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Abstract

Eskay Creek represents an unusual, precious metal-rich,
polymetallic, volcanic-hosted sulphide and sulphosalt de-
posit located in the Iskut River area of northwestern British
Columbia. The bulk of the ore consists of stratiform clastic
beds and laminations of graded sulphide and sulphosalt de-
bris that are hosted by a thick interval of carbonaceous
mudstone at the contact between felsic volcanic rocks and
overlying basalt. In addition to the stratiform orebodies,
economic concentrations of precious metals have been rec-
ognized in discordant zones of sulphide veins and dissemi-
nations in the footwall rhyolite.

Detailed compositional investigations of the carbonaceous
mudstone hosting the stratiform ores at Eskay Creek reveal
the existence of a distinctive alteration halo around the de-
posit. Interaction of the host mudstone with hydrothermal
fluids resulted in the widespread formation of carbonate
minerals. Qualitative and quantitative X-ray diffraction
analysis showed that altered mudstone contains abundant
ankerite, with ferroan magnesite, magnesian siderite and
siderite being locally present. Calcite was found to occur in
the outer part of the alteration halo and forms an important
component of mudstone away from the deposit. Carbonate
alteration of the mudstone was accompanied by the forma-
tion of kaolinite. The spatial distribution of the different
carbonate species suggests that carbonate alteration of the
fine-grained carbonaceous hostrocks was largely restricted
to areas overlying upflow zones of mineralizing hydrother-
mal fluids and associated discordant sulphide zones in the
footwall rhyolite. Fluid-rock interaction and associated
carbonate alteration in the halo around the deposit are inter-
preted to have taken place in seawater-saturated mudstone
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at low to moderate temperatures from cooling, low-pH,
high-CO, fluids.

Principal-component analysis of the geochemical dataset
provides support for carbonate-alteration trends observed
by whole-rock XRD analysis and reveals additional miner-
alogical and component vectors to ore, including increas-
ing Mg/F ratios in chlorite, increasing V/C,, ratios in the
mudstone and variable Cs substitution ratios in white mica,
all proximal to hydrothermal activity. Arsenic concentra-
tions in pyrite also increase towards mineralized zones and
can be used to discern hydrothermal from diagenetic pyrite.

Purpose of Research

The Eskay Creek deposit (MINFILE 104B 008; BC Geo-
logical Survey, 2010) in northwestern BC has generated
significant interest because it is among the most precious
metal-rich volcanic-hosted massive-sulphide deposits in
the world (48.4 g/t Au and 132.3 g/t Ag), and several of its
geological characteristics differ from ordinary massive-
sulphide deposits. Key features include the bedded and
commonly graded nature of the clastic ore; the high con-
centrations of Au, Ag and other elements more typically as-
sociated with epithermal environments; the complex ore
mineralogy; and the low temperatures (<200°C) of sul-
phide and sulphosalt deposition (Roth et al., 1999). The de-
posit has been considered a type example of a new group of
volcanic-hosted gold deposits that formed in relatively
shallow water submarine environments where phase sepa-
ration of the hydrothermal fluids represented an important
control on the precipitation of metals (Hannington et al.,
1999).

Economic concentrations of precious and base metals at
Eskay Creek are confined mainly to laterally discontinu-
ous, stratiform clastic ore lenses hosted by a thick mudstone
interval at the contact between felsic volcanic rocks and
overlying basalt. Although the mineralizing hydrothermal
system was active over an extensive area, it is currently not
well established whether mineralogical gradients within ei-
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ther the footwall alteration halo or the mudstone hosting the
sulphides can be used for target vectoring. Due to the ab-
sence of readily recognizable alteration features in the car-
bonaceous mudstone, previous research focused largely on
hydrothermal alteration patterns in the footwall rhyolite
(Barrett and Sherlock, 1996).

This paper reports initial results of a comprehensive miner-
alogical and geochemical study of the ore-hosting mud-
stone, and demonstrates that hydrothermal alteration can be
recognized up to tens to hundreds of metres from the ore-
bodies. Identification of compositional gradients within the
alteration halo permits the delineation of a set of vectors to
ore that can be used in the exploration for this unusual de-
posit type in BC and elsewhere.

Geology

The Eskay Creek depositis located in the Iskut River area at
the western margin of the allochthonous Stikine terrane of
the northern Canadian Cordillera (Figure 1). Middle Juras-
sic submarine and subaerial volcanic and sedimentary
rocks in the Iskut River area have yielded U-Pb zircon ages
between 181 and 172 Ma (Childe, 1996). The hostrocks of
the deposit are folded into a shallowly north-plunging,

north-northeast-trending, upright open anticline (Figure 1).
Stratiform mineralization at Eskay Creek occurs on the
western limb of the fold, near the fold closure, and dips gent-
ly 30—45° to the west (Figure 2). The metamorphic grade in
the mine area is lower greenschist (Britton et al., 1990;
Roth et al., 1999).

The stratigraphic footwall to the mineralization is com-
posed of multiple intrusive/extrusive rhyolite units with a
maximum apparent thickness of approximately 100 m in
the mine area. Hydrothermal alteration is widespread
throughout the footwall rhyolite. Secondary potassium-
feldspar alteration and moderate silicification occur pe-
ripheral to the stratiform ore and in deeper parts of the
footwall. Immediately underlying the stratiform ores, a
more intense and texturally destructive alteration is seen in
a tabular zone of pervasive chlorite and white-mica forma-
tion (Barrett and Sherlock, 1996; Monecke et al., work in
progress).

The footwall rhyolite is overlain by carbonaceous mud-
stone, which hosts the clastic sulphide and sulphosalt ore-
bodies. The unit ranges from <1 to >60 m in thickness. The
mudstone is laminated, thinly bedded or massive, and con-
tains abundant intercalated, tan-coloured beds of fine-

Middle to Upper Jurassic
Bowser Lake Group

Ik Eskay Creek

i_

El Siltstone, sandstone
Conglomerate, sand-
stone

Lower to Middle Jurassic
Upper Hazelton Group

m Mudstone, minor sandstone

Basalt and intercalated
mudstone ('hanging wall
basalt’)

<
=

9 AN
|
ml /

Carbonaceous mudstone
('contact mudstone’)

Rhyolite and stratified
rhyolite sandstone and
breccia ('footwall rhyolite’)
Dacite, basaltic andesite

Lower Hazelton Group

=— 1 Mudstone, volcanic sand-
* = > 1 stone, conglomerate

s 5] Andesitic breccia, polymictic
breccia and conglomerate

Undifferentiated sedimentary
rocks

H n
°
°

Intrusive rocks
Granodiorite ('Eskay porphyry’)

v vV | Mafic dikes, sills, and stocks

Felsic dikes, sills, and stocks

Figure 1. Geology of the Eskay Creek anticline, showing the locations of the surface projection of the ore zones (modified from Alldrick et
al., 2005). Inset shows the location of the deposit in the Stikine terrane (modified from Gabrielse et al., 1991).
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grained volcaniclastic material. Calcareous
and siliceous intervals can be recognized in
drillcore but are not common. The mud-
stone unit contains radiolarians, dinoflag-
ellates, rare belemnites and corals, con-
firming a marine depositional environment.
Thin pyrite laminations are common within
the mudstone. The occurrence of flame
structures at the base of the sulphide lami-
nations indicates that this type of pyrite is
clastic in origin. Additionally, thin veins
and veinlets of pyrite crosscutting bedding
are widespread throughout the mine area.
Diagenetic pyrite nodules have been lo-
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cally observed (Monecke et al., 2005).

Basalt sills and dikes occur throughout the
carbonaceous mudstone unit. The occur-
rence of mudstone-matrix basalt breccia
along the bottom and top margins of coher-
ent basalt intervals indicates that the lava
intruded mudstone that was still wet and
unconsolidated (Monecke et al., 2005).
The relative proportion of basalt increases
in the upper part of the mine succession.
The hangingwall basalt locally exceeds
150 m in thickness and generally thins
southward away from the deposit. The
mafic rocks are intercalated with variably
thick intervals of the carbonaceous mud-
stone.
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Figure 2. Plan view of the spatial distribution of mineralized zones at Eskay Creek

(modified from Roth et al., 1999). Inset shows the projected locations of mudstone

One hundred and eighty mudstone samples
were selected from exploration drillcore, as
well as surface and underground exposures
(Figure 2, inset). The samples were collected at various dis-
tances from ore, ranging from the immediate ore zones to a
maximum distance of approximately 4.4 km from ore.
Mudstone samples were further subdivided into contact
and hangingwall mudstones. The contact mudstone unit is
defined as the mudstone between the upper surface of the
footwall rhyolite and the lowest basalt unit in the
hangingwall. Mudstone occurring farther up stratigraphy
in the mine succession is collectively referred to as the
hangingwall mudstone.

Qualitative and quantitative X-ray powder diffraction
(XRD) analysis, using the Rietveld method, identified 28
different minerals within the mudstone samples and re-
vealed that the hostrocks of the stratiform mineralization
have a highly variable mineralogical composition. Analyti-
cal results for the 180 samples collected from the contact
and hangingwall mudstones are summarized in a series of

Geoscience BC Report 2011-1

samples investigated in this study. Note that additional samples were collected out-
side the immediate deposit area.

histograms (Figure 3). The mineralogical compositions of
representative samples are listed in Table 1.

Mudstones from Eskay Creek contain abundant quartz,
plagioclase and microcline (Figure 3). Some contact
mudstone contains anomalously high quartz contents (50—
80 wt. %) when compared to mudstone from the hanging-
wall (rarely >50%). The observed variations in quartz con-
tent may reflect differences in protolith composition, or al-
ternatively result from hydrothermal alteration of the
contact mudstone. Another possible indication for mineral-
ogical changes caused by fluid-rock interaction is the gen-
erally lower plagioclase content of the contact mudstone.

Carbonate minerals are a significant component of the
mudstones hosting the Eskay Creek deposit, sometimes ex-
ceeding 30 wt. %. Stratiform ore at Eskay Creek is laterally
discontinuous and carbonate abundances did not initially
appear strongly correlated to mineralization. Scatter dia-
grams suggest only a weak correlation between increased
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Figure 3. Histograms depicting the occurrence of rock-forming minerals in the contact and hangingwall mudstones of the Eskay Creek de-
posit. Contact mudstone is typified by a higher quartz concentration and commonly contains members of the dolomite-ankerite and

magnesite-siderite solid solutions. Samples collected from the stratigraphically higher hangingwall mudstone are characterized by ele-

vated chlorite and feldspar contents, and contain abundant prehnite in proximity to basaltic intrusions.
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Table 1. Mineralogical composition (wt. %) of representative mudstone samples from the Eskay Creek deposit (‘- indicates not detected or not present)

Sample Dietance  Ana- Ankerite?  Calcite  Chlorite liite® Mlc.:ro- Plagio- b o hnite Pyrite Quartz  Siderite* Spr.|a-
number (m)’ tase cline clase lerite
Contact mudstone

u047-050 1 0502 14210 - 13.3+£1.1 29.0+25 - - - 9604 33410 - -
AD9763-388 4 - - 0.5+0.3 - 10.7 1.7 - 14205 - 224404 65.00.8 - -
C99973-160 7 - - - - 445143 - - - 51403 50413 - -
AD9761-411 15 - 21403 N N 8.6 £0.9 - 8.5+0.9 N 67402 74111 - -
C99958-149 21 0.3£0.2 - - - 36.84+29 47108 - - 6.6+04 51612 - -
C96783-098 149 0702 1.8%05 4.1+03 - 6.7 1.0 - 414 1.0 - 15.6 £0.4 29.7 0.8 - -
C96738-124 200 06+02 2004 87104 - 6.2+0.9 - 252+1.0 - 11.9+0.3 45409 - -
C96738-111 205 0702 49206 11805 - 13.9£2.0 - 16.1 £1.0 - 11.8+0.3 40.8x1.0 -
C98919-043 759 0702 2804 1.0z0.2 - 306426 7.1£08 12.0#1.1 - 11205 32409 04 05102
MP9808-273 4,425 - - 0.4 +0.2 - 32521 36.1%1.2 - - 0401 29.2+0.8 +0.2 -
Hangingwall mudstone

C99961-132 11 0.5+0.3 - 24+03 124+13 16923 193#1.0 85+09 - 12804 27.2%1.0 - -
C99973-115 23 03402 0504 59405 99#10 7613 26211 18911 N 4003 26.7+0.9 - -
CA90271-096 39 0.6+0.3 - 12905 20609 179423 - 5.5+0.6 - 3.2+0.2 39.3%0.8 - -
AD9769-402 50 - - 11205 322%1.6 - 10215 2510 220#1.3 16.7+0.7 15311 - -
C96786-060 62 - - 2003 17.1x0.9 - 223+1.0 10.2£1.0 - 58103 4261.1 - -
C98883-068 71 - N 5605 11311 12526 150x1.0 31411 - 16.320.5 7.90.8 - -
C97855-042 84 - - 1504 7110 - 16411 3206 365+1.1 38£02 315%1.0 - -
C99951-183 271 - - 9905 7808 143%19 11608 - - 8603 47.8%1.0 - -
AD9772-546 378 1.2+0.3 - 7405 107+1.1 30329 12409 139#1.2 - 89404 15209 - -
C98926-092 1,510 0.7 +0.3 - 44+04 47108 20.2%22 - 253 1.0 - 8.6+0.3 36.1%0.9 - -

' Distance to ore was determined by measuring the radial distance between the sample position and the nearest known orebody or resource block.
2 Minerals belonging to the dolomite-ankerite solid solution series are collectively referred to as ankerite.
3 Micaceous phases are collectively referred to as illite. Most samples contain two distinct polytypes that could not be quantified separately.
4 Minerals belonging to the magnesite-siderite solid solution series are collectively referred to as siderite.
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amounts of carbonate mineral phases and distance from the
clastic ore lenses. However, carbonate concentrations are
apparently correlated to distance from the rhyolite foot-
wall. About 45% of the analyzed contact mudstone samples
contain members of the dolomite {CaMg(COs),}—ankerite
{CaFe(CO;),} and (lesser) magnesite {MgCQOj;}—siderite
{FeCOs;} solid solutions, compared to only 26% of the
more peripheral hangingwall mudstone.

The spatial distribution of ankerite as a major carbonate
phase in the carbonaceous mudstone hostrocks suggests
that this hydrothermal precipitate formed during or after
deposition of the clastic sulphide and sulphosalt mineral-
ization at Eskay Creek. Pervasive carbonate alteration and
ankerite veining are abundant in the contact mudstone, but
also occur in the hangingwall tens of metres above the
stratigraphic interval hosting the bulk of the clastic
sulphides (Figure 4). Because stratiform mineralization
took place at or very close to the contact between the
footwall rhyolite and the overlying mudstone, ankerite in
this part of the mine succession records a stage of
hangingwall alteration. The ankerite is commonly associ-
ated with calcite, but more than one calcite generation has
been observed in thin section and significant amounts of
calcite may be of regional metamorphic origin. Calcite, un-
like ankerite, is increasingly abundant in the peripheral
hangingwall samples. Detailed investigation of calcite lat-
tice parameters reveals additional compositional zonation.
Calcite with a magnesite component occurs in the proximal
contact mudstone, whereas end-member calcite is more
common in hangingwall samples. Research carried out so
far indicates that zonation of carbonate alteration at Eskay
Creek may be the most reliable vector of proximity to
hydrothermal upflow zones within tens to hundreds of
metres of mineralized zones.

Kaolinite was recognized in the whole-rock XRD patterns
of'a few samples, all of which also contain abundant anker-
ite. Thermal stability constraints and observations in natu-
ral geothermal systems suggest that kaolinite represents a
stable alteration product only at temperatures below 200—
300°C (Velde and Kornprobst, 1969), bracketing the tem-
perature of carbonate alteration (and lower greenschist
metamorphism). The presence of both phases likely re-
flects circulation of highly reactive, low-pH, high-CO, hy-
drothermal fluids interacting with hostrocks and diluted by
cold seawater (Giggenbach, 1984). Initial geochemical
modelling results suggest that fluid alkalinity, mixing with
seawater, hostrock chemistry and a temperature decrease
associated with fluid migration all contributed to the final
alteration assemblage.

The principal sheet silicates detected in the mudstone sam-
ples are illite and chlorite. The XRD patterns suggest the
presence of two white-mica polytypes, although parameter
correlation precluded reliable determination of their rela-

50

tive abundances by the Rietveld method. Total illite con-
centrations range from <5 to 50 wt. %, whereas chlorite
contents range from <5 to 40 wt. %. A number of contact
mudstone units have higher illite contents than the
hangingwall mudstone, suggesting that illite may, at least in
part, be a hydrothermal alteration product. In contrast,
chlorite is less abundant in the contact mudstone than in
hangingwall samples. Hangingwall samples with abundant
chlorite often also contain prehnite and pyrrhotite. The spa-
tial association of prehnite porphyroblasts and basalt intru-
sions in the hangingwall (Monecke et al., 2005) may sug-
gest that the composition of the mudstone samples is
influenced by contact metamorphism.

Pyrite appears equally ubiquitous in the contact and hang-
ingwall mudstone samples investigated. The amount of py-
rite varies between <1 and 20 wt. % (Figure 3). Textural ev-
idence suggests that most pyrite is of diagenetic origin.
However, the XRD investigations have shown that pyrite
with distinctly larger lattice parameters is abundant in prox-
imity to ore, with the enlargement of the unit cell being
caused by the presence of As in the crystal structure. These
preliminary findings suggest that the As concentration of
pyrite could also be used for target vectoring. Minor
amounts of sphalerite were detected in many contact and
hangingwall mudstone samples, whereas trace amounts of
galena and chalcopyrite were only observed proximal to
known orebodies.

Principal-Component Analysis

In addition to the minerals identified by whole-rock XRD
analysis, the major- and trace-element composition of the
mudstone samples was determined by a combination of an-
alytical methods, including X-ray fluorescence and induc-
tively coupled plasma—mass spectrometry (analysis of 22
samples was still incomplete when this paper was written).
All mineral and component data were evaluated using prin-
cipal-component analysis (PCA), which identified 20 sta-
tistically significant factors. A varimax rotation was ap-
plied to the dataset to give a maximum contrast in loadings,
which maximizes variance. Table 2 lists factors by
eigenvalue and by the percentage of dataset variance that
each factor explains, whereas the cumulative variance is
given in the last column. Table 3 lists statistically signifi-
cant factor loadings and variables for each factor. Factor
loadings can be thought of as correlation coefficients
whose numerical values reflect the likelihood that variable
relationships cannot be explained by random chance.
Given a dataset of 158 measurements, each variable carries
asingle standard deviation of 0.08 (1/[Vn—1]; n=number of
measurements). A normally distributed variable with a fac-
tor loading representing one standard deviation has a 32%
probability of being explained by random chance, one with
two standard deviations has a 4.6% probability, etc. For all

Geoscience BC Summary of Activities 2010
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Figure 4. Simplified geological section through the 21C zone, depicting the distribution of carbonate species in the contact and hangingwall mudstones:
A) dolomite-ankerite solid solutions show a strong spatial association with zones of discordant mineralization in the footwall rhyolite (dotted outline); B)
calcite is more common in the upper part of the contact mudstone and in the stratigraphically higher hangingwall mudstone. Stratiform mineralization
hosted by the mudstone is omitted for clarity. Inset gives the location of the section. Sample positions and locations of zones of discordant mineralization
were projected on the section using an envelope of +100 m.
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Table 2. Eigenvalues, percentage of variance and
cumulative variance for the first 30 factors
identified by principal-component analysis. Based
on decreasing variance, geological relevance and
number of variables within each factor loading,
only the first 20 factors were deemed to be
statistically significant.

Factor Eigen- Individual  Cumulative
value percentage percentage
F1 17.58398 19.76 19.76
F2 7.653404 8.60 28.36
F3 6.185688 6.95 35.31
F4 2.978795 3.35 38.65
F5 6.030588 6.78 45.43
F6 4.544631 5.1 50.54
F7 4.663422 5.24 55.78
F8 3.708948 417 59.94
F9 2.922589 3.28 63.23
F10 2.760368 3.10 66.33
F11 2.960360 3.33 69.65
F12 3.716366 418 73.83
F13 1.603891 1.80 75.63
F14 1.562975 1.76 77.39
F15 1.783613 2.00 79.39
F16 1.201634 1.35 80.74
F17 1.461582 1.64 82.39
F18 1.314624 1.48 83.86
F19 1.812485 2.04 85.90
F20 1.258079 1.41 87.31
F21 0.883272 0.99 88.30
F22 0.821600 0.92 89.23
F23 0.752652 0.85 90.07
F24 0.726609 0.82 90.89
F25 0.691595 0.78 91.67
F26 0.668764 0.75 92.42
F27 0.607333 0.68 93.10
F28 0.566407 0.64 93.74
F29 0.469700 0.53 94.27
F30 0.413308 0.46 94.73

loadings, only those with three standard deviations (0.24)
or greater were chosen as being statistically meaningful.

The PCA techniques proved useful in identifying a number
of geologically significant factor loadings that support ex-
isting field and laboratory observations, as well as pointing
out previously unrecognized patterns. Factor 2, the “hydro-
thermal sulphide group’, shows a very strong correlation
among Cu, Ag, chalcopyrite, galena, Pb, Zn, sphalerite, Sb,
Cd and Te, reflecting hydrothermal alteration and mineral-
ization of the mudstone. This element suite is not unlike
those of epithermal deposits and is in agreement with the
unusual element association observed within the ore zones.
Data for Au, As and Hg are not yet available, but all are ex-
pected to correlate with this group. In contrast to galena,
chalcopyrite and sphalerite, pyrite does not correlate with
any of these variables. This mineral is correlated with total

52

S, total Fe and Mo in factor 8, the ‘diagenectic sulphide
group’, supporting a diagenetic origin for much of the py-
rite, as observed in the field and in thin section. A weaker
inverse correlation with quartz and silica reflects either a
variable mudstone protolith siliciclastic and organic frac-
tion or ‘dilution’ of organic material, pyrite, illite and the
feldspathic component of the mudstone with hydrothermal
quartz.

Factor 7 suggests a strong relationship between MgO, chlo-
rite and F. A scatter diagram of F/chlorite and MgO/chlorite
ratios (Figure 5) demonstrates a strong relationship be-
tween F and Mg concentrations in chlorite and, more im-
portantly, shows that the highest concentrations of these el-
ements occur in contact mudstone close to fluid-upflow
zones. Additional correlation with Ga, Cd, Zn and Pb pro-
vides evidence that compositional trends in chlorite are hy-
drothermal in nature. Factor 17 confirms the findings of the
XRD study that ankerite and kaolinite are correlated with
each other, while being inversely correlated with calcite.

Two other factors yield insights that warrant further investi-
gation. Factor 6 points to strong Cs and Rb substitution into
the interlayer position of illite. However, for contact
mudstone samples with very high illite contents, the substi-
tution ratio appears to vary. Further studies will establish
whether Cs and Rb substitution depends on the illite
polytype observed by XRD. Factor 9 shows a correlation
among organic carbon, Niand V (and a lesser U, Mo corre-
lation), which points to Ni/V substitution for Mg in chloro-
phyll porphyrin molecules derived from decaying phyto-
plankton in the hemipelagic water column (Treibs, 1936).
While adding further support for a marine depositional en-
vironment, a scatter diagram of Ni/C,, versus V/C,, ratios
(Figure 6) shows both Ni enrichment in carbon-rich
hangingwall samples and V enrichment in a number of con-
tact mudstone samples. The trends in both factors 6 and 9
will be further investigated by detailed mineral-
composition analysis.

Other geologically significant factor loadings include Th,
Ta, Nb, Hf, Zr and Be enrichment in accessory phases such
as zircon; rare earth element (except Eu) enrichment in sul-
phide-bearing samples; Sr and Mn substitution in calcite;
and Eu enrichment in fluorapatite.

The preliminary results of this study show that PCA is a
useful tool for evaluating multicomponent datasets, and
proves to be especially powerful when applied to mineral-
ogical and geochemical data obtained on fine-grained car-
bonaceous rocks that cannot be readily studied by conven-
tional optical microscopy. Some of the factors identified by
PCA add critical statistical support for intuitive conclu-
sions drawn from field and laboratory observations, where-
as others point out compositional trends and genetic rela-
tionships that would more than likely be missed by
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Table 3. Factor loadings and variables for the first 20 factors identified by principal-component analysis. Highly
correlated variables are sorted by values, which represent correlation coefficients that reflect strength of
relationship. Avalue of 0.08 represents one standard deviation from random variability. Therefore, a value of at
least 0.24 (three standard deviations) deems the correlation 99.7% likely to be statistically meaningful, and not
due to natural data variability.

Factor Correlation

Factor loadings

F1

F2

F3

F4

F5

F6

F7

F8

F9

F10

F11

F12

F13

F14

F15

F16

F17

F18

F19

F20

Strong

Medium
Weak

Strong
Medium
Weak
Strong
Medium
Weak

Strong
Medium
Weak

Medium
Medium
Strong

Strong
Medium
Weak
Weak

Weak
Weak
Medium
Strong

Strong
Medium
Weak

Strong
Medium
Weak

Medium
Strong

Strong
Medium
Medium

Strong
Medium
Weak
Medium

Medium
Weak

Medium
Weak
Weak

Strong
Medium
Strong
Medium
Medium
Weak
Medium
Medium
Strong
Weak
Medium
Strong

Medium
Weak

Tb (-1.00), Dy (-0.99), Er (-0.99), Gd (-0.99), Ho (-0.99), Sm (-0.99), Tm (-0.99), Y (-0.99),
Yb (-0.98), Ce (-0.97), Lu (-0.97), Nd (-0.97), Pr (-0.97), La (-0.96), Tl (-0.94)

Sb (-0.53), Eu (-0.44), S (-0.42)

U (-0.38), Be (-0.37), Fe,05' (-0.33)

Cu (-0.98), Ag (-0.97), chalcopyrite (-0.95), galena (-0.95), Pb (-0.87), Zn (-0.86)
Sphalerite (-0.75), Sb (-0.73), Cd (-0.67), Te (-0.62)

Ga (-0.40)

Th (-0.94), Ta (-0.93), Nb (-0.92), Hf (-0.82)

Zr (-0.72), Be (-0.60), U (-0.53), Ga (-0.49), Sn (-0.44), Rb (-0.41)

Bi (-0.40), illite (-0.38), Al,O5 (-0.36), K,O (-0.30)

Rutile (-0.83), Cr (-0.82)
Co (-0.61), TiO, (-0.55), Sc (-0.49)
Fe,0," (-0.35), chlorite (-0.32)

SiO; (-0.75), quartz (-0.44)
Barite (0.45), ankerite (0.58), Sr (0.69), MnO (0.79)
LOI (0.85), calcite (0.87), CaO (0.90), CO, (0.95)

Cs (-0.88), lllite (-0.83)

Anatase (-0.66), Rb (-0.58), Al,O3 (-0.48)

Gypsum (-0.38), K,O (-0.38), TiO, (-0.37), Zr (-0.36), Sc (-0.33), F (-0.32)
Chlorite (0.32)

Si0, (-0.34)
Pb (0.34), dolomite (0.38)

Zn (0.44), Cd (0.51), Ga (0.52), sphalerite (0.56), F (0.70), chlorite (0.74)
MgO (0.84), anglesite (0.86)

Pyrite (-0.89), S (-0.83)

Fe,0,' (-0.76), Mo (-0.44)

Quartz (0.35), SiO, (0.37)

Ni (-0.82), C (-0.80)
V (-0.77), U (-0.42)
Mo (-0.31)

Eu (0.69)
Apatite (0.95), P,0s (0.96)

Plagioclase (-0.95), Na,O (-0.94)
Anatase (-0.37), Sr (-0.36)
Quartz (0.36)

Microcline (-0.90)

K,0 (-0.77), Al,0O3 (-0.57), Sc (-0.56), TiO, (-0.53), Ba (-0.43)
Rb (-0.38), Zr (-0.34), Hf (-0.32), Co (-0.31)

Quartz (0.55)

In (-0.79), Bi (-0.78)
Siderite (-0.30)

Dolomite (-0.63), siderite (-0.60)
Be (-0.31)
Gypsum (0.38)

Prehnite (-0.87)
Pyrrhotite (-0.70)

Magnesite (-0.90)
Kaolinite (-0.50)

Barite (-0.59)
Ba (-0.31), calcite (-0.31)
Kaolinite (0.52), ankerite (0.63)

Ba (0.59)
Armenite (0.82)

Pb (0.30)
Te (0.59)
Jarosite (0.85)

Bassanite (-0.72), gypsum (-0.42)
Mo (-0.40)
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Figure 5. Scatter diagram of F/chlorite versus MgO/chlorite ratios,
showing strong correlation between F and Mg concentrations in
chlorite. Highest F and Mg concentrations occur in samples col-
lected proximal to mineralization.

traditional univariate and bivariate analysis of such a large
dataset.

Potential Vectors to Ore

A number of observed compositional trends in the mud-

stone represent potential vectors to ore, and will the subject

of further studies. The following minerals and component

concentrations all increase with increasing alteration inten-

sity proximal to mineralization:

e ankerite and kaolinite (end-member calcite increases in
distal rocks)

e Mg and Fe concentrations in all carbonates

e As concentrations in pyrite

e Mg and F ratios in chlorite

e Cs (and possibly Rb) substitution ratios in illite

e V/C,y ratios

Future work will include microanalytical studies on the car-
bonate minerals and on pyrite, chlorite and illite. Addi-
tional multivariate investigations will involve addition of
geochemical parameters (i.e., Au, As, Se and Hg), detailed
plotting of factor scores to understand spatial controls on
data variance, principal-component regression (PCR) with
spatial variables, and protolith cluster analysis.
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