitate com- 
parisons. 

Geologic Interpretation 
Geologic interpretation at Bell and Granisle was an iterative and 

evolving process that focussed on the economic aspects of grade 
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estimation. The interpretation had to p d c t ,  with a high degree 
of m h ’ ,  copper and gold grade distributions within the overall 
deposit as well as the nature and form of boundary regions be- 
tween areas of high- and low-grade ‘on.Inaddition,areas 
lacking snfticknt informaton and areas of exceptional exploration 
potential had to be identified. These amw were drilled immediately 
if it could be demonsaated that the outcome of the ddling had 
the potential to impact on the overall emnomics of the deposit. 

The procedures adoptd for geologic imapretatl ‘on generally in- 
volved individual work with later review by others or small soup 
efforts. Mmxe4ve work was typically casried out nsing physical 
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plans and sections rather than computa images as they were easy 
to edit, showed evolution of thinldng and allowed for more ag- 
gressive interaction betwen partidpants in the in-ve p m .  

IdentifiCatiOn of Intf?qdattrOn DCYign Parameters 
The next step in this orebody modelling i n v o w  translating the 

geological intapretations into a set of “&” or design parameters. 
These paramems were appfied to the inteqmhtion computer 
algorithm to generate a block model that confonnd to the gade 
disbibution concepts envisioned by the geologists. 

Tbe initial design parameters specified were: model volume, 
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block size, model orientation and p . of inverse distance weight- 
ing. For the most part, these generc, design parameters remained 
constant throughout the study. The exception was the block size 
which was changed part way through the project. 

The model volume was chosen to ensure it would encompass 
the largest volume that conceivably could be mined by open pit 
mining methods using proven technology and design limits. The 
volume extended to the waterline on the east and west sides of New- 
man Peninsula, to the Bell tailings pond on the south and to the 
height of land to the north of the existing pit. The area chosen was 
2OOO m in an east-west direction and 1800 m in a north-south direc- 
tion, giving a boundary area which was at least 450 m outside the 
existing pit limits in any plan direction. The vertical extension of 
the model volume ranged from 835 m elevation, which is above 
the upper topographic elevation within the model area, down to 
164 m elevation, giving a vertical dimension to the model of approx- 
imately 670 m. The bottom elevation was chosen because it closely 
represented the limits of drilling and because it was concluded that 
mining below this level would be difficult using current open pit 
methods. 

An interpolation subvolume was specified within the overall 
model volume. This volume extended approximately 250 m later- 
ally outside the existing pit crest for near-surface elevations (above 
the 2100 bench) and then tapered down to a smaller lateral dimen- 
sion at the 164 m elevation. In plan view, the interpolation volume 
is roughly elliptical with its major axis trending east with a rectan- 
gular “tab” section aligned northwest to accommodate the 16-zone 
(Fig.16). Blocks within the mining volume, but above the existing 
surface topography were assigned zero tonnage. Blocks outside of 
the interpolation volume but still within the model volume were 
assigned zero grade. 

A block size of 7.6 m by 7.6 m by 12.2 m, representing the 
X, Y and Z dimensions, respectively, was used during the early stages 
of the Bell evaluation but later changed to 15.2 m by 15.2 m by 
12.2 m to speed processing. The larger block size was in better agree- 
ment with the generally aaxpted minimum dimension of half sample 
spacing, which ranged from 30 m to 60 m in plan outside and below 
the existing pit. The smaller blocks resulted in a block model volume 
containing 62 400 blocks per level for a total number of nearly 3.5 
million blocks while the larger block size resulted in a more manage- 
able 15 600 blocks per level for a total count of about 0.85 mil- 
lion. Although the smaller block size was compatible with existing 
mining equipment and had greater ability to reflect detailed ore- 
waste contacts and narrow barren intrusive features, it was antici- 
pated that the expansion options under consideration would utilize 
larger mining equipment that would not have the practical selec- 
tiveness necessary to justify the fmer model. 

The Bell 2OOO block models were aligned with the orthogonal 
mine grid system using square block dimensions in plan. The cylin- 
drical geometry of the deposit and uniform data density indicated 
this orientation was appropriate. As well, this c o d i o n  provided 
the added benefit of allowing the manipulation of data already de- 
fmed in mine coordinates without coordinate transformations. 

An inverse power of 2 was used to estimate copper grades dur- 
ing the inverse distance sample weighting procedure. Use of inverse 
distance squared is a common practice for copper porphyries and 
reflects a good balance between the smoothness of data continuity 
at Bell which would dictate a lower inverse power and the portion 
of the estimation error reflected by the low nugget effect which 
would dictate a higher inverse power. 

The interpolation volume was subdivided into a number of inter- 
polation zones in order to group blocks together that could reason- 
ably be estimated using the same interpolation rules. The number, 
size, shape and orientation of the interpolation zones, as well as 
the specific interpolation design parameters associated with the in- 
dividual zones, evolved over the course of the project with changes 
in geologic interpretation. Earlier estimation runs used up to 23 
separate zones while later estimations used 15 zones. The reduc- 
tion in the number of zones was accomplished by coalescing smaller 
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zones of similar in1 lation characteristics and was undertaken 
to justifiably decrease the complexity of the overall model without 
compromising the quality of the estimation. 

The 15 interpolation zones used in final runs compnsed 11 nomi- 
nal ore zones and four nominal waste zones (Fig. 16). The “ore” 
zones consisted of nine annular segments of the ore crescent, the 
core ore zone near the centre of the deposit adjacent to the barren 
core and the 16-zone to the northwest. These ore zones divided Bell 
into manageable segments with straight line or simple curve bound- 
aries in plan that extended vertically over the full height of the inter- 
polation volume. The “waste” zones on the other hand were not 
defmed using simple geometry, but instead by boundaries speci- 
fied during the geological interpretation. Although the waste zones 
extended along roughly vertical axes, the cross-sectional shape varied 
considerably with elevation. The four waste zones created correspond 
to the lithologic features known as the “BBFP Core Waste and 
northeast waste horst zone”, the southeast “BBFP waste zone”, 
the “QFF zone” and the explosion breccia zone. 

The next design parameter specified was the shape and orien- 
tation of the search ellipsoid. This ellipsoid is the three-dimensional 
volume which determines which of the assay sample points located 
around a block in three-dimensional space will be used for the esti- 
mation of that block’s grade. It is defmed by specifying the lengths 
of the major, intermediate and minor axes and the dip angle and 
dip direction azimuth of the major axis and twist angle of the in- 
termediate and minor axes about the major axis. All of the dis- 
tances calculated from the centre of the block to the sample point 
location are normalized according to the ratio of the length of the 
various axes and the vector angle from the block centre to the sample 
point. This normalization procedure mathematically equalizes the 
distances (and consequently the relative interpolation weightings) 
for all points found on the shell of the ellipsoid (or on any one 
concentric skin within the ellipsoid). 

The factor which most influenced the designed shape and orien- 
tation of the search ellipsoid is the expected continuity of grade in 
a specific direction. Strong continuity is best exhibited in directions 
that most closely approximate the direction of grade contour lines, 
especially when the contour lines show few convolutions and are 
roughly parallel to each other. Weak continuity OCCUTS in directions 
transverse to the nominal contour direction. 

The major axis of the search ellipsoid for ore and waste inter- 
polation zones was fuced at 61 m for the fust interpolation pass 
in earlier models with the length of the intermediate and minor axes 
specified relative to the major axis in accordance with the degree 
of continuity compared with the major axis. In later models, the 
major axis length for the search ellipsoid was reduced to 46 m for 
the first pass to give even higher selectivity to the interpolation 
routine. 

In addition to changes in size, the proportional shape of the 
search ellipsoids evolved over the course of the project. The search 
ellipsoid was disc shaped with the length of the major and inter- 
mediate axes being of equal length and the minor axis length at 
50% of the major axis length for all of the ore interpolation zones 
in the later runs. The orientation of the ellipsoid in the nine annu- 
lar ore zones had the major axis at a vertical or near-vertical atti- 
tude, the intermediate axis was aligned roughly tangential to the 
crescent shape of the ore in plan and the minor axis was aligned 
roughly radial to the crescent shape. These orientations show a high 
correlation with the geostatistical observations which were noted 
earlier. 

The search ellipsoids for the 16-zone and the core ore zone also 
oriented the major axis in the vertical direction. However, the inter- 
mediate axis for these ellipsoids was aligned radial to the main ore 
crescent in a direction parallel to the general strike direction of the 
apophysis to the northwest. 

The search ellipsoid for all of the waste zones was kept spheri- 
cal because the data density was comparatively sparser than in the 
ore areas, making continuity predictions more difficult, and because 
the very low grade in this area made the interpolated results of this 
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material virtually inconsequential from an economic standpoint - 
waste is waste whether it is 50% of the cutoff grade or 25% of 
the cutoff grade. 

The last step in establishing the interpolation design parameters 
for each interpolation zone involved specifying which assay data 
would be “visible” to the interpolation routine within each zone. 
This was done by describing what were known in mine terminol- 
ogy as “hard” (or “nominally intrusive”) and “soft” (or “assay 
wall”) contacts. 

Hard contacts were stipulated as discontinuities across which 
the copper assay changed very rapidly from higher grade to very 
low (nearly barren) grade material in a distance less than the block 
size. In contrast, soft contacts exhibited a relatively slow gradational 
change from ore to waste grade material. The hard contacts at Bell 
coincided with the interpolation zone boundaries of the four waste 
zones and all other areas were assumed to be assay walls. During 
interpolation, the process for determining the interpolation sample 
set for a block in a given zone would search across soft boundaries 
to fmd sample points, but would not search across hard bound- 
aries. In this manner, it was possible to “hard wire” some of the 
ore-waste contacts and to let the interpolation procedure itself deter- 
mine the remaining ore-waste transitions mathematically. 

Running the Model 
The next step in the creation of a block model involves gener- 

ating block interpolation values. The technique at Bell involved run- 
ning multiple interpolation passes across the model (Fig. 17). This 
technique estimated the grade of a block and, at the same time, 
generated a factor that provided a measure of estimation confidence. 

The software used for interpolation during the Bell 2OOO project 
was the microcomputer-based ISD3@ program developed by GE- 
OSTAT Systhe International Inc. (GSII) of Montreal. Because 
of computer memory limitations, the software imposed restrictions 
on the number of blocks which could be estimated in a single run 
and on the size of the data set which could be used. These restric- 
tions required that the interpolation zones be subdivided into units 
small enough to allow the program to execute properly. Even after 
the block size was doubled in the X and Y dimensions, the crea- 
tion of a single block model typically took about 2A hours of actual 
computation time spread over two or three working days. 

The initial task in the procedure was to partition the combined 
diamond drill hole and blast hole sample data file (SDF) into smaller 
subsets which the software could handle more easily. The first 
division of the SDF was along hard boundaries. This separated the 
data into “ore” and “waste” data sets which could be used respec- 
tively with the ore and waste interpolation zones blinding the search 
ellipsoid to data on the other side of a hard boundary. It should 
be reiterated that the ore SDFs still contained a significant number 
of assay points below the economic cutoff grade. The fmal parti- 
tioning step further divided the ore sets into a number of overlap 
ping subsets corresponding to the volume in space which could 
potentially be selected by the search ellipsoids within a group of 
adjacent interpolation zones. 

After the data sets had been screened, the actual interpolation 
runs were begun. The fmal Bell 2OOO models were generated using 
four iterative passes or interpolation runs. 

For Run 1, all blocks within the total interpolation volume were 
estimated using inverse distance weighted interpolation with search 
ellipsoids and data sets dictated by the interpolation zone in which 
a partidar block fell. Output was an ASCII fie that used one 
record per block containing the X, Y and Z indices of the block, 
the number of samples found within the search ellipsoid and used 
in the estimation to a maximum of the 30 closest assay points, the 
estimated copper grade and an alpha-numeric code identifying the 
interpolation zone of the block. 

The resultant zone block model was then sorted. Blocks that 
had been interpolated on the basis of four or more assay points 
known as “adequately interpolated” blocks were sorted out of the 
full model and a “run number” field appended to their block record 
identifying them as “Run 1” blocks. The remaining blocks - 

terpolated” blocks and blocks which had failed to locate any sam- 
ple points within the search ellipsoid known as “uninterpolated” 
blocks - were cycled back into the interpolation routine for the 
second run after discarding their Run 1 grade estimates (Fii. 17). 

During the second run the size of the search ellipsoid was 
doubled with the relative proportions between axes held constant 
giving a major axis of 91 m length. After the second interpolation 
run, the blocks were again sorted into an adequately interpolated 
group which were assigned a “Run 2” designation and an inade- 
quately interpolated group. The cycle was repeated on a steadily 

including those using l e ~ ~  than four samples known as “underin- 
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decreasing number of blocks for tf. ‘bird and fourth runs with 
the search ellipsoid being expanded iple and quadruple its Run 
1 size, respectively. 

Following Run 4, all of the fdes of adequately interpolated 
blocks were merged. The resulting block fie contained not only 
the estimated grades for all blocks but also the run number cor- 
responding to the run used to generate the block estimate. It should 
be noted that even for Run 4 the maximum distance any sample 
point could be pulled into an interpolation (in the direction of the 
major axis) was - 180 m which is well within the range exhibited 
in the sample variogram (Fig. 15). 

The final and most important step in the block modelling process 
involved a review of the block model by geologists and mine engi- 
neers to ensure it accurately reflected current geologic interpreta- 
tion. This review was facilitated by the use of graphic software such 
as GSII’s BLOCKCAD@ program which allows users to view many 
orthogonal views of a model in relatively quick succession. Such 
reviews frequently led to adjustments being made and rerunning 
of the block model (Fig. 17). 

Figures 18 and 19 show typical block model section and plan 
views through the Bell deposit. The upper plot in each figure shows 
the copper grade distribution while the lower plot shows the “run 
number” distribution. The run numbers were used during the Bell 
2000 project to quantify grade confidence with the material esti- 
mated in runs 1 through 3 being categorized as combined proven 
and probable ore reserves (Nilsson, 1W). The total geologic resource 
within interpolation volumes for Bell and Granisle is shown in Fgure 
20. 

Gold Estimation 
A block model estimate of gold distribution was also done for 

the Bell orebody. The process was essentially identical to that used 
for copper. The same interpolation zones and search ellipsoids were 
used with the exception that the core ore zone was subdivided into 
three separate interpolation zones using different search criteria. 

The sample density for gold was much sparser than for cop 
per. In addition, gold assay codidence was low due to the high 
portion of the samples with gold grades at or near the detection 
limits of the assay technique. Further, gold check assays identified 
serious variance problems that were not resolved at the time of 
closure in 1992. 

Dummy gold assays were calculated for early diamond drill holes 
that had not been analyzed for gold by applying a ratio of 0.46 
g/t per 070 Cu to weighted copper assay composites. This ratio was 
developed on the basis of experience obtained during the Bell 2000 
program. This step was taken to increase apparent gold sample den- 
sity in the pit core area where very little new diamond drilling was 
done. 

Pit Design 
Hosting Cone Optimization 

Following the production of a satisfactory block model, vari- 
ous expansion pits were designed through a two-step process: an 
“optimized” pit design as defmed using various “floating cone” 
computer programs and a detailed sequence of working pit designs 
to an ultimate‘pit-limit using computer-aided drafting tools. The 
process required many iterations. 

The existing pit surface topography and the block model were 
the primary geometrical inputs to the floating cone programs. For 
the final Bell 2OOO study, only reserves classified as proven or prob- 
able (Runs 1 to 3) were considered by the floating cone program. 
Run 4 blocks were assigned a grade of 0% Cu (Nilsson, 1W). The 
primary technical inputs to the programs were pit-slope design 
parameters, specific gravity and projected amcentrator performance. 

pit design slopes were developed by geotechnical consultants as 
an extension of work done on design slopes for the existing Bell 
pit. The consultants based their work on the detailed structural data- 

base that had been I- ‘oped, together with certain aspects of the 
geologic interpretatic-- Lnat was ongoing. The f d  factor used in 
the development of the pit slope recommendations was the fmal 
depth of the pit which was projected to be in the range of 400 m 
to 500 m below the existing pit crest. 

Based on work done by Bell mdurgical staff, the specific 
gravity of the rock was calculated to be inversely proportional to 
the copper grade between ceiling and floor limiting values. All 
unmineralized blocks and blocks with an estimated copper grade 
less than 0.20% were assigned a specific gravity of 2.67. Blocks 
with copper grade between 0.20% and 0.75% were assigned a 
specific gravity based on the equation: 

S.g. = 2.67 + [(Ol0Cu-0.20) X 0.3331 

All blocks grading above 0.75% Cu were assigned a specific 
gravity of 2.85. 

Future mill operating performance, including copper and gold 
recovery, was forecast based on historical results and projections 
for results from planned process improvements. 

The last group of inputs to the floating cone routines were em- 
nomic factors. Mining, milling and site operating costs were esti- 
mated based on historical performance at Bell and projections for 
different scale operations were based on data from other proper- 
ties. Shipping, smelting and refining terms were estimated based 
on standard contract conditions in effect at the time. Commodity 
prim and exchange rates used for revenue estimations were based 
on forecasts made by the Noranda Sales Unit of Noranda Miner- 
als. The floating cone evaluation is an operating cost versus revenue 
based algorithm. Therefore, capital cost estimates were not among 
the inputs at this stage of the evaluation. 

When all of the inputs had been compiled, the floating cone 
program was executed. Various commercial, consultant-supplied and 
in-house floating cone programs were used during the evaluation 
work. All programs gave basically the same results for a given set 
of inputs. However, there was a wide variation in the execution 
speed of the programs, the amount of preparation work to pre- 
pare the input fdes and the degree of on-line feedback which the 
various programs provided. Execution time for the same block 
model on the same high-powered desktop computer equipment using 
different programs could vary from as much as seven to eight days 
to as little as 30 minutes. 

It became apparent during the early stages of the evaluation 
work that the fmal pit size was extremely sensitive to a wide vari- 
ety of minor manipulations of the input parameters. For example, 
varying the copper price upward by 15 cents but sti l l  remaining 
within the possible range of future prices could triple the ultimate 
size of the optimum pit as projected by the floating cone algorithm. 
The primary reason for this extreme sensitivity was the steepness 
of the grade-tonnage relationship in the range of the cutoff grades 
being considered for the operation (Fig. 20). Small changes in cutoff 
grade produced drastic changes in ore tonnes, ore grade and strip 
ratio. 

An additional observation made during the floating cone runs 
was that the apex of the search cone needed to be well into the 
higher grade mineralization below the existing pit before sufficient 
operating profit could be accumulated in order to displace the waste 
above. This observation indicated that a large amount of stripping 
would be required before sufficient ore was exposed to begin gener- 
ating operating profits. This situation also demonstrated one of the 
weaknesses of a simple floating cone evaluation which is solely 
operatingast based and does not account for the time differential 
between when costs are incurred for waste mining and revenues 
are realized from ore mining. 

The fmal “optimum” pit design was based on best estimates 
for the input parameters using achievable projections and contained 
approximately 100 million tonnes grading 0.41% Cu above a 0.20% 
cutoff grade with a 1.351 strip ratio. 
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Working Pit Designs and Pit Scheduling 
Workabie pit designs were created by smoothing the wmputer- 

generated floatingone optimum pit, adding haulage ramps and 
scheduling pit production. The twl used to do this was an in-house 
program running inside the AutoCALF environment. The program 
ensured that all geoteclmical and engineering design criteria were 
met from a drafting point of view, whde allowing the mine enpi- 
ueer to concentrate on the reasoning behind the resulting pit design. 

A nmnber of pit design options were created dming the Bell 
uyx) project. The initial step was to design the ultimate pit limit 
and ultimate haulage ramp locations. The ore and waste volumes 
and grades were then quantiiied on a Lmch-by-hcb basis at differ- 
ent cutoffs for the ulhate  pit boundaries. 

The next step was to design and schedule a series of phased 
pits which would result in the ultimate pit being extracted. The ob- 
jectives of the phased designs were: 

to ensure haulage access at all times to the wor!ung benches 
within the phased pit while minimizing the need for tempormy 
rslmnn. 

Phase I targeted ore relatively high on the east wall. Phase I 
was to be serviced by two ramps: an ore ramp entering the pit near 
the primary uusha and descended the south wall in a wunterdock- 
wise spiral and a waste ramp which exited the pit in the middle 
of the north wall and spiralled clockwise down the north and east 
walls. These two ramps would meet at the 2180 bench in the 
southeast corner of the pit and become permanent parts of the ulti- 
mate ramp design. Below this elevation, a tempormy ramp would 
access the ore on the east wall. In total, phase I contained 14.5 
million tonnes grading 0.365% Cu above a 0.21% cutoff with a 
2.501 strip ratio. 

Phase I1 targeted ore at moderate depth on the south wall of 
the pit as well as pmlding the first significant deepening of the 
pit bottom below the aisbng configuration. large YOlmIles of waste 
across the entire south wall would be stripped and anothez section 
of the pamanent pit ramp would be established from the intersec- 
tion of the primary ore and waste ramps on the2180 Lmchspidilg 
clockwise down on the southwall to the 1940elwation. Below 1940 
the remainder of the phase Il ramp would be temporary and 
switched back and forth down the south wall to an intermediate 

tonnes grading 0.459% Cu above a 0.21% cutoff with a 2.25:l strip 
_+L. 

to adequate worldng width were m h t a i d  allowing pit bottom at the 14m eldon, Phase II contained 16.9 million 
maximum productivity and minimiang mining costs; 
to allow each ~hase to be mined as indmdentlv as nossible tau". 

from the next phase, ducing opemtiomiinta&nce between 
the phases; and 
to ensure sufficient volumes within each Phase to provide mill 
feed for at least two years. 

phase IIl would mine the of the 1~~~ and strip 
the west and north walls down to the 1940 elevation. The phase 
IU ramp would crest at the same location as the primary ore ramp 
near the primary Busher but would descend clockwise down the 

A number of strategies were investigated, including whether it 
was better to maintain mill production throughout the expansion 
proess or to shut the concentrator down for a period of time to 
allow s ip ihmt  volumes of waste to be preshippea. In the end, 
it was determined that maintenance of concentrate production and 
resultant revenues was preferable to a shut down. The general 
philosophy of phase development was that the ore from one phase 
must provide sufficient mill feed to ensure that the waste from the 
next phase was removed to the point that this next phase could 
sustain ore production. 

The final design and schedule produced during the Bell uyx) 
project was known as the Pit 8 design (Fig. 21). Pit 8 used the Rob 
Cut and upper I6mne ore as phase 0 or the initial ore supply to 
the mill dming the pit expansion. 

west wall to a switchback at the 2180 elevation on the north wall, 
roughly vertically below where the main waste ramp would enter 
the pit. The portion of the phase I11 ramp below 2180 down to 
the same location as the 1940 switchback on the phase I1 ramp 
would be temporary and be mined out during the last phase of the 
pit expansion. Phase I11 wntained 13.8 million tonnes grading 
0.278% Cu above a 0.21% cutoff with a 2.653 strip ratio. 

The fd phase of the mining plan would complete the extrac- 
tion of the ulhate  pit. Phase IV would coutinue mining below 
the phase 111 pit and the phase I1 ramp as well as deepening the 
pit bottom to the ultimate 1180 elevation (more than 400 m below 
the pit rim on the north wall). The phase IV ramp would continue 
clockwise around on the west wall from the old phase II switch- 
back at 1940 to anew switchback on the north wall at the 1720 
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elevation. Below th , the tinil ramp spiralled counterdmk- 

1% cu 

After all of the pit phases had been completely designed, the 

wise to the bottom .PhaseIvwasthe" pit fM 
the whole expansion, containing 39.6 million tonn 
ore above a 0.21% Cu cntoff at a 0.221 strip ratio. 

en& expansion was scheduled out on a 
produce a technicany f a i l e  pkn. As mtid h v e ,  
tion from one phase was applied against waste stripping &om the 

W'n, 1992). The effect of this appr 
the overall cash flow of the project as 
was not displaced into the future by 
material. 

Financial Analysis 
Detailed hancial analyses of the srpansion plans were done 

after prodnction schedules had been produced. opaating expenses 
for mining, milling and general site wsts were estimated from the 
scheduled productio were forecast from 
zao-based practical (e.g., haulage 
cycle8 and drill factors). Capital wsts were estimated for new and 
replacement mining and milling equipment, and Wings wnstrue 
tion, and were distributed in time to meet schedules. 

A n u m k  of op!ions were explored during the Bell 2 
(Auan, 1991). k d -  using S U p p l e m m L  
from U or -, contract prestripping, m-p- 
and wnveying of ore, run-of-mine conveying of waste, altemative 
tailing deposirion Options and acid dump leachmg with solvent ex- 

0 to uroduce - metal from tractionandekmwmmm . .  

Phase 111 1 

Phase IV i: 

prodnction rates and very large pits) " f d  due 
to the time lag b e e n  mitd capiku ouuay an poslhve revenue 
from mining higher grade ore in the pit bottom. Conversely, very 
small expansion options (minimal pushback) suffered from insuffi- 
cient revenue over the life of the project to justify any capital ex- 
penditures, low productivity due to minimal mining widths and an 
inability to develop significant volumes of ore in the pit b o r n .  

To improve cash flow, a ' from 
070 to I;u was appli-T* m- 
sed the grade of the resource hut reduced the tonnage and in- 
sed the stnp raho. The "final" open pit resource at Bell 
d o n  tonne of ore gradmg 0 44% Cu and 0 20 p/t A 

p ratlo Tlus resolmrz did not satisfy Nomda Minerah' 
min finanad requirements for development in March, 1992. 

The Bell evaluation was emmelysensitiveto a n u m k  of opa- 
ating parameters. The size of the geologic resource was substantial 
(Fig. 20) but development was handicapped by the amount of waste 
stripping required to expose sunicient miJl feed in a timely fashion. 
The project generated positive cash flow on an mat ing  cost basis 
but failed to meet 6nancial hurdles on a dkmnted cash flow basis. 
Had the full extent of the Bell deposit been realized early, perhaps 
a different extraction plan would have resulted in a vay different 
fmal pit. 
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