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Abstract

Five stratiform Zn-Pb-Ag deposits are known in Early Cambrian metapelitic rocks along a
curvilinear trend in the Anvil Range, central Yukon. The Anvil Range deposits occur along
the southwestern boundary of the Selwyn basin in the stratigraphic transition zone between
metapelites of the Mt. Mye unit and calcareous phyllites of the overlying Vangorda unit. The
massive sulfides are associated closely with anomalously thick graphitic phyllites, apparently
related to a second-order basin. A typical Anvil cycle of mineralization begins with a ribbon-
banded graphitic-quartzitic-pyritic unit. This grades upward into sulfide-bearing quartzite,
quartzitic massive sulfide, massive sulfide, and finally a baritic massive sulfide horizon. Sericitic
alteration envelopes irregularly encompass each deposit and locally are developed best in
footwall rocks.

Detailed sulfur isotope studies have been carried out on the DY and Grum deposits and on
one representative drill hole from the Faro deposit. The 8*'S values of sulfide minerals generally
range from 10 to 22 per mil and are similar in all three deposits. The 338 values of pyrite in
unmineralized samples from the district exhibit a wider range, from 6 to 34 per mil, and show
distinct upward stratigraphic increase due to a stagnation cycle in the basin.

The 5*'S values of barite samples are strongly depenclent on bottom-water conditions and
mode of mixing during brine exhalation. They range from 22 to 26 per mil in the Faro deposit
to 36 to 42 per mil in the DY deposit. These variations are due to mixing of isotopically light
sulfate (18-20%) in Ba-bearing ore fluid and isotopically heavy residual sulfate (30-60%0) in
anoxic seawater.

Thirty-eight samples of galena from the DY, Grum, Faro, $B, and Swim deposits have been
analyzed for lead isotope ratios. In general, the lead isotope ratio data indicate an upper
crustal lead source, with the Proterozoic Grit unit which is inferred to undertie the district
being the most likely source rock. A small component of mantle leads from mafic igneous
rocks or due to source rock inhomogeneity is also indicated.

Graphitic host lithologies, lack of stratiform iron oxides, 'S values of sedimentary pyrite,
and sulfide sulfur-organic carbon variations in unmineralized cores indicate formation of the
Anvil deposits in strongly reduced bottom water related to a previously unknown Early Cam-
brian anoxic event.

Introduction 1}). Open-pit mining of the Faro deposit, at up to

10,000 metric tons per day from 1969 until a tem-

THE Anvil lead-zinc-silver district is located 200 km  porary closure in 1982,' constitutes the Yukon Ter-
northeast of Whitehorse in the Yukon Territory (Fig.  ritory’s largest mining operation. District-wide total

* Present address: Curragh Resources, 117 Industrial Road, ' Note added in proof: Fare mine rcopened in 1986, with an
Whitehorse, Yukon, Canada Y1A 2T8. average production of 13,500 metric tons per day.
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FIG. 1. Location of the Anvil Ph-Zn-Ag district with respect
to selected Paleozoic and Mesozoic tectonic elements northeast
of the Tintina fault. The Tintina fault is a Late Cretaceous, right-
lateral strike-slip fault with approximately 450 km displacement,
The Yukon Tanana terrane (also known as the Yukon cataclastic
complex) is an imbricated sequence of middle Paleozoic magmatic
arc-related rocks and upper Paleozoic ophiolitic rocks; it is exotic
with respeet to the Yukon farther northeast and was “accreted”
in the Late Jurassic or Early Cretaceous along the Finlayson Lake
fault zone, a major transcurrent fanlt or upturned thrust,

sulfide is inferred to be as much as 275 million metric
tons containing measured reserves of 92 million met-
ric tons of ore containing 8.3 percent combined lead-
zine with about 50 g/ton silver (Table 1). _
Five stratiform pyritic massive sulfide deposits and
two lesser occurrences occupy a narrow interval in
the late Proterozoic to early Paleozoic section of the
Anvil Range (Fig. 2}. Detailed sulfur and lead isotope

studies were undertaken to define lateral and vertical
isotopic variation in the deposits and to shed further
light on the origin of the deposits. In particular, §*'S

- data for the sedimentary exhalative deposits of the

Awvil Range, when compared to temporal seawater
sulfate curves, provide information on the ultimate
sulfur source. Likewise, lead isotope data provide
constraints on the ultimate lead source. Small lateral
and vertical variations in §'S values of sulfide and
sulfate minerals allow refinement of genetic models.
Comparative study of unmineralized metapelite host
rocks in the Anvil Range, which includes analysis of
organic carbon and sulfide sulfur contents, also was
undertaken to assess regional bottom water conditions
during ore formation.

Previous studies of §**S variations in Anvil Range
massive sulfide deposits have been carried out by
Campbell and Ethier (1974} and by Kuo (1976).
However, recent improvements in understanding of
facies relationships in Anvil deposits were not avail-
able to these authors, thus hampering both sample
selection and data interpretation. Lead isotope data
on Anvil Range deposits have previously been pre-
sented by LeCouter (1973), Kuo and Folinsbee
(1974), Kuo (1976), and Godwin and Sinclair (1982).
The present interpretations make full use of geologic
information now available for the Anvil Range and
focus on the sources of lead and sulfur in the deposits.

The detailed sulfur isotope studies of sedimentary
pyrite samples in pelitic rocks of the Anvil Range,
coupled with the recently published curves of Good-
fellow and Jonasson (1984), indicate a remarkable
picture of the Selwyn basin as a stagnating, extremely
reducing sea for over 200 m.y. of the early Paleozoic.
Moreover, the combination of an execellent Pb-Zn-Ba
source rock underlying and flanking the basin and of
basin-margin block faults, which provide pathways for
subsurface brines to vent on the sea floor, has pro-
duced an important metallogenic province for strat-
iform and strata-bound Pb-Zn deposits, which in-
cludes the Anvil deposits. If one accepts the inferences
of Goodfellow and Jonasson (1984} and this study re-
garding extensive sulfate reduction in the anoxic water

TABLE 1. Ore Reserves for Anvil Distriét Deposits’

Crade
Measured Lead Zinc Silver Inferred lotai

Deposit reserves (%) (%} (z/1) sulfide
Faro . 36.9 m.t 3.0 4.8 37 70 m.t,
Grum’ 27.8 m.t. 3.1 4.9 48 50-80 m.t.
Vangorda 5.2 m.t. 3.3 4.3 48 10-15 m.t.
DY 18.0 m.t, 5.6 7.4 83 70-100 m.t.
Swim 4.3 m.t. 4.7 3.8 47 8-10 m.t.
Composite 92.2 m.t. 3.6 4.7 50 208-275 m.t.

' 1981 reserve figures, given in million metric tons {m.t.}
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Fic. 2. Ceologic map of the Anvil Ph-Zn-Ag district showing surface projections of sulfide mineral
deposits and collar locations of drill holes which intersected unmineralized strata, The Anvil batholith
is a Middle Cretaceous quartz monzanitic intrusion which thermally and strueturally affected the Faro

deposil, and 1o a lesser extent, the Grum deposit.

column, eyclically interspersed with partial ventilation
events, then sulfur isotope studies emerge as an ex-
tremely important exploration tool in the basin.

Stratigraphy

The Anvil district lies on the southwestern margin
of an important lead-zinc-silver province (Carne and
Cathro, 1982) known informally as the Selwyn basin
{Fig. 1). The district is underlain by late Proterozoic
and Paleozoic metasedimentary and lesser metavol-
canic rocks (Fig. 2) that formed near the ancient con-
tinental margin of North America. The southwestern
boundary of the district is defined by the Vangorda
Creek fault, part of a major early Mesozoic structure
juxtaposing the radically different Yukon-Tanana sus-
pect terrane (Tempelman-Kluit, 1979} with rocks of
the district.

" The district is underlain by strata as young as
Permian, but only those of Ordovician and older age
are summarized here (Fig. 3). The older rocks are
divided into three mappable units for which informal
stratigraphic names are given. The names follow the
usage of Jennings and Jilson {1986}, who describe the
units in some detail. From oldest to youngest these
are: the Mt. Mye unit dominated by noncalcareous
metapelites, the Vangorda unit dominantly consisting
of calcareous metapelites, and the Menzie Creek unit

composed of basaltic metavolcanic rocks and graphitic
metapelite (Fig. 3}, Massive sulfide deposits occurin
the Mt, Mye and Vangorda units near the stratigraphic

transition zone between the two.

The Mt. Mye unit varies from biotite-muscovite
schist to weakly carbonaceous, light to medium gray
muscovite-chlorite phyllite with lesser interlayered
black graphitic phyllite, marble, calc-silicate phyllite
or schist, metabasite, and psammitic schist. Present-
day thickness measured perpendicular to Sy is at least
2 km, and the base of the unit is not exposed in the
district, :

The upper portion of the-unit is very similar to the
buff-weathering mudstone and blue-gray mudstone
described by Gordey (1978) to the east near Howards

" Pass, and to unit 8A of Blusson (1966) near Cantung,.

Tenuous correlation with these units would imply that
the top of the Mt. Mye unit is of Early Cambrian or
possibly Middle Cambrian age. Parts of the Mt. Mye
unit also resemble rocks underlying.unit 8A (Blusson,
1966}, which suggests that it probably includes rocks
as old as Hadrynian.

The Vangorda unit is characterized by light- to me-
dium-gray calcareous pelitic rocks. The maost abun-
dant lithology is noncalcareous, weakly carbonaceous,
muscovite-chlorite phyllite very thinly interlayered
with quartz + calcite £ dolomite metasiltstone. Major
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column, cyclically interspersed with partial ventilation
events, then sulfur isotope studies emerge as an ex-
tremely important exploration tool in the basin.

Stratigraphy

The Anvil district lies on the southwestern margin
of an important lead-zinc-silver province (Carne and
Cathro, 1982) known informally as the Selwyn basin
(Fig. 1). The district is underlain by late Proterozoic
and Paleozoic metasedimentary and lesser metavol-
canic rocks (Fig. 2) that formed near the ancient con-
tinental margin of North America. The southwestern
boundary of the district is defined by the Yangorda
Creek fault, part of a major early Mesozoic structure
Jjuxtaposing the radically different Yukon-Tanana sus-
pect terrane (Tempelman-Kluit, 1979) with rocks of
the district.

" The district is underlain by strata as young as
Permian, but only those of Ordovician and older age
are summarized here (Fig. 3). The older rocks are
divided into three mappable units for which informal
stratigraphic names are given. The names follow the
usage of Jennings and Jilson (1986), who describe the
units in some detail. From oldest to youngest these
are: the Mt. Mye unit dominated by noncalcareous
metapelites, the Vangorda unit dominantly consisting
of calcareous metapelites, and the Menzie Creek unit

composed of basaltic metavolcanic rocks and graphitic
metapelite (Fig. 3). Massive sulfide deposits occurin
the Mt. Mye and Vangorda units near the stratigraphic

transition zone hetween the two.

The Mt. Mye unit varies from biotite-muscovite
schist to weakly carbonaceous, light to medium gray
muscovite-chlorite phyllite with lesser interlayered
black graphitic phyllite, marble, cale-silicate phyllite
or schist, metabasite, and psammitic schist. Present-
day thickness measured perpendicular to S is at least
2 km, and the base of the unit is not exposed in the
district. -

The upper portion of the unit is very similar to the
buff-weathering mudstone and blue-gray mudstone
described by Gordey (1978) to the east near Flowards

" Pass, and to unit 8A of Blusson (1966) near Cantung.

Tenuous correlation with these units would imply that
the top of the Mt. Mye unit is of Early Cambrian or
possibly Middle Cambrian age. Parts of the Mt. Mye
unit also resemble rocks underlying unit 8A (Blusson,
1968), which suggests that it probably includes rocks
as old as Hadrynian.

The Vangorda unit is characterized by light- to me-
dium-gray calcareous pelitic rocks. The most abun-
dant lithology is noncalcareous, weakly carbonaceous,
muscovite-chlorite phyllite very thinly interlayered
with quartz & calcite + dolomite metasiltstone, Major
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FIG. 3. Informal stratigraphy of the Anvil Ph-Zn-Ag district. Ages range from Late Hadrynian to
Early Ordovician, with massive sulfide deposits oceurring near the Mount Mye-Vangorda unit transition.

interbanded units include metabasite and metatufT,
graphitic phyllite, and phyllitic limestone.

Most metabasite bodies in the Vangorda unit are
medium grained and equigranular; thus, they may
have been sills. Locally, amygdaloidal margins and a
common association with thin-bedded, tuffaceous
rocks suggests at least some were flows. Whole-rock
compasitional data show that the metabasites are all
of basaltic composition (Jennings and Jilson, 1986).
The bodies range from 1 to 100 m in thickness and
are up to several kilometers in length. '

The Vangorda unit varies between 0.5 and 2 km
in apparent thickness with basic igneous rocks com-
prising approximately 15 percent of the section. The
unit becomes more calcareous up-section, with con-

comittant increase in metabasaltic units. The Van-
gorda unit is lithologically similar to, thcugh more
argillaceous than, the Middle Cambrian through Early
Ordovician Rabbitkettle Formation to the east (Gor-
dey, 1978; Gabrielse et al., 1973).

The Menzie Creck unit is a unit of basaltic meta-
volcanie rocks consisting of pillowed and massive
flows with comparable amounts of massive, coarse,
monolithic breccias and lesser, thin-bedded fine tuff
and volcanic sandstone and siltstone. Carbonaceous
phyllite and brown siltstone which occur about 5 miles
northeast of the Anvil batholith contain graptolites of
Middle Ordovician or Early Silurian age (Tempelman-
Kluit, 1972). These rocks, which are interlayeréd with
the Mt. Mye unit, correlate with the black shale and
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chert of the widespread Road River Formation to the
northeast {(usage of Road River Formation after Ga-
brielse et al., 1973, see alsofdiscussion in Cecile,
1982).

Whole-rock major element and trace element data
(Jennings and Jilson, 1986) show that the Menzie
Creek unit is composed dominantly of alkali basalt
erupted in a within-plate setting similar to the me-
tabusites of the Vangorda unit: The Menzie Creek unit
varies from zero to about 1.5 km in thickness in and
near the district. It has been traced for 100 km along
strike and 30 km across strike, showing that it is one
of the largest of several basaltic units of its age in the
Yukon. Similar and probably correlative units have
been mapped by Cecile (1982) as the Marmaot For-
mation to the northeast and as an unnamed unit to
the northwest near Dawson City (Tempelman-Kluit,
1970a).

Deformation, Metamorphism, and Plutonism

The Anvil district has suffered a complex history
of intense deformation, metamorphism, and granitic
intrusion which must be considered in interpretation
of the geachemical data.

Rocks of the district show the effects of at least five
periods of deformation. The first two periods are the
mest pronounced and were accompanied by meta-
morphism ranging from lower greenschist facies to
middle amphibolite facies in a low-pressure, Abu-
kuma-type series.

As has been shown previously (Tempelman-Kluit,
1970b}, metamorphic grade increases from the Swim
deposit (lower greenschist} to the Faro deposit (am-
phibolite) with a parallel increase in grain size of the
sulfides. As a result, sulfides, sulfates, and host silicates
in all deposits are extensively recrystallized and the
textures abserved are largely metamorphic.

The first deformation (D,) produced a regional
metamorphic foliation (§,) axial planar to tight to iso-
clinal mesoscopic folds (F;) in bedding (Sq) which are
rarely preserved in the district. Northeasterly inclined
to upright megascopic folds with shallow northwest-
erly or southeasterly plunging axes appear to have
formed at this time.

During the second event (ID;), §, was folded to form
ubiquitous close to tight mesoscopic folds with shal-
lowly dipping axial planes and subhorizontal axes. A
typical cross section of these structures is shown in
Figure 4b. The largest megascopic folds known to
have formed during D; are those at the Grum deposit
{Fig. 5) and in the Swim deposit. Parallel to the axial
planes of the D; folds is a crenulation cleavage (S,)
* which imparts a well-developed lithon structure to
most rocks of the district, especially the strongly
banded phyllites of the Vangorda unit.

The later events (D3 through D;) generally pro-
duced open folds and weak crenulations in S, related
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to broad, regional structures. Locally, however, the
effects may be intense, as in the vicinity of the Faro
deposit where the fourth event (D,) produced tight
mesoscopic folds in pervasive S, with appreciable
growth of mica along S, (see Fig. 4a for an example
of F, folds affecting the outline of the Faro orebody).
The third event {Dy) appears related to the formation
of the Anvil arch (Tempelman-Kiuit, 1972)—a large,
doubly plunging antiform which warps S, and is cored
by the Anvil batholith.

The Anvil batholith ranges in composition from
granodiorite to quartz monzonite and textures include
equigranular massive, megacrystic massive, and var-
ious strongly to weakly foliated variants. The batholith
is syn- to late tectonic with respect to Dy. Several K/
Ar ages on the granitic rocks yield ages of 85 to 100
m.y. {Tempelman-Kluit, 1972). More recent work in-
dicates Rb-Sr isochron ages of 99 to 100 m.y. for two
intrusive phases of the Anvil and nearby Orchay
batholiths, with one distinctive sample giving an age
of 61 m.y. (Pigage and Anderson, 1985}. Massive sul-
fide deposits occur in a_curvilinear trend southwest
and south of the Anvil batholith. Some, especially Faro
and Grum, were structurally and thermally affected
by batholith emplacement.’

Massive Sulfide Deposits

The deposits of the Anvil Range lie along the
southern flank of the Anvil arch (Fig. 2). From north-
west to southeast, they include the Faro, Grum, Van-
gorda, DY, and Swim deposits. Two other significant
sulfide occurrences, the SB and Sea, are known in the
district. Tonnage and grade {1981 figures) for each
of the deposits are summarized in Table 1 and rep-
resentative sections through Faro, DY, and Grum are
given in Figures 4a, 4b, and 5, respectively.

All deposits are stratiform, strata-bound massive to
disseminated sulfide lenses with postdeformational
lengths generally two to three times widths. Sulfides
are mainly pyrite, sphalerite, and galena; quartz and
barite are the principal gangue minerals. Deposits oc-
cur as single lenses with little or no interbanded
metasedimentary rocks {e.g., Faro, Fig. 4a} or as mul-
tilayered lenses with substantial metasedimentary or
metavolcanic interlayers (e.g., DY, Fig. 4b; and Grum,
Fig. 5). The upper and lower contacts of any given
sulfide body are invariably sharp whereas lateral mar-
gins appear to grade into the enclosing host rocks. All
deposits show variably developed white mica alter-
ation in the immediately adjacent wall rocks. This al-
teration has not been studied in mineralogical detail.
but consists of unusually light-colored phyllite or
schist enriched in muscovite at the expense of chlorite
and biotite. It is not a depositional unit and may have
formed either as a reaction product between sedi-
mentary host rocks and deposit-forming hydrothermal
fluids, as a metamorphic reaction envelope, or as a
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Fic. 4. Generalized cross sections of the Faro and DY deposits, showing the multilayered nature
of the DY deposit {five sulfide horizons are arbitrarily numbered from oldest to youngest) in contrast

to the single mineralized horizon devéloped at Faro

. Note the close associalion of mafic meta-igneous

rocks with mineralized horizons at DY. F, structures are pervasively developed at Faro due te proximity
with the Middle Cretaceous Anvil batholith. Drill holes utilized in the present study are numbered.

combination of these processes. In the multilayered
deposits, the alteration seems best developed in the
footwall of a given lens or deposit, suggesting that
hydrothermal alteration is of greater importance.
The Anvil deposits occur through a stratigraphic
interval of about 150 m straddling the contact be-
tween the Mt. Mye and Vangorda units. Thin graphitic
phyllite is regionally developed at that horizon, but
near the deposits graphitic layers are much thicker
and more numerous. Sulfide lenses tend to be devel-

oped as lateral equivalents to or immediately adjacent
to graphitic units (Figs. 2-6).

Most basaltic meta-igneous rocks occur strati-
graphically above the Anvil deposits. The first signif-
icant pulse of extrusive basaltic activity produced thin
metabasites in the uppermost Mt. Mye unit, suggest-
ing at least a temporal relationship between ore for-
mation and basaltic magmatism (Jennings et al., 1980).
It should be emphasized, however, that there is gen-
erally a poor spatial association of sulfide deposits and

oo
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FIG. 5. Generalized cross section of the Grum depasit. The Grum deposit is folded about steeply
southwesterly dipping 5, axial planes with northwesterly plunging F, fold axes. The F, folds have been
cut and crenulated by a shallow southwesterly dipping S; crenulation foliation producing F folds nearly
coaxial with F;. Three distinct sulfide horizons are apparent: upper—southwesterly lens hosted entirely
in the Vangorda unit, Central—Vangorda in the hanging wall and Mount Mye in the footwall, and
lower—northeasterly lens hosted entirely inr the Mount Mye unit, The Grum horizons show preferential
development of the distal ribbon-banded facies relative to Faro (Table 4). Both surface and underground

drill holes were utilized in this study..

metabasaltic rocks. The DY deposit, with sulfide
lenses in direct contact with chloritic phyllite lenses
{(Fig. 4b}, is the notable exception to this generaliza-
tion. Nonetheless, the Anvil deposits all are domi-
nantly sediment hosted. -

In map view, the deposits form a curvilinear array
along the Mt. Mye-Vangorda boundary (Fig. 2}. De-
tailed mapping and drilling suggest that the deposits
lie close to a “pinch out” or “"zero edge” of the as-
sociated graphitic phyllite. To date, no sulfide litho-
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facies have been encountered in drill holes through
the transition zone southwest of the deposit line.
Taken together, these observations suggest some re-
lationship between sulfide deposits, facies changes at
reduced basin margins, and basaltic volcanism.
While deposits of the Anvil belt show distinct dif-
ferences in terms of the numbers of mineralized ho-
rizons per deposit, spatial relations to metabasaltic
rocks, and grades of regional metamorphism, the
overall similarity of sulfide lithofacies is striking. All
lithofacies are commonly banded and show narrowly
gradational, vertical contacts. The principal facies in-
clude: (1) ribbon-banded, sulfide-bearing graphitic
quartzite: alternating laminae on a millimeter to cen-

timeter scale of dark gray to black, siliceous, carbo-

naceous pelite to argillaceous metachert and light
gray, pyrite-, sphalerite-, and galena-bearing quartz-
ite; {2) muscovite, pyritic quartzite: disseminated (5%)
to nearly massive (60%) pyrite and highly variable
sphalerite and galena in & light gray, muscovite
quartzite matrix; (3) massive pyritic sulfide: massive
pyritic sulfide (>80% total sulfide by volume} gen-
erally enriched in sphalerite and galena relative to
the previous unit with quartz as gangue, unit may
grade into massive nonpyritic base metal sulfide or
massive pyrrhotite; and (4) baritic and ferroan car-
bonate-bearing massive pyritic sulfide: massive sul-
fide, sulfate, and carbonate commonly énriched in
sphalerite and galena with subs1clmry magnetite and
quartz gangue.

Arrangement of sulfide lithofacies in a vertical and
lateral sense commonly occurs within all of the de-
posits and is referred to as the “Anvil cycle.” Details
of the Anvil cycle are best seen in an idealized model
of an Anvil deposit {Fig. 6) based heavily on the Faro
deposit. The base of a cycle is marked by ribbon-
banded, sulfide-bearing graphitic quartzite succeeded

SEDIMENTARY HYDROTHERMAL
“Mud” Organic  Si0; S§® S07
Baritic massive T ¢ carbon
sulfides ;]1 i

i I Altoration avergtint

Mainly calcaraous
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Mazsive pyritic
sulfides

Pyritic qusrizita X
Graphitic pelite

Ribbon bandad [ i
oty . - —_-1 Mainly non-
graphitic guarite l | =—-| calcareous pelite

FIG. 6. The Anvil cycle: an idealized model of the distribution
of sulfide lithofacies in Anvil district sulfide deposits.
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upward by pyritic quartzite, massive pyritic sulfide,
and baritic massive sulfide. This vertical array is also
seen laterally with ribbon-banded, sulfide-bearing
graphitic quartzite forming the marginal or distal fa-
cies of a deposit, with inward transition to baritic

‘massive sulfide. The similarity of Anvil cycle devel-

opment between deposits strongly suggests a consan-
guinous origin for the Anvil district deposits.

Poorly developed metal zoning follows the facies
distribution pattern in that the base of a cycle tends
to be high in zinc with lead and silver enrichment
developed toward the top. Copper and gold seem to
be preferentially enriched in the siliceous facies of
the footwall alteration zone or in the pyritic quartzite
facies of the stratiform sulfides (Jennings and Jilson,
1986).

The Anvil cycle facies zonation pattern, although
common and well defined, is somewhat idealized. It
is important to note that Anvil cycles are developed
on a variety of scales and to varying degrees of com-
pleteness. A series of complete and partial cycles may
cumulatively form a megacycle either on the scale of
adeposit (e.g., Faro} or on the scale of a single sulfide
horizon within a multilayered deposit (e.g., DY).
Complete cycles also are seen over a 1-m stratigraphic
interval (or less), forming cycles within other cycles.

Methods

A broad variety of drill core samples, from both
mineralized and unmineralized areas of the Anvil
Range, were utilized in this study. In all, 487 sulfur
isotope analyses were completed on 305 samples.
Samples were selected from the various deposits as
follows: Faro, 23; Grum, 71; and DY, 138. The re-
maining 73 samples are from unmineralized carbo-
naceous pelites in drill holes in the areas of the Faro,
Crum, and DY deposits; drill-hole collar locations for
barren holes are shown in Figure 2. Samples from the
Faro and Grum depaosits were taken directly from drill

"core and generally represent a few centimeters of

stratigraphic interval. Mechanical mineral separations
were carried out on the Grum samples, where pos-
sible. DY samples were taken from assay pulps which
represent homogenized channel samples of larger in-
tervals, usually a meter or two, but always restricted
to a single lithologic unit.

Because many of the samples were finely ground
assay pulps, it was necessary to separate sulfur-bearing
phases for isotopic analysis by chemical extraction.
Samples were reacted first with hot 6 N HCI while
purging with pure N, gas. The N, gas was passed
downstream through an AgNO; trap to precipitate
the sulfide released from galena and sphalerite. Pyr-
rhotite, present in a few samples, also reacts in this
step. Bulk sulfide and pyrite residues from hot HCI
leaches were oxidized with boiling aqua regia-bro-
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TaBLE 2.  Geochemical and Lithological Data for Unmineralized Anvil Range Samples'

Core
no.

Depth (m)

%

Corgmic

%o
Cin CO;

%o
Slnul

S/Cuomic

63482
(%)

Lithology

79.02
79-02
79-02
79.02

79-02

79-02

79-02

79-02

79-02

79-02

79-02

79-02

79-02

79-02

79-02

75-12

75-12

164.4-165.9

165.9-167.2

167.2-168.5

168.5-170.0

227.9-229.3

229.3-230.9

230.9-232.3

232.3-233.7

303.1-304.6

304.6-306.0

306.0-307.4

307.4-308.9

364.5-365.9

365.9-367.4

367.4-369.4

69.5-70.3

70.3-71.3

78.3-79.2

0.08

0.06

0.04

0.11

0.02

0.83

1.34

1.53

0.08

0.19

0.59

2.29

0.04

0.67

0.23

0.26

0.20

0.24

0.28

0.45

0.52

1.51

0.30

0.30

0.20

0.20

0.30

0.30

0.30

0.50

0.20

0.60

0.60

0.30 .

0.30

0.20

1.40

1.02

0.09

0.90

0.39

0.29

1.40

0.47

34.1

14.6

13.5

13.9

12,5

7.4

4.2

13.4

12.9

Mt. Mye unit: noncalearcons
muscovite + chlorite
+ hiotile phyllite

Mt. Mye unit: noncalcareous
muscovite + chlorite
+ biotite phyllite

ML, Mye unit: nonealcareous
muscovite + chlorile
+ biotite phyllite .

Mt. Mye unit: noncalcareous
muscovite + chlorite
+ hiotite phvllite

Mt. Mye unit;
carbonaceous, biotite-
muscovite-andalusite
schist

Mt. Mye unit:
carbonaceous, biotite-
muscovite-andalusite
schist

Mt. Mye unit:
carbonaceous, biotite-
muscovite-andalusite
schist

Mt. Mye umit:
carbonaceous, biotite-
muscovite-andalusite
schist

Mt. Mye unit:
carbonaceous, biotite-
muscovite-andalusite
schist

Mt. Mye unit:
carbonaceous, biotite-
muscovite-andaltusite
schist

Mt. Mye unit:
carbonaceous, biotite-
muscovite-andalusite
schist

Mt. Mye uait:
carbonaccous, biotite-
muscovite-andalusite
schist

Mt. Mye unit: graphitic
schist

Mt. Mye unit: graphitic
schist

Mt. Mye unit: graphitic
schist

Mt. Mye unit:
earbonaceous, biolite-
muscovite-andalusite
schist

Mt. Mye unik:
carbonaceous, biotite-
muscovite-andalusite
schist '

Mt. Mye unit;
carbonaceous, hiotite-
muscovite-andalusite
schist
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TABLE 2—=(Comnt.}

Core % %, % FMge
no. Depth (m} Corgante Cin CO;, Siotl §/Caromic {%a) Lithology

75-12 79.2-80.2 - 1.30 13.2 Mt. Mye unit:

. carbonacuous, bistite-
muscovite-andalusite
schist

75-12 87.2-58.1 0.05 - 1.79 0.70 5.24 16.6 Mt. Mye unil:
carbonaceous, biotite-
muscovite-andalusite
schist

Th-12 88.1-89.0 0.08 0.43 0,40 1.87 15.4 Mt. Mye unit:
carbonaceous, biotite.
muscovite-andalusite
schist

75-12 110.7-111.6 1.68 0.30 18.7 Mt. Myc unit: very
carbouaceous, hiotite-
muscovite-andalusite
schist

75.12 111.6-112.5 0.40 0.40 0.10 0.09 18.2 Mt. Mye unit: very
carbonaceous, hiotite-
muscovite-andahisite
schist

75-13 93.0-93.9 0.80 15.2 Mt. Mye unit; graphitic
schist
75-13 105.1-106.0 0.04 0.57 0.10 IR 10,9 Mt Mye unit:
carbonaceous, hiotite-
muscovite-andalusite
schist
75-13 106.0-107.0 0.40 - 0.50 13.7 Mt. Mye unit:
' ’ carbonaceous, bhiotite-
muscovite-andalusite
. . schist
75-13 115.3-116.3 0.74 0.50 15.4 Mt., Mye unit:
carbonaceous, hiotite-
muscovite-andalusite
schist
7513 116.3-117.2 0.99 0.20 11.8 Mt. Mye unit:
carbonaceous, biotite-
muscovite-andalusite
schist ’
75-13- 125.1-125.9 - 0.43 0.83 1.80 1.57 17.1 Mt Mye unit: graphitic
) schist '
75-13 125.9=-126.5 .20 1.94 0.40 0.73 15.7 M1, Mye unit: graphitic
schist

75-14 83.5-84.1 0.08 0.32 . 0.30 1.40 13.4 Mt. Myc unit;
carbonaceous, biotite-
museovite-andalusite
schist

75-14 84.1-84.6 0.64 0.10 12.3 Mt. Mye unit;
carbonaceous, bjotilc-
muscovite-andalusite
schist

75-14 102.6-103.2 0.11 0.30 17.8 Mt. Myc unit:
carbonaceous, biotite-
muscovite-andalusile
schist

753-14 119.1-119.7 0.46 0.38 0.20 0.16 3.4 Mt. Mye unit:
carbonaceous, biotite-
muscovite-andalusite
schist

75-14 120.4-120.9 2.21 0.10 Mt. Mye unit;
carbonaceous, hiotite-
musecovite-andalusite
schist to graphite schist
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TaBLE 2—(Cont.)

Core
no.

Depth (m)

k2
Corganic

%
Cin COy

%
Slm;l

5/Cuomic

63452
(%)

Lithology

75-14

. T6-11

76-11

76-11

76-11

76-22

76-22

76-22

76-22

76.22

76-22

77-07

T77-07

77-07

77-07

7707

77-07

77-07

77-07

80-12

138.2-139.5

325.1-326.7
326.7-328.2
355.3—35(;.8

356.8-358.4

78.2-79.6
79.6-81.1
81.1-52.5

175.4-178.4

273.2-275.9

275.9-278.8

198.9-200.4
2010.4-202.0
202.0-203.4
20()3.4-204.8
354.6-357.2
389.3-391.3

439.7-461.2

461.2-462.6

462,6-463.2

358.8-360.8

0.41

1.92

1.98

0.01

1.29

0.58

0.18

0.01

0.03

0.53

1.31

0.05

0.02

0.08

1.19

1.93
1.08

1.30

1.00
0.97
0.87

0.21

2.23

3.22

3.22

2.25

1.21

2.40

1.30
1.90

2.40

0.20

0.10

0.50

0.60

0.60
0.30

0.40

0.20.

0.20

2.19

0.25

0.36

0.74

T7.49

0.42

0.09

0.75

3.74

0.94

15.8
17.0

13.8

24.0
23.5
16,9
15.5

13.2

27.7

27.2

19.9
16.9
16.5

15.8

22.0

Mt. Mye unit: carbonaceous,
biotite-muscovite-
andalusite schist to
graphite schist

Vangorda unit: carbonaceous
to graphitic argillite-
phyllite

Vangorda unit: carbonaceous
to graphitic argillite-
phyllite

Vangorda unit: carbonaceous
to graphitic argillite-
phyllite

Vangorda unit: carbonaceous
to graphitie argillite-
phyllite

Vangorda unit: calcareous
muscovite + chlorite
+ hiotite phyllite
Vangarda unit; calcareous
muscovite + chlorite
+ biotite phyllite
Vangorda unit: calcareons
museavite + chlarite
£ biotite phyllite
Vangorda unit: carbonaceous
to graphitic argillite-
phyllite
Vangorda unit: calc-silicate
phyllite-schist {chloritic)
Vangorda unit: cale-silicate
phyllite-schist (chloritic)

Vangorda unit: calcareous
muscovite + chlorite
* biotite phyllite
Vangorda unil: calcareous
muscovite + chlorite
+ hiotite phyllite
Vangorda unit: calcareous
muscovite + chlorite
+ biotite phyllite
Vangorda unit: calcareous
muscovite -+ chlorite
+ biotite phyllite
Vangorda unit: carbonaceous
to graphitic argillite-
phyllite :
Vangorda unit: carbonaceous
to graphitic argillite-
phyllite
Vangorda unit: cale-silicate
phyllite-schist {siliccous,
muscovite alteration)
Vangorda unit: eale-silicate
phyllite-schist {siliceous,
muscovite alteration)
Vangorda unit: calc-silicate
phyllite-schist (siliceous,
muscovite alteration)

Vangorda wnit; caleareous
muscovite + chlorite
* biotite phyllite
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TaBLE 2—(Cont.)

Core % %
no. Depth {(m} CinCO,

Cnrpn ie

Stulhl

6.'!-‘52

8/Ciramic {%a} Lithology

80-12 360.8-361.8 0.08 2.249

80-12 361.8-363.3 2.02

80-12 363.3-364.7

850-12 767.5-7GY.0 0.35

80-12 769.0-770.5 0.87 2.59

80-12 770.5-T71.5 0.42

80-12 8149.6-821.1 5.48

80-12 0.86

812 0.63 0.68

80-12 978.6-980.0 0.01

§0-12 980.0-981.5 0.05 0.09

80-12 Y81.5-9582.6 .30

50-12 982.6-983.9 0.01 0.16

T49-03 112.0-114.8 . 2.65 4.08

§0-02 236.8-238.0 1.67 0.37

80-02 238.0-239.6 3.94

0.40

0.20

0.70
‘2.60 l_ A2
2.20
1.00
1.00
1.90
0.70

0.40

0.20

2.00

1.30

0.90

Vangorda unit; calcareous
muscovite + chlorite
+ biotite phyllite
Vangorda unit: calcareous
muscovite + chlorite
+ biotite phyllite
Vangorda unit; calcareous
muscovite + chlorite
+ biotite phyllite
Vangorda unit: carbonaceous
to graphitic argillite-
phyllite (sulfidic, siliceous)
Vangorda unit: carbonaceous
to graphitic argillite-
phyllite (sulfidic, siliceous)
Vangorda unit; curbonaceous
to graphitie argillite-
phyllite (sulfidic, siliceous)
Vangorda unit: carbomiaceous
to graphitic argillite-
phyllite (siliceous)
Vangorda unit: carbonaceous
te graphitic argillite-
phyllite (siliceous)
Vangorda unit: carbonaceous
to graphitic argillite-
phyllite {siliceous)
Mt. Mye unit: noncalcareous
muscovite + chlorite
+ biotite phyllite-schist
ML. Mye unit: noncalcareous
muscovite + chlorite
+ hiotite phyllite-schist
‘Mt. Mye unit: noncalcarcous
muscovite + chlorite
+ biotite phyllite-schist
Mt. Mye unit: noncalcareous
muscovile +.chlorite
+ biotite phyllite-schist

1.87 26.9
24.2
3.74
0.09
16.2
0.47 16.7
0.22 13.3

0.49

1.13 9.4
26.20 l4.4
2.99 14.5

15.5

7.49

Vangorda unit: carbonaceous
to graphitic argillite-
phyllite

0.28 19.6

0.29 8.6 Vangorda unit: carbonaceous
to graphitic argillite-
phyllite (sulfidic) )

Vangorda unit: carbonaceous
to graphitic argillite-
phyllite (sulfidic)

1.77 10.1

! Refer to Figure 2 for core locations
% Pyrite extracted as total sulfide in aqua regia

mine solution and the resulting sulfate precipitated
as barium sulfate. Barium sulfate and natusral barites,
leached of sulfides by boiling aqua regia-bromine so-
lution, were reduced with graphite under pure Ng
gas at 1,100°C. The sulfide was precipitated as Ag,S.
In all cases the amounts of sulfide derived from the
galena-sphalerite fraction and from the pyrite fraction
were quantified. This allowed calculation of the total

sulfide sulfur content and the bulk sulfur isotope value
of sulfide minerals. In other cases the bulk sulfide sul-
fur content and sulfur isotope values were measured
directly by reaction of bulk samples with aqua regia
{Tables 2-5). :

Silver sulfides were combusted in vacuo with cu-
preus oxide at 850° to 1,050°C to produce SO;,
which was purified by conventional vacuum distilla-
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TaBLE 3. Geochemieal and Lithologic Data for Drilt Hole 66-52 from the Faro Deposit!
6345 (%o)
Core ) }
no. Depth (m) % S in pyrite % Sipm SIGnPot Pyrite  Total § Barite Lithology

66-52 165.8 35.52 42.01 14.3 16.6 16.2 24.5 Baritic massive sulfides
66-52 165.9 38.52 41.96 14.7 17.1 16.9 23.5 Baritic massive sulfides
66-52 166.8 42.47 50.29 18.5 19.7 19.5 Massive sulfide, porphyroblastic
66-52 167.8 42,11 50.78 19.2 16.4 16.9 Massive sulfide, porphyroblastic

_ 66-52 169.3 48.78 53.30 13.4 14.9 14.7 Massive sulfide, porphyroblastic
66-52 170.8 44.31 52,65 16.5 17.9 17.7 Massive sulfide, porphyroblastic
66-52 172.3 34.38 44.91 18.4 19.7 19.5 Massive sulfide, porphyroblastic
66-52 173.2 31.67 36.95 16.6 18.5 18.2 26.2 Baritic massive sulfides
66-52 174.2 50.51 56.21 17.5 18.5 18.4 Massive sulfide, porphyroblastic
66-52 175.1 45.45 49.98 13.5 1.9 19.3 Mussive sulfide, porphyroblastic
66-52 176.4 25.07 37.30 18.7 16.3 16.8 25.7 Baritic massive sulfides
66-52 177.2 50.31 57.83 14.8 19.8 19.1 Massive sullide, porphyroblastic
66-52 178.7 28.60 34.10 14.4 20.0 19.1 24.7 Baritic mussive sulfides
66-52 180.3 26.37 29.74 15.0 17.1 6.9 26.8 Baritic massive sulfides
'66-52 182.1 48.12 50.07 13.1 14.0 14.0 Massive sulfide, porphyroblastic
66-52 183.6 51.26 57.87 15.2 15.9 15.8 Massive sulfide, porphyroblastic
66-52 185.1 4281 45.97 12.8 13.7 13.6 Massive sullide, porphyroblastic
66-52 186.2 9.28 20.02 14.2 14,9 14.5 Pyritic quartzite
66-52 186.7 0.43 1.02 15.0 14.9 15.0 Sulfidic, graphitic, banded quartzite
66-52 187.6 0.16 0.71 15.1 15.1 15.1 Sulfidic, graphitic, banded quartzite
66-52 189.1 1.59 2.57 14.3 15.1 14.8 Pyritic quartzite
G6-52 190.0 1.21 2.23 13.7 15.7 14.8 Pyritic quartzite
66-52 190.6 0.60 1.83 14.2 15.7 14.7 Sulfidic, graphitic, banded quartzite
66-52 191.5 4.08 4.08 13.6 13.6 Sulfidic, graphitic, banded quartzite

' See Figure 4 for drill hole location

* SIGnPo = sphalerite + galena + pyrrhotite;, volatilized in 6 N, 60°C HCI

tion. Yields of $Qq, routinely monitored, were gen-
erally in the range 95 to 102 percent. Isotope ratio
mass spectrometry was done on the MAT 250 instru-
ments in the laboratory of Eugene Perry at Northern
Hlinois University and in thé Biochemistry Depart-
ment, University of Wisconsin, Madison, and on a
Nuclide 6-60-BMS at the Department of Geology and
Geophysics, University of Wisconsin, Madison. Iso-
tope values are reported in the conventional delta
notation, standardized to Canyon Diablo troilite
{CDT) using a regression line determined from the
McMaster University sulfur isotope reference series
{Rees, 1978). Modern seawater sulfate is calibrated
to 21.0 per mil on this scale. Analytical precision is
+0.15 per mil based on replicate analyses.

Carbon content was analyzed in the DY samples
and the unmineralized samples. Unmineralized sam-
ples were analyzed for total carbon and carbonate
carbon, with organic carbon calculated by difference
(Table 2). DY samples were analyzed for organic car-
bon content.using the residues from the 6 N HCI
leach, which removed carbonate minerals (Table 5).
Analysis was done on CO; evolved by induction heat-
ing using a LECO analyzer.

All lead isotope analyses were performed on ga-
lena-bearing samples. In most cases, sufficient lead
was dissolved from the samples using HCI, but in oth-
ers, aqua regia was used. In all cases, lead was purified

using anion exchange columns and aniodic electro-
deposition. Samples were analyzed using single fila-
ment silica gel techniques on 2 90°, 12-in. mass spec-
trometer in the Geophysics-Geology Geochronology
Laboratory at the University of British Columbia. In-
run precision was generally 0.1 percent or better (1o}. .
Broken Hill No. 1 stindard was analyzed 17 times
with equivalent precision during and prior to the
study. The results are: 2%°Pb/***Pb = 16.013 £ 0,010,
207ph/2MPh = 15.406 + 0.009, and 2**Pb/***Pb
= 35.685 + (.058. Based on these results, the repro-
ducibility of sample analyses is considered to be 0.1
percent or better.

Lead Isotope Results

Thirty-eight galena samples were analyzed from
the Anvil area (Table 6). The results for Anvil deposit
alena samples are: 2°Ph/2%Ph = 18.327 to 18.586,
YTPL/2%Ph = 15.591 to 15.717, and 2*Pb/**Pb
= 38.136 to 38.899. These data have been presented
previously in construction of lead isotope growth
curves for shale-hosted lead-zinc deposits of the Ca-
nadian Cordillera (Godwin and Sinclair, 1982), but
detailed interpretations of the Anvil data in terms of
ore genesis have not been made.
Results are also available from the earlier work of
LeCouter (1973), who analyzed nine samples from
Faro, five samples from Vangorda, four samples from
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TABLE 4.  Geochemical and Lithologic Data for the Grum Deposit

6345 (%.)
Depth!  Sulfde
Core no. () horizon  %S,m® Pyrite®  Sphalerite® Galena® Total §  Barite Lithology
Section G6W
AY9 140.5 Lower 26.63 21.9 20.2 Pyritic massive sulfide
(sphalerite-galena bearing)
A99 142.1- Lower 25.28 15.5 15.5 30.6  Baritic massive sulfide
(sphalerite-galena bearing)
A99 145.3 Lower 31.24 13.3 13.4 Pyritic massive sulfide
(sphalerite-galena bearing)
A9Y 153.5 Lower 21.70 19.0 16.5 32.0  Baritic massive sulfides
(sphalerite-galena bearing)
A99 1545 Lower 40.36 i4.8 15.2 Pyritic massive sulfide
. {magnetite bearing}
AYY 157.1 Lower 27.02 14.8 14.8 ' Pyritic quartzite
AYY 162.1 Lower 15.46 13.8 14.0 Pyritic quartzite (sphalerite-
. gulena bearing)
A99 169.5 Lower 32.84 15.1 15.3 Pyritic quartzite (pyrrhotitic}
A9 178.1  Lower 12.29 16.4 16.3 Muscovite-rich sulfide-bearing
quartzite (sphalerite-galena
bearing)
Al0QY 136.1 Lower 21.80 18.1 32:1 Baritic massive sulfides
(sphalerite-galena bearing)
A10Y 147.8 Lower 14.22 16.9 Pyritic massive sulfide
(sphalerite-galena magnetite
, bearing)}
A109 149.0  Lower 10.56 15.4 Ribbon-banded graphitic,
sulfidic quartzite {fine-
] grained pyrite)
AlOY 154.3 Lower 5.34 149 - Muscovite-rich sulfide-bearing
quartzite (siliceous}
Al09 155.8° Lower 14.55 17.1 Muscovite-rich sulfide-bearing
quartzite (siliceous,
] magnetite bearing)
Al135 139.7  Lower 13.01 . 19.0 31.7  Baritic massive sulfides
(sphalerite-galena magnetite
. bearing)
Al135 146.9  Lower 25.50 15.8 Pyritic massive sulfide
Al135 148.6  Lower 18.86 12.9 Sphalerite-galena-bearing
. pyritic quartzite
Al35 150.8  Lower 18.19 : 17.5 Pyritic quartzite
Al335 152.5° Lower: 10.97 16.5 Ribbon-banded graphitic,

sulfidic Quartzite (siliceous,
fine-grained pyrite}

Section 74W
ul5 29.3  Upper 16.90 14.6 Muscovite-rich sulfide-bearing
quartzite (pyrrhotitic,
sphalerite-galena bearing)

uis 28.8  Upper 33.43 15.5 19.2 Baritic massive sulfides
’ (sphalerite-galena bearing}

uls 27.9  Upper 28.57 159 16.4 Pyritic massive sulfide
(sphalerite-galena magnetite
bearing)

uls 27.4  Upper 10.29 20.3 35.2  Baritic massive sulfides
(sphalerite-galena bearing)

u1s 24.7  Upper 26.96 14.3 14.1 15.9 Pyritic massive sulfide
(sphalerite-galens magnetite
bearing)

ulis 9.3  Upper 6.18 12.5 Muscovite-rich sulfide-bearing

quartzite (siliceous,
pyrrhotitic)

u2s 17.4 15.16 15.5 Muscovite-rich sulfide-bearing
quartzite (chalcopyrite
bearing)
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TABLE 4—(Cont.)

55 (%)
Depth'  Sulfide
Core no. (m) horizon  %S.® Pyrite®  Sphalerite® Calena® Total §  Burite Lithology
U43 22.2 Central 30.74- 16.7 Pyritic massive sullide
(sphalerite-galena beuring,
baritic)
U43 21.6  Central - 16.74 16.1 Ribbon-banded graphitic,
sulfidic quartzite
U43 20.2  Central 31.50 14.4 Pyritic massive sulfide
(siliceous, sphalerite-galena
bearing)
U43 186 Central 28.81 16.5 Pyrilic massive sulfide
(sphalerite-galena bearing)
u43 13.4  Central 2345 15.8 Pyrilic massive sulfide
{siliceous, sphalerite-galena
bearing) '
U43 11.1  Central 14.95 19.0 Ribbon-banded gruphitic,
sulfidic quartzite
(sphalerite-galena bearing)
U43 6.8 Central 14.05 16.0 Pyritic quartzite
Section 80W .
A24 328.9 Central 16.85 11.8 10.8 9.4 10.5 Sphalerite-galena bearing
. pyritic quartzite
A24 329.5 Central 31.85 16.0 31.2  Baritic massive sulfides
(sphalerite-galena bearing)
A24 330.3  Central 27.09 ‘ 15.8 Pyritic quartzite
A24 331.8 - Central 19.34 15.8 14,3 12.4 14.0 Nonpyritic quartzite
(sphalerite-galena bearing)
AZ4 333.1 Central  40.95 15.8 Pyritic massive sulfide
(sphalerite-galena bearing)
AZ4 335.2  Central  44.50 15.3 15.1 Pyritic massive sulfide
(sphalerite-galena beuring)
A24 337.1 Central 18.96 16.6 15.6 14.5 15.9 Sphalerite-galena bearing
' pyritic quartzite
A24 338.6  Central 32.70 16.9 15.3 15.7 Pyritic massive sulfide
. (sphalerite-galena bearing)
A24 340.8 Central 13.70 14.9 15.4 13.6 Ribbon-banded graphitic,
sulfidic quartzite (siliceous,
, sphalerite-galena bearing)
A24 341.4  Central 32.35 14.0 12.7 14.5 Pyritic massive sulfide
. (sphalerite-galena beuring)
A24 3429  Central 16,82 13.5 13.1 Ribbon-banded gruphitic,
' sulfidie quartzite (siliceous,
sphalerite-galena bearing)
A24 '343.5 Central  30.02 13.8 13.3 14.1 Sphalerite-galena bearing
pyritic quartzite
ul42 122,7  Central 35,72 19.2 19.2 34.7  Baritic massive sulfides
Ul42 1179  Central  44.79 19.6 9.3 Pyritic massive sulfide
(sphalerite-galena bearing,
baritic)
Ut42 108.0  Central  30.47 15.5 15.3 Ribbon-banded graphitic,
- sulfidic quartzite
ul42 96.5 Central 11.25 7.3 14.0 14.0 Muscovite-rich sulfide-bearing
s quartzite {siliceous,
porphyroblastic pyrite)
U151 64.2 Upper 48.03 11.6 Carbonate-bearing massive
. pyritic sulfide
Ulsl 60.6 Upper 31.89 183 Pyritic massive sulfide
{sphalerite-galena magnetite
bearing)
Ul5st 59.0 Upper 49.11 13.2 Pyritic massive sulfide
Ul4] 58.0 Upper 13.79 17.2 32.6  Baritic massive sulfides
(sphalerite-galena bearing)
uUlsl 55.2  Upper 18.97 15.6 Baritic massive sulfides

(sphalerite-galena bearing)
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TABLE 4—(Cont.)

6S (%)
Depth!  Sulfide
Core no. {m} horizon  %S,,u® Pyrite® Sphalerite®* Calena® Total § Barite Lithology
ulsl 18.2  Central 15.4 Pyritic massive sulfide
{sphalerite-galena bearing)
uisl 16.4 Central 14.4 Sphalerite-galena bearing
. pyritic quartzite
uisl 13.9 Central 14.44 14.1 14.3 Ribbon-banded graphitic,
sulfidic quartzite (siliceous,
sphalerite-galena bearing)
U151 11.3  Central 17.5 Ribbon-banded graphitic,
sulfidic quartzite (siliceous,
sphalerite-galena bearing)
U151 6.3 Central 16.1 Nonpyritic quartzite
{sphalerite-galens bearing,
. carbonaceous)
U151 5.6 Central 16.4 Pyritic massive sulfide
{(sphalerite-galena bearing)
U151 1.8 Central 14.3 13.6 Pyritic massive sulfide
(sphalerite-galena bearing)
U153 - 41.3 Central 35.36 15.6 29.5  Baritic massive sulfides
(sphalerite-galena beuring)
uis3 37.4 Central 27.40 12.2 12.9 28.0  Baritic massive sulfides
(sphalerite-galena bearing)
ulis3 339 Central 30.57 11.0 19.2 18.7 18.1 Pyritic massive sulfide
) {siliceous, sphalerite-galena
) bearing)
U133 32.8 Central 26.16 14.8 14.6 Riblbon-banded graphitic,
sulfidic quartzite
: (sphalerite-galena bearing)
Uls3 31.2  Central 37.00 15.9 16.0 Pyritic massive sulfide
’ (sphalerite-galena bearing)
U153 29.8 Central 48.90 16.3 15.7 Pyrilic massive sulfide
U153 27.8 Central 1290 13.4 17.1 14.6 15.5 Ribbon-banded graphitic,
sulfidic quartzite {siliceous,
sphalerite-galena bearing)
U153 25.5 Central 35.69 16.1 Pyritic massive sulfide
U153 21.5 Central 873 16.0 Ribbon-banded graphitic,
sulfidic quartzite {siliceous,
. sphalerite-galena bearing)
U153 19.0  Central . 15.59 18.6 19.5 Ribbon-banded graphitic,
sulfidic quartzite (siliceous,
sphalerite-galena bearing)
Ul53 17.7  Central 29.87 23.1 Ribbon-banded graphitic,
sulfidic quartzite (siliceous,
fine-grained pyrite}
U153 8.8 Central 1525 15.8 15.5 Ribbon-banded graphitic,

sulfidic quartzite (siliceous,
sphalerite-galena bearing)

! Depths arranged in proper staligrabhic order
£ Total sulfide
3 Physically separated

Swim, two samples from Sea, and two samples from
veins in the Anvil batholith. Samples from the Faro
and Swim deposits were analyzed during both studies,
allowing comparison of the two data sets. There is a
small (about 0.1%) but consistent difference between

LeCouter’s average values for Faro and Swim and the -

averages determined in this study. The average values
for the Sea and Vangorda deposits obtained by

LeCouter (1973) have been normalized to the present
data. '

Sulfur Isotope Results

Geochemical and lithological data are summarized
in Tables 3, 4, and 5 for mineralized samples. The
range of 6°*S values of bulk sulfide is closely similar
in the three deposits studied, with a general range




TABLE 5. Geochemical and Lithologic Data for the DY Deposit
5345 (%)
Core Sulfide Pyrrho- Total
no, Depth {m) horizon® % Corganic %S ot GuSlpet Pyrite tite? s Barite Lithology
77-11 549.7-551.3 5 9.89 Massive sulfide
77-11 554.8-557.1 5 0.12 7.05 13.9 13.6 13.7 Carbonate-bearing,
pyritic massive sutfide
7T7-11 557.1-538.2 5 14,71 13.1 13.8 13.6 Baritic massive sulfides
{pyrrhotitic)
77-11 556.8-560.1 5 010 14.95 15.6 15.6 16.4 15.6 Pyritic quartzite
: {pyrrhatitic)
77-11 560.7-561.7 5 0.22 9.31 14.5 Ribbon-banded graphitic,
sullidic quartzite
77k 561.7-563.7 5 3945 13.3 15.7 15.6 Pyritic massive sulfide
{baritic)
77-11 563.7-565.1 5 0.34 17.83 13.8 12.6 12,7 Pyritic quartzite
77-11 565.1-566.5 5 0.08 1.10 14.6 15.4 15.4 Pyritic quartzite
77-11 566.5-367.9 5 0.20 2.55 14.5 15.3 15.2 Pyritic quartzite
7711 565.3-570.0 5 0.10 17.42 14.4 14.6 14.6 Ribbon-banded graphitic,
sulfidic quartzite
77-11 570.3-571.6 5 0.13 15.68 15.2 17.6 17.4 Ribbon-banded graphitic,
sulfidic quartzite
77-11 571.6-372.9 5 0.25 1.97 15.1 Vangorda unil: muscovite
+ chlorite £ biotite
3 phyllite
77-11 572.9-574.0 5 13.99 18.6 16.3 16.4 16.9 Ribbon-banded graphitic,
sulfidic quartzite
7i-11 374.0-576.0 5 0.18 2.80 15.9 15.3 14.8 15.5 Vungorda unit; muscovite
+ chlorite £ biotite
phyllite
7711 376.0-577.0 5 013 3.94 14.6 14.0 14.3 14.4 Vangorda unit: muscovite
+ chlorite  hiotite
phyllite
77-11 577.0-578.5 5 0.24 10.90 15.8 15.6 15.1 15.6 Vngorda unit: muscovite
+ chlorite = biotite
phyvllite
77-11 578.5-550.5 5 0.16 13.91 15.9 15.7 15.7 Ribbon-banded greaphitic,
. . ’ sulfidic quartzite
77411 550.5.582.3 5 0.15 10.43 11.6 19.1 17.7 Ribbon-banded graphitic,
sulfidic quartzite
7711 582.3-584.3 5 0.02 3.03 15.8 Carbonate-bearing.
pyritic mussive sulfide
77-11 660.5-661.5 4 13.85 18.4 Pyritic quartzite
{pyrrhotitic)
77-11 661.5-662.8 4 19.75 18.1 15.4 17.3 15.5 Pyritic quartzite
' {pyrrhotitic}
77-11 662.5-664.5 4 34.50 17.2 15.8 15.8 Pyritic massive sulfide

* (siliceous)
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664.5-665.9

665.9-667.5

667.5-669.3

664.3.570.6

678.6-679.6

679.6-681.6

681.6-683.3

688.1-640.1

640.1-691.1

691.1-6892,7

7851.6-783.6

783.6-785.6

785.6-787.6

787.6-78Y.6

789.6-791.7

468.6-170.6

(&1 9 [$4] 2 (=] 9 (5] (3] [

(5]

0.18
0.14

0.78

0.49

0.65

0.65

0.09

0.48
0.28

0.34

0.44

0.85

31.83

30.03

24.30

8.55
34.55

£

[%]
&
-

[T )

18.53

12,15

16,99

40.34

27.94

37.10

14.48

1.74

9.13

7.64

11.649

1.43

16.6

15,9

16.0

i4.2
15.4

11.6

18.4

19.4

19.1

16.0

13.3

17.8
14.9

14.2

19.4

21.3

16.3

15.4

15.1

13.6

14.8

14,6

14.8

15.4

14.9
14.5

13.3

14.3

39.5

13.4

34.3

Pyrilic massive sulfide
(magnetite bearing)
Baritic massive sulfides
{ragnetite beuring)
Baritic massive sulfides
{silicevus)
Baritic massive sulfides
(mugnetite bearing)
Baritic massive sulfides
Pyritic massive sulfide
{magnetite bearing)
Pyritic massive sulfide
Pyritic massive sulfides
(silicenus)
Pyritic massive sulfides
{siliceous)
Rilbon-handed graphitic,
sulfidic quartzite
Ribbon-banded graphitic,
sulfidic quartzite
Ribbon-banded graphitic,
sulfidic quartzite
Pyritic massive sulfide
(siliceous) i
Pyritic massive sullide
{siliceous)
Pyritic massive sulfide
{siliceous}
Baritic massive sulfides
Ribbon-banded gruphitic,
sulfidic quartzite
Ribbou-banded graphitic,
sullidic quartzite
Ribbon-banded graphitic,
sulfidic quartzite
Ribbon-banded graphitic,
sulfidic quartzite
Ribbon-bunded gruphitic,
sullidic quartzite
Ribboen-banded graphitic,
sulfidic quartzite
Riblhon.banded graphitie,
sulfidic quartzite
Ribbon-bunded graphitic,
sulfidic quartzite
Ribbon-banded graphitic,
sullidic quartzite
Ribbon-banded graphitic,
sulfidic quartzite
Pyritic massive sulfide
{smugnetite bearing)
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TABLE 5—(Cont.)

M5 (%)
Core Sulfide Pyrrho- Total
no. Depth (m) . horizon’ % Corganic %S ocnt GuSlPo? Pyrite tited s Barite Lithology
78-11 470.6-471.8 5 0.17 29.83 13.8 Pyritic massive sulfide
{magnetite bearing)
78-11 471.5-473.8 5 0.17 27.35 14.1 Pyritic massive sulfide
(magnetite bearing)
78-11 473.5-475.8 5 30.61 14.5 Pyritic massive sulfide
(magnetile hearing)
78-11 475.8-477.8 5 27.85 14.1 Pyritic massive sulfide-
. {mmagnetite bearing)
75-11 477.5-479.4 5 24.01 20.4 Pyritic massive sulfide
' ’ (magnetite bearing)
7811 550.2-552.2 4 2.43 6.09 17.8 Ribbon-banded graphitic,
sulfidic quartzite
78-11 552.2-554.1 4 0.48 10,64 14.1 Ribbon-banded graphitic,
sulfidic quartzite
78-11 554.1-556.2 4 1.00 5.26 15.3 Ribbon-banded graphitic,
sulfidic quartzite
78-11 556,2-558.3 4 134 4.63 Ribbon-banded graphitic,
' sulfidic quartzite
78-11 538.3-560.1 4 0.95 4.04 b4.7 Ribbon-banded graphitic,
sulfidic quartzite
78-11 560.1-561.2 4 0.37 2.4 14.2 Ribbon-banded graphitic,
' sulfidic quartzite
78-11 561.2-562.3 4 0,39 4,47 Riblwn-banded graphitic,
sulfidic quartzite
75-11 583.1-584.1 3 0.51 6.50 16.5 Ribbon-banded graphitic,
sulfidic quartzite
T8-11 584.1-586.1 3 2,46 $.26 158 Riblion-banded graphitic,
sulfidic quartzite
78-11 586.1-557.5 3 0.4 11.23 15.4 Ribbon-banded graphitic,
sulfidic quartzite
78-11 587.5-584.5 3 0.31 1.51 14.0 Ribbon-handed graphitic,
sulfidic quartzite
75-11 589.5-391.5 3 1.94 13.7 Rilbon-banded graphitic,
sulfidic quartzite
7811 591.5-592.5 3 2,79 13.3 Riblhon-banded graphitic,
sulfidic quartzite
78-11 592 5-594.2 3 .20 1.72 10.0 Ribbon-bunded graphitic,
sulfidic quartzite
78-11 607.3-609.3 3 5.98 6.24 14.5 Ribbon-handed graphitic,
. sullidic quartzite
75-11 609.3-611.3 3 1.22 8.26 15.2 Ribbon-banded graphitic,
sulfidic quartzite
78-11 611.3-613.3 3 5.23 9.96 IEN Riblhon-banded graphitie,

sulfidic quartzite
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78-11

7811

75-11
78-11

78-11

78-11

78-11

78-11

78-11

Th-11
T9-07
749-07
T9-07
79-07

79-07

79-07

79-07

79-07

79-09

79-09

613.3-615.3

613.3-617.2

617.2-615.3

G18,3-619.6

619.6-621.6

621.6-623.6

623.6-625.2

=1}
[ ]
wr
(-]
|

[=2]
(XY
-1
(]

629.2-631.2
631.2-632.2
632.2-634.1

636.0-638.0

635.0-641.0

L
[ { I S | e |
-] =1 =1
s ;o
[CRE RNV -R g

tn
w
[=1]
]

2]
=]

580.3-581.4

581.4-583.3

553.0-5582.2

N Y

1.54

1.05

0.14
0.21

0.60

0.53

0.05

0.10

.18

0.15

.41

0.31

9.66
8.79

11.05

26.07
25.11
39,70
18.29

2.61

6.08

6.17

7.63

17.4
15.1
14.9
19.9

(5]
153

18,4

16.8
19.1
13.3
20.2

15.49

19,0
18.7
18.7

13.7
20.2

15.2

18.3

41.5
36.0

Ribbon-banded graphitic,
sullidic quartzite
Ribbon-handed graphitic,
sullidic quartzite
Pyritic massive sulfide
Buritic massive sulfides
(sphalerite-gulena
heuring)
Sphalerite-galena bearing
pyritic quartzite
Sphalerite-galena bearing
pyritic quartzite
Sphalerite-galena bearing
pyritic quartzite
Ribbon-banded graphitic,
sulfidic quartzite
Ribbon-bunded graphitic,
sulfidic quartzite
Ribbon-bunded graphitic,
sulfidic quartzite
Ribbon-banded graphitic,
sulfidic quartzite.
Ribbon-bunded graphitie,
sulfidic quartzite
Vangorda unit:
caleareous, graphitic
phyllite (siliceous).
Ribbon-bunded graphitic,
sulfidic quartzite
Baritic massive sulfides
Baritic massive sulfides
Baritic massive sulfides
Sphalerite-galena bearing
pyritic quartzite
Sphalerite-galena bearing
pvritic quartzite
Pyritic massive salfide
{sphalerite-galena
bearing)
Ribbon-bhanded graphitic,
sulfidie quartzite
(siliceous)
Ribbon-handed graphitic,
sulfidic quartzite
(siHceous)
Ribbon-Landed graphitic,

NONNA THINVH TIANY 'STIANLS 44 9 §

sulficdic quartzite
(sphalerite-galena
hearing)

Ribbhon-handed graphitic,
sulfdic quartzite
(sphalerite-galenn
hearing)
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TABLE 5—(Cont.)

029

Core
na.

Depth {m)

Sulfide

horizon’

%C“’lﬂ'ﬁ‘

%Srou.l

345 (%)

GnSIPo®

Pyrite

Pyrrho-
tite”

Barite

Lithology

79-09

79-09

79-09

T9-04

T9-08

79-09

79-09

79-09

79-11

79-11

T9-11

79-11

79-11

7U-11

79-11

584.2-586.2

- 586.2-587.6

5492,8-595.0

597.2-597.9-

596.1-600.3

600.3-602.5

606.0-607.7

609.9-611.3

779.8-761.5

781.5-783.0

785.7-787.2

787.2-789.2

0.15

.08

0.01

0.33

0.32

J.26

9.87

8.14

48,36

29,76

36.73

55.08

43.07

41.61

45.03

17.3

16.0

14.3

13.0

12,5

14.9

18.9

15.4

14.8

13.8

14.3

14.8

15.8

13.7

14.6

14.3

Ribbosn-handed graphitic,
sulfidic quartzite
(sphalerite-gulena
bearing)

Ribbon-banded graphitie,
sutficlic quartzite
(sphalerite-galena
hearing)

Ribbon-banded graphitic,
sulfidic quartzite

Ribbon.banded graphitic,

- sulfidic quartzite

Ribbon-banded graphitic,
sulfidic quartzite

Ribbon-banded graphitic.
sulfidic quartzite

Carbonate-bearing,
pyritic massive sulfide
{sphalerite-galena
bearing)

Curlyonale-bearing,
pyritic massive sulfide
{sphalerite-galena
bearing)

Pyritic massive sulfide
(chalcopyrite bearing)

Baritic massive sulfides
{sphalerite-galena
bearing)

Baritic massive sulfides
(sphalerite-galens
bearing)

Baritic massive sulfide

"IV LA SMNVHS

(sphalerite-galena
bearing)

Nonpyritic massive sulfide
{sphalerite-galena
bearing)

MNonpyritic massive sulfide
(sphalerite-galena
bearing)

Nonpyritic massive sulfide
(sphalerite-galena
bearing)




79-11

79-11

79-11

7911

7911

749-11

749-11

79-11

T9-11

79-11

79-12

T9-12

7912

7912

7U0.7-792.3

792.3-793.6

793.6-795.0

T945.0-T96.2

TH6.2-T97.

-1
@
=1
-1
'

-1
<
&
-l

T99.7-501.7
801,7-802.9
502.9-604.3

T23.5-724.4

729,0-730.0

730.0-732.3

732.3-733.5

0.06

0.07

0.32

0.35

23,36

46,99

37.04

19.07

20.10

4).36

16.27

21.84

16.63

12.63

35.36

. 2039

29.30

1217

19.79

19.79

145

16,1

16.9

16.3

16.4

14.8

16.3

18.0

16.9

16.9

16.6

15.8

16.6

16.2

14.8

14.4

19.4

16.5

14.9

38.6

1=
o
[

Buritic massive sulfides
(sphalerite-gulena
bearing)

Pyritic massive sulfide

- {magnetite hearing)

Pyritic massive sulfide
{magnetite bearing)

Bartic massive sulfides
(sphalerite-galena
bearing)

Baritic massive sulfide
(sphalerite-galena
bearing)

Sphalerite-galena hearing
pyritic quarizite

Sphalerite-galena hearing
pyritic quartzite
{pyrrhotitic)

Sphalerite-galena bearing
pyritic quartzite
- (pyrrhotilic)

Sphalerite-gadena bearing
pyritic quartzite
(pyrrhotitic)

Sphalerite-golena bearing
pyritic quartzite
(phyrrhotitic)

Pyritic massive sulfide
(siliceous) .

Baritic massive sulfides
(sphalerite-galena
bearing}

Baritic massive sulfides
(sphalerite-gatena
bearing}

Baritic massive sulfides
(sphalerite-galena
bearing}

Baritic massive sulfides
(sphalerite-galena
bearing}

Baritic massive sulfides
{sphalerite-galena
bearing}

Baritic massive sulfides
{sphalerite-galena
bearing}

Sphalerite-galena hearing
pyritic quartzite

Pyritic massive sulfide
(magnetite hearing)

Baritic massive sulfide
(sphalerite-galena
bearing}
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622
£
53
|
uwy
q
]
<
=

Total

Sulfide

horizon®

Core

Pyrrho-

Lithology

Barite

GnSlPo® Pyrite tite?

%Smd

% Corpanc

Depth (m)

no.

Pyritic massive sulfide

7

27.39

79-12

{sphalerite-galena

bearing)

tic massive sulfide

16.3

14,12

0.40

38.8

73

79.12

7

16.1

21,37
19.09
© 19,27

738.8-740.8
740.8-743.1
43.1

7912

16.6

15.9

0.0

Pyritic quartzite
Pyritic quurtzite

14.8

14.8

14.5

0.03

-745.1

7

9-12

Pyritic quartz;

12.4 13.4

13.5

28.32

0.08

T45.1-T48.0

9-12

33.54 12.6

0.10

T46.0-T747.

79-12

Pyritic quartzite

ed graphitic,

ic quartzite -

» bearing)
{chalcopyrite bearing)

15.4

13.71 15.4 15.4

0.60

T9-12

SHANKS ET AL.

' Refer to Figure 4 for horizon numbers and Figures 4 and 9 for drill hiole locations

 SIGnPo = sphalerite + galena + pyrrhotite, extracted in 6 N, 60°C HCI

? Physically separated pyrrhotite

from 10 to 22 per mil (Fig. 7). Sulfur isotope ratio
values of sulfides from unmineralized Anvil Range
samples (Table 2, Fig. 7} are broadly similar to min-
eralized samples but cover a wider range, extending
from 5 to 35 per mil.

Barite was studied from all three deposits and shows
remarkable isotopic variation (Fig. 7). In DDH 66-
52 from the Faro deposit, barite has quite uniform
values centered about 24 per mil. In contrast, barite
values for the Grum deposit cluster near 31 per mil
and in the DY deposit they range from 21 to 42 per
mil, with some indication of bimodality.

Faro deposit

Samples from only a single drill hole through the
Faro deposit were analyzed, because Campbell and
Ethier (1974) previously studied the deposit. The
particular hole selected (Fig. 4) has a reasonably well
developed Anvil eycle in the mineralized intersection
(Table 3), which was carefully sampled. Much of the
massive sulfide in this intersection is recrystallized to

coarse-grained “buckshot’’ ore with 1- to 5-mm pyrite -

porphyroblasts.

The 5'S values of bulk sulfide in the Anvil cycle
of drill hole 66-52 show a marked upward increase
of about 4 per mil (Fig. 8). Most of these samples are
from the buckshot massive sulfide facies, yet signifi-
cant and systematic stratigraphic variation in *'S val-
ues is preserved, indicating that metamorphic sulfur
isotope reequilibration occurs only on a grain to grain
basis and is not important in a macroscopic sense.

Grum deposit

Eleven surface and underground drill holes from
the Grum deposit were selected for structural, litho-
logic, petrographic, and sulfur isotope studies. Details

~ of the results are available in Modene {1982).

The multiple sulfide lenses of the Grum deposit
(Fig. 5) are in direct contrast to the single-layered
nature of the Faro deposit. Variation in wall-rock li-
thologies and, hence, stratigraphic positions preclude
the possibility that the three main massive sulfide ho-
rizons at Grum are simply a refold of a single horizon.
Anvil cycles are well developed in the central massive
horizon (Table 4, holes A24 and U153), but all Grum
horizons show preferential development of the distal
ribbon-banded facies relative to Faro.

Variations in %8 values within the Grum horizons-

do not consistently show the systematic upward in-
crease in §>*S values of hole 66-52 from the Faro de-
posit {Table 4; Modene, 1982). However, upward
(stratigraphically) increasing 8*'S values and well-de-
veloped Anvil cycles occur concurrently in holes
A109 and U142 (Table 4).

Sulfur isotope geothermometry was attempted us-
ing sulfide minerals separated by hand picking sam-
ples from the CGrum deposit {Table 4}. Coexisting
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TABLE 6. Lead lsotope Data for Anvil Range Deposits

" Deposit Core Depth (in) 206p,/204ph 27phL2pPh 208p], [204p, 55 (%o}
DY 77-11 549.7 18.379 15.591 38.1495
571.6 18.411 15.650 38.331 15.1
582.3 18.396 15.658 38.515 15.8
660.5 18.411 15.685 38.384 18.4
670.6 18.383 15.660 38.337 1.5
7649.6 18.431 15.676 38.377 4.9
779.6 18.431 15.544 38.384 13.4
) 789.6 18.419 " 15610 38.321 14.8
DY 78-11 464.9 18.386 15.665 38.241
477.8 18.376 15.643 38.335 17.8
554.1 18.451 15.656 38.538 15.3
536.2 18.390 15.628 38.306
561.2 18.411 15.672 38.464
583.1 18.407° 15.661 38.193 16.5
586.1 18.404 15.599 38.268 15.4
592.5 18.403 15.648 38.415 10.0
607.3 18.389 15.650 38.404 14.5
618.3 18.417 15.648 38.337 17.7
615.3 18.389 15.633 38.304 . 15.9
621.6 18.424 15.655 38.3286
636.0 18.473 15.662 38.483 "18.0
Faro 66-52 . 1857 18.342 15.625 38.290 16.2
178.7 18.316 13.645 38.205 19.1
189.1 18.414 15.674 38.364 14.8
Grum grab sample 18.846 15.717 38.899
Al35 52.0 18.446 15.688 38.607
80.0 18.409 15.646 38.291
143.0 18.405 15.686 38.347
U2l 15.0 18.401 15.6491 38.227
41.0 18.375 s 15.642 38.320
ulg - 10.0 18.479 15.711 ’ 38.383
u72 125.0 18.403 15.643 38.342
Swim ’ A25 101.9 18.337 o 15.649 38.299
Al5 111.7 18.327 15.624 38.136
SB 74-04 . 1315 18.530 15.655 38.397 .
74-03 76.3 18.370 15.678 38.394 ‘-%
456-75-03 260.2 18.586 15.670. 38.783
456-75-04 126.3 18.436 15.673 38.426

sphalerite, galena, and pyrite separates were obtained
from four samples, and additional single mineral pairs
were obtained from several other samples. However,
temperatures computed from the three possible min-
eral pairs in each of the samples are randomly dis-
cordant and give a temperature range from 178° to
541°C (Modene, 1982). Moreover, consistent isotopic
temperatures were not obtained from any single min-
eral pair (e.g., sphalerite-galena). In general, S is
enriched in the expected order (pyrite > sphalerite
> galena), but the fractionation is often small, giving
impossibly high temperatures, and in some cases,
there are reversals.

In contrast, Campbell and Ethier (1974) obtained
reasonably consistent isotopic temperatures, aver-
aging 306°C, for pyrite-galena pairs in the Faro ore-
body. Campbell and Ethier (1974) suggest that this

-

temperature represents the point at which isotopic
equilibration ceased during cooling from the amphib-
olite facies metamorphism caused by Anvil batholith
intrusion, Apparently, Anvil Range sulfides did not
form in primary sulfur isotope equilibrium, and de-
posits which were subjected only to lower greenschist
metamorphism (DY, Grum) did not experience grain
to grain isotopic reequilibration of sulfide minerals.

DY deposit

Six holes from the DY deposit were selected for
study, and two of these, 78-11 and 77-11 (Fig. 4b),
were sampled in detail. The DY deposit, like Grum,
consists of intensely deformed multiple sulfide lenses
(Fig. 4b); the detailed geometry of individual lenses
is poorly understood. Anvil ¢cycles in the DY deposit
often are poorly developed or truncated by other
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Fic. 7. Sulfur isotope distributions of bulk sulfide and barite
from the Faro, Grum, and DY deposits and unmineralized Anvil
Range samples, Close overlap in sulfide values indicates similar
sulfur sources for all samples. The 8*S values of barite samples
vary considerably between deposits, probably due 1o variations
in ore fluid-bottom water mixing at the depositional site. See Tables
2, 3, 4, and 5 for detailed geochemical and lithologic data.

subcycles (Table 5). Some of the truncation undoubt-
ably is due to structural repetition. However, the ma-
jor intersections (horizons 5, 4, and 3; Fig. 4b) are
not refolds of a major sulfide horizon because they
occur in distinetly different host lithologies (Fig. 4b).

Vertical variations in §*'S values within individual
intersections from the DY deposit are often nonsys-
tematic, as is Anvil cycle development. In general,
there are no mineralized intersections in any of the
studied DY holes which show simple upward devel-
opment of the idealized Anvil cycle {Fig. 6). Exami-
nation of data in Table 5 indicates that the best cycles
are developed in holes 78-11 (632-620 m), 79-11
{803-795 m}, and 79-07 (585-573 m). The 5§ val-
ues show systematic upward increases in the 78-11
and 79-11 Anvil cycles but large random variations
in 79-07, which has intercalations of host lithologies
and redevelopment of the ribbon-banded graphitic
sulfide unit at the top. Horizons 4 and 5 in hole 77-
11 show a general upward conformity to Anvil cycle
lithologic variations, but there are many reversals and
intercalations of host lithologies. The %8 values do
not show systematic variation in these intersections.

In contrast, lateral within-deposit variations in §*'S
values are shown by decreasing average values and
ranges away from drill hole 79-07 (in the northeastern
portion of the deposit) toward the south and south-
west, over a horizontal distance of nearly 700 m (Fig.
9). The stronger development of white mica alteration
in the southwestern portion of the DY deposit is coin-
cident with lighter 8**S values, which may indicate
proximity to the exhalative center.

An unusual feature of the DY deposit is the pres-
ence of numerous banded and massive {sometimes
spotted) chloritic units interlayered with and imme-
diately northeast of the deposit. These units are in-
terpreted as metamorphosed mafic sills, flows, and
tuffs. Despite the abundance of metabasaltic material
closely associated with mineralization in the DY de-
posit, the range and mean of the 6**$ values for DY
samples are very similar to Faro and Grum, suggesting
that basaltic sulfur contributions, if present, are not
related to spatial proximity of volcanic material.

Discussion
Regional depositional environment

Large (1980) has suggested that many sedimentary
exhalative Pb-Zn deposits can be described in terms
of localization within first-, second-, and third-order
basins. First-order basins have broad regional signif-
icance, second-order basins often have district-level
significance, and third-order basins represent the ac-
tual depocenter of massive sulfide formation. This
classification allows convenient separation of regional,
local, and hydrothermal sedimentary effects.

The first-order basin which includes the Anvil dis-
trict is, of course, the Selwyn basin {Fig. 1). The Sel-
wyn basin accumulated clastic sediments during much
of the late Proterozoic and Paleozoic, as the northern
cordillera evolved following a Wilsen cycle (see Mon-
ger and Price, 1979; Tempelman-Kluit, 1979, for re-
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FIC. 8. Sulfur isotope variation in bulk sulfide samples from
drill hole 66-52, Faro deposit. Shows upward-inereasing 6*S val-
ues in a well-developed Anvil eycle. Correlation coefficient (r?
= (1.64) based on linear regression,
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Fic. 9. Drill-hole collar locations and lateral bulk sulfide sulfur
isotopie variations in DY deposit mineralized samples. Numbered
"holes are those used in this study. Deposit outline is projected to
the surface. The 5'S values show a gencral decrease away from
drill hole 79-07 toward the southwest portion of the deposit. White
mica alteration also is better developed in the southwestern por-
tion of the deposit (Fig. db}, indicating a possible ore fluid vent
area.

cent models of cordilleran evoliition). Therefore, by
inference, the Anvil district may be underlain by red
beds and evaporites deposited in the incipient rift ba-
sin on Proterozoic continental crust. These postulated
shallow marine and continental deposits may have
been overlain, as the rift basin deepened, by thick,
relatively coarse turbidites. If subsidence out-paced
sedimentation, the coarse clastics would grade upward
to finer sediments, ultimately to be capped by deep-
water shales. The Mt. Mye unit may represent the
shale-rich upper part of this hypothesized strati-
graphic cycle. The Grit unit of the Windemere Su-
pergroup (Gabrielse et al., 1973), which presumably
extends beneath the Mt. Mye unit in the Anvil district,
may be the upper part of the turbidite package.
Deeper in the section there may be Hadrynian evap-
orites and arkosic rocks which were important salinity
and metal sources. Alternatively, older evaporite-red
bed sequences of the Purceltl Supergroup in the
Mackenzie Mountains {Eisbacher, 1980) may extend
beneath the Selwyn basin to the Anvil area.

Thus, the Selwyn basin may have existed as an ep-
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icratonic trough in the contemporaneous continental
margin and may be bounded by fault-controlled hinge
zones. Block faulting along such hinge zones often
produces restricted second-order basins with lateral
dimensions which can be measured in tens of kilo-
meters. Such basins are characterized by rapid vertical
and lateral facies variations. For example, Mako and
Shanks (1984} describe the mineralized Vulcan oc-
currence in such a setting on the eastern margin of
the Selwyn basin, at the transition to carbonates of
the MacKenzie platform.

In the Anvil district, complex deformation and in-

" trusion of the Anvil batholith (Fig. 2) have obscured

direct evidence of geometric factors related to a pos-
sible second-order basin. However, the Anvil deposits
thus far discovered occur aleng a curvilinear trend
35 km long. The deposits are localized in the strati-
graphic transition zone between Mt. Mye metapelites
and Vangorda calcareous pelites. More importantly,
the deposits occur along the northeastern margin of
an area of development of graphitic phyllite with
thicknesses far in excess of that developed regionally
in the Mt. Mye-Vangorda transition zone (Fig. 3).
These observations, taken together, suggest the ex-
istence of a second-order basin which accumulated
fine-grained, sometimes carbonaceous sediments and
was, in general, a favorable environment for massive
sulfide development. Faulting along the deposit hinge
line may have provided pathways for ore fluid egress
to the sea floor.

Third-order basins, with lateral dimensions equal
to or slightly larger than the massive sulfides, probably
also existed. The graphitic phyllite units tend to occur
in lenses a few meters to tens of meters thick, with
lateral dimensions of tens to hundreds of meters. In-
timate association of graphitic lenses with massive
sulfides strongly suggests a common restriction to
third-order basins. ,

The unminéralized samples analyzed in this study
(Table 2 and Fig. 2) are broadly representative of
conditions at the time of ore formation. Conditions
in the basin are of particular interest in relation to
the mode of massive sulfide formation. Was the basin
which hosted the Anvil deposits a restricted anoxic
basin like the Black Sea (Ross and Degens, 1974) or
a more open, periodically oxygenated area like the
Santa Barbara basin (Emery, 1960)? Sulfur isotope
distributions and sulfide sulfur and organic carbon
contents provide useful information of relevance to
this question. A number of studies (Berner, 1964;
Hartmann and Nielsen, 1969; Goldhaber and Kdplan,
1974, Williams, 1978) have shown a general corre-
lation between sulfide sulfur and organic carbon con-
tent in recent and ancient anaerobic marine sediments
which contain iron sulfides derived from bacterial re-
duction of pore water sulfate. Moreover, Leventhal
{1983) has shown that in the Black Sea the intercept
of the §/C correlation line for recent, surficial sedi-
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ments is elevated from the origin to positive sulfide
sulfur values due te incorporation of sulfides precip-
itated in the water column.

The sulfur-carbon distribution for unmineralized
Anvil Range samples (Fig. 10} is similar to Holocene
Black Sea sediments, with most samples enriched in
sulfur with respect to recent anaerobic sediments.
However, there is significant scatter (Fig. 10), perhaps
because many of the Anvil Range samples are not
time-equivalent and may differ in age by millions of
vears. Conditions in the basin probably varied widely
during the time interval sampled, with periodic vari-
ations in the degree of oxygenation and, conversely,
water column sulfide production.

The 5*'S distributions (Fig. 7) indicate that unmin-
eralized Anvil Range samples have values ranging
from 5 to 34 per mil. Most Early Cambrian seawater
sulfate ranged from 27 to 35 per mil {Claypool et al.,
1980), tending to the heavier part of that range in
~ the earliest Cambrian. Thus, the isotopic values of
sulfides in the unmineralized samples range from
much lighter than, to almost identical with, contem-
poraneous seawater sulfate. This distribution is con-
sistent with closed system bacterial sulfate reduction
(Schwarcz and Burnie, 1973; Jorgensen, 1979) and
is similar to the range (10-20%0) of sulfides in sap-
ropelic Black Sea sediments produced during
neoeuxinian events (Vinogradov et al., 1962; Migdisov
et al,, 1974). However, the neceuxinian period of
Black Sea sedimentation was characterized by in-
creased fresh-water input and increased restriction of
seawater input. Thus, reduced sulfate supply results
in isotopically heavy diagenetic sulfide minerals as
seen in many occurrences of reducing nonmarine
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Fic. 10. Plot of noncarbonate (organic) carbon versus total
sulfide sulfur for unmineralized Anvil Rauge samples. Solid line
is general correlation line for recent bacteriogenic iron sulfides.
Relatively high sulfide/organic carbon ratios of Anvil Range san-
ples indicate excess sulfide contributed to the sediments due to
precipitation in anoxic bottom waters. See text for discussion.

sediments (Cole and Picard, 1981), Similar heavy iso-
tope ranges also have been found in sapropels in-
terbedded with Miocene evaporites in the Red Sea
{Shanks et al., 1973), but they are attributed to dia-
genetic reactions with continued sulfate supply from
anhydrite in adjacent evaporites.

Neither fresh-water conditions nor extreme re-
duction during late diagenesis seem particularly ap-
plicable to the Anvil Range sulfides. Direct evidence
is lacking for the salinity of the waters from which
the Anvil Range sediments were deposited, due to
the destruction of any possible fossil evidence by
metamorphism and deformation. However, the pre-
sumed correlative units to the east, discussed earlier,
contain marine fossils; much of the Selwyn basin was
open to marine influence in the Early to Middle Cam-
brian. In addition, Goodfellow and Jonasson (1986)
have documented marine conditions during the Lower
Silurian stagnation event which coincides with for-
mation of the Howards Pass deposit. Formation of the
sulfide in the unmineralized Anvil Range metapelites
by diagenetic reduction can be ruled out based on
sulfur-carbon relationships (Fig. 10). Thus, we con-
clude that the sulfides in unmineralized Anvil Range
samples formed by closed system bacterial sulfate re-
duction in an anoxic restricted basin. The anomalously
high $/C ratios in these samples are due to water col-
umn sulfide production. Furthermore, the water col-
umn sulfide was derived from normal marine pro-
cesses related to water column stagnation. Venting
hydrothermal fluids did not contribute significant
amounts of sulfide to the unmineralized Anvil Range
sediments, as evidenced by the lack of relationship
between sulfide sulfur content and sulfur isotope val-
ues (Table 2).

Did the closed system sulfate reduction which pro-
duced the §'S ranges in the unmineralized Anvil
samples occur locally in the inferred second-order
basin or was it a first-order pheriomenan encompass-
ing the entire Selwyn basin? Goodfellow and Jonasson
(1984} have recently published sulfur isotope data on
sedimentary pyrite samples from a variety of lithol-
ogies in the Selwyn basin which include an age range
from Late Cambrian to Early Mississippian (Fig. 11).
They find striking and compelling evidence for closed
system sulfate reduction related to stagnation events
in Early Silurian, Early Devonian, and Late-Middle
Devonian; that is, they find sulfide 5*'S values which
approach the contemporaneous seawater sulfate
curve. If their samples are sufficiently remote from
exhalative centers to be representative of the basin
as a whole, then they have delineated a series of major
geochemical events, with major exploration signifi-

cance, Most likely, though, the Selwyn basin evolved.

with a density-stratified water column like the Black
Sea (Deuser, 1974), with anoxic conditions in the
deepest or most restricted parts of the basin. In the
Selwyn basin, these may have been fault-bounded,

-
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significance. -

Detailed examination of stratigraphic variations in
628 values of sulfides in unmineralized samples from
the DY deposit area indicates systematic upward in-
crease from values of 10 to 26 per mil (Fig. 12). Such
trends may be representative of stagnation cycles.
Sulfur isotope data for DY deposit mineralized sam-
ples (Fig. 12} fall on this trend; they are a normal
consequence of sulfur isotope evolution due to ex-
tensive sulfate reduction in the water column.

Comparison of the Anvil Range data for unminer-
alized samples with the sedimentary pyrite curve of
Goodfellow and Jonasson {1984) confirms another
stagnation event in the Early to Middle Cambrian (Fig.
11). Hence, the Anvil deposits formed during a period
of closed system sulfate reduction which affected at
least the area of the Anvil district and perhaps much
of the Selwyn basin. However, additional work on
Cambrian samples from other parts of the basin would
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be required to establish the areal extent of this stag-
nation cycle.

More importantly, the correlation of 5°18 values of
ore deposits to the Selwyn basin sedimentary pyrite
curve (Fig. 11} indicates that the major sediment-
hosted lead-zine deposits formed during stagnation
events and that their 6°'S ranges are a result of pro-
c¢esses active in the anoxic basin. This implies that the
butk of the sulfide in the ore deposits is derived from
the water column, not from exotic ore fluids. Strati-
form barite deposits in the Selwyn basin have §*'S
values which are consistent with this conclusion; most
are heavier than contemporaneous seawater sulfate
{Goodfellow and Jonasson, 1984).

Exhalative environment

Metamorphic textures developed in the Anvil
Range ores leave no doubt that the ore minerals were
formed prior to metamorphism. Well-developed ore
mineral banding, interlayering with unmineralized
metasedimentary rocks, the occurrence of the de-
posits in a curvilinear spatial array, the restriction to
a narrow stratigraphic interval, and the association
with graphitic facies all strongly suggest that the de-
posits are synsedimentary or syndiagenetic. The ex-
istence and nature of the Anvil cycles, particularly
truncated cycles and multiply stacked mineralized
lenses, also is indicative of sedimentary rather than
epigenetic (postlithification) processes. A recurrently
evolving set of environmental parameters at the site
of sulfide deposition or in the area of hydrothermal
fluid generation must be responsible for the Anvil cy-
cles.

What was the nature of the depositional site of
massive sulfide precipitation and accumulation? Wall-
rock alteration developed around the depaosits sug-
gests that a hot saline fluid was involved in ore trans-
port. Fluid inclusion work by Kuo (1976) on the Faro,
Grum, and Swim Lakes deposits demonstrated that
primary liquid-rich two-phase inclusions in barite and
quartz give filling temperatures from 168° to 255°C
and salinities from 3.6 to 9.2 equiv wt percent NaCl.
Although these data must be interpreted with a great
deal of skepticism due to the metamorphic and struc-
tural history of these deposits, it is interesting that
the calculated densities of the fluids (0.83-0.93 gfcc)
are all less than seawater. Taken at face value these
data suggest that the Anvil deposits formed from di-
lute aqueous brines which, upon venting at the sea
floor at 200° to 250°C, would have formed buoyant
plumes in the water column. Interestingly, Gardner
and Hutcheon (1985) have reported similar fluid in-
clusion data (T = 250°C; NaCl equiv = 9%) for the
Jason deposit, at MacMillan Pass (Fig. 1).

The curvilinear array of deposits may indicate a
synsedimentary fault or fault zone controliing basin
topography, possibly providing topegraphic depres-
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FIG. 12, Stratigraphic variation of 'S values of unmineralized samples from drill holes near the
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of the DY deposit.

sions for localization of initially buoyant hydrothermal
fluids. In addition, the presumed synsedimentary fault
zone may have influenced sedimentary facies, partic-
ularly the zero edge of the deposit-associated gra-
phitic phyllite. Fault or hinge lines may have provided
channelways for hot subsurface fluid migration to the
seawater-sediment interface. The predeformation
geometry of the Anvil range deposits, tens of meters
thick by hundreds of meters in lateral extent, can be
described as sheetlike. This is more typical of deposits
formed from supersaline brines which pool in sea-
floor deeps, but sheetlike deposits also can result from
spreading plumes if the rate of sedimentation of the
freshly precipitated minerals exceeds dispersion by
bottom currents. Stratified third-order basins might
provide a protected environment suitable for con-
tainment of such mineral precipitates.

Chemical evolution of the ore fluid, to produce the
spatial arrangement of the facies in the Anvil cycle,
is consistent with venting into an anoxic basin and
localization in third-order basins. Anoxic conditions
are conducive to preservation of the carbonaceous
material in the ribbon-banded graphitic sulfide facies
and in the unmineralized graphitic phyllite. The len-
soidal nature of the deposit-associated graphitic
phyllite zones was cited above as primary evidence
for the existence of third-order basins in the Anvil
Range, but are the strongly reducing conditions re-
stricted to these deposit depocenters?

The tack of hanging-wall iron and manganese oxide
or siliceous oxide deposits is distinct compared to
many massive sulfide deposits (Franklin et al., 1981;
Gustafson and Williams, 1981) and also provides in-
direct evidence on the extent of anoxic conditions.
For example, the present-day Atlantis II Deep in the
Red Sea represents an anoxic brine pool, but oxic

conditions currently prevail in the Red Sea deep wa-
ter, and admixture into the upper brine layer results
in iron and manganese oxide “bathtub rings” around
the brine deep. In addition, significant incorporation
of oxides into the deposit occurs by sedimentation
into the pool (Hartmann, 1973). Thus, it seems likely
that anoxic conditions must have prevailed over fairly
large areas in the Anvil Range, as concluded previ-
ously from S/C ratios and §*S values of sulfides in
unmineralized samples.

The common occurrence of a baritic massive sulfide
facies capping Anvil cycles, however, indicates the
presence of dissolved sulfate in the ore fluid or in the
anoxic seawater of the basin, or both. The §*'S evi-
dence (Fig. 7) bears directly on the origin of the bar-
ite, and on bottom-water conditions at the times of
barite formation. Barites from the Grum deposit have
5*'S values which range from 28 to 35 per mil. The
few Faro barites analyzed fall in the range 23 to 27
per mil, Barites from the DY deposit have §**S values
which range from 21 to 42 per mil.

A possible explanation of the barite §*S data in-
volves a dual sulfate source: Proterozoic evaporite
sulfate (18-20%) is carried in the ore fluid and re-
sidual marine sulfate in bottom water (30-60%) is
admixed at the site of deposit formation. Bottom-water
sulfate might have §%S values ranging from that typ-
ical of Early Cambrian seawater (30%e) to very much
heavier residual sulfate, depending on the intensity
of the stagnation event at the time of ore precipitation.
Of course, the concentration of sulfate in the bottom
waters decreases progressively as sulfate reduction
and the attendant isotope enrichment of sulfate pro-
ceeds. The effect can be modeled simply using the
Rayleigh distillation equation (Broecker and Oversby,
1971):
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838 =1,000(1 —f7"), (1}

where & is the per mil (%) difference in the sulfur
isotope values between initial sulfate and residual
sulfate, [ is the fraction of unreduced sulfate remain-
ing, and « is the instantaneous fractionation factor for
the sulfate reduction process. Laboratory experiments
have shown that fractionation factors during bacterial
sulfate reduction can range from approximately 1.025
to 1.050 (Kaplan, 1975), depending on the rate of
reduction and the metabolic pathway utilized. Mea-
sured fractionation factors for marine sediments fall
within the same range (Goldhaber and Kaplan, 1974),
whereas fractionations of 1.050 or larger occur in the
modern Black Sea water column (Sweeney and Kap-
lan, 1980). The 638 values of sulfide minerals in the
Anvil deposits range from 10 to 22 per mil. Using a
fractionation factor of 1.023, 20 to 50 percent of the
water column sulfate must be reduced to give sulfide
with the proper isotopic values; the residual sulfate
values would range from 35 to 47 per mil. Using 1.030
requires 45 to 60 percent reduction, and gives resid-
val sulfate at 60 to 75 per mil.

Whichever fractionation factor is used, the §*'S
values of the Anvil range barites can be explained by
the two-component model presented above. The ob-
servation of barite as light as 21 per mil requires a
source other than Cambrian seawater sulfate; late
Proterozoic evaporite sulfates are close to this value
{Claypoal et al., 1980}). Isotopically heavy barite, up
to 42 per mil, requires a source heavier than Early
Cambrian seawater sulfate. Residual sulfate following
sulfate reduction in a system not replenished by open-
ocean sulfate is implicated; Selwyn basin stagnation
events record such a system.

Solubility considerations generally are consistent
with the proposed origins of the baritic facies. Barite
exhibits prograde solubility behavior in brines with
greater than 1 m (5.9 wt %} NaCl, and simple cooling
of a barite-saturated brine from 250° to 100°C can
result in precipitation of 70 percent of the dissolved
barium sulfate (Holland and Malinin, 1979). However,

barite is less common in the graphitic, siliceous, and

massive sulfide facies of the Anvil deposits, suggesting
that the initial ore fluid is undersaturated with barite,
probably due to relatively low sulfate concentrations,
Barite solubility in a 1 m NaCl solution is approxi-
mately 120 ppm (Blount, 1977). Low sulfate concen-
tration in the heated ore-forming brine is also consis-
tent with anhydrite solubility relations; anhydrite,
unlike barite, exhibits retrograde solubility behavior
even in concentrated brines. The ore fluid probably
carried substantially more calcium than barium,
hence, anhydrite solubility at high temperatures lim-
ited sulfate to low values in the fluid. Much of the
barite formed during mixing with bottom waters
which, though depleted in sulfate by anoxic events,
may still have contained more than 1,000 ppm. Thus,

a relatively small amount of mixing of bottom water
into ore fluid could have a substantial effect on barite
precipitation and on the §°'S value of the resultant
barite. .

The stacked multiple sulfide lenses of the Grum
and DY deposits encompass significant stratigraphic
intervals, Estimates based on assumed sedimentation
rates (10 ¢m/1,000 yr) indicate that sulfide may have
accumulated sporadically over an approximately 1.5-
m.y, period {Jennings and Jilson, 1986). It is, thus,
not unexpected that barite formation by mixing at the
depositional site would respond to periodic changes
in bottom-water and brine-venting conditions. Dra-
matic variations are known over much shorter time
periods (15,000 yr) in the Atlantis IT Deep, Red Sea
{Shanks and Bischoff, 1980). However, the relatively
narrow range of sulfur isotope values of sulfide min-
erals in the Anvil deposits confirms the basic constancy
of sulfide source and transport processes.

The gradual increase in §**S values of sulfides up-
ward through the Faro deposit Anvil cycle (Fig. 8)
and laterally away from the source area for the DY
sulfide horizons (Fig. 9) may be an indication of dual
sulfide sources. The observed increase in average §24S
values of approximately 4 per mil occurs at Faro over
a stratigraphic interval of less than 30 m (Fig. 8).
Hence, the variation is very sharp in comparison to
the stratigraphic trend in $*'S values documented for
unmineralized samples from the DY area (Fig. 12)
and probably is not due to sulfate reduction cycles in
the water column, Most likely the ore fluid carries a
smal] amount of light sulfide, perhaps from subsurface
interaction with heat-generating mafic igneous rocks.
Mixing with the sulfide-bearing superjacent bottom
waters gradually overwhelms the light sulfide com-
ponent.

Ore fluid and lead sources

The source of hydrothermal fuids and metals in
the Anvil district is difficult to establish because of
the limited amount of primary geologic and geo-
chemical data available to assess the original ore-
forming environment. However, the stratigraphic
package hypothesized to underlie the Anvil Range
provides an attractive reservoir within which subsur-
face waters could evolve into hot, metalliferous fuids.
Subsurface waters in this reservair could have leached
evaporites and gained salinity for metal chloride
complexing while gradually becoming geothermally
heated. Interaction with coarse clastic reservoir rocks
might have allowed metal solubilization from such
sources as feldspar grains, pigmenting agents of red
beds (Carpenter, 1979; Lentini and Shanks, 1983),
or interbedded shales (Bischoff et al., 1981; Berndt,
1983).

During extensional tectonism in the Early Cam-
brian, the shale cap (Mt. Mye unit) may have been
breached, allowing ore fluids to escape upward to the
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sea floor. Volcanism may have been entirely passive,
simply reflecting the tectonic environment. Alterna-
tively, mafic igneous rocks may have had a more active
role in transferring heat and perhaps some sulfide and
metals to the ore fluid. In this regard, the Anvil Range
deposits are notably richer in iron sulfides, and per-
haps in copper-bearing sulfides, than other Selwyn
basin lead-zinc deposits.

Lead isotopes are a useful indicator of the source
of the lead in the fluids which formed the Anvil Range
deposits. The Anvil deposits have a modest range of
lead isotope ratios which form elongate fields on
207Ph/2¢4Ph-206Ph/2**Ph and 2*7Ph/2™ Ph-206P1,/204Ph
diagrams (Figs. 13 and 14). The average lead isotope
ratio growth curves of Codwin and Sinclair (1982)
for shale-hosted deposits in the Canadian cordillera
are shown for comparison. The curves are based on
a three-stage model, the first two stages of which cor-
respond to the Stacey and Kramers (1875) model. The
third stage begins at 1.89 b.y. and the leads evolve
until the time of mineralization in an environment
which has constant 2*U/**Pb = 12.16 and 23*Th/
204ph = 49.09. The average evolution curves are use-
ful for dating Selwyn hasin shale-hosted deposits over
a 200-m.y.-age range; these results imply an isoto-
pically restricted lead source for all of the studied
deposits. Godwin and Sinclair (1982) suggest that the
source of the lead is sediment derived from Hudsonian
basement of the Churchill province of the Canadian
Shield. The isotopic compositions of the lead in the
shale-hosted deposits are similar to the upper crustal
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FIC. 13, Averaged lead isotope data for Anvil range deposits.
Shale growth curve of Gadwin and Sinclair (1982}, the Bluebell
growth curve of Andrew et al. (1984), the mantle evolution curve
of Zartman and Doe (1981), and the field for modern abyssal tho-
leiites from Tatsumoto (1978) are shown for comparison. The
averaged data plot along a regression line with a slope of 0.25
and r¥ = .84, which suggests a two-component source consisting
of leads evolved along the shale curve with minor mantle contri-
bution. '
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F1c. 14.  Averaged lead isotope data for Anvil range deposits.
Shale growth curve of Codwin and Sinclair {1982), the Bluebell
growth curve of Andrew et al. (1984), the mantle evolution curve
of Zartman and Doe (1981), and the field for modern abyssal tho-
leiites from Tatsumoto (1978) are shown for comparison. Data
plot slightly below the shale curve which suggests that a lower
crustal lead companent such as that represented by the Bluebell
curve is not represented,

leads contributed to the orogene, as defined by the
plumbotectonics model of Doe and Zartman (1979).

Andrew et al. {1984) have developed an additional
curve, called the Bluebell curve (Figs. 13 and 14),
for evolution of lower crustal and/or mantle leads in
the Omineca crystalline terrain of southeastern British
Columbia. Interestingly, some deposits identified by
Andrew et al. (1884) have leads which are interme-
diate between the two growth curves and plot along
“mixing line isochrons,” indicating synchronous lead
extraction from the two source reservoirs at the time
of deposit formation.

Average lead isotope ratio values for the individual
Anvil deposits are tightly clustered near the shale
curve on the 2*“Pb/2%*Pb-2%Ph/2®Ph diagram (Fig.
13), along a line with a slope of 0.25 (r2 = 0.84). This
line probably represents mixing of two or more lead
components, and thus it may or may not have chro-
nological significance. However, the regression line
intersects the Bluebell growth curve at an age of about
0.30 b.y., hence a mixing line isochron is not indi-
cated. Moreover, the Anvil data plot on the **Pb/
204Ph-28PL2MPY diagram slightly below the shale
curve but considerably removed from the Bluebell
curve (Fig. 14), which argues against a lower crustal

lead component like that represented by the Bluebell

curve. We speculate that the upper crustal leads of
the Anvil deposits may contain a very minor mantle

lead component derived from voleanics in the sedi--

mentary sequence. The fields of modern abyssal tho-
leiites (Tatsumoto, 1978) and the plumbotectonic
mantle evolution curves (Zartman and Doe, 1981} are
shown for comparison in Figures 13 and 14, and are

i
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consistent isotopically with the argument for a minor
mantle compaonent.

Additional information on the lead sources can be
gained by examining the distributions of individual
samples from each deposit on a *"Ph/2*‘Ph-25Pb/
204ph plot (Fig. 15). The fields of data for each deposit
tend to cluster in elongate bands which roughly par-
allel the regression line for the averaged data (Fig.

_13). The lead isotope variability in the Anvil Range
samples might be related to lead solubility in the hy-
drothermal fluid or to heterogeneity of sources. The
more radiogenic components might have been pref-
erentially leached from the uranium-rich fraction of
the rock, removing lead from easily reached locations
such as grain surfaces and microfractures where sol-
uble uranium has previously existed (Doe et al.,
1966). However, differential leaching tends to pro-
duce much flatter trajectories on the 2°7Ph/**'Pb-
206p) /2%4Ph plot (Fehn et al., 1983). Alternatively,
the source rocks may have been slightly heteroge-
neous with respect to lithology and lead isotope com-
position.

The lateral variation of 8*'S values within the DY
deposit (Fig. 9) and the vertical increase of §*'S values
within the Faro deposit (Fig. 8) suggest that a small
amount of the sulfide is derived from interaction with
mafic igneous rocks, which may also provide some
nonradiogenic lead. To test this hypothesis, 'S val-
ues were measured on splits of the DY deposit samples
used for lead isotope studies, but no correlation is
observed between sulfur and lead isotope ratio values
{Table 6). However, as mentioned above, vertical
variation in 8%S values is not well developed in the
DY deposit. Unfortunately, lead isotope ratio values
were not determined on the samples from hole 66-
52 from the Faro de :})osit which show a systematic
upward increase in 3*'S values. Nonetheless, it is in-
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Fic. 15. Expanded plot of lead isotope data for individual
samples from Anvil deposits. Regression (mixing) line from Figure

10 is shown for comparison. Data from several of the deposits fall

in bands which parallel the mixing line.

teresting to note that the DY deposit has the least
radiogenic lead isotope ratios of any of the Anvil range
deposits and is the only deposit which contains sub-
stantial amounts of mafic meta-igneous rocks (Fig. 4b).
If the postulated mantle lead component is derived
from these rocks, then sulfur apparent]y was not mo-
bilized with the lead.

In summary, the lead isotope ratio data indicate a
fairly radiogenic upper crustal source for most of the
lead. An excellent candidate for this source rock is
the Proterozoic Grit unit (Gabrielse et al., 1973)
which probably underlies the Mt. Mye unit in the
Auvil area (Fig. 3). Intradeposit §**S variations (Figs.
8 and 9) and interdeposit lead isotope ratio variations
(Fig. 15) suggest a possible small contribution (of Pb
and 8) from mafic igneous rocks, but much of the lead
variability also can be attributed to heterogeneity of
the upper crustal lead component.

Metallogenic Implications

Several important discoveries of major stratiform
lead-zinc deposits recently have been made in the
Selwyn basin (Carne and Cathro, 1982). Examples
are Howards Pass with 525 million tons of 5 percent
Zn and 2 percent Pb (Goodfellow, 1984), Cirque with
at least 40 million tons of 7.8 percent Zn, 2.2 percent
Pb, and 47 gfton Ag (Jefferson et al., 1983) plus the
other smaller deposits of the Gataga district (Mac-
Intyre, 1983), the Tom and Jason deposits of the
MacMillan Pass camp with approximately 26 million
tons of 7 percent Zn and 6.8 percent Pb (Goodfellow,
1985), and of course the Anvil district with 92 million
tons of 4.7 percent Zn, 3.6 percent Pb, and 50 g/ton
Ag. Deposit age varies from Early Cambrian to Late
Devonian and, even though all of these deposits fall
into the “‘sedex’ class, geologic setting, and host lith-
ologies also vary widely. Clearly the Selwyn basin
represents a major metallogenic province for Zn-Pb
deposits. Why? : .

The results of the present study and of Goodfellow
and Jonasson (1984) strongly implicate water column

* hydrogen sulfide, produced during periods of extreme

anoxia and stagnation, as the grincipal source of sul-
fide in the ore deposits. The §**S values of sulfides in
all the deposits are very heavy (Fig. 11), often ap-
proaching and even exceeding the values for contem-
poraneous seawater sulfate. Such values can only be
attributed to reduction of a significant fraction of sea-
water sulfate in restricted subbasins. S$/C ratios in un-
mineralized Anvil Range samples which greatly ex-
ceed values for modern marine sediments (Fig. 10)
are further evidence for significant water column sul-
fide production. The Black Sea is a reasonable analog.
In fact, the present Black Sea has almost exactly the
same areal extent as the Selwyn basin presently pre-
served east of the Tintina fauit. The Black Sea, how-
ever, has no known modern accumulations of Zn-Pb-




632

rich sediments, cither because they-do not exist or
because of inadequate sea-floor exploration. Also, the
present Black Sea water column is not experiencing
the kind of quantitative sulfate reduction which must
have occurred in the Selwyn basin.

The Selwyn basin apparently developed as a
strongly reducing basin during much of its history, as
evidenced by §'S values of diagenetic or sedimentary
iron sulfides which generally exceed >10 per mil
throughout the early Paleozoic history of the basin
(Goodfellow and Jonasson, 1984). This is in marked
contrast to modern bacteriogenic sulfides and sulfides
from a number of ancient sedimentary sequences
which often have %S values in the —20 to —45 per
mil range. However, in view of the Black Sea analogy,
the long history of anoxia in the Selwyn basin clearly
is not the only requirement for development of Zn-
Pl deposits and a major metallogénic provinee. If so,
then all anoxic basinal sequences would be expected
to host such deposits. Many may, but clearly all
do not. .

An additional source of zinc and lead is probably
required to turn an anoxic basin into a Zn-Pb province.
In the case of the Anvil deposits, the 3*'S values of
the baritic units and the lead isotope ratios of sulfides
point to metalliferous brines derived from the un-
derlying Proterozoic sequence. Decoupling of lead
isotope ratios and §*'S values in splits of the same
samples further supports dual scurces for the metals
and the sulfides. Moreover, the fact that the Anvil
“deposits plot on a single lead isotope growth curve
for a wide variety of stratiform and strata-hound Zn-
Pb deposits from the Selwyn basin (Godwin and Sin-

clair, 1982) suggests that basinal brines may have:

been important metal suppliers to the basin over a
considerable period of geologic time. Thus, the for-
mation of a major metallogenic province for Zn-Pb,
such as the Selwyn basin, requires the contempora-
neous development of the following geologic frame-
work: (1) an underlying or flanking sedimentary se-
quence capable of producing metalliferous brines, (2)
a restricted anoxic marine basin, and (3) structural or
stratigraphic pathways (with or without convective
geothermal activity) to deliver basinal brine to anoxic
bottem waters. Contemporaneous superimposition of
these factors is probably not too unusual in the geo-
logic record but the Grit unit is, perhaps, an unusually
good source rock for metalliferous brines.

It is not inappropriate, in view of recently pub-
lished hypotheses (Sawkins, 1984}, to speculate on
the driving mechanism of possible brine circulation
from the Grit unit inte the Selwyn basin. Badham
(1981} clearly stated the case for a genetic relation
between fluids produced by basin dewatering and
shale-hosted lead-zinc deposits. Sawkins (1984) car-
ried this idea a step further, and citing Cathles and
Smith (1983), called upon episodic dewatering during
basin compaction te produce multilayered stratiform
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Pb-Zn deposits. The Grum and DY deposits in the
Anvil district are certainly exeellent and representa-
tive examples of multilayered deposits. However, the
lead isotope growth curve of Godwin and Sinclair
(1982) is strong evidence for a constant lead source
and evolution over a period of at least 200 m.y. If
basin dewatering due to compaction is the driving
mechanism, then fluids must be expelled downward
from the accumulating pile of basinal sediments into
the underlying Grit unit and then migrate laterally
until structural pathways to the sea floor are encoun-
tered. Alternatively, Garven and Freeze (19842, b)
have recently developed a model whereby fluid flow
is driven by gravity on a sloping water table related
to topography {lanking a basin. Such flow regimes may
be stable for geologically long periods of time, as long
as topography is not drastically altered by rapid ero-
sion. This model also may be applicable to the Selwyn
basin'situation, where important deposits developed
from Early Cambrian to Late Devonian, and significant
land masses existed to the east, at least during part of
this time period (Cecile, 1982).

The general similarity of Zn-Pb deposits in the Sel-
wyn basin is striking, but in detail individual deposits
differ considerably. The Howards Pass deposits are
fine-grained, rhythmically banded intercalations of
sulfides with limestones, carbonaceous mudstones,
and cherty mudstones. Copper, silver, barium, and
pyrite are relatively minor. No well-developed feeder
or stringer zone is known and brecciation is relatively
unimportant, The overwhelming impression is of slow
accumulation of metallic sulfides over a long period
of time.

In contrast, the "Tom and Jason deposits at
MacMillan Pass occur in turbidites and breccias re-
lated to syndepositional normal faults. Crosscutting
stringer and alteration zones carry a significant portion
of the mineralization (which includes important Ag
and Cu) and barite is prominent, especially in upper
zones. The Cirque deposit in the Cataga district is,
perhaps, intermediate between the Howards Pass and
MacMillan Pass deposits. The host rocks consist of
thick-bedded, carbonaceous, silicecus shale, and lo-
cally, graded siliceous siltstone laminae. Qccasional
intraformational breccias occur. The deposit is baritic
throughout and hast-rock interlamination is rather
uncommon. Cu or stringer mineralization are un-
known, but deposit zonation points to a discrete
source area. Ag content is significant.

The Anvil deposits contrast strikingly with the
other Selwyn basin deposits described above. Prin-
cipal differences relate to the rather high metamor-
phic grade, and more importantly, primary features
such as very high iron sulfide content of the ore zones,
fairly well defined sericitic alteration zones, well-de-
veloped ore facies zonation, and more abundant as-
sociation of voleanic rocks. These differences strongly
suggest higher temperature in the exhalative envi-
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ronment of the Anvil Range, perhaps due to closer
spatial association with volcanics and subvolcanic
heat-generating plutons.

Thus, it appears that development of the Selwyn
hasin Zn-Pb province relates to the broad geologic
framework and is a fairly normal consequence of the
geotectonic development of the area. A metalliferous
source rock and a long-lived hydrodynamic regime is
required to deliver metalliferous brines to the basin.

"The long history of extreme anoxia in the basin pro-

vides a ready and ample sulfide source. Stratiform
sulGdes deposits form, rather slowly, due to mixing
of pooled metalliferous brines with superjacent sul-
fidic seawater. Brine egress to the sea floor requires
tectonic conduits. Fluid circulation may be simply
gravity driven or may be aided by buoyancy effects
due to subvolcanic plutons. Variations in deposit types
are due to local variations in the rate and temperature
of ore fluid venting and to variations in the local tec-
tonic and lithologic framework,
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