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ABSTRACT

Metamorphosed porphyry copper, copper skarn, and
volcanogenic massive sulfide (VMS) occurrences have been
found in 5 key prospects within Devonian rocks of the
Chandalar copper district, Alaska. The Venus, Victor, Eva,
and Evelyn Lee prospects contain "proximal" porphyry
copper/copper skarn mineralization, whereas the Luna
prospect contains "distal" Cu-2Zn skarn and Cu-Zn VMS
mineralization. Porphyry copper mineralization is
recognized by granodiorite composition meta-intrusives;
zoned potassic, sericitic and propylitic alteration; and
del134s values of -1.5 to -0.6 per mil. Skarns consist of
andraditic garnet (Ads;p_j1q9q9) and diopsidic pyroxene (Hdg_
46) 7 and have del3%4s values of -4.7 to -1.1 per mil.
Alteration types in intrusive rocks and adjacent skarn are
generally compatible. VMS occurrences contain chloritic
and silicic alteration, and massive sulfides have del34s
values of -0.8 to 6.9 per mil, consistent with values from

known Devonian VMS deposits.
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CHAPTER I - INTRODUCTION AND BACKGROUND

INTRODUCTION

The Chandalar copper district, in the south-central
Brooks Range, is an approximately 500 square kilometer,
east-west trending belt of metasedimentary and metaplutonic
rocks (Figure 1). Sporadic copper mineralization,
occasionally accompanied by lead and zinc, occurs in meta-
plutonic rocks, calc-silicate rocks and calcareous schists.
The copper prospects in the district are located within 35
kilometers of the Dalton highway. Consequently, they are
potentially more amenable to mining than many mineral
prospects in Alaska, which are often located hundreds of
kilometers from established roadways.

Due to the multiple deformational and metamorphic
events which have affected the area, the nature of the
Chandalar occurrences is complex. Some previous workers
have called these mineralized bodies deformed porphyry
copper and skarn occurrences (DeYoung, 1978). Others have
suggested that they are regionally metamorphosed calc-
silicate deposits with a skarn-like appearance, in which
the mineralization is volcanogenic in origin (Croff and
Bressler, 1980). The presence of either porphyry
copper/copper skarn deposits or stratabound volcanogenic

massive sulfide (VMS) deposits would imply that the area
1
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may contain further mineral reserves; however, exploration
techniques and potential mineral wealth would vary,
depending on which deposit types were actually present.

For example, the Yerington district in western Nevada
is located within a belt of porphyry copper deposits, many
with related copper skarns. This district, although of
smaller areal extent than the Chandalar copper district,
has been estimated to have reserves of more than 1000 m.t.
(million tons) of ore with grades of 0.4% Cu (Einaudi,
1982a). On the other hand, prospects in the Ambler
district of the western Brooks Range, which are
approximately along strike with the Chandalar district,
contain >100 m.t. of approximately 10% combined Cu, Zn and
Pb (with appreciable Ag and Ba) in stratabound VMS deposits
(Hitzman and others, 1986).

If the Chandalar area is analogous to either of the
above districts, it could contain appreciable mineral
resources. Assessment of whether additional exploration is
warranted, given such economic constraints as metal prices,
road building costs, etc., hinges on the types of
mineralization that are likely to occur. This study was
undertaken to clarify the deposit types present in the
district.

I first present a brief description of the

characteristics of metamorphosed porphyry copper, copper



skarn and VMS deposits, followed by a detailed description
of the geology of study area and of 5 key prospects (Venus,
Victor, Eva, Evelyn Lee, and Luna), with an emphasis on
criteria used to distinguish between deposit types. These
include composition and tectonic setting of the host rock;
ore and gangue mineralogy, textures, and alteration types;
gangue mineral compositions and zoning; and sulfur isotope
ratios of sulfide minerals. These characteristics are then
compared and contrasted with those of established ore
deposit models. Finally, some general conclusions are

drawn about the probable mineral resources in the area.

LOCATION AND ACCESS

The Big Spruce Creek area, which includes the Venus,
Victor, Eva, and Evelyn Lee prospects, is located in the
Chandalar C-5 quadrangle, approximately 15 kilometers east
of the Dalton Highway and 10 kilometers north of the
Bettles River. The Luna prospect is located in the
southeast corner of the Chandalar D-5 quadrangle, just west
of Roberts Creek. This portion of the central Brooks Range
consists of gently rolling, tundra-covered hillsides and
cliffs of exposed marble and igneous rock. Elevations in
the study area range between 700 m (2300 ft) and 1606 m
(5274 ft). The area was reached by helicopter from the

Disaster Creek checkpoint along the Dalton Highway for this



study, but light aircraft can land in some of the larger

drainages.

INVESTIGATIVE METHODS

Six weeks were spent in the Big Spruce Creek area:
three weeks each during the summers of 1984 and 1985.
Field work entailed geologic mapping (at 1:31,680 and
larger) of granitic and metamorphic rocks in the area
surrounding lower Big Spruce Creek. Detailed field
descriptions were made of rock types, the nature of
contacts, and textural and mineralogical variations on an
outcrop scale. Samples were collected for petrologic
analysis by transmitted and reflected light microscopy, for
whole rock analysis, and for geochemical analysis. One
thousand feet (300 m) of drill core from 4 drill holes at
the Luna prospect (DDH-1, 2, 3, and 5) were logged and
sampled for sulfur isotopic analysis, X-ray diffraction
(XRD) analysis, and petrologic examination. Drill logs are

included in Appendix 1.

ANALYTICAL METHODS

Sixty-two polished thin sections were examined to
determine mineral paragenesis and textural relationships
among the mineral phases. Microprobe analyses of selected
mineral phases were performed using the Cameca electron

microprobe at Washington State University, Pullman. A 15



kv filament voltage, a 13 nanoamp beam current, a 2 micron
beam diameter, and a 10 second counting time were used.
Well-characterized minerals were employed as standards.
Microprobe results are given in Appendix 2. XRD analyses
of garnets and sphalerite were performed on the Rigaku
Miniflex X-ray diffractometer at the University of Alaska,
Fairbanks. XRD results are given in Appendix 3. Chemical
analyses for major, minor, and trace elements were
performed on trimmed, fist-sized samples and sample
aggregates by Bondar-Clegg, Inc, Vancouver, B.C.. Major
oxides plus Ag, As, Bi, Co, Cr, Cu, Mn, Mo, Ni, Pb, Sb, Se,
W, and Zn were determined using plasma emission
spectrometry. 2r and Ba were determined using X-ray
fluorescence. Hg content was determined using cold vapour
atomic absorption, and Au content was determined by fire
assay-atomic absorption. Major oxide and trace element
analyses are given in Appendices 4 and 5, respectively.
Analyses of sulfur isotope ratios from sulfide samples
were performed by Geochron Laboratories in Cambridge,
Massachusetts, using standard techniques and a Canon Diablo

troilite standard. Results are discussed in Chapter III.
PREVIQOUS WORK

In 1964, the U. S. Geological Survey published the

first 1:250,000 geological map and cross-section of the



Chandalar quadrangle (Brosge and Reiser, 1964). This map
included fossil and isotopic age determinations, and
concentrations of lead, copper, zinc, arsenic, and antimony
for 45 stream sediment samples from throughout the
quadrangle. DeYoung (1978) compiled a mineral resources
map which included brief descriptions of 86 hard rock and
placer mineral occurrences in the Chandalar gquadrangle.

Croff and others (1979) and Croff and Bressler (1980)
described a number of Cu-, Zn-, and Pb-rich hard rock
occurrences .in the Chandalar copper belt. They suggested
the possible occurrence of volcanogenic massive sulfide
deposits in the area, associated with rocks interpreted as
metamorphosed felsic and andesitic tuffs. They found
mineralization in calc-silicate rocks to be common, but
spatially associated meta-plutonic rocks were found only in
the southern prospects near Big Spruce Creek (Venus-Victor-
Evelyn Lee). They interpreted calc-silicate mineralization
in the northern prospects (e.g., Luna and Hurricane-Dianne)
to be formed by metamorphic remobilization of VMS-related
sulfides into metasomatized calcareous rock.

Dillon and others (1980) and Dillon and Tilton (1985)
gave evidence for Devonian magmatism in the southern Brooks
Range. Dillon also offered a detailed description of the
structure and stratigraphy of the Chandalar quadrangle in a

Dalton Highway field guide (Dillon, 1989). Newberry and



others (1986) described a number of regionally
metamorphosed calc-silicate deposits and associated meta-
plutonic rocks in the Brooks Range, which included Cu-Ag

and Pb-Zn skarns near the Chandalar plutons.
REGIONAL GEOLOGY

The Chandalar copper district is situated within the
Hammond subterrane of the Arctic Alaska
tectonostratigraphic terrane described by Silberling and
Jones (1984). A generalized geologic map of the area is
shown in Figure 2. The terrane includes 1l)Cambrian through
Ordovician calc-schist, pelitic schist and marble (IPz),
2)lower Devonian siliciclastic and volcaniclastic rocks
(IPz), 3)thick Devonian marble of the Skajit Formation
(Ds), middle Devonian metavolcanic rock, metagraywacke, and
carbonate of the Whiteface Mountains and Beaucoup
Formations (north of map area), and 4)upper Devonian
siliciclastic and calcareous rocks of the Hunt Fork
Formation (Dh) (Dillon, 1989). Dillon suggested that the
Whiteface Mountains metavolcanic rocks are coeval with the
Devonian Ambler volcanic rocks, on the basis of their
lithologies, age, and stratigraphic position. However, the
thick carbonate packages of the Chandalar area do not occur
in the Ambler district, and there are also other

stratigraphic differences between the two areas. Also,
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there are differences in U-Pb dates on rocks from the two
districts (327-373 Ma for Ambler and >410 Ma for Chandalar)
(Dillon and others, 1980; Dillon and Tilton, 1985). Hence,
there is only a broad scale equivalence between the two
areas.

The lower Paleozoic rocks mentioned above (those older
than middle Devonian) have been intruded by early to middle
Devonian granitic plutons. The plutons are separated into
two categories by Newberry and others (1986) on the basis
of their chemical and mineralogical characteristics. The
Horace Mountain plutons are relatively small exposures of
metaluminous, hornblende- and biotite-bearing, porphyritic
granite and granodiorite. These rocks are thought by
Newberry and others (1986) to represent I-type granites
(Chappell and White, 1974). The Baby Creek batholith, on
the other hand, consists of eguigranular to porphyritic,
peraluminous, biotite-muscovite granite which is thought
(Newberry and others, 1986) to be an S-type granite.

Rb-Sr and U-Pb dates (Dillon and Tilton, 1985; Dillon,
1989) show ages for the Horace Mountain plutons of 402 + 8
Ma and for the Baby Creek batholith of 380 + 12 Ma. A
potential chronology for Devonian events in the immediate
Chandalar area is thus: (1) volcanism (>410 Ma) and
carbonate sedimentation, (2) I-type plutonism (ca. 400 Ma),

and finally (3) S-type plutonism (ca. 380 Ma). It should
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be noted that this chronology may not apply to other
portions of the Brooks Range.

The Ambler district (150 km west of the Chandalar
district) is considered by Hitzman and others (1986) to
have been part of a submerged continental platform which
underwent extensional tectonics. They support this
designation by the presence of bimodal volcanics and the
presence of thick carbonate horst blocks which bound a
graben filled with pelitic schist. Similar rock types are
present in the Chandalar district, although volcanic rock
protoliths have not been unambiguously identified.

The Paleozoic sedimentary and igneous rocks of the
southern Brooks Range have been regionally metamorphosed,
with greenschist facies mineral assemblages developed in
the rocks of the Hammond subterrane (Dillon, 1989). Two
penetrative schistosities and metamorphic mineral
assemblages have been found by Dillon (1989). K-Ar cooling
ages of the Chandalar plutons and stratigraphic
relationships indicate that both events occurred between
Jurassic and Cretaceous time (100-160 Ma) and affected
both sedimentary and igneous rocks (Dillon, 1989). These
metamorphic events are accompanied by large and small scale
isoclinal folds and east-west trending thrust and strike-
slip faults which generally parallel the metamorphic

fabric. This deformation greatly complicates the
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stratigraphic and structural relationships in the Chandalar

copper district.

REGIONAL ORE OCCURRENCES

The Chandalar copper district is a northeast-trending
belt which generally follows the trend of the Horace
Mountain plutons. DeYoung (1978) noted this trend as a
favorable area for skarn and porphyry copper occurrences.
He also described a number of known occurrences within this
belt. Locations of these mineral prospects are shown in
Figure 2. Significant among these prospects is the Evelyn
Lee prospect, which consists of copper-bearing calc-
silicate rocks close to a metamorphosed hornblende
granodiorite porphyry. This prospect is estimated to
contain 1 million metric tons of 5 percent copper (DeYoung,
1978). The Venus, Victor and Eva prospects are believed by
previous workers to contain porphyry copper-type
disseminated chalcopyrite and pyrite mineralization with
copper grades of 0.1 to 0.3 percent copper and small
podiform masses of skarn (DeYoung, 1978). Mineralization
at the Luna prospect was considered, in 1978, to be
confined to skarn occurrences only. Further work by Croff
and others (1979) suggested the possible presence of
stratiform volcanogenic massive sulfide mineralization as

well. The Evelyn Lee, Venus, Victor, Eva, and Luna
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prospects are discussed further in the main body of this

paper.
SUMMARY OF DEPOSIT TYPE COMPARISONS

Table 1 summarizes important characteristics of
porphyry copper, copper skarn, and VMS deposits. There are
additional diagnostic features which should be mentioned,
involving relationships between porphyry copper and copper
skarn deposits. In porphyry copper related skarns,
retrograde alteration is often seen adjacent to sericitic
alteration in the pluton. Conversely, prograde skarn is
seen adjacent to potassic alteration in the pluton. A more
detailed description of typical deposit features is
included in Appendix 6. Although the characteristics
described in Table 1 and Appendix 6 are diagnostic of
certain deposit types, each one cannot be used alone in
deposit identification (e.g., the presence of del34s values
of 0 per mil, alone, does not indicate the presence of a
porphyry copper deposit). All, or at least most, of these
features must be present in order to characterize a
deposit. These criteria have been considered in

classifying the Chandalar occurrences.



HOST ROCK TYPE

ALTERATION

CALC-SILICATES

ORE MINERAL
CONCENTRATION

METAMORPHIC
EFFECTS

pEL34S VALUES

TABLE 1

SUMMARY OF DEPOSIT CHARACTERISTICS

PORPHYRY CU
intrusive rocks
potassic
sericitic
propylitic
none
contact zone
potassic-sericitic
alteration

foliated
veins intact

Z€ro

COPPER SKARN
carbonate rocks

prograde
retrograde

: 3%
high F ’
low MnS+
in retrograde
assemblage or in

marble

none

slightly negative

DEVONIAN VMS

volcanic and
sedimentary rocks

chloritic
sericitic
talc

high Mn2*

near chloritic or
sericitic alteration

sulfide deformation
no primary textures

positive

1



CHAPTER II - DETAILED GEOLOGY OF THE STUDY AREA

INTRODUCTION

A 1:31,680 geologic map of the Big Spruce Creek area
was made for this study during the 1984 and 1985 field
seasons and is shown in Figure 3. Surface geology of the
Luna prospect is taken from the map of Croff and others
(1979) and is shown in Figure 4. Although the geology has
not been continuously mapped between these two areas,

geologic continuity has been suggested by Dillon (1989).

NON-MINERALIZED METASEDIMENTARY ROCKS

The meta-sedimentary and possibly metavolcanic rocks
in the field area include a variety of schists consisting
of various proportions of muscovite, quartz, chlorite,
feldspar, biotite, and sphene. Thick resistant marble beds
and less resistant argillaceous marbles are interbedded
with the schist. Two types of hornfels are seen in the Big
Spruce Creek prospects - calc-silicate hornfels and black
hornfels. The above rock types are not mineralized and are
not described in detail here. Instead, detailed

descriptions are included in Appendix 7.

MINERALIZED ROCKS
The Big Spruce Creek prospects contain copper

mineralization in Cu skarns and in chalcopyrite-bearing
15
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metamorphosed porphyritic stocks. Cu skarns, Cu-Zn skarns
and Cu-Zn-Ag massive sulfide accumulations have been found
in 3 of the 4 logged drill holes at Luna (DDH-1, 3, and 5).
The northern drill holes (DDH-1 and 5) contain only Cu
mineralization, whereas DDH-3, in the southern portion of
the Luna prospect, contains Cu and Zn in both skarns and
massive sulfide occurrences. A detailed description
follows of mineralized meta-plutonic rocks, skarns, and
massive sulfide occurrences. These descriptions are based

on mapping and drill core logging from this study.
IGNEOUS PETROLOGY

Meta-igneous rocks in the Big Spruce Creek area
consist of three main bodies - the Venus stock, the Victor
stock, and the Horace Mountain pluton (Figure 5) - and a
number of associated small dikes and sills (0.5-3 m thick).
No major bodies of meta-igneous rocks have been identified
on the surface at the Luna prospect, but a number of dikes
and sills are present in the drill core.

Relict igneous textures are common but not ubiquitous.
In the interiors of the igneous bodies, the rocks are
medium-grained (1-3mm) with sub-equigranular textures.
Along the peripheries of the bodies, however, the textures
are often porphyritic with either a phaneritic or aphanitic

groundmass. Dikes and sills have a porphyritic-aphanitic
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texture. The large meta-igneous bodies are interpreted as
metamorphosed high level plutons rather than meta-volcanic
rocks on the basis of 1)their relict textures, 2)the lack
of internal contacts, and 3) the lack of interbedded meta-
sedimentary units. Grain sizes range from 0.05 mm to 5 mm.
The groundmass makes up 55-75% of the rock and has grain
sizes generally less than 0.05 mm. All meta-intrusive
rocks are foliated to some extent, and foliation generally
increases toward the contact with the country rock. Where
they have a high platy mineral content, the rocks are
highly foliated and lose their original igneous texture.
This is especially apparent in sericitically altered rocks.
Modal mineralogies of relatively fresh samples (5-30%
quartz, 10-25% plagioclase feldspar (10-35% An), 3-10%
alkali feldspar, 0-20% hornblende +/- biotite) indicate
that these meta-igneous rocks were originally hornblende
granodiorites. Accessory minerals include zircon, apatite
and sphene. In most samples, the feldspars and/or mafic
minerals have been hydrothermally altered. This is
especially true for dikes and sills. At the Luna prospect,
no unaltered meta-igneous rocks were found. However,
examination of relict phenocrysts within altered dikes and
sills shows that their original composition was similar to

the larger stocks in the Big Spruce Creek area.



21

Newberry and others (1986) give CIPW normative
compositions for 11 relatively unaltered samples of Horace
Mountain meta-intrusive rocks from within 10 km of the
study area (see Figure 6). Thirteen additional CIPW
compositions of Victor, Venus and Evelyn Lee meta-intrusive
bodies from this study are also shown. Note that the
majority of analyses plot within the granodiorite field.

Since most meta-igneous rocks in the Chandalar
district are at least slightly altered, the meta-intrusive
samples from this study were also analyzed for Zr.
Winchester and Floyd (1977) show that certain immobile
element ratios, such as 2r/Ti, can be used to help identify
pre-alteration and pre-metamorphic volcanic rock types. By
plotting $i0, vs 2r/TiO,, Winchester and Floyd have
outlined fields for fresh igneous rock types. Floyd and
Winchester (1978) then show that the same diagram can be
used to identify altered and metamorphosed high level
intrusive and volcanic rocks. Figure 7 shows SiO, vs
Zr/TiO, for Big Spruce Creek porphyry samples within
Winchester and Floyd’s delimited fields. Note that most of
the samples fall within the granodiorite field within the
diagram, as do the fresh samples on the CIPW normative
plot.

A plot of alkali-silica variation for Chandalar

plutonic rocks is shown in Figure 8. Fields for
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continental margin and island arc suites are taken from
Titley and Beane (198l1). They outlined these fields using
data from known continental margin and island arc porphyry
copper-related intrusives. The data from Newberry and
others (1986) plot well within the continental margin
field; however, data from this study fall within the zone
of overlap between the two fields. It is likely that the
high alkali contents of Newberry and others’ (1986) samples
are due to alteration rather than tectonic setting. When
their samples are disregarded, the remaining data are
compatible with either a continental margin or an island

arc setting.

ALTERATION

I have identified three hydrothermal alteration types
in intrusive rocks in the study area - propylitic,
potassic, and sericitic alteration. They are described
below and their distribution is shown in Figure 9. A more
detailed description of alteration occurrences in the

Chandalar area is included in Appendix 8.

PROPYLITIC ALTERATION

Propylitic alteration appears as an assemblage of
epidote, chlorite, calcite, pyrite, and sphene. In about
45% of propylitically altered rocks, this assemblage occurs

as a selective pervasive replacement of hornblende. 1In
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another 45% of the cases, the assemblage occurs as veins of
epidote, chlorite and calcite. In the remaining 10%, vein
alteration and pervasive alteration occur together. This
alteration type is restricted to the Venus and Victor

stocks.

POTASSIC ALTERATION

Potassic alteration appears as selective replacement
of hornblende by fine grained biotite + rutile, as alkali
feldspar veins, and as thin biotite veinlets. This
alteration type is seen in the Venus stock and the Evelyn

Lee stock.

SERICITIC ALTERATION

Sericitic alteration is difficult to recognize.
Easily recognizable quartz-sericite-pyrite veins (see
Figure 10) were seen in only two locations (the Venus and
Luna prospects) where the intrusive rocks were little
affected by metamorphic foliation. Elsewhere, masses of
muscovite are present surrounding quartz veins. In most
cases, because of the high percentage of muscovite in the
rock, the veins have been stretched and recrystallized into
lenses of quartz and muscovite with pyrite stringers. This
alteration type is present in Venus Creek and the Victor

stocks.
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The timing of these alteration events is determined by

cross-cutting vein relationships. Secondary potassium
feldspar veins which cut across epidote-chlorite veins
provide evidence that potassic alteration locally occurred
after propylitic alteration. This also indicates that at
least some of the early epidote-chlorite veins are
propylitic alteration assemblages and were not formed

during the regional metamorphic episode.

MINERALIZATION

Disseminated chalcopyrite mineralization is present in

propylitically altered rocks in the Venus stock. It is
always associated with propylitic veins and masses of
epidote, chlorite, and calcite. Chalcopyrite abundance is
generally less than 0.5% , but locally as high as 1%.
Pyrite is present in abundances of between 1 and 15%
in the Venus, Eva, and Evelyn Lee prospects and is
associated with both propylitic and sericitic alteration
assemblages. It occurs as fine to medium grained crystals
and aggregates which are intergrown with veins and masses
of epidote, chlorite and calcite. It also occurs as
stringers in quartz and muscovite veins and as lenses
associated with quartz-sericite-pyrite alteration of the

intrusive.
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ALTERATION AND MINERALIZATION ZONING

Figure 9 shows that propylitic alteration is present
thoughout the western portion of the Big Spruce Creek field
area. Potassic alteration, however, is restricted to the
southern and eastern portions and sericitic alteration 1is
restricted to the northern and western portions. An
inferred contact between potassic and sericitic alteration
zones is shown in Figure 9 by the dotted line. This
contact zone roughly coincides with the locus of porphyry-
type mineralization seen in the Venus prospect.
Concentration of copper mineralization in the contact zone
between potassic and sericitic alteration frequently occurs
in porphyry copper deposits (Lowell and Guilbert,1970).
The distribution of these alteration types suggests that
the porphyry system has been tilted to the northwest, so
that the deeper potassic alteration zone is now to the

southeast of the shallower sericitic alteration zone.
SKARN PETROLOGY

Skarns in the study area occur as podlike masses
within marble, argillaceous marble, and calc-schist and as
xenoliths within meta-intrusive rocks. The skarns cut
across and obliterate original bedding features. They are
not foliated and show no metamorphic textures (i.e.,

annealing of grains). As mentioned earlier, in the Big
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Spruce Creek prospects, the skarns are copper-rich and
contain negligible zinc. The Luna prospect, however,
contains both Cu and Cu-Zn skarns. Since there have been
no major plutonic bodies found at the Luna prospect, either
in the drill core or at the surface, the Luna skarns may be
considered "distal skarns". Distal skarns (those formed
away from the fluid source) often contain higher sphalerite
contents (i.e., Groundhog Mine, N.M., Meinert,1987a; Tin
Creek, AK, Szumigala, 1986).

Skarns from the study area may be classified further
on the basis of their gangue mineral assemblages - garnet
skarn and garnet-pyroxene skarn. Garnet-pyroxene skarn is
found near the marble front. Garnet skarn may also be
found at marble contacts when there is no garnet-pyroxene
skarn present in the vicinity. However, when pyroxene
skarn is present, garnet skarn is found away from marble or
next to intrusive contacts. Garnet skarn is also the only

type found in xenoliths.

SKARNOID

Partial metasomatic replacement of calc-silicate
hornfels is fairly common in the Big Spruce Creek
prospects. Such rocks show evidence for both metamorphic
and metasomatic origins. The altered hornfels (skarnoid)
consists of very fine grained epidote, pyroxene, quartz and

calcite with small interpersed masses and veins of coarser
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grained pyroxene (Hd,,_,-) and birefringent garnet (Ad3g._
45) and epidote-quartz-calcite veins. The calc-silicate
compositions reflect an addition of Fe and Si to the
metamorphic rock, probably through fluids, which is
supported by the presence of veining. The rock, however,
still retains much of its original bedding characteristics,
as well as a fine-grained hornfels texture. Rocks such as
these are neither completely metamorphic, nor completely
metasomatic and, hence, are termed skarnoid (after

Zharikov, 1970, and Einaudi and others, 1981).

GARNET SKARN

Garnet skarns are found in the Venus, Evelyn Lee, and
Luna prospects and are the most abundant skarn type in the
study area. They consist of 40-90% garnet, 0-25%
chalcopyrite, 0-20% sphalerite, 0-45% epidote, 3-30%
calcite, 2-20% quartz, and 0-3% pyrite. The higher (metal)
grade skarns are non-retrograded garnet skarns occurring at
marble contacts. Garnets are medium to coarse grained,
ranging in grain size between 0.2 and 15 mm. They occur as
subhedral dodecohedra and as veins, and range in color from
colorless to green to brown under plane polarized light.

Several generations of garnet are present in the Big
Spruce Creek skarns with the following paragenetic
relationships between garnet generations. The earliest

garnets formed are isotropic garnets with poikiloblastic
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textures. These are probably metamorphic, based on the
criteria of Williams and others (1982). These isotropic
garnets are rimmed by birefringent garnets which are
sometimes sector zoned. Birefringent unzoned and sector
zoned garnets are rimmed by a later isotropic garnet
generation. The late isotropic garnets are associated with
higher grades of copper, since all lower grade samples lack
this garnet type. A fourth type of garnet rims all of the
earlier generations. These are concentrically banded
birefringent garnets characterized by alternating layers of
birefringent and isotropic garnet (Figure 11). They are
designated as doubly banded birefringent (DBB) garnets.

DBB garnets also occur as veins which cross-cut the earlier
formed garnets. Luna skarns contain only the last two
garnet generations (isotropic and DBB) which show the same
paragenetic relationships as those in the Big Spruce Creek
prospects.

Calcite, quartz and chalcopyrite are interstitial to
garnet grains in garnet skarn. Isotropic and DBB garnets
are embayed and rounded off by chalcopyrite. Some of the
interstitial calcite occurs as fine-grained clusters which
may be unreplaced carbonate host. In most cases, however,
interstitial calcite is coarse grained, and single crystals

may completely fill spaces between garnet grains. This
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coarse grained calcite probably represents a late

recrystallization event.
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Retrograde alteration of garnet skarn is characterized

by veins and clusters of epidote + calcite + quartz cutting

across garnet and chalcopyrite, or as islands of optically

continuous garnet and chalcopyrite within a matrix of these

minerals. 1In places, epidote and calcite have replaced

individual bands within DBB garnets (see Figure 11). At

the Luna prospect, actinolite and chlorite are also present

in the cross-cutting veins and masses.

GARNET-PYROXENE SKARN

Pyroxene is much less abundant than garnet in the
Chandalar skarns. Garnet-pyroxene skarn consists of 2-35%
clinopyroxene, 20-80% garnet, 4-15% actinolite, 1-30%
epidote, 3-10% calcite, 0-10% quartz, 0-3% chlorite, 0-10%
chalcopyrite, and 0-1% pyrite. This skarn type occurs in
the Victor, Evelyn Lee, and Luna prospects.

Pyroxenes occur as medium- to coarse-grained (0.3 - 5

mm) subhedral prisms which have been largely replaced by

fine- to medium-grained (0.05-0.4 mm) tremolite/actinolite,

quartz, calcite and, in places, chlorite. This retrograde
assemblage occurs as masses within relict pyroxene
crystals, surrounding irregular "islands" of original

pyroxene.
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In garnet-pyroxene skarn, early, sector-zoned,
birefringent garnet is rimmed by DBB garnet. Some small
pyroxene grains are present completely within banded
garnets. Others are present intersecting the bands of a
DBB garnet. This suggests that pyroxene precipitated
before, and possibly during, banded garnet formation.
Retrograde epidote, calcite, quartz, actinolite + sphene
occur as veins and masses cross-cutting earlier calc-
silicates. At the Victor and Luna prospects, veins which
cross-cut only pyroxene skarn contain chalcopyrite. Hence,
copper mineralization at both prospects is probably
associated with the retrograde alteration of pyroxene. No
copper minerals have been noted in garnet-pyroxene skarn at

the Evelyn Lee prospect.
MARBLE FRONT REPLACEMENT

CU SKARN

Marble front skarn at the Evelyn Lee prospect consists
of garnets with interstitial calcite or chalcopyrite and
bornite. In some areas, the sulfides are intergrown with
calcite alone and make up greater than 50% of the rock
volume. This is considered massive sulfide replacement at
the marble front.

At 151 feet in Luna drill hole 1, epidote-actinolite-

magnetite skarn consists of fractured, fine-grained masses
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of epidote, infilled with actinolite and chalcopyrite or
with magnetite. The skarn is in contact with massive
magnetite, containing lenses of calcite. These mineral
relationships suggest that massive magnetite first replaced
a thin marble bed. Epidote, actinolite and chalcopyrite
then partially replaced the massive magnetite. Replacement
of marble by magnetite at the marble front is fairly common

in porphyry copper-related skarns (Einaudi, 1982b).

CU-ZN SKARN

In Luna drill hole #3, along the contact between
marble and garnet skarn, intergrown sphalerite,
chalcopyrite and magnetite replace calcite and form a 5 cm
thick layer of massive sulfide. Within the drill
intercept, this massive layer contains 12% Zn and 3% Cu.
The entire skarn intercept averages 4% Zn and 1% Cu. This
is the only Zn-bearing skarn intercept in the drill core.
The nearest known intercept of meta-intrusive rock (a small

dike) is 200 m above this skarn.

CALC-SILICATE MINERAL COMPOSITIONS

Garnet and pyroxene compositions have been shown to
“fingerprint" skarn type (Zharikov, 1970; Einaudi and
others, 1981; Einaudi and Burt, 1982). Skarn garnet
compositions are usually expressed in terms of andradite

(CazFe,Siz0,,), grossularite (Ca3Al,Si30;,) and
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spessartine+almandine (Mn3Al,8i30,, + Fe3Al,S13075) end
members. Skarn pyroxenes are expressed in terms of
diopside (CaMgSi,Og4), hedenbergite (CaFeSi,Og4), and
johannsenite (CaMnSi,O4) end members. Figure 12 shows
generalized fields for garnet and pyroxene compositions
from typical porphyry copper related skarns. Garnets are
low in Mn content and have a wide range of grossularite-
andradite contents. Pyroxenes are low in Mn and are
diopside-rich.

Calc-silicates are also found in a number of
metamorphosed stratiform massive sulfide deposits
throughout the world, including the Gamsberg Zn deposit,
the Broken Hill Pb-Zn deposit, the Langban and Franklin
Furnace polymetallic deposits, the Virginia pyrite belt,
and the "gnurgle gneiss" of the Ambler district (Palache,
1929, 1935; Baker and Buddington, 1970; Both and Rutland,
1976; Rozendaal, 1978; Duke, 1983; Schmidt, 1986). The
calc-silicates are poorly zoned, Mn-rich, and are ascribed
to regional metamorphism of the Mn-rich host rocks.
Garnets are of the spessartine + almandine variety, and
pyroxenes are rich in johannsenite (Figure 12). Franklin
Furnace and Langban also contain Mn-rich calcic amphiboles.
These Mn-rich varieties are significantly different from
calc-silicates found in Cu skarns, which are low in Mn2+

and Fe2+. These "non-skarn" calc-silicates also differ
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from skarns in that they are layered, parallel to foliation
or original bedding.

Results of calc-silicate analyses from this study are
given in Appendices 2 and 3, and in Figure 12. These
analyses reveal that garnets fall along the andradite-
grossularite solid solution series and contain less than 3%
of the spessartine + almandine endmember. Similarly,
pyroxenes fall along the diopside-hedenbergite solid
solution series and contain 4% or less of the johannsenite
endmember. These compositions correspond most closely with
those of Cu skarns and are very different from those of

metamorphosed VMS deposits.

GARNET

Metamorphic poikiloblastic garnets and sector zoned
birefringent garnets from skarnoid, associated with
Chandalar skarns, have compositions of Ad16_45. Similar
low Fe3% skarnoid compositions are associated with Cu skarn
deposits at Yerington, Cananea, and Darwin (Meinert, 1982;
Harris and Einaudi, 1982; Newberry, 1987).

In areas where no skarnoid is seen, Chandalar skarn
garnets are brown in hand specimen and isotropic in thin
section. XRD and microprobe analyses of these garnets
yield compositions of Adgp_100-

Doubly banded birefringent (DBB) garnets from Big

Spruce Creek skarns are similar to Meinert’s (1982) 2BB
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garnets. He found that consecutive bands of isotropic and
anisotropic garnets alternated between ferric iron-poor and
ferric iron-rich compositions (Ad3p-Adgg). Similar
compositions are seen in DBB garnets from Big Spruce Creek,
where adjacent bands flip-flop between high iron and low
iron contents (Ad3g-Adg3; Figure 13). DBB vein garnets
have average compositions of Ad3,  DBB garnets replace
sector zoned skarnoid and poikiloblastic garnets during
later skarn formation. They also form rims on isotropic
skarn garnets, suggesting they are the latest garnets
formed.

Big Spruce Creek skarn garnets generally show an
increase in iron with time, from early metamorphic garnets
to skarnoid garnets to isotropic skarn garnets. However,
the latest formed DBB garnets have a lower mean Ad content
and a much wider range in composition than the isotropic
garnets, showing a late decrease in iron. A similar trend
of increasing and then decreasing Fe3* content in garnets
is seen in the Cananea, Darwin and the Shinyama Cu skarns
(Meinert, 1982; Newberry, 1987; Uchida and Iiyama,

1982) (Figure 14).

Other skarn types (e.g., Sn skarns, W skarns) show
different patterns of garnet evolution (Figure 15). For
example, the Lost River Sn skarn shows a change from early

andraditic garnet to later grossularite-spessartine garnet.
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The Pine Creek W skarn shows an initial increase in
andradite content of garnet between skarnoid and early
skarn. Late skarn garnets, however, are almandine-
spessartine rich and show no increase in the Fe3*
component. As mentioned above, "non-skarn" calc-silicates
from Broken Hill, Franklin Furnace, etc., show little

zoning and always have low grossularite and andradite

components.

PYROXENE

As shown in Figure 12, pyroxenes are very low in Mn
and their compositions range from Hdg to Hd,g. Core and
rim analyses (205-12a and f) of one pyroxene crystal show

an outward decrease in iron content.

AMPHIBOLE

Iron contents of Big Spruce Creek skarn amphiboles are
shown in Figure 16; they show a Fe/Fe+Mg range of 40 to 53
percent. Amphiboles tend to have higher Fe/Fe+Mg ratios
than clinopyroxenes. However, none of the analyses are
from co-existing pyroxenes and amphiboles. The higher
Fe/Fe+Mg ratios in amphiboles, in this case, may reflect
the tendency for amphiboles to replace the most iron-rich

pyroxenes present.
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Figure 16. Iron content of amphiboles from Chandalar
copper skarns and SW U.S. porphyry related copper skarn.

Data from Einaudi (1982b), Meinert (1982) and this study
(microprobe analyses).
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MINERALIZATION

CU SKARN

Copper mineralization in skarns consists of
chalcopyrite and occasional trace amounts of bornite.
Chalcopyrite is interstitial to garnet in garnet skarn,
replaces pyroxene in garnet-pyroxene skarn, and is
intergrown with low temperature minerals in retrograde
skarn. Bornite, when present, is intergrown with
chalcopyrite. Copper grades in mineralized garnet skarn
from Evelyn Lee, Venus and Luna range between 1.5% and 6%.
Marble-front sulfide-replacement bodies from Evelyn Lee and
Luna contain average grades of 10% Cu. Mineralized
retrograded skarns from all prospects have copper grades of
1% to 2%. Garnet-pyroxene skarns generally have grades of

less than 1% Cu.

CU-ZN SKARN

Zn-bearing skarn at the Luna prospect contains
sphalerite (4+4% FeS - XRD analyses) which is intergrown
with either retrograde assemblage minerals in interior
skarns (1% Zn), or with chalcopyrite in marble front

replacement bodies (up to 12% Zn).

METAL RATIOS
Figure 17 shows Cu/Cu+Zn ratios for skarns from all

prospects. Data for the Big Spruce Creek prospects are
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from this study, whereas Luna analyses are taken from Croff
and others (1979). Most samples plot above 0.89. These
points represent Cu skarns from Big Spruce Creek and Luna.
This high Cu:2n ratio is typical of porphyry-related copper
skarns (Einaudi, 1982b). The four remaining data points
are from sphalerite-bearing skarn at Luna. Note that the
Cu/Cu+Zn ratio tends to decrease from the interior skarn
sample to those taken from marble front replacement bodies.
A parallel trend is seen in Luna DDH-5, where skarn
containing no Zn shows a decrease in Cu grades toward the
marble front and away from the meta-intrusive. This
general decrease in Cu (chalcopyrite and bornite) and
increase in Zn (sphalerite) away from intrusive contacts is
seen in many porphyry copper related skarns. Einaudi
(1982a) shows that, at the Carr Fork mine, the sulfide
assemblages are Cu-rich near the Bingham stock, and become
more Zn- and Pb-rich with increasing distance from the
stock. Einaudi and others (1981) show similar sulfide
zonations in other porphyry copper related skarns of the

southwestern U.S.

MINERAL ZONATION

There is no obvious calc-silicate zonation seen in the
Big Spruce Creek skarns. The typical Cu skarn zoning
(between intrusive and marble front) of garnet to pyroxene

to wollastonite, has not been observed. 1In fact,
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wollastonite has not been observed at all. This lack of
obvious zonation is most likely due to poor exposure,
structural complications, or inappropriate conditions of
metamorphism. In the Luna drill core, however, a zonation
is seen between garnet skarn near porphyry dikes and
garnet-pyroxene skarn at the marble front. A broader scale
mineral zonation has been recognized area-wide. Cu-rich
skarns predominate in the Big Spruce Creek prospects,
surrounding the larger porphyry stocks. The Luna prospect,
however, which contains only small dikes and sills, also
contains both Cu and Zn skarns. The presence of Cu skarns
near, and Zn skarns away from, a major ﬁluid source has

been widely observed (Meinert, 1982; 1987a).

SKARN DISTRIBUTION

Einaudi and others (1981) have suggested that prograde
and retrograde skarns are spatially associated with
specific alteration types in porphyry copper systems.
Prograde skarn is usually associated with early
hydrothermal alteration of the accompanying intrusive
(potassic alteration). Retrograded skarn, on the other
hand, is associated with - and presumably formed during -
sericitic alteration of intrusive rocks.

Figures 18, 19, and 20 show the distribution of
alteration in skarn relative to intrusive in the Big Spruce

Creek prospects. For prospect locations, refer to Figures
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2 and 3. At the Venus prospect, Figure 18, "islands" of
skarn within sericitically altered intrusive show a high
degree of retrograde alteration, as would be expected in
porphyry copper-related skarns. Skarn bodies along the

edge of the intrusion are slightly less retrograded, but
still contain >10% retrograde alteration.

The Victor prospect, in the western portion of the
study area, is shown in Figure 19. The main intrusive
stock and a small intrusive body in the northeastern corner
of the map area are sericitically altered. Highly
retrograded skarn is present on the western margin of the
stock, and slightly less retrograded skarn is present along
the eastern margin. Within 500 meters of the main
intrusive body, retrograde alteration drops to 0%. As the
smaller sericitically altered intrusive body is approached,
however, retrograde alteration of the skarn increases
again.

A map of the Evelyn Lee prospect (Figure 20) shows
fresh prograde skarn adjacent to potassic alteration in
intrusive rocks. Skarn shows a very general zonation from
prograde skarn near the potassically altered main intrusive
body to retrograde skarn as it approaches the sericitically
altered dikes to the north.

The above relationships between degree of retrograde

alteration and intrusive type in the Big Spruce Creek
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prospects are consistent with the model proposed by Einaudi
and others (1981) for porphyry related Cu skarns. This
further suggests that the retrograde skarn assemblages,
although similar in mineralogy to greenschist metamorphic
assemblages, are a metasomatic phenomenon and are not

caused by regional metamorphism.
VMS-RELATED SULFIDES

Massive sulfide layers, interpreted as VMS-related,
are seen in the Luna drill core, but not in the Big Spruce
Creek prospects. Three massive sulfide accumulations are
contained within a 75-150 foot thick mineralized horizon
intersected by drill holes 1, 3, and 5 (see drill logs in
Appendix 1). Figure 21 shows a cross-section of DDH-3 and
includes host rock types, massive sulfide zones, alteration
zones, and skarns. The relationships seen in this drill
hole are typical of those in the other two mineralized
drill holes (DDH-1 and 5), but small and large scale
folding and faulting makes correlation between the holes
unrealistic.

Massive, stringer, and disseminated sulfides
associated with VMS mineralization are approximately twice
as abundant as skarn-related sulfides, and comprise
approximately 10% of the Luna drill core. The intercepts

contain an average of 1% Cu and 0.25% Zn. Massive sulfide
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layers in drill core are generally thin (2-5 cm) and
contain from 50-75% sulfides. Accumulations of these
layers with interlayered schist may reach 75 cm in
thickness. Sulfide-rich layers are composed of massive
pyrite with subordinate chalcopyrite and sphalerite,
massive chalcopyrite with subordinate pyrite and
sphalerite, or of massive sphalerite with subordinate
chalcopyrite, pyrite and arsenopyrite. Gangue minerals
consist of white mica, chlorite, quartz, calcite, biotite,
and plagioclase. There is a notable lack of obvious
sulfate minerals in the Luna prospect. There are also no
regional metamorphic calc-silicate minerals present at the
Luna prospect (such as the Mn-rich garnets and pyroxenes
shown in Figure 12).

In massive pyrite layers, pyrite occurs as massive
aggregates of anhedral crystals concentrated in layers
which parallel foliation of the surrounding schist. Fine-
grained (0.5-2 mm) subhedral pyrite grains have
recrystallized and consolidated into coarser grained
aggregates (1-5 mm), containing inclusions of other
sulfides and gangue minerals. Subordinate chalcopyrite +/-
sphalerite occurs as 1-2 mm, randomly distributed,
irregular grains.

Massive chalcopyrite layers consist of 40-70%

interconnected, 1-5mm, irregular grains of chalcopyrite in
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a matrix of silicate and/or carbonate gangue. Subordinate
pyrite and sphalerite, when present, occur as fine-grained
(0.5-1 mm), disseminated, euhedral crystals.

Massive sphalerite layers consist of 50-60%
interconnected, elongate grains and masses of sphalerite
(13+4% FeS - XRD analysis) with subordinate (10-20% each)
disseminated, subhedral, 0.1-2 mm pyrite and anhedral 0.05-
0.5 mm chalcopyrite. Arsenopyrite, where present, makes up
less than a few percent of the rock volume and occurs as
rims on pyrite grains. Gangue minerals consist of varying
proportions of white mica, quartz, plagioclase, chlorite,
biotite, and calcite.

Fine- to medium-grained pyrite, chalcopyrite, and
magnetite occur as thin stringers and disseminations in the
schists surrounding the massive sulfide layers. These
stringer sulfides are much more abundant than the massive
sulfide layers and, where present, comprise from 1-10% of
the rock volume. Although skarn intercepts, massive
sulfide layers, and stringer zones are closely spaced
within the mineralized horizon (see Appendix 1), it is
apparent that the stringer sulfides are spatially
associated with massive sulfide layers, rather than skarn.
These stringer zones may represent feeders for the massive

sulfide layers.
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ALTERATION

A number of different alteration types are possible in
VMS deposits: chloritic alteration, sericitic alteration,
and silicification (Franklin and others, 1981). Chloritic
alteration at the Luna prospect occurs as extremely
chlorite-rich schists (50-70% chlorite) and as massive
chlorite layers and lenses in muscovite quartz schists.
Figure 21 shows the location of chloritic alteration in the
Luna drill holes. Note that the alteration is present
either below or surrounding the massive sulfide zones.

This spatial association between chloritic alteration and
massive sulfides is also seen in the Ambler deposits where
chloritic alteration is found in the footwall of the ore
horizons (Schmidt, 1986).

Sericitic alteration (phengite-phlogopite-talc)
surrounds the ore horizons at Ambler (Schmidt, 1986). This
alteration type is not recognized at the Luna prospect.
Many of the Luna schists are rich in white mica but, since
most pelitic schists contain high percentages of muscovite,
there is no compelling reason to assume the presence of
sericitic alteration.

Silicic alteration affects the meta-intrusive dikes
and sills of the Luna prospect and occasionally extends
into the surrounding schists. In DDH-5, silicification,

seen in a porphyritic granodiorite sill, extends one meter
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into the overlying quartz-muscovite schist. This
alteration type is characterized by total removal of mafic
minerals from the rock. These silicified rocks contain
either no mineralization or disseminated and stringer
sulfides. The association between silicification and
stringer mineralization is common in VMS deposits (Franklin

and others, 1981).

METAL CONTENTS AND RATIOS

Metal values from VMS-related sulfides in DDH-1, 3 and
5, range from 0.2 to 3.2% Cu, 0.01 to 2.5% 2n, and 0.03 to
0.86 oz/ton (1 to 28 ppm) Ag, with average values of 1% Cu,
0.25% Zn, and 0.38 oz/ton (12 ppm) Ag (Croff and others,
1979). No values for Pb or Au were reported. DDH-1
intersects approximately 20 ft (6 m) of massive sulfide
accumulations in 4 zones and contains 24 ft-% Cu and 0.76
ft-% zn.1l DDH-3 intercepts 3 massive sulfide zones,
containing 30.6 ft-% Cu and 16.0 ft-% Zn. DDH-5 intercepts
3 massive sulfide zones with 8.7 ft-% Cu and 2.7 ft-% Zn.

Cu/Cu+2Zn ratios for VMS-related mineralization are
given in Appendix 1 and shown in Figure 22. Note that most
data points cluster near the Cu-rich end. The lower values
are from sphalerite-bearing layers. The two lowest values

come from massive chalcopyrite-sphalerite layers in DDH-3.

‘Ft-% is the length of an assay interval multiplied by the
metal grade over that interval.
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Cu/Cu+Zn ratios are generally higher in the northern drill
holes (DDH-1 and 5) than in the southern drill hole (DDH-
3). In accordance with the general model that Cu/Zn ratios
decrease away from a feeder vent in VMS deposits (Franklin
and others, 1981), it is likely that DDH-1 and 5 are more
proximal and DDH-3 is more distal to the original fluid
source. Because of isoclinal folding seen in the drill
core and the larger scale folds and faults mapped by Croff
and others (1979), the presence and location of a feeder

zone is difficult to pinpoint.
CHAPTER III - SULFUR ISOTOPIC INVESTIGATIONS

Under favorable conditions, isotopic compositions of
sulfides and sulfates can be used to determine the source
of sulfur in an ore deposit. Sulfur isotope compositions
are expressed as del34S, which is defined as the per mil
(per 1000) relative difference between the 34S/3ZS ratio of
the sample and that of the Canon Diablo meteorite standard.
Igneous sulfides have average del34s values close to that
of meteorites (0 per mil) (Ohmoto and Rye, 1979). Seawater
sulfates are enriched in 3%s and have values ranging
between +10 and +30 per mil, depending on the age of the
sulfate (Ohmoto and Rye, 1979). Sedimentary sulfides have

a wide range in del34s values, but are typically depleted
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in 34s relative to the meteorite standard (Ohmoto and Rye,
1979) (see Figure 23).

Del34s values of sulfides from porphyry copper
deposits typically fall between -4 and +3 per mil (Ohmoto
and Rye, 1979) (Figure 24) and reflect an igneous source
for the sulfur. Sulfur isotopic ratios for skarns have a
wider range, but are commonly between -5 and +2 per mil
(Rye and others, 1974; Chukrov and others, 1977; Shimazaki
and Yamamoto, 1979; Sato and others, 1981; Figure 24).
Sasaki and Ishihara (1980) have shown that the sulfur
isotopic ratios of hydrothermal ore deposits commonly
correlate with those of the associated granitic rocks.

Del34s values of sulfides from some Devonian VMS
deposits are also shown in Figure 24 and range between +2
and +11 per mil (Ayres and others, 1979; South and Taylor,
1985; Schmidt, 1983). Sangster (1968) showed that the
average del3%s value for VMS sulfides is approximately 17
per mil less than that of contemporaneous seawater. Ohmoto
and Rye (1979) suggested that in VMS deposits, seawater

2+-bearing

sulfate is reduced by reaction with hot Fe
volcanic rocks. They also pointed out that the sulfur
isotopic variation in VMS deposits is larger than that in
porphyry copper deposits. Franklin and others (1981)
showed that, at the Millenbach VMS deposit, there is a

systematic variation in isotopic ratios between copper- and
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zinc-rich ore horizons. The zinc-rich massive ores contain
more positive del3%s values than the copper-rich stringer
ores.

Three sulfur isotope samples of pyrite were taken from
quartz-sericite-pyrite veins within the Venus Creek
porphyry. The del3%4s values for these samples are shown in
Figure 24. Note that these values fall within the range of
typical porphyry copper deposits and cluster around -1.

Sulfur isotope values for nine skarn samples from the
study area are also shown in Figure 24. Seven of these are
from chalcopyrite-bearing "Cu-rich" skarns and two are from
sphalerite-bearing "Zn-rich" skarns. Note that these
values are generally more negative than values from the
porphyry samples, and all are less than -1 per mil.

Ohmoto (1972) showed that the del3%4s of a sulfur
species is a function of the del34s of the sulfur in the
depositing fluid, temperature (T), oxygen fugacity (£0,),
PH, and ionic strength (I). He showed that at constant T,
I, and del34sfluid' an increase in pH or f0, will be
accompanied by a decrease in the del34s value of the
sulfide species. Rye and others (1974) and Rye and Ohmoto
(1974) further showed that as hydrothermal fluids move from
an intrusive into a carbonate host rock, the pH could
increase by appproximately 2 units through reactions with

the host rock minerals. Figure 25(a) shows 1) the pH
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fields for intrusive (K—feldspar+mﬁscovite+quartz) and
carbonate host rock (calcite+wollastonite+feldspar); 2)
mineral stability fields for pyrite, pyrrhotite, magnetite,
chalcopyrite and bornite; 3) contours for %FeS in
sphalerite, and; 4)del34S contours for pyrite. When sulfur
isotope samples from this study are plotted in Figure
25(a), taking mineral assemblages and sphalerite
compositions into account, a projected path can be drawn
from pyrite-chalcopyrite bearing porphyry samples through
sphalerite-magnetite-pyrite-chalcopyrite-bearing marble
front skarn samples. Figure 25(b) shows the location of
key samples along this path, and the overlapping fields for
porphyry, "proximal" Cu-skarn and "distal" Cu-2Zn skarn
samples. This projected path shows an increase in pH and
decrease in fO, of the skarn-forming fluids, which would be
expected for fluids reacting with a graphitic carbonate.
Sulfur isotope values from massive sulfide layers at
Luna are also shown in Figure 24. The values for the five
samples range between -0.8 and +7.4. Early Devonian (380-
400 m.y.) seawater sulfates have del34s values of
approximately +20 per mil (see Figure 23). The mean value
for Luna sulfur isotope ratios (3.3 per mil) is
approximately 17 per mil lower than the value for early
Devonian seawater, consistent with Sangster’s (1968)

observations of typical VMS-related sulfides. The sulfides
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Figure 25(a). Log fO, vs. pH diagram for hydrothermal
fluids in a porphyry copper/copper skarn system. Diagram
shows (1) pH fields for a mineral assemblage compatible
with a granitic composition intrusive (ksp+mu+gtz) and
sha%x marble (ca+wo+qtz); (2) mineral stability fields; (3)
del~”*Ss contogis for pyrite precipitated from a fluid at 350
°C, with del”*Sfluid = 0 per mil and Sigry; = 0.01M, (4)
contours for %FeS in sphalerite,and (5) tﬁe projected path
for fluids moving from porphyry into skarn (after Rye and
Ohmoto, 1974). Ksp=K-feldspar, mu=muscovite, gtz=quartz,
cc=calcite, wo=wollastonite, fs=feldspar, py=pyrite,
po=pyrrhotite, mt=magnetite, cpy=chalcopyrite, bn=bornite.
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po=pyrrhotite, mt=magnetite, cpy=chalcopyrite, bn=bornite.
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interpreted as VMS-related also show a systematic increase
in del34s from the Cu-rich to the Zn-rich ores, similar to
the pattern seen in other VMS systems (Franklin and others,
1981) and different from the pattern seen in skarns (Rye
and others, 1974; Rye and Ohmoto, 1974). Finally, the Luna
values overlap those of the Arctic camp VMS sulfides in the
Ambler district, but have a slightly more depleted mean
value. This difference may be due to the younger age of
the Arctic Camp deposit (327-373 Ma; Schmidt, 1983).
Seawater sulfates from this time period have slightly more
enriched values (+20 to +27 per mil) than do those from
earlier Devonian (380-400 m.y.) time (+18-+23 per mil) (see
Figure 23).

In summary, the Chandalar porphyry and skarn samples
have del3%s values typical of other porphyry copper/skarn
systems. Skarn samples are depleted in 345 with respect to
porphyry (magmatic) sulfides. These values cannot be
produced by reaction between magmatic fluids (0 to -1 per
mil) and early Devonian seawater (+18 to +23 per mil), as
in a VMS system. Instead, the depletion in 345 in skarns
is explained by an increase in pH and slight decrease in
f0, through reaction of magmatic hydrothermal fluids with
graphitic carbonate host rocks.

Layered massive sulfides from the Luna prospect have

del34s values and a Cu to Zn trend typical of early
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Devonian VMS deposits and show little overlap with the
values for granitic rocks and skarns. They are enriched in
345 with respect to the porphyry sulfides. There is no
currently accepted mechanism to generate these values by
precipitation from magmatic hydrothermal fluids alone or
through sedimentary processes. These positive del34s
values can be explained through a process involving sulfate
reduction of Devonian seawater.

It is apparent that there has been no mixing between
VMS-related sulfur and magmatic sulfur during skarn
formation. Luna VMS-sulfides have positive values
consistent with a seawater source for sulfur. Luna skarn
sulfides, however, have negative del34s values similar to
those from Big Spruce Creek skarns and are consistent with
a magmatic sulfur source. If mixing had occurred between
VMS-related sulfur and magmatic sulfur during skarn
formation at Luna, skarn sulfides would have del3%4s values
intermediate between those of the massive sulfides and the

porphyry sulfides.



CHAPTER IV - DEPOSIT COMPARISONS

COMPARISONS OF CHANDALAR PROSPECTS TO TYPICAL PORPHYRY

COPPER AND COPPER SKARN SYSTEMS

The Evelyn Lee, Venus, Victor, Eva, and Luna prospects
share many features with typical porphyry copper deposits
and related skarn deposits. The following observations
summarize the evidence for porphyry copper related
mineralization in the study area:

1) There are three hydrothermal alteration types
present - potassic, sericitic, and propylitic -
which are common to porphyry copper deposits
(Titley, 1982; Beane, 1982).

2) There is a general pattern of alteration zoning
across the Big Spruce Creek area from potassic
alteration in the southeast to sericitic
alteration in the northwest (Figure 9), which
indicates that these alteration types do not
represent a metamorphic overprint.

3) Mineralization in meta-porphyritic rocks is
concentrated in the zone of overlap between
potassic and sericitic alteration (Figure 9), as
seen in many porphyry copper deposits (Lowell and

Guilbert, 1970).
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Sulfur isotopic ratios for mineralized meta-
intrusive rocks (-1.5 to -0.7 per mil) are
similar to those for porphyry copper deposits
worldwide (Ohmoto and Rye, 1979) and reflect an

igneous source for the sulfur (Figure 24).

The following points summarize the evidence for

porphyry related skarn mineralization in the study area.

1)

2)

The skarns are Cu-bearing and contain andraditic
garnets and diopsidic pyroxenes with low
manganese contents. These mineral compositions
are similar to porphyry copper related skarns
(Einaudi and Burt, 1982) and are quite different
from those of mineralized metamorphic calc-
silicate-bearing VMS deposits (Palache, 1929,
1935; Baker and Buddington, 1970; Both and
Rutland, 1976; Rozendaal, 1978; Duke, 1983;
Schmidt, 1986) (Figure 12).

Garnets and pyroxenes are compositionally zoned.
Mineralogical evolution of garnets reflects an
initial increase, followed by a decrease, in
Fe3*. This pattern is similar to that seen in
some porphyry-related Cu and Cu-Zn skarns and
different from garnet evolution in other skarn

types (Meinert, 1982; Newberry, 1982; Uchida and
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Iiyama, 1982; Dobson, 1982; Newberry, 1987)
(Figures 14 and 15).

Skarns cross-cut layering and obliterate original
sedimentary textures. This differs from
mineralized metamorphic calc-silicate deposits
which parallel foliation or retain original
bedding features (Both and Rutland, 1976;
Rozendaal, 1978; Duke, 1983; Schmidt, 1986).
Skarns at the Luna prospect show a calc-silicate
zonation from garnet skarn to garnet pyroxene
skarn as marble is approached, as typically seen
in skarn deposits (Einaudi and others, 1981).
There is a spatial association between retrograde
altered skarn and sericitically altered meta-
intrusive and between fresh skarn and
potassically altered intrusive (see Figures 18-
20). This feature is seen in many porphyry
copper related skarns (Einaudi and others, 1981).
Cu skarns are adjacent to meta-plutonic stocks in
the Big Spruce Creek area, whereas Cu-Zn skarns
at the Luna prospect are not associated with any
major plutonic bodies. The presence of Cu skarns
near, and Zn skarns distal to, the hydrothermal
fluid source is found in many porphyry systems

(Einaudi and others, 1981; Einaudi, 1982a).
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73 Sulfur isotopic ratios for skarn reflect a
magmatic source of sulfur, but are slightly more
negative than those for the meta-intrusive rocks
(Figure 24). These ratios reflect a depletion in
345 possibly explained by a change in pH and fO,
through reaction of magmatic fluids with

graphitic carbonate rocks.
COMPARISONS OF THE LUNA PROSPECT WITH VMS DEPOSITS

Because they lie approximately along strike with the
VMS deposits of the Ambler district, it has been suggested
that the Chandalar copper prospects may contain VMS-type
mineralization. Of the five prospects studied, Luna is the
only one which contains any layered massive sulfide
concentrations. Sulfides in the other four prospects are
related to either porphyries or skarns.

The following observations summarize the evidence for

the presence of VMS-type mineralization at Luna.

1 Sulfur isotopic ratios from massive sulfide
layers range between -0.8 and +7.4 per mil. The
high del34s values argue against a magmatic
source for the sulfur. These values are
approximately 17 per mil lower than the value for
early Devonian seawater (+18 to +23 per mil) and

can be explained by the reduction of seawater
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sulfates by hot Fe2+—bearing rocks (presumably
mafic volcanic rocks). The values are consistent
with those of other Devonian massive sulfide
deposits (Ayres and others, 1979; South and
Taylor, 1985; Schmidt, 1986) (Figure 24).

2 Chloritic alteration in the form of massive
chlorite layers and lenses occurs both below and
surrounding massive sulfide zones. The
association between chloritic alteration and
massive sulfides is seen in many VMS deposits
(Franklin and others, 1981) and is also seen in
the Ambler deposits (Schmidt, 1986).

3% Silicification, a common type of alteration in
VMS deposits (Franklin and others, 1981), is
spatially associated with sulfide stringers in
Luna drill holes.

4) Stringer and disseminated sulfide mineralization
is spatially associated with massive sulfide
layers, a pattern common to VMS deposits
(Franklin and others, 1981).

Barite gangue, abundant in the Ambler deposits, is

absent at Luna. The massive sulfide layers at Luna
represent a low fO, environment, as evidenced by the

presence of arsenopyrite and high-Fe sphalerite. This low



oxidation state precludes the formation of sulfates and,
therefore, the lack of barite at Luna is not surprising.

Although it is suggested above that the stringer and
disseminated ores could be related to feeder zones, they
are not concentrated below or "central" to the massive
sulfide layers. This may be a result of deformation, or
the present exposure of the Luna area may be an
intergradational zone between stringer and massive
sulfides, as in the Furutobe deposit in Japan (Kurcda,
1983).

In summary, the presence of stratiform massive sulfide
layers, high sulfur isotopic ratios, and the spatial
association between chloritic alteration and massive
sulfide layers and between silicic alteration and stringer
mineralization all support the identification of some of
the mineralization in the Luna prospect as VMS type. The
zoning from Cu-rich to Cu+Zn-rich sulfide mineralization
between DDH-1 and DDH-3 suggests that a feeder zone, if

present, is located in the northern part of the prospect.
CHAPTER V - ESTIMATED MINERAL POTENTIAL

Grades and tonnages for VMS mineralization at the Luna
prospect can be roughly estimated using assay data from
drill core intercepts (DDH-1, 3, and 5), location of

massive sulfide outcrops, and bedding attitudes taken from
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the map of Croff and others (1979). There are at least two
possible tonnage models. The first assumes continuity of
massive sulfide mineralization between DDH-1 and DDH-3.

The second assumes that mineralization in each of the drill
holes represents smaller, disconnected ore bodies.

Tonnage estimation using Model 1 is made with the
following assumptions -

1) Depth extent is 1/2 the strike length (Peters, 1978).
2) Strike length of the ore body parallels the strike of

the surrounding rocks, which approximately parallels a

line connecting DDH-1 and DDH-3.

3) Mineralization is continuous between the two drill
holes.

Total thickness of combined VMS-related assay
intervals within each hole averages 10 m. 30 m north of
DDH-1, in DDH-5, this thickness drops to 2 m. DDH-1 is
therefore considered the northern extent of mineralization.
Since no massive sulfide outcrops are found south of DDH-3
within the Luna prospect, this drill hole is considered the
southern extent. Strike length between the two equals 350
m. Depth (= 1/2 strike length) equals 175 m. Total<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>