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Abstract

Eskay Creek rep re sents an un usual, pre cious metal-rich,
polymetallic, vol ca nic-hosted sul phide and sulphosalt de -
posit lo cated in the Iskut River area of north west ern Brit ish
Co lum bia. The bulk of the ore con sists of stratiform clastic
beds and lami na tions of graded sul phide and sulphosalt de -
bris that are hosted by a thick in ter val of car bo na ceous
mudstone at the con tact be tween fel sic vol ca nic rocks and
over ly ing ba salt. In ad di tion to the stratiform orebodies,
eco nomic con cen tra tions of pre cious met als have been rec -
og nized in dis cor dant zones of sul phide veins and dis sem i -
na tions in the footwall rhyolite.

De tailed compositional in ves ti ga tions of the car bo na ceous
mudstone host ing the stratiform ores at Eskay Creek re veal
the ex is tence of a dis tinc tive al ter ation halo around the de -
posit. In ter ac tion of the host mudstone with hy dro ther mal
flu ids re sulted in the wide spread for ma tion of car bon ate
min er als. Qual i ta tive and quan ti ta tive X-ray dif frac tion
anal y sis showed that al tered mudstone con tains abun dant
an ker ite, with ferroan magnesite, magnesian sid er ite and
sid er ite be ing lo cally pres ent. Cal cite was found to oc cur in
the outer part of the al ter ation halo and forms an im por tant
com po nent of mudstone away from the de posit. Car bon ate
al ter ation of the mudstone was ac com pa nied by the for ma -
tion of kaolinite. The spa tial dis tri bu tion of the dif fer ent
car bon ate spe cies sug gests that car bon ate al ter ation of the
fine-grained car bo na ceous hostrocks was largely re stricted
to ar eas over ly ing upflow zones of min er al iz ing hy dro ther -
mal flu ids and as so ci ated dis cor dant sul phide zones in the
footwall rhy o lite. Fluid-rock in ter ac tion and as so ci ated
car bon ate al ter ation in the halo around the de posit are in ter -
preted to have taken place in sea wa ter-sat u rated mudstone

at low to mod er ate temperatures from cooling, low-pH,
high-CO2 fluids.

Prin ci pal-com po nent anal y sis of the geo chem i cal dataset
pro vides sup port for car bon ate-al ter ation trends ob served
by whole-rock XRD anal y sis and re veals ad di tional min er -
al og i cal and com po nent vec tors to ore, in clud ing in creas -
ing Mg/F ra tios in chlorite, in creas ing V/Corg ra tios in the
mudstone and vari able Cs sub sti tu tion ra tios in white mica,
all prox i mal to hy dro ther mal ac tiv ity. Ar senic con cen tra -
tions in py rite also in crease to wards min er al ized zones and
can be used to discern hydrothermal from diagenetic pyrite.

Purpose of Research

The Eskay Creek de posit (MINFILE 104B  008; BC Geo -
log i cal Sur vey, 2010) in north west ern BC has gen er ated
sig nif i cant in ter est be cause it is among the most pre cious
metal–rich vol ca nic-hosted mas sive-sul phide de pos its in
the world (48.4 g/t Au and 132.3 g/t Ag), and sev eral of its
geo log i cal char ac ter is tics dif fer from or di nary mas sive-
sul phide de pos its. Key fea tures in clude the bed ded and
com monly graded na ture of the clastic ore; the high con -
cen tra tions of Au, Ag and other el e ments more typ i cally as -
so ci ated with epi ther mal en vi ron ments; the com plex ore
min er al ogy; and the low tem per a tures (<200°C) of sul -
phide and sulphosalt de po si tion (Roth et al., 1999). The de -
posit has been con sid ered a type ex am ple of a new group of
vol ca nic-hosted gold de pos its that formed in rel a tively
shal low wa ter sub ma rine en vi ron ments where phase sep a -
ra tion of the hy dro ther mal flu ids represented an important
control on the precipitation of metals (Hannington et al.,
1999).

Eco nomic con cen tra tions of pre cious and base met als at
Eskay Creek are con fined mainly to lat er ally dis con tin u -
ous, stratiform clastic ore lenses hosted by a thick mudstone 
in ter val at the con tact be tween fel sic vol ca nic rocks and
over ly ing ba salt. Al though the min er al iz ing hy dro ther mal
sys tem was ac tive over an ex ten sive area, it is cur rently not
well es tab lished whether min er al og i cal gra di ents within ei -
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ther the footwall al ter ation halo or the mudstone host ing the 
sulphides can be used for tar get vectoring. Due to the ab -
sence of readily rec og niz able al ter ation fea tures in the car -
bo na ceous mudstone, pre vi ous re search fo cused largely on
hy dro ther mal al ter ation patterns in the footwall rhyolite
(Barrett and Sherlock, 1996).

This pa per re ports ini tial re sults of a com pre hen sive min er -
al og i cal and geo chem i cal study of the ore-host ing mud -
stone, and dem on strates that hy dro ther mal al ter ation can be 
rec og nized up to tens to hun dreds of metres from the ore -
bodies. Iden ti fi ca tion of compositional gra di ents within the 
al ter ation halo per mits the de lin ea tion of a set of vec tors to
ore that can be used in the ex plo ra tion for this un usual de -
posit type in BC and elsewhere.

Geology

The Eskay Creek de posit is lo cated in the Iskut River area at 
the west ern mar gin of the allochthonous Stikine terrane of
the north ern Ca na dian Cor dil lera (Fig ure 1). Mid dle Ju ras -
sic sub ma rine and subaerial vol ca nic and sed i men tary
rocks in the Iskut River area have yielded U-Pb zir con ages
be tween 181 and 172 Ma (Childe, 1996). The hostrocks of
the de posit are folded into a shal lowly north-plung ing,

north-north east-trending, up right open anticline (Fig ure 1). 
Stratiform min er al iza tion at Eskay Creek oc curs on the
west ern limb of the fold, near the fold clo sure, and dips gent -

ly 30–45° to the west (Fig ure 2). The meta mor phic grade in
the mine area is lower greenschist (Britton et al., 1990;
Roth et al., 1999).

The strati graphic footwall to the min er al iza tion is com -
posed of mul ti ple in tru sive/ex tru sive rhy o lite units with a
max i mum ap par ent thick ness of ap prox i mately 100 m in
the mine area. Hy dro ther mal al ter ation is wide spread
through out the footwall rhy o lite. Sec ond ary po tas sium-
feld spar al ter ation and mod er ate sili ci fi ca tion oc cur pe -
riph eral to the stratiform ore and in deeper parts of the
footwall. Im me di ately un der ly ing the stratiform ores, a
more in tense and tex tur ally de struc tive al ter ation is seen in
a tab u lar zone of per va sive chlorite and white-mica for ma -
tion (Barrett and Sherlock, 1996; Monecke et al., work in
progress).

The footwall rhy o lite is over lain by car bo na ceous mud -
stone, which hosts the clastic sul phide and sulphosalt ore -
bodies. The unit ranges from <1 to >60 m in thick ness. The
mudstone is lam i nated, thinly bed ded or mas sive, and con -
tains abun dant in ter ca lated, tan-col oured beds of fine-
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Fig ure 1. Ge ol ogy of the Eskay Creek anticline, show ing the lo ca tions of the sur face pro jec tion of the ore zones (mod i fied from Alldrick et
al., 2005). In set shows the lo ca tion of the de posit in the Stikine terrane (mod i fied from Gabrielse et al., 1991).



grained volcaniclastic ma te rial. Cal car e ous 
and si li ceous in ter vals can be rec og nized in 
drillcore but are not com mon. The mud -
stone unit con tains radio lar ians, dinoflag -
el lates, rare bel em nites and cor als, con -
firm ing a ma rine depositional en vi ron ment.
Thin py rite lami na tions are com mon within 
the mudstone. The oc cur rence of flame
struc tures at the base of the sul phide lami -
na tions in di cates that this type of py rite is
clastic in or i gin. Ad di tion ally, thin veins
and veinlets of py rite cross cut ting bed ding
are wide spread through out the mine area.
Diagenetic py rite nod ules have been lo -
cally ob served (Monecke et al., 2005).

Ba salt sills and dikes oc cur through out the
car bo na ceous mudstone unit. The oc cur -
rence of mudstone-ma trix ba salt brec cia
along the bot tom and top mar gins of co her -
ent ba salt in ter vals in di cates that the lava
in truded mudstone that was still wet and
un con sol i dated (Monecke et al., 2005).
The rel a tive pro por tion of ba salt in creases
in the up per part of the mine suc ces sion.
The hangingwall ba salt lo cally ex ceeds
150 m in thick ness and gen er ally thins
south ward away from the de posit. The
mafic rocks are in ter ca lated with vari ably
thick intervals of the carbonaceous mud -
stone.

Mudstone Mineralogy

One hun dred and eighty mudstone sam ples
were se lected from ex plo ra tion drillcore, as 
well as sur face and un der ground ex po sures
(Fig ure 2, in set). The sam ples were col lected at var i ous dis -
tances from ore, rang ing from the im me di ate ore zones to a
max i mum dis tance of ap prox i mately 4.4 km from ore.
Mudstone sam ples were fur ther sub di vided into con tact
and hangingwall mudstones. The con tact mudstone unit is
de fined as the mudstone be tween the up per sur face of the
footwall rhy o lite and the low est ba salt unit in the
hangingwall. Mudstone oc cur ring far ther up stra tig ra phy
in the mine suc ces sion is col lec tively referred to as the
hangingwall mudstone.

Qual i ta tive and quan ti ta tive X-ray pow der dif frac tion
(XRD) anal y sis, us ing the Rietveld method, iden ti fied 28
dif fer ent min er als within the mudstone sam ples and re -
vealed that the hostrocks of the stratiform min er al iza tion
have a highly vari able min er al og i cal com po si tion. An a lyt i -
cal re sults for the 180 sam ples col lected from the con tact
and hangingwall mudstones are sum ma rized in a se ries of

his to grams (Fig ure 3). The min er al og i cal com po si tions of
representative samples are listed in Table 1.

Mudstones from Eskay Creek con tain abun dant quartz,
plagioclase and microcline (Fig ure 3). Some con tact
mudstone con tains an oma lously high quartz con tents (50–
80 wt. %) when com pared to mudstone from the hanging -
wall (rarely >50%). The ob served vari a tions in quartz con -
tent may re flect dif fer ences in protolith com po si tion, or al -
ter na tively re sult from hy dro ther mal al ter ation of the
con tact mudstone. An other pos si ble in di ca tion for min er al -
og i cal changes caused by fluid-rock in ter ac tion is the gen -
er ally lower plagioclase content of the contact mudstone.

Car bon ate min er als are a sig nif i cant com po nent of the
mudstones host ing the Eskay Creek de posit, some times ex -
ceed ing 30 wt. %. Stratiform ore at Eskay Creek is lat er ally
dis con tin u ous and car bon ate abun dances did not ini tially
ap pear strongly cor re lated to min er al iza tion. Scat ter di a -
grams sug gest only a weak cor re la tion be tween in creased

Geoscience BC Re port 2011-1 47

Fig ure 2. Plan view of the spa tial dis tri bu tion of min er al ized zones at Eskay Creek
(mod i fied from Roth et al., 1999). In set shows the pro jected lo ca tions of mudstone
sam ples in ves ti gated in this study. Note that ad di tional sam ples were col lected out -
side the im me di ate de posit area.
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Fig ure 3. His to grams de pict ing the oc cur rence of rock-form ing min er als in the con tact and hangingwall mudstones of the Eskay Creek de -
posit. Con tact mudstone is typ i fied by a higher quartz con cen tra tion and com monly con tains mem bers of the do lo mite-an ker ite and
magnesite-sid er ite solid so lu tions. Sam ples col lected from the stratigraphically higher hangingwall mudstone are char ac ter ized by el e -
vated chlorite and feld spar con tents, and con tain abun dant prehnite in prox im ity to ba saltic in tru sions.



G
e

o
s
c
ie

n
c
e

 B
C

 R
e

 p
o

rt 2
0

11
-1

4
9

Table 1. Mineralogical composition (wt. %) of representative mudstone samples from the Eskay Creek deposit (‘–’ indicates not detected or not present)



amounts of car bon ate min eral phases and dis tance from the
clastic ore lenses. How ever, car bon ate con cen tra tions are
ap par ently cor re lated to dis tance from the rhy o lite foot -
wall. About 45% of the an a lyzed con tact mudstone sam ples 
con tain mem bers of the do lo mite {CaMg(CO3)2}–an ker ite
{CaFe(CO3)2} and (lesser) magnesite {MgCO3}–sid er ite
{FeCO3} solid so lu tions, compared to only 26% of the
more peripheral hangingwall mudstone.

The spa tial dis tri bu tion of an ker ite as a ma jor car bon ate
phase in the car bo na ceous mudstone hostrocks sug gests
that this hy dro ther mal pre cip i tate formed dur ing or af ter
de po si tion of the clastic sul phide and sulphosalt min er al -
iza tion at Eskay Creek. Per va sive car bon ate al ter ation and
an ker ite vein ing are abun dant in the con tact mudstone, but
also oc cur in the hangingwall tens of metres above the
strati graphic in ter val host ing the bulk of the clastic
sulphides (Fig ure 4). Be cause stratiform min er al iza tion
took place at or very close to the con tact be tween the
footwall rhy o lite and the over ly ing mudstone, an ker ite in
this part of the mine suc ces sion re cords a stage of
hangingwall al ter ation. The an ker ite is com monly as so ci -
ated with cal cite, but more than one cal cite gen er a tion has
been ob served in thin sec tion and sig nif i cant amounts of
cal cite may be of re gional meta mor phic or i gin. Cal cite, un -
like an ker ite, is in creas ingly abun dant in the pe riph eral
hangingwall sam ples. De tailed in ves ti ga tion of cal cite lat -
tice pa ram e ters re veals ad di tional compositional zonation.
Cal cite with a magnesite com po nent oc curs in the prox i mal
con tact mudstone, whereas end-mem ber cal cite is more
com mon in hangingwall sam ples. Re search car ried out so
far in di cates that zonation of car bon ate al ter ation 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 rec og nized in the whole-rock XRD pat terns
of a few sam ples, all of which also con tain abun dant an ker -
ite. Ther mal sta bil ity con straints and ob ser va tions in nat u -
ral geo ther mal sys tems sug gest that kaolinite rep re sents a
sta ble al ter ation prod uct only at tem per a tures be low 200–

300°C (Velde and Kornprobst, 1969), brack et ing the tem -
per a ture of car bon ate al ter ation (and lower greenschist
meta mor phism). The pres ence of both phases likely re -
flects cir cu la tion of highly re ac tive, low-pH, high-CO2 hy -
dro ther mal flu ids in ter act ing with hostrocks and di luted by
cold sea wa ter (Giggenbach, 1984). Ini tial geo chem i cal
mod el ling re sults sug gest that fluid al ka lin ity, mix ing with
sea wa ter, hostrock chem is try and a tem per a ture de crease
as so ci ated with fluid migration all contributed to the final
alteration assemblage.

The prin ci pal sheet sil i cates de tected in the mudstone sam -
ples are illite and chlorite. The XRD pat terns sug gest the
pres ence of two white-mica polytypes, al though pa ram e ter
cor re la tion pre cluded re li able de ter mi na tion of their rel a -

tive abun dances by the Rietveld method. To tal illite con -
cen tra tions range from <5 to 50 wt. %, whereas chlorite
con tents range from <5 to 40 wt. %. A num ber of con tact
mud stone units have higher illite con tents than the
hangingwall mudstone, sug gest ing that illite may, at least in 
part, be a hy dro ther mal al ter ation prod uct. In con trast,
chlorite is less abun dant in the con tact mudstone than in
hangingwall sam ples. Hangingwall sam ples with abun dant
chlorite of ten also con tain prehnite and pyrrhotite. The spa -
tial as so ci a tion of prehnite porphyroblasts and ba salt in tru -
sions in the hangingwall (Monecke et al., 2005) may sug -
gest that the com po si tion of the mudstone samples is
influenced by contact metamorphism.

Py rite ap pears equally ubiq ui tous in the con tact and hang -
ingwall mudstone sam ples in ves ti gated. The amount of py -
rite var ies be tween <1 and 20 wt. % (Fig ure 3). Tex tural ev -
i dence sug gests that most py rite is of diagenetic or i gin.
How ever, the XRD in ves ti ga tions have shown that py rite
with dis tinctly larger lat tice pa ram e ters is abun dant in prox -
im ity to ore, with the en large ment of the unit cell be ing
caused by the pres ence of As in the crys tal struc ture. These
pre lim i nary find ings sug gest that the As con cen tra tion of
py rite could also be used for tar get vectoring. Mi nor
amounts of sphalerite were de tected in many con tact and
hangingwall mudstone sam ples, whereas trace amounts of
ga lena and chal co py rite were only observed proximal to
known orebodies.

Principal-Component Analysis

In ad di tion to the min er als iden ti fied by whole-rock XRD
anal y sis, the ma jor- and trace-el e ment com po si tion of the
mudstone sam ples was de ter mined by a com bi na tion of an -
a lyt i cal meth ods, in clud ing X-ray flu o res cence and in duc -
tively cou pled plasma–mass spec trom e try (anal y sis of 22
sam ples was still in com plete when this pa per was writ ten).
All min eral and com po nent data were eval u ated us ing prin -
ci pal-com po nent anal y sis (PCA), which iden ti fied 20 sta -
tis ti cally sig nif i cant fac tors. A varimax ro ta tion was ap -
plied to the dataset to give a max i mum con trast in load ings,
which max i mizes vari ance. Ta ble 2 lists fac tors by
eigenvalue and by the per cent age of dataset vari ance that
each fac tor ex plains, whereas the cu mu la tive vari ance is
given in the last col umn. Ta ble 3 lists sta tis ti cally sig nif i -
cant fac tor load ings and vari ables for each fac tor. Fac tor
load ings can be thought of as cor re la tion co ef fi cients
whose nu mer i cal val ues re flect the like li hood that vari able
re la tion ships can not be ex plained by ran dom chance.
Given a dataset of 158 mea sure ments, each vari able car ries

a sin gle stan dard de vi a tion of 0.08 (1/[Ön–1]; n = num ber of 
mea sure ments). A nor mally dis trib uted vari able with a fac -
tor load ing rep re sent ing one stan dard de vi a tion has a 32%
prob a bil ity of be ing ex plained by ran dom chance, one with
two stan dard de vi a tions has a 4.6% probability, etc. For all
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Fig ure 4. Sim pli fied geo log i cal sec tion through the 21C zone, de pict ing the dis tri bu tion of car bon ate spe cies in the con tact and hangingwall mudstones: 
A) do lo mite-an ker ite solid so lu tions show a strong spa tial as so ci a tion with zones of dis cor dant min er al iza tion in the footwall rhy o lite (dot ted out line); B)
cal cite is more com mon in the up per part of the con tact mudstone and in the stratigraphically higher hangingwall mudstone. Stratiform min er al iza tion
hosted by the mudstone is omit ted for clar ity. In set gives the lo ca tion of the sec tion. Sam ple po si tions and lo ca tions of zones of dis cor dant min er al iza tion 
were pro jected on the sec tion us ing an en ve lope of ±100 m.



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

The PCA tech niques proved use ful in iden ti fy ing a num ber
of geo log i cally sig nif i cant fac tor load ings that sup port ex -
ist ing field and lab o ra tory ob ser va tions, as well as point ing
out pre vi ously un rec og nized pat terns. Fac tor 2, the ‘hy dro -
ther mal sul phide group’, shows a very strong cor re la tion
among Cu, Ag, chal co py rite, ga lena, Pb, Zn, sphalerite, Sb,
Cd and Te, re flect ing hy dro ther mal al ter ation and min er al -
iza tion of the mudstone. This el e ment suite is not un like
those of epi ther mal de pos its and is in agree ment with the
un usual el e ment as so ci a tion ob served within the ore zones.
Data for Au, As and Hg are not yet avail able, but all are ex -
pected to cor re late with this group. In con trast to ga lena,
chal co py rite and sphalerite, py rite does not cor re late with
any of these vari ables. This min eral is cor re lated with to tal

S, to tal Fe and Mo in fac tor 8, the ‘diagenetic sul phide
group’, sup port ing a diagenetic or i gin for much of the py -
rite, as ob served in the field and in thin sec tion. A weaker
in verse cor re la tion with quartz and sil ica re flects ei ther a
vari able mudstone protolith siliciclastic and or ganic frac -
tion or ‘di lu tion’ of organic material, pyrite, illite and the
feldspathic component of the mudstone with hydrothermal
quartz.

Fac tor 7 sug gests a strong re la tion ship be tween MgO, chlo -
rite and F. A scat ter di a gram of F/chlorite and MgO/chlorite 
ra tios (Fig ure 5) dem on strates a strong re la tion ship be -
tween F and Mg con cen tra tions in chlorite and, more im -
por tantly, shows that the high est con cen tra tions of these el -
e ments oc cur in con tact mudstone close to fluid-upflow
zones. Ad di tional cor re la tion with Ga, Cd, Zn and Pb pro -
vides ev i dence that compositional trends in chlorite are hy -
dro ther mal in na ture. Fac tor 17 con firms the find ings of the
XRD study that an ker ite and kaolinite are cor re lated with
each other, while being inversely correlated with calcite.

Two other fac tors yield in sights that war rant fur ther in ves ti -
ga tion. Fac tor 6 points to strong Cs and Rb sub sti tu tion into
the interlayer po si tion of illite. How ever, for con tact
mudstone sam ples with very high illite con tents, the sub sti -
tu tion ra tio ap pears to vary. Fur ther stud ies will es tab lish
whether Cs and Rb sub sti tu tion de pends on the illite
polytype ob served by XRD. Fac tor 9 shows a cor re la tion
among or ganic car bon, Ni and V (and a lesser U, Mo cor re -
la tion), which points to Ni/V sub sti tu tion for Mg in chlo ro -
phyll porphyrin mol e cules de rived from de cay ing phyto -
plankton in the hemipelagic wa ter col umn (Treibs, 1936).
While add ing fur ther sup port for a ma rine depositional en -
vi ron ment, a scat ter di a gram of Ni/Corg ver sus V/Corg ra tios
(Fig ure 6) shows both Ni en rich ment in car bon-rich
hangingwall sam ples and V en rich ment in a num ber of con -
tact mudstone sam ples. The trends in both fac tors 6 and 9
will be further investigated by detailed mineral-
composition analysis.

Other geo log i cally sig nif i cant fac tor load ings in clude Th,
Ta, Nb, Hf, Zr and Be en rich ment in ac ces sory phases such
as zir con; rare earth el e ment (ex cept Eu) en rich ment in sul -
phide-bear ing sam ples; Sr and Mn sub sti tu tion in cal cite;
and Eu en rich ment in fluorapatite.

The pre lim i nary re sults of this study show that PCA is a
use ful tool for eval u at ing multicomponent datasets, and
proves to be es pe cially pow er ful when ap plied to min er al -
og i cal and geo chem i cal data ob tained on fine-grained car -
bo na ceous rocks that can not be readily stud ied by con ven -
tional op ti cal mi cros copy. Some of the fac tors iden ti fied by
PCA add crit i cal sta tis ti cal sup port for in tu itive con clu -
sions drawn from field and lab o ra tory ob ser va tions, where -
as oth ers point out compositional trends and ge netic re la -
tion ships that would more than likely be missed by
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Individual Cumulative
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 5.11 50.54

F7 4.663422 5.24 55.78

F8 3.708948 4.17 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 4.18 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

Factor
Eigen- 

value

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.
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Factor Correlation Factor loadings

F1 Strong 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)

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

Weak U (-0.38), Be (-0.37), Fe2O3
T (-0.33)

F2 Strong Cu (-0.98), Ag (-0.97), chalcopyrite (-0.95), galena (-0.95), Pb (-0.87), Zn (-0.86)
Medium Sphalerite (-0.75), Sb (-0.73), Cd (-0.67), Te (-0.62)
Weak Ga (-0.40)

F3 Strong Th (-0.94), Ta (-0.93), Nb (-0.92), Hf (-0.82)
Medium Zr (-0.72), Be (-0.60), U (-0.53), Ga (-0.49), Sn (-0.44), Rb (-0.41)

Weak Bi (-0.40), illite (-0.38), Al2O3 (-0.36), K2O (-0.30)

F4 Strong Rutile (-0.83), Cr (-0.82)

Medium Co (-0.61), TiO2 (-0.55), Sc (-0.49)

Weak Fe2O3
T (-0.35), chlorite (-0.32)

F5 Medium SiO2 (-0.75), quartz (-0.44)

Medium Barite (0.45), ankerite (0.58), Sr (0.69), MnO (0.79)

Strong LOI (0.85), calcite (0.87), CaO (0.90), CO2 (0.95)

F6 Strong Cs (-0.88), Illite (-0.83)

Medium Anatase (-0.66), Rb (-0.58), Al2O3 (-0.48)

Weak Gypsum (-0.38), K2O (-0.38), TiO2 (-0.37), Zr (-0.36), Sc (-0.33), F (-0.32)

Weak Chlorite (0.32)

F7 Weak SiO2 (-0.34)

Weak Pb (0.34), dolomite (0.38)
Medium Zn (0.44), Cd (0.51), Ga (0.52), sphalerite (0.56), F (0.70), chlorite (0.74)
Strong MgO (0.84), anglesite (0.86)

F8 Strong Pyrite (-0.89), S (-0.83)

Medium Fe2O3
T (-0.76), Mo (-0.44)

Weak Quartz (0.35), SiO2 (0.37)

F9 Strong Ni (-0.82), C (-0.80)
Medium V (-0.77), U (-0.42)
Weak Mo (-0.31)

F10 Medium Eu (0.69)

Strong Apatite (0.95), P2O5 (0.96)

F11 Strong Plagioclase (-0.95), Na2O (-0.94)

Medium Anatase (-0.37), Sr (-0.36)
Medium Quartz (0.36)

F12 Strong Microcline (-0.90)

Medium K2O (-0.77), Al2O3 (-0.57), Sc (-0.56), TiO2 (-0.53), Ba (-0.43)

Weak Rb (-0.38), Zr (-0.34), Hf (-0.32), Co (-0.31)
Medium Quartz (0.55)

F13 Medium In (-0.79), Bi (-0.78)
Weak Siderite (-0.30)

F14 Medium Dolomite (-0.63), siderite (-0.60)
Weak Be (-0.31)
Weak Gypsum (0.38)

F15 Strong Prehnite (-0.87)
Medium Pyrrhotite (-0.70)

F16 Strong Magnesite (-0.90)
Medium Kaolinite (-0.50)

F17 Medium Barite (-0.59)
Weak Ba (-0.31), calcite (-0.31)

Medium Kaolinite (0.52), ankerite (0.63) 

F18 Medium Ba (0.59)
Strong Armenite (0.82)

F19 Weak Pb (0.30)
Medium Te (0.59)
Strong Jarosite (0.85)

F20 Medium Bassanite (-0.72), gypsum (-0.42)
Weak Mo (-0.40)

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. A value 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.



tra di tional univariate and bivariate analysis of such a large
dataset.

Potential Vectors to Ore

A num ber of ob served compositional trends in the mud -
stone rep re sent po ten tial vec tors to ore, and will the sub ject
of fur ther stud ies. The fol low ing min er als and com po nent
con cen tra tions all in crease with in creas ing al ter ation in ten -
sity prox i mal to mineralization:

· an ker ite and kaolinite (end-mem ber cal cite in creases in
dis tal rocks)

· Mg and Fe con cen tra tions in all car bon ates

· As con cen tra tions in py rite

· Mg and F ra tios in chlorite

· Cs (and pos si bly Rb) sub sti tu tion ra tios in illite

· V/Corg ra tios

Fu ture work will in clude microanalytical stud ies on the car -
bon ate min er als and on py rite, chlorite and illite. Ad di -
tional multivariate in ves ti ga tions will in volve ad di tion of
geo chem i cal pa ram e ters (i.e., Au, As, Se and Hg), de tailed
plot ting of fac tor scores to un der stand spa tial con trols on
data vari ance, prin ci pal-com po nent re gres sion (PCR) with
spa tial vari ables, and protolith cluster analysis.
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