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ABSTRACT

I

The Sisson Brook H-CJ-Mo deposit is located in central
New Brunswick. Four phases of deformation and/or metamorphism
have affected the surrounding area. Thg.last event (M4)
probably occurred during Upper Devonian to Lower
Ca;boniferous time. It was associatedgwith development of a
EteepIy-dipping foliation surface, E-trending faults, and
intrusfon of a feldspar-quartz-biotite porphyry. The 1latter
1ed to mineralization and hydro}hermal alteration.

Potentially economic mineralization occurs in four vei?
sets (VI to VIV), concentrated in two N-trending zones which
extend northward (Zone A) and flank the western edge of (Zone
B) the porphyry. Zone A occurs in aetavo1cano-sedAméhts and

Zone.B Ts hosted by gabbro and metavolcano-sediments. The

“economically 1important mineralization in Zone A consists of

chalcopyrite and wolframite in VIV quartz stockworks and
veins; in Zone B it consists mostly of yellow fluorescent
(molybdenum-bearing) scheelite fn VI ampﬁibole and VII quartz
vein(ief)s. and white fluorescgnt>(pure CawWo4) scheeliteoand
mo]ybdenitg in VIII and VIV quartz veins and stockﬁorks.

Each vein set fs associated with specific alteration

minerals which occur pervasively in and near the deposit, and p

Yk

in vein haloes. These associations are: VI - hornblende and o

sodic plagioclase (Al); VII and VIII - biotite, K-feldspar

.and sodic plagioclase (A2); and VIV - sericite and pyrite

(A3). Vein set VI and Al alteration are host rock specific,

occurring largely inmafic units. A2 and A3 alteration are
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most intenseén lones B and A, respectively.

An electron mizroprobe study of vein and altera;ién
[ﬁ;ses shows compositional chapge; in the amphiboles and
;1ot;tes southward across Zone A and eastward into Zoﬁe B:
VI/Al amphiboledare enriched in AT, Fe, and alkalieq and
VII, VIII/AZ biotites are ehricheg in Fe. Ia addition, thé

most sodic Al and A2 plagioclases occur in Zone B.

An f02-fS2 phase diagram for the H-0-S-Fe system showing

contours of XFe in amphibole, indicates that the Fe-

enrichment of Al amphibole resulted in part, from host rock
buffering of f02. This, as well as the dependence of V]I/Al
nineral compositions on host’rock lithology suggest that the
fluid to rock ratié was low &uring their formation. In
contrast, a high fluid to rock ratio is inferred for the VII,
VIII/AZ assgmblages froﬁ the low Kd value for*Fe/Mé be tween
A2 biotite and the Al amphibole it replaces. VIV/A3 minerals
probably formed when the fluid to rock Fatio was at its
highest as evidenced by the abundance and large-scale nature

of VIV quartz stockworks, \

The composition and association of vein/alteration

minerals show that the minerals formed under changing f02/fS2
conditions, VI/Al minerals formed under oxygenating
conditions; VII, VYIII/A2 minerals formed under decreased
fOZ/fSZ conditions; and ViV/A3 miﬁerals precipitated
f;Iiowi;g 1ncﬁea;es in-f02 and fS2,

" Mass balance equations show that VI and Al assembﬁ}ges

tormed from silica—undersatuﬁéted, moderately alkali-enriched
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fluids and that the A2 _assemblage formed from sflica-

saturated, highly potassic fluids.

-

PR ksl

Fluid 1nclusian.dath indicate that VI: through VIV

mlgera]izatﬂoh and associa{ed alteration occurred between

350°C and 450°C, and that orthomagmatic fluids may have been

present during formation of vein sets VIII and VIV.
Signifidantrdrops in pressure and temperature

formation of vein set- VIV and led to widespread deposition of

fol!owed

massive carbonate (vein set VV) and collapse of the

hydrothermal system.
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‘ RESUNE
Le g?te de W-Cu-Mo de Sisson Brook‘est situé dans la
région centrale(du No'uveau-BrunsMck.'Quatre phqsgs' de
déformation et/ou de métamorphisme ont affecté 1a région. La

derniére phase (M4) a probablément eu lieu pendant

1'intervalle du Dbvonien supbrieur au Carbpnif&re inferieur.

Elle s'est accompagnée du développement d'une foliation a

fo¥t pendage, de failles d'orientation est-ouest et de

1'intrusion d'un porphyre 3 feldspath-quartz-biotite. Cette-

‘derniere a produit la minéralisation-et 1'altération

hydrothermale.

La minéralisation économique pot‘entieilie eyt 1ocq1isée'

dans quatre groupes de filons (VI a VIV) concentrés en deux

zones d'orientation nord-sud; la Zone A s'btire vers le nord

et 1a zone B flanque 1a bordure ouest du porphyre, La Zone A

se trouve dans des terrains sédilment‘aires et metavolcaniques
et 1a Zone B dans un gabbro et des roches sédimentair’és et
‘uéta.volcaniques.‘oans 1a” Zode A, 1a minéralisation
d‘1|por\n“n'ce économique consiste en chalcopyrite et

wolframite dans des filons et des stockwerks a quartz VIV;

dans la Zone B; elle consliste en scheelite 5 fluorescence’

Jaune dans des filons a amphibole VI et a quartz VII, et en

Scheelite a fluorescence blanche et en molybdbnite dans des’

filons et stockwerks a quartz VIV,

Chaque groupe de filons e\st assoctt a des -minéraux

d'altération spbcifiques qui sont abondamment disséminés dans

iv
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le g?te et aux abords, et dans les halos filoniens. Ces
associations sont: VI - hornblende et plagioclase sodique
(Al); VII et VII - biotite, feldspath potassique et
plagioclase sodique (A2); et VIV sbricite et pyrite (A3). Les
filons VI et Al sont généralement restreints aux uniteés
mafiques encaissanges. l:es aittrations A2 et A3 sont plus
n”intensegs dans les Zones B et A respectivement. Une &tude a
1a microsonde des mintraux filoniens et d'altération montrent
des varfations dans la icomposition des amphiboles et des
biotites vers le sud dans Na Zone A et vers 1'est dans la
Zone B: les amphiboles vi/Al s'e;\richissent en Al, Fe et en
mbtaux alcalins et les biotites s'enrit(ﬁésent en Fe. Enfin,
Tes plag—ioclasei Al et A2 les plus sodiques se Atrouven‘t dans

1a Zone B.

Un diagramme de phase de f02-fS2 du systéme H-O-S-Fe,
avec isoplethes du iFe’ de 1'amphibole, indique que
1'enrichissement en Fe de 1'amphibole A}l résuite probablement
en pAartie d"un effet tampon de la roche encaissante sur f02.
Ce.ci. comme la dépendance des compositions -!ne;'ales VI/A]l de
1a nature de la roche encaissante, suggere ‘un rapport
flufide:roche peu &leve pendant leur formation. Par contre,
d'apri{s le Kd peu b'levlb du rapport Fe/Mg entre la biotite A2

et 1'amphibole Al qu'elle rempliace, on infere un rapport ‘

luide:roche &levé pour les assemblage VII, VIII. Les
mintraux VIV/A3 ont probablement été formés lors du rapport
fluide:roche maximal comme 1°indiquent 1'adbondance et la

grande taflle des stockwerks a quartz VIV,

g La colposition' et 1'assocfation des minbaux fih:nicns‘

v
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< et daltbration longéent ‘que les aindraux ont kté formds dans

des con&itions vartables relatiqs au rapport f02/152. Les
atnéraux VI/Aé ont &té formds dansvdes conditions oxygénbes;
Tes minbraux VII, VIII/A2 ont &tk formds dans.des conditions
de f02/fS2 décroissuft et les ninéraux VIV/A3 ont été

précipités i 1a suite d'41évations de f02 et fS2 (Chap. 7).

les ¢&quations de balance massique montrent que les
assemblages YI et Al proviennent de fluides’ sous-saturds en
stlice et modérésent alcalins'alors que l'assemblage A2 ~
provie'nt de - fluidés saturés en silice et forte-eqt
potassiques., Les donntes d'inclusions fluides indiquent que
les Mpisodes minbralisants VI 2 VIV et leur altb-;tion ont eu
lieu entre 350°C et 4.50°C :t que 1es fluides orthomagsatiques’
auraient pu étre présents pendant l1a formation des filons
VIII et VIV.

Ala suite de 13 formation des filons VIV, des chutes

|signﬁifi\lcat1ves de pression et de temperature ont mené i la

prkipnationﬁ gbniral iste de calcatres niskifs,(filo_ns YV) et

i 1'effondresent du systéme hydrothermal.
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Location map of the Sisson Brook deposit. Inset

shows the approximgate location of the Sisson Bwook

deposit within the major teotiibtt(gfjgﬁpéhic
zones of New Brunswick. w 4

"

Geological map of the Sisson Brook area shﬁx{'g
major stratigraphic units and location of in

mineralized zones, A and B.

(a) Biotitized Unit IIlc gabbro (variant 1)
crosscut by VII quartz vein. Note irregular
recrystallization texture. (b) Unit IIIc gabbro
blocks (variant 2) brittly crosscut by/and in

matrix of Unit IVb leucogranite. Note the thick .

biotite selvedges along the interfaces of the
granite and gabbro. (c) Unit IIlc gabbro (variant
2) plastically crosscut by leucogranite. (d) Unit
IIlc gabbro (variant 3). The unit is dioritic in
appearance and contains large knobs of M3
actinolite up to several centimeters in length,

Ht. X S102 versus Na20 + K20 in Central Plutonic
Belt granites near Sisson Brook area-and Unit IIla

gabbro.

Distribution of mineralized Zones, A and B, about,
and the inferred location of the FQB porphyry
within (hatched area), the elliptical, torus-
shaped region of high chargeability/low
resistivity. Note that the hatched area coincides
with the locasion of the FQB porphyry in drilil
hole 26, and is flanked to the west by numerous
FQB porphyry dyklet(s) (in red), also found in
drill core. , -

 Compilation map of important geophysical features.

Outcrops of Unit I showing the development of S3
(yellow stripes) as a crenulation cleavage in the
less competent intercalated pink quartzites and

2

13

21

24

30
36

argilliites (a), and as a fracture cleavage in the

massive, more competent blue quartzites (b).

M3 garnet porphyrob]ast.bent along internal shear
planes which formed during development of the §3

surface.
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Relationship of important geophysical features to

. lones A and B.

Surface projection of scheelite-mineralized zones,
F1 to F4, and late scheelite-molybdenite-
mineralized zones, MZl to MZ3, in Zone B.

Orientation of poles to planes of VI vein(let)s in’

Zone B-and VIII veins in Zones A and B. Note that
VIII veins dip more consistently to the SW and are
oriented about 15°in a more northward orientation
than VI vein(let)s. The range in measured values
of the S3 surface are shown as solid 1ines in each
diagram, for reference.

Histograms showing distributions of VI density in
gabbro and metavolcano-sediments in all drill
holes in Zone B. The scale of the vertical axis in
the histograms is, lcm = 20 VI vein(let) or clot
occurences per 100m of drill core; "m" refers to
FGA (mafic) units, "f" refers to all other
*felsic" Unit IIb metavolcano-sediments. Inset
shows relative amounts of VI vein(let)s and clots
which occur in silicified versus unsilicified Unit
IIb metasediments.

(a) percentage of FGA units in specific drill
holes.across Zone A. (b) VII veinlet density (#
VII veinlets/100m) in all Unit IIb rock units
(sol1id l1ine), in FGA units, only (upper dashed
line), and in unaltered and intensely (A3-)

_sericite-altered ( lower dashed, and lower dashed-

dotted line, respectively). (c) histogram showing
percentage of total Unit IIb metavolcano-sediments$
which are highly sericite-altered (clear bar);
stippled bar shows percentage of those units which
are felsic units., The highly sericite-altered
rocks are the most intensely altered, Level 1,
rocks (see Chap. 4, pp. 11-13). Refer to Fig. 3.9
f6r dril1 hole locations.

Histograms showing main parageneses in VII
scheelite-bearing quartz veinlets from a north-
south sequence of drill holes across Zone A.
Mineral(s) in parentheses represent the largest
paragenetic subset of the main paragenesis written
above lt.

VIII vein density (# veins/100m) across Zone A,

Upper coordinates correspond to grid lines shown
fn Fig. 3.9. Note that vein density generally
increases southward.
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4.1

4.2

’4.3

Some measured sections in select drill holes
across Zone B, showing vein density and percentage
of chalcopyrite-bearing VIII veins in and outside
fracture zones MIl1 to MZ3.

Surface projection of Cu-W mineralized VIV
stockwork-filled fracture zones in Zone A

Vertical cross section of the VIV,sfockwork ;t
L0+00.

Surfdce projection of main eastern an} western IV
composite quartz stockworks, minor quartz
stockworks, and quartz stringer zone in Zone B.

Surface projection of VV carbonate zanes in Zone

Paragenesis of VI through VV mineralization in
Zones A and B.

Contour map of Al alteration intensity. Contour 1
contains rocks showing the lowest level of visible

Aalteration. In thin sections of gabbro, this is

expressed as clear green hornblendic rims about
primary actinolite cores. Contour 2 contains
rocks showing intermediate amounts of alteration.
This 1is evidenced by partial or whole repl%ﬁgment
of M3 by Al amphibole; where microscopic b¥ade$ of
secondary hornblende are present; and/or .where VI.
hornblende patches or stringers occur. Contour 3
contains the most pervasively altered rocks and is
centered over Zone B. The primary amphiboles in
the rocks are mostly. altered to Al hornblende, are
bright green to green-blue in color, and are
inclusion-free.

Contour map of A2 alteration intensity. Contour 2
outlines the area of most intense A2 alteration
comprising abundant VII and VIII vein haloes and
intense local-pervasive alteration. 'In many rocks
M1, M2, and M3 platy and/or ferro-magnesian
minerals are completely replaced by A2 biotite.
The intensity of local-pervasive alteration
decreases abruptly outside Contour 1, to a low

.level of distal pervasive alteration. Distal

pervasive alteration occurs as biotite spots (less
than 1 to 3mm across) and biotite stringers,
locally concentrated along S3 surfaces. .

M3 plagioclase which is abraded, sheared and

“infilled with A2 red-brown biotite. . .
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Plot of meters of green (unaltered) versus green-
brown, brown-green, and brown FGA units in all

Idri]l hole in both zones;

Extent and intensity of A3 alteration about the
eastern stockwork in Zone A. (see Fig. 3.9 for
location of section line.)

Sequence and relative intensity of alteration
types in Zones A and B. Note that each alteration
type is vein specific and that A2 alteration is
associated with vein sets VII and VIII. ‘

Compositions of relict M3 and VI and Al amphiboles

on a general hornblende classification diagranm

after Leake (1978), where Ca + Na >1.34 and Na<

0.67 in (a) Zone A, and (b) Zone B. Encircled,

samples contain analyses of amphiboles of the $same
type, e.g., core or rim, and from the same sample.
The. lines connect relict M3 and secondary
amphibole compositions, or secondary amphiboles
from different levels in the same drill hole. One
tie 1ine connects two VI vein analyses (0473 and
0466). Trend 1 and 2 amphiboles are outlined in
green and red, respectively. .

Hornblende classification scheme after (eake
(1978) showing location of most altered analyses
from each samplein alteration grid See Figure

- 5.1 for legend. _

Plan view - of Zones A and B showing.alteration

. index number (see Fig. 5.2) and location of

measured samples. (sample 25.75 occur}) ~750m

"southwest of Zone B and is not shown)

Graphica] depiction of actinolite - tschermakite
transition where MgSi-->2A1Z in amphiboles (a)
in and near Zone A, and (b) Zone B. Trend 1 and 2
hiboles are outlined in green and red,
tively (discussed in text). See Figure 5.1

Graphical depiction of actinolite - edenite
transition, where, Si-->NaA AlZ in amphibeles (a)
in and near Zone A, and (b) Zone B.:Trend 1 and 2
amphiboles are outlined in green and red,
respectively. (discussed in text). See Figure 5,1
for legend
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Graphical depiction of actinolite-tschermakite and

-actinolite-edenite transitions in amphiboles (a)

in and near Zone A, and (b) Zone B. Trend 1 and 2

* amphiboles are outl'ined in green and red,

respectively (discussed in text). See Figure 5.1
for legend. .

Cation plot of total Fe versus Fe/Fe+tMg, or XFe

tn amphiboles from (a) Zone A, and (b) Zone B. See
Figure 5.1 for legend.

Cation plot of K vs. K + Na A. (a) Zone A, and
(b) Zone B. "A" refers to the "A" ction site. See
Figure 5.1 for legend.

Location map of biotite analyses.

Al-Mg-Fe cation plots for biotite analyses. (a)
Ranges of biotite from gabbro. FGA and
metavolcano-sedimentary unit. (b-g) Ranges. of
each field are shown in detail. Left member of
cation-plot pairs show subrange of samples which
contain pervasive alteration., Right member shows
subrange of biotites which were found in VII or
VIII veins or vein haloes; Note: gabbro sampTe
25.75.50 comprises brown biotite from a
leucogranite halo; “meta sediments" refers to
all unit IID metavo]cano sediments exclusive of
FGA units.

Al-Mg-Fe cation plots for all FGA and gabbro
samples from which biotites and M3 and Al
amphiboles were measured. (a) biotites from VII
and VIII vein haloes and pervasive A2 alteration
in FGA units and, (b) from pervasively altered
gabbro and M3 brown biotite sample.

XFe 1in A2 biotite vs. XFe in relict M3 and Al
amphiboles, where XFe + Total Fe/ Total Fe = Mg.
A1l amphibales are from Trend 2, except sample
25.75 (see Figure 5.1).

Compositional range of Mn-ilmenites in Zones A
and B,

Plan view of Zones A and B showing An contents
and location of plagioclase samples. -

AB-AN-OR plots of plagioclase in Al- and A2
altered rocks, pristine M3 plagiociase in gabbro
and a primary plagioclase phenocryst in the FQB

porphyry.’
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6.4

6.5

Sample location map.

Major divisions and subdivision of primary
incWsions.

LV inclusions in (a) VI scheelite (37.116),
(b) VI amphibole " (37.116) (c) VIII quartz
(0466Q), an (d) LVS-BHA in V.III quartz (0466Q)
and, (e) an LVS-HA ,inclusion in VIII quartz
(0466Q).Note’ in (b) the well-defined cleavage
cleavage surface along which one of the walls of
.the amphibole-hosted inclusion formed, as well as
a lower cleavage surface which formed and

"resulted in leakage during heating.

(a) Observed first melt temperatures for LV and
LVS inclusions, and Tm-ice for halite-bearing LVS
inclusions. (b) Salinity in eq.wt.% NaCl for LV
and LVS inclusions. Salinity of LVS inclusions
obtained from Th-Ha. A11 inclusions are quartz-
hosted unless otherwise indicated. '

Phase diagram for part of the NaCl-Na2C03-H20
system showing a possible melting path for LVS
inclusions. At the eutectic, E, (Pointl) melting
would begin. Melting may have continued along
the indicated path to Point II, where hydrohalite
and natron co-exist. . Following complete
disappearance of hydrohalite (II), natron. would
continue to melt up to «~20°C (PointIII; modified

_after Samson, 1983).

6.6

7.1

Ve

Homogenization temperatures of LV and LVS
inclusions. Inset shows Th-Ha for LVS inclusions.
Vapor homogenization temperatures of halite-
bearing inclusions in which Th-Ha was not
observed are included with Th of LV inclusions,
but are denoted using the LVS key in the same
diagram. .

Stability fields of Fe-Mg amphiboles having
different XFe, 1in the system H-0-S-Fe at 700
bars and 450°C. Points A through C show that the
increase in XFe-Al amph can be explained in terms
of increased f02/fs2 conditions in the
pyrrhotite-bearing gabbro. .
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1.3

7.4

Table
2.1

2.2

7.1

The stability fields: for scheelite, powellite,
tungstenite, molybdenite and iimenite in f02-fS2
space for the system H-0-S-Fe 450° C and 700
bars. The scheelite/tungstenite and powellite/
molybdenite phase boundaries, shown in heavy
lines, were derived at 450° C and 1lkb pressure

- using the experimental data of Hsu.(1977). Points

A to C show that the inferred pathway of increased
f02/fS2 into VI veins and Zone B explains the
presence of y-scheelite, which precipitates above
the pure CaW04 (w-scheelite) boundary. Points Dv
and Dr represent approximate f02/fS2 conditions

for the pyrrhotite - bearing VIII veins ' and’

associated {Mn-ilmenite-bearing) biotitized host
rocks respectively. The stippled pattern shows
approximate stability field of Mn-ilmenite
(discussed in detail in Section 7.2).

Plot of log Na+/H+ vs. log K+/H+ in the system
KCL-NaCl1-HC1-A1203-Si02-H20, showing stability
fields of K- and Na-bearing silicated at 450° C
and 700 bars. mHC1 = 10 (E-2), assumes 2M KC1-
NaCl. The stability fields were drawn assuming an
ideal ' solutions model’ where, (KC1) = mKCl = (K),
and (NaCl) = mNaCl = (Na). Calculations. were made
at 450° C and P = 700 bars, using the procedure
outlined by Garrels and Christ (1956), except for
the Ab-paragonite boundary, which were drawn using
the experimental data of Hemley et.al. (1961).

Stability fields of huebnerite and ferberite
superimposed on the stability fields of the other

minerals $hown in Figure 7.3 at 450°C and 700 bars

after Hsu, 1976, 1977). Points Ev (A) and - Ev (B)
refer to approximate conditions in VIV veins in
Zones A and B, respectively. Point Er represents

" f02/fS2 conditions in associated A3-altered rocks.

Striped pattern shows area of overlap of
wol framite and pyrrhotite stability fields.
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1.1
“central New Brunsuick (Fig. 1.1L

_ anoualy. believed to reproseut the near sunface extent of a
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‘“, The Sisson Brook deposit is LR pronising H-Cu Mo prospect
that is locateﬂ in the snutberu part of the Hiralichi Zone of

The deposit -occurs within

.~ the eastern part of thefthernaj aureole of the (post-Acadian)

r .. . -
Nashwaak granite, and is adjacent fo an elongate gecphysical
D

) feidspar- quartz- biotite porphyry (Chap. 2).

. . The deposit comprises tuo mineralized vein- and

,sgockucrk-ffllhd fracturq‘zonei hostgd by netlvo\caﬁo-

i&dineuis in,the north (Zone A), and gabbro aﬁﬁ |etav019ano-

sedilcnts in the south (Zone B Fig. 2.1). It is estinated‘

tblt Zone A contains 7.5 li]lion tons grading.0.35% Cu as
cbalcopyrite and 0.21% W03 as uolfralite.

) !

bcen calculnteﬂ for lone’ B. in, uh!ch the linefalizai1on

grldes tpprbxiuately .0.10% H03 and/or 0.10! Ho, as schceiite

h

aud -olybdenite. rospectively .o o -

s *

L S1sson Bronk is one of sixtoou sin110r1y linertlized

j;bcar sf;uctnres -hicﬁ formed

veiu and/or stoct-ork zones in New lrnusuick -hich co-prisc
"am arc-shaped H\z Mo + Cu + Sn metallogenic province of

probable Upper Devanian to Lower Carboniferous age. The

metallogenic province is boundéd along most of its length by

“faults 1n£erpreted as reactiva eﬁ Acadiin and transecting

uring 2 llte distentional

event (Fig. 2 in Ruitenberg an

aureoles of Devonian-

the showings occur within the thermal

-

Rgservqs have not-

0 .
’ T
e oy
. T

Fyffe, 1982) Although FXR BN
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Figqure 1.1 Location map of the Sisson Brook deposit. Inset
~shows the approximate location of the Sisson Brook
« . .deposit within the major tectonostratigraphic’.
zones of New Brunswick. AT s
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age post-Acadian granite’s, tﬁey dpbéﬁr to be genetically

associated with-.a later tectonic event of probable Middle

Devonian to Early Carboniferous age, At Sisson Brook, -the

late evént s -enffested in the intrusion of a small

feldspar quartz- biotite porpﬁyry which crosscuts the thermal

_aureole of the Nashuaak granite. Sinilar late granite

porphyrtes have been found. at several other showings (e.q.,.

Burnt Hi1'l1, Rocky Brook, Square Lake, in Ruitenberg and
Fyffe, 1982). . f ’ e

Thi; thesﬁs presents a geologic.nap of the Sisson Brook
area based upon ‘a petrographic and field examirationof the
structural, neta-orphic, end hydrqtherlal features observed

indrill core and outcrop; a detailed conparative study of

the petrography and geometry of the eineralizatdon and host )

rock alteration’ in the twp padh mineralized zones at Sisson

Brook; and a working hypothesis and model for the type and

.evolution of the mineralizing system. .

1.2 LOCATION AND ACCESS | B

S

The Stss%n“Broqk lin#ng"lieense is located 60knm

nurthuest .of Freder12ton. New Brunswick, 8km along a fire

\

eccess road approxiaetely 27km north of-the intersection of

the leley Forest Produc;s Road end highway - 104 (Fig 1.1).

Al oqtcrgps ire easjly eccessible by foot and most a're

-1£n1a"¢ kilometer of 2 small lumber road.. Access fis

facilitated by the good condition of grid lides, low relief,

and lack of dense underbrush, éood quterop occurs over
;

approximately five percent of the arer. - v

&

S
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‘1.3 EXPLORATION HISTORY

The earliest published report of mineral exploration

¢

predates the first geologic description of the Sisson Brooli
area (Nashwaak.-Pulp and Paper Co., 1960; Anderson. 1968). The
report includes the results of an aeromagnetic s‘urvey
conducted as part of ’the exploration program, and delineates
an anomaly coincident with what is now known as Zone A
(Mann, 1980). In 1967-69 Penarroya Ltee,, initiated a more
ex'tenstive exploration program and drflled four ho];s which
1nte‘rﬁs¢cted several, meter wide, intervals of scheeiite-
tungsten lineralxization (Rabinovitch, 1969). ‘

In 1978 Texasgulf Inc. noted a correlation between high
Mo values in stream sediments near and wes® of Sisson Brook
(NBDNR map sheet 21J/6E, 1974)‘ and the enriched molybdenum-
tungs;en intervals in the Penarroya dril-l holes (Moore,
19ia). Fifteen claims were shbsequent]y‘ stak‘é’gj A soil’
geochemical survey conducted in part of’ the claim group
(Mc Quade, 1979) and' a ‘regional tin-tungsten stream-sediment
Survey cqndqcted l?y Texasgulf, Inc., showed a correlation
between high Cu,Bi, W,Mo values and high tungsten values in
pﬁrts of t!u Sisson, Napadogan, and Bir;‘! Brook drainage
,basihs. :

In 1979 Texasgulf staked 88 additional claims north and
south of the original claim group, and inftiated an
‘exploration'progra- consisting of detailed mapping, soil
v"sa-plling,;and a geophysica] survey. Eleven hbles (SSN 1-11)

were drilled along threeﬂ geophysical anomalies (ﬁoore. 1979)




_and nineraijzatidn of Sisson Brook, made prior to Texasgulf

and intersected significant Cu-W uinerQ1izatiqn in two NNM-
trending quartz stockwork zones (Zone A; Mann, 1980}'see Fig.
3.9). In 1980, twelve holes (SSN 12-23) were drilled.under
and 1aterally offset from drill holes SSN 1-11 in an attempt

to define the three dimensional nature of this .fracture .

»

system. ‘ \\ ‘
In 1981, nine holes were drilled U0.5km south of Zone A

(SN 24-32). Five of these intersected abundant scheelite-
molybdenite mineralization in what was interpreted to be a
single, semi-continuous, quartz vein system, and one deill .
hole intersected more thanm 40m of relatively udaitere&
unfoliated feldspar-quartz- biotite (FQB) pornhyry (Mann,
1981b). In 1982, eight additional holes (SSN 33-40) were
drilled along strike of the above -ineralizlgfon, and heTped *
define several scheelite and crogscutting'scheelitg~ ]
molybdenite mineralized fracture zones over 1.5 kl,Iond and

0.5km wide (Zone B; Fig. 1.2; see Fig. 3.10).

Numerous short reports have been prepared on the ' i

‘petrography and -ineralization of the rocks at Sjsson Brook

since 1978. These include a report of the genera] geo]ogx“

drilling (McQuade, 1979), a -1ner(Tog1cfandxelectrbpu
microprobe study of selected salﬁles from drjll;holes—l-IQ\
(Hak and Watkinson, 19815. two sﬁprf’ﬁetrognaphiq reports

(Abbott, 1981; Williams-Jones, 1981), two geophysical survey

reports (Gasteiger, 1982; Ravenhurst, 1982), an 1nvestigatioﬁ - %///
of the geochemical varfance of the leton]c rocks.(Loughegq; L E:

1982), and a comprehensive fluorescence, -ifrdﬁrcbgfauh ]
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petrographic study of scheelite-bearing sanﬁles from Zone B

.(Scott, 1982); the latter samples were analyzed for major

elements, IMo-and W .

1. 4 HETHODS
A geologica] map was compiled by the author during the
summer-of 1982. All samples collected from the field were
sfabhed and photographed to facilitate identificrtion.
Jr;viei, and later reclassificat{on if necessary. Geological
»reporfs b} worke;s,uh$ independently mapped various sectors
of the property provided the basis for distinguishing the
‘major units (McQuade, 1979; Lutes, 1981; Lougheed, 1982).
Geophysical reports aided in the place-ent of major faults
and interpretation of local structures (6asteiger, 1982
Ravenhurst, 1982).
Drill”holes ESN 1,56, 11, 13, 19, 25,\26 were relogged
in detail lo document occurrences of vein or stockwork gangue
‘. and associated_nineralizatioﬁ as well as the degree, and
) 'nlture of related 1ocal and/or pervasive alteratipn. A
‘signif1cant corre]ation was discovered between the co]or\of 3
Jparticular -unit aqd the type and degree of alteration. This
correlation was u#ed‘to derivé a hydrotherial alteration
color index by which all colors recorded in previous drill
169; were.relatei to a specific type and fintensity of
"~ wallrotk alteration (Chap. 4). o
A three-dimensional analysis of the mineralization and
some ot the. associated hydrother-al alteration was made by
'construéting two (2) three-dimensional nodels of lones A und

p
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.. B at scales df'1:500 and 1:10bo. respectively. This was

achieved by projecting wt.l W03, MoS2, and Cu vqlues and
alteration intensity onto two separate sets of semi-
transp;rent vertical drill hole sections. (Verticalsections
-were conputér-generateq and supplied by Kidd Creek Mines,
Ltd.).

Ten parallel vertical sections which trend 084° were

" made for Zone A. This orfentation subparallels the strike of

the dril1 holes and is approximately‘perpendicularmto the

" strike of -Zone A‘nineralization. The sections were drawn at

-u100u intervals and extend from L8N to L3S.
‘Eight parallel vertical sections trending 090° were made
for Zone B. The 0%0 orientation crosscuts the

mineralization at a high angle (70° to 90°) and subparallels

the strikeof thedrill holes. The sections were drawn at 50

to 100m intervals and extend from L6 to 125,

.The vertical ééctions from each zone were then hung t6
scale .in three dimensions and used to derive the plan a;d
céoss'sections of mineralization and,alteraiion presented in

Chapte}s 3 and 4

.0ri11 hole SSN 13, the most heavily mineralized in Zone .

A. SSN 26, heavily mineralized and containing the largest
iﬁnﬁ,rv‘a‘ls of the FQB porphyry in Zone B, and ‘SSN 25, within
the periphery of Zone B ;ere'sanpled and studied in the
éreatgst detail. Al1 samples collected from these
,dr111 holes were sl;bped, poTisﬁed,'and stained. The fatter

was acépmplished by etchiﬁg[each sample for thirty seconds in

'
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60% hydrdfludric acid and staining it in a saturated solution

of sodium cobaltinitrite. ' -

'<Vein and host rock materials from all drill holes were -

collected for geqerai petrographic study.'ind representative
samples w;re collected from drill holes SSN 1, 2, 3, 8, 9,
11.\13.'25.‘26, 28, 31, 33, 36, 37, 38 for microprobe and/or
fluid inclusion study. f}n total, 331 thin~,'82 polished
thin-, 40 polished thick-, And 29 doubly polished ffzid
inclusion sections were examined using a Le1£z HM-POL
ﬁo]arizing microscﬁpe—wigh a Leitz Wetzlar GMBH epi-
¥1luminator. | '

" Microphotographs were made using Kodaco{or 64 or 100 ASA
Filmwith a blue filter, or Ektachrome 160 or 400-ASA fiim
gnd no filter on an Uftraphot. Scheelite identification w;s
accomplfgﬁed using UVGL-48, ﬁ-lZ, and MS5L48 6V Mineralight
Lamp models of Ultra Violet Products, [Inc., San Gabriel,

" Catifornia and model F-8 of Raytech, Inc. of Stfatford, Conn.
The sididing filter was removed in models MSL48 and UVGL4S to

fncrease overall ultraviolet output.

© Flufd inclusion work was done on a SGE model II1
%reezing and heating stage with a Leitz SMLUX‘polarizing
'nicroscope and a2 high intensity type 3M-ENX 160W projection
1amp. The apparatus was previously calibrated from -50 to
500 C using qrganic compounds and native metals of known

melting points.

Electron microprobe analyses were carried out on a '

wavelength dispersive Camebax model MBl microbeam by Cameca

at 15 kV and 5 to 10nA. .
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Bulk rock analyses were done by X~Ray Assay laboratories

- of Don Mill, Ontario. Bondar-Clegg of Ottawa, Ontar_io

conducted most of the chemical analyses of track elements.

Correlation coefficients between ninera]ization‘ and

‘alteration (Chap. 4) were derived using a McGill main frame

statistical program, STATPAK. Stoichiometric calculations of
amphiboles, biotites and plagioclase were made on an IBM-PC

using publ ished or in- house progrus. and are referred to in

.full in Chapter 5. Graphical depiction of electron microprobe
data (Chap.5) was done using an 1n-house program, ROCGRAF2,

which émploys an IBM-PC and EPSON printer. Iterative
calculations used in the construction of phase diagrams v)e‘re

made usi_ﬁg a program written in Fortran, COMP, on ‘McGi11's

main “fWhap. 7).
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CHAPTER 2. GEOLOGIC SETTING

2.1 TECTONOSTRATIGRAPHIC SETTING
The Sisson Brook deposit is located within the .southern

portion of the Miramichi Zone, also known as the Miramichi

Anticlinorium (Anderson, 1968; Rodgé_rs, 1970), the Miramichi

Massif (Fyffe, 1981) and Zone 3 (Ruitenberg, et.al., 1977;
see F*g. 1.1'). The Miramichi Zone .consists of a thick

sequence of continental, marine, and volcanosediments,

fntruded by polydeformed foliated Ordovicianm ‘granites,:

d\ , .
numerous unfoliated to weakly foliated Devonian granites,

and minor felsic stocks and porphyries of probab}e Upper

" Devonian to Lower Carboniferous age.

The oldest exposed rocks in the zone belong to the

Cambro-Ordovician Lower Tetagouche Grouﬁ, to which Unit I at-

Sisson Brook is tentatively assigned. The rocks comprise a

thick succession of quartz-wackes, quarpiifes. and slates,

which are interpreted to be continental wedge sediments shed

off the Avalon microcontinent during a period of late

Hadrynian-Cambrian distension (Ruitenberg, et.al., 1977).

Thé sbquence is capped by Lower Ordovician caldareous.s]ate#‘

or an unconformable pehbie cong]onérate. and 1s'ové}lain by
the Upper Tetagouche éroup, an intercalated sequence of
ﬁillon basalts, felsic volcanics, feldspathic graywackes, red
and gray slates, and limestone.

The Tetagouche Group underwent intense folding and
pol ydeformation as a resylt of the closing of the [apetus

ocean during the Late Ordovician Taconic orogeny (Rodgers,

X



" 1970). ‘Abgndaﬁt fly&ch'sédiﬁentatfon-ehsdé& during Siluro-
Devonian time in margina] basins which deve]oped off e1ther
side of -the Miramichi Zone,, which is considered to have
acted as the main axis of an upraised geantic]ine
h Voluminous quantities of granitic material were emp]aced
semi-continuousiy throughoqt early Devonian- quboniferoys
fiimes\ilong two befts:'the‘Centra1ﬂP1uton}c Belt which lies

within the- Miramichi zone and includes the Nashwaak g}aniﬁﬁ.

€100 to 750m west of the depogit, and the Southern Plutonic’
Belt which 1lies 1in the Ffredericton Trough. The 1gneous'

activity was succeeded by a late tectanic event of'probable

.Upper Bevonian to Lower Carboniferous age.

About 15 tungsten showings. simi]ar to Sisson Brook have ’

‘hbeen found in NevarunswicK and define a-northerly trending,
arc- sﬁaped‘ﬂ + Mo +\Cd * Sn'metdllogénic-prbvince which
~»crosscuts the Central and Southern Plutonic belts. The
showings are hosted by Cambrian to Silurian age metasediments
and occur near intersections of the late shear structures and
thermal auredlgs of granites in the Southern or Central
Plutonic belts. Late porphyritic stocks are spatially
‘associated with some of the showings, including Sisson Brook.
_ This sugges£5qthat small-scale plutonism was associated with
the late faulting and may have been.respongible for the

mineralization (see Table 1 in Ruitenbery and Fyffe, 1982).

2.2 LOCAL GEOLOGY L S,
'2.2.1 STRATIGRAPHY . ‘

A geological map of the Sisson Brook area was compiled
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during the summer of 1982 (Fig. 2.1). This endeavor was
facilitated by field checking and saup1%ng.are§s jn the
mjnjn§ license .which had been mapped brév16us1y bylothér
workérs (Mann, 1979; McQuade, 1979; Lougheed, 1981). Major

11thologic units were distinguished by conpos1t10nal and

‘textural ‘differences observed fn the fielda

Unit I is _comprised of quartzitic sediments with Tesser

amounts of siltstones, pelites, and argtllites... It is

‘believed to be the oldest unit in the ’area and to wris'e

the axial zone ofa.region;l anticline. qut‘lis overlain
to the east and ﬁgstvﬁy what.arg cérsideréf‘to be
str;tigraphic(11y equivalent shales'(Unit rla) and
volcanosediments (Unit(II b), respectively (Lutes, 1981).
The eastern boundary ofAthe S1ssnn Brook Mining License
occurs within the western part of the shale unit. B

Unit IIb is crosscut by massive metagabbro (Unit III) to.
the west which is, in turn, cro§scut by leucogranite dykes\

and stringers (Unit IVb), that are 1ncreas1ngly abundant to

"the west. Further west, Unit IJI ‘is 1ntruded by the pink-

coarse grained Nashwaak granite (Unit IVa). ‘

An unfolfated and unuetanorphose& feldspar- quartz-
bfotite porphyry (Unit-vj‘is foundlin drill core from SSN 25.
28, 33, 36 and 37, near the‘Urit III-1Ib contact which
suggests it intruded *;long the gabbré-sedinent coptact. The
porphyry 1s believed ta post-date intrusfon of the Nashwaak
granite, and to have been responsible for the mineralization

at Sisson Brook.
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: F‘unn 2.1 Geological map of the Sisson lrook area showfn ‘ , ‘

major stratigraphic units and location of main® oo
- - mineralized zones, A and B. .
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2.2.1a UNIT 1 ; - o .

N

SUBUNIT IA T Cel B

Two subunits, A and B, aﬁa-rééognized‘uithin Untt I.

Subunit IA comprises most of thé bitcrops andléonsists'of

thin (<1.5¢m. thick) alternating beds of 60% to >90% pink

quartzite and black argillite. The subunit aIso contains
thickly bedded (>3.0 cm thick)unitsof massive, pale blue,

quartzites up to >lm wide which contain thin, rare,.

argillaceous laminae (see Fig. 2.7). In thi ection, the
quartz within the blue quartzites is sub u]ar and unsorted

which 1nd1cates that it was locally. derived or- that there was

o

rapid sediment supply. - “ ' . _

A zone of outcrops contaihiég ;llost n§ blue quartzites
and the highest ratio o; pink;tq black beds occurs semi-
continuously along the contact bhetween Units I and Iib {to
the west) from L26A. to LIN. No q&?crops of subunit IA were
found south of L3S. Nune;ous angd1ar boﬁldérs-compris;d of
the thinly interlayered pink and black member of subgnjt A
were found however& between lTines L10 to 135 and are
interpreted as suboutcrop.

.A variant qbich‘bears lﬁttle resemblance in nufcrop to
sgbunit A 1s'exposed between L4+50 and 8+50ﬁ.° Tﬁg_outcrops

éi@ highly sheared, schistose, blue-black in colpr, and

»,

. exhibit a knotted or bulbous texture. The latter is due to

the presence of coarsé grained hydrothermal biotite and

,transposition of the dominant (52) foliation algng a late

" (S3) crenula%ion cleavage. However, close inspection reveals

that the outcrops comprise the 1nterbedded‘gink quartzite and

-~

o b
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black argillite units that characterize subunit IA.

SUBUNIT IB

quunit IB is exposed along Sisson Brook, and is made up
of }nterbedded argil laceous and silty laminae which weather
to form tan and blue-black gritty surfaces. The edsternmdst
outcrop consists of isolated shale rip-up fragments in a da}k
blue-black silty matrix indicating that the unit formed in a
subaerial to shallow water environment. The latter unit

probably represents a transitional facies into the Unit Ila

black sTates to the east. .- ]

Westward, subunit IB grades imperceptibly into Unit IIb

pelites. The only megascopic difference between the two
units‘is the paucity of fine grained lapilli tuffs and
absence of medium or coa(§e~grained ones in Unit I (a single
fine grained 1apil1i tuff was found in drill hole SSN 19).
For this reason-the.first occurrence of medium grained
lapilli tuff was chosen to mark the boundary between Unit IIb

(be1ow) and subunit IB.

2.241b UI;T 11a | P

Unit Ila occupies the eastern sector of the Sisson Brook
area. It is believed to be parg of the east 1imdb of a
regional anticline (above), and the stratigraphic equivalent
of Unit IIb (Lutes, 1981)." The unit consists of pyrite-
bearing blayf slates, gray to green-gray sflty slates, and

]
[

wminor volcanics. Three subfacies are recognized.‘

The.basal subfacies, C, is composed mostly of graphitic,

15
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prrite-bearing. black slates. 16.6ut%rops where laie-silge

shearin@ is evident, the slates are highly silicified and

‘contain abundant. co-lonly*contorted and/or ptyg-atically

folded, thin lenses of white quartz. The unit is overlain by

. s .
- subfacies B, a succession of gray to green silty slates in

which no shearing or ptygmatically folded quartz lenses were
found. The'uppernost subfaéies. A, consists of severat*gray-
green volcanic units intercalated with-and overlain by slates

macroscopically éinilwr(i those of subfacies C.

2.2.1c UNIT IIb

Unit IIb consist;,of.-iffc and felsic volcanic rocks

interbedded with tan to olive siﬁty sandstones, ‘pelites and’

finely crystalljne. deep green-colored..ianded or massive

(FGA) anphibolitfc units. No exposures of Unit TIIb were

foun ‘3 uth of L3400S. The eastern contact with Unit I is

drawn the base of the last occurrence of 2 gedih--grajned
Tapitli tuff or at'thenfirsﬁ occurreﬁce'of subunit I'A. The

western contic;‘ig intrusive with the Mashwaak granite in the

north and the ietagabbro in the south.

Two main rock divisions are recognized based upon the
presence of & dominant l1ithélogy. Subunit IIbl consists
mostly ofit;q.“thinly bedded silty quartzites, lesser pelitic

letasédinénfs. and minor volcanics. The quartzites are found

. mainly along the edge of the Nashwaak granite between L5 and

ZBI. but -inor alounts are also found within the metavolcano-

. sedinentary-rich subunit described below.

Subunit 1Ib2 consists of interbedded felsic and

16°
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intermediate lapilli tuffs, pelites, argillites, minor
quartzites, bright green, banded, amphibolitic letasedilgngg.
and massive fine g}ained. dark green, amphibolitic units
(FGA). In general, pelitic -etasédineﬁts increase in
abundance to the west agd FGA units increase in abundance
eastward. n ‘

FGA units have a markedly tonsisteﬁt mineralogy composed
of fine grained actinolite and plagioclase. Many of the FGA
units have finely crystalline textu(es. suggesting that they
are dykes or welded mafic crystalvtuffﬂ.% FGA units are
present in Zones A and B, and are easily recognized in drill

core because of their distinct color, massive texture, and

‘consistent mineralogy. For these reasons, the units were

used to study and compare the relptive amount and type of
hydrotheraal alteration present in Zones A and B and 1in the
ninerllogic11]¥ similar gabbro (Chaps. 4 and 5).

The interlayering of the sediments and ¥olcanics
suggests that the {atter were deposited subaerially br in a
shallow water environmente It is noteworthy that the quartz-

hosted wolframite mineralization ipn Zone A (Mann, 1980) dies

out northward within the volcanosedimentary-rich subunit I1Ib2

" at the interface with subunit IIbl. gppper aineralization, -

however, continues northward, well fntb qua;tzite-riéh

subunit, [Ibl (Chap. 4).

[

2.2.1d UNIT 111

Unit III comprises the large body of gabbro east of the
Nashwaak granite which consists primarily of 40% to 70X

4
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actinolite, and plagioclase. It is divided in;o'%hree
subgroups, a, b, and ¢ based,upkn variations in metamorphic

mineral assemblages and rock fabrics.-Subgroups b and c are

" further divided into two and three variants, respectively:

Field identification of the subgroups was based on
textural evidence alone. If an uﬁfo]iated equitrysta]lihe
texture was apparent, it was identified as IlLla; if the

aforementioned texture was difficult to ascertain Jn outcrop

or handéample, but easily recognizable on a sawn surface, {i

was classified as IIIb. Rocks east of the Nashwaak granite
(Unit IVDb) and west of Unit IIIb which were relatively mafic
and crystalline, but not easily recognizabje as gabbro in the

field, were classified as Unit Illc.

UNIT Illa

Unit Illg‘hosts the majority 6% early scheelite
mineralization in Zone B (Chap. 3). Modal analyses of five
relatively unaltered Unit IIIa gibp}o samples (Table 2.23
show that plagioclase ané actinﬁlif; make up ~56% and 38% of
the gabbro, respectively. The remainder comprises mostly M3
brown biotite which topotaxially replaces the Pctino]it;.
Minor opaques are also present and 30ca11y outline and/or are
concentrated within the actinolite .cores. Microprobe
analyses reveal that some of the actinalite is cored by
relict fexréiugite ($cott{ 1983, pers. comm.). Thin seciion
and nisroprobe data show tﬁat the‘plagiqclisethas an An
content of 50 to 65. The unit locally contains felsic and
mafic horizons which define a follation subparallel to S2.

18
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. lele 2.1 Modal analyses of 5 re!at?vely pristine Unit IIla

gabbro samples from drill hole SSN 25. Numbers
: represent downhole depth, in meters. .

Sample. - 8.34 18.8 20.55 31.20 75.50 Avg.
Actinolfte  36%  33%  30%  40%  49% 38%
Plagioclase 541 60% 66% 563 45% .56%

M3 Biotite % 7% 4% %38 4% 5% \
Opaques . < 3% <13 D1y 1% '<C2% 1%
Sphene. - tr. - - - - .
BMIT 111D

Unit-llls is lobate-shaped and rims Unit IIla to the
west. The unit is moderately to highly foliated and outcrops
for an area over two kilometers in length and 300m in width,
pinching out to the north and éouth, Two subgroups are
recognized. Thg first is equigranular and composed mainly of
altered plagioclase and amphibole. The second subgroup has
biiod;l grain sizes ranging from 0.5to 2mm and 0.25 to 4--.'

respectively; and is composed mostly of plagioclase 1 to 2mm

across, <25% fine grained amphibole, and minor quartz.

. URIT IlIc

Unit IIlc, located between Unit JIIb and the Nashwaak
granite, is over 0.5km in width and several kilometers 1in
Tength. Unit IlIc is a hybridized version of the gabbro which
shows gradual and 1ncrea£1ng amounts of hybridization with.f'
and assinilation by, Unit IVb to the west (see Dietrich,

1973, for a sumamary of hybridization and assimilation

+
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criteria).

Some outcrops which contain abundant plastic mixing of

Units IIIc and IVb, are'patchily to completely hybridized to

a marbled felsic-mafic rock Showing extreme compositional and

textural inhomogeneity, or an equicrxsta111ne rock resemb]ing

'granodibrite, respective]y. The large compositional and
textural variations help explain why it has been described as’

a gneiss (Rgbinovitch. 1969), a hybrid rock (McQuade, 1979),

an augen gheiss (Mann, 1980), a quartz diorite and diorite

.(Lougheed, 1931). aﬁd a granodforite (Lutes, 1981).

,§ubuhit Illc is divided into three metamorphic variants,

f, 2, andv3.'lbcated between L7N and L9S, L9S and L17S, and
", A -

" - south. of L17S, respectively. The contacts between the
'varianis are probably gradational and were not observed in

- ‘the fie]do

‘ vnum 1 \ o L P
Vcrjant 1 is lineralog1Ct11y simflar to Unit IIIb, but

is pervasively silicified. locally has an {irregular or

cauliflower-1ike reciystgll%zgtion fe;ture. and contains -

perva§1ve brown biotite alteration (th. 2.2a)., North of

LQ‘OO discrete domains of Unit IIIb, 1-2m ‘across, grade

grndhaily or sharply ‘into ouscrops of variant 1.

A feu small vartant 1 outcrops near L5S/11W appear to

colprise -a silicified gneissose rock containiug_felsic and

mafic horizons, <1 to 4cm across. The horizons look like the

' letépdrﬁhie foliaiion found in Unit I1Ia. Alternatively, the

iliyers may rcpfesbpt plastic admfixing of gabbro ‘and

2
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(a) dtotitizea Unit IIIc gabbro (variant 1)
crosscut by VII quartz vein. Note {irregular

recrystallizatfon texture. (b) Unit IIlc gabbro.
blocks (variant 2) brittly crosscut by/and in

matrix of Unit IVb leucogranite. Note the thick
bifotite selvedges along the interfaces of the
granite and gabbro. (c) Unit IIlc gabbro (variant
2) plastically crosscut by leucogranite. (d) Unit
Il1lc gabbro (variant 3). The unit’As dioritic in

. appearance and contains ‘large knobs of M3

actinolite up to several centimeters in length.
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léucogrlqite.

VARIANT 2 | _
| Variant 2 consists'lostly of gabbro. which is partially, .
and in places, conpletefy hybridjied by the']eucogranjte. In

some places it consists of massive or banded, rectangular to

subrounded blocks of Unit IITa, {1 to 2m across, in a matrix
of c&arse grained leucogranite (Unit IVvb; Fig. 2.2b), large
Unit IIIa~or b gabbro outcrops locally hybridiied by numerous
Unit IVb dykes and stringers; or a relatively homogeneous
granodioritic phase believed to be coup]eteiy hybridized
gubbro.'The latter grades locally into a more mafic
counterpart which resembles dabpro, in the same outcrop.
Where variant 2 is crosscut 1n‘1 brittle way by Uniy IVb
(F}g. 2.2b), the blocks are more easily recognized as gabbro.
In outcrops crosscut in a ductile fashion, however, the
gabbro is altered locally to a more leucoééatic rocg uith‘a
heterogeneous 1 to 3mm cr;:tal size, and 1s-less easily

identified as gabbro (Fig. 2.2c). -

VARIART 3

Variant 3.'uhich occurs south of variant 2, exten&s

, southward off the map area and grades imperceptibly into Unit

'IIIb to the east. It ifs the most hybridized part of the

gabbro which, in outcrop, resembles a mafic fine grtined

version of the Nashwaak granite or a granodiorite similar to

_the locally hybridized patches found in variant 2. The rocks

are massive, composed mostly of plagioclase and subrounded:

quartz gra1n§ in a mafic biotite-rich matrix, and have a

22
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grainy or a cauliflower-like crystalline texture. South of

L255, large knobs of actinolite, up.to 1.0cm across grow -

-

locally out of the matrix (Fig. 2.2d).

2.2.1g UNIT IVa
The Nashwaak granite is one of many unfoliated Acadian
granites found™{n the Central Plutonic Belt of New Brunswick

(Fyffe, et.al., 1981). It is pink, medium to coarse grained

and equicrystalline (average crystal size lcm), and contains '

about equal amounts of plagioclase, orthoclase, and quartz,
and <8% biotite. Numerous (0.25 to 0.50m wide) dykes crosscut—
several gabbro qutcrops near the Unit IlIc-IVb contact.

The Nashwaak has an extensive thermal aureole which 1s

-evidented by porphyryoblast developlent in metasediments, and

anphibolitization of gabbro, fine graiﬂ%d anphibo]tfic (FGA)
and othpr mafic units. 'In addition, it is locally silicic,
fo]iated. subporphyritic and narginally contaminated by
gabbro aﬁong its border. The 1atter is evidenced by .the '
presence of abundant biotite (up to 25%) where it crosscuts

Unit 111. ' :

Analyses of una]tered Nashwaak granite from in and near

. the Sisson Brook area fall along they upper end of regional Na

+ K enrichment (Fig. 2.3) and Ca-depletion trends outlined by

analyses of other Central Plutonic granites (Table 2.2). The

'biotitﬁ-rich granite, ‘adjacent to gabbro (above) piotsa

between pristine gabbro and Nashwaak analyses, indicating
that it is probably contaminated.
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Table 2.2 Geochemical anmalyses of some Central Plutonic Belt

-
¢

co.

- Granites and Unit II1 gabbro.
Gardiner,
et-‘]o’ 1981;

rep't; 3,
Moore, R.L., 1982, co. rep't.

-

1, this study; 2,
after Fyffe,

$102 'A1203 Cad Mgo

Na20 K20 Fe203 T102

Rame
Nashwaak®3  73.7 13.2° 1.01 0.09 3.06 5.34 1.99 0.22
(Unit Iva) 72.6 14.6 0.59 0.33 3.27 4.78 1.82 0.24
. 72.9 14.5 ‘0.71 0.32 3.14 5.07 1.81 0.22
73.3  14.7 0.60 0.33 3.31 4.91 1.76 0.23
. 72. I3. ‘0.9 0.2 3.6 4.0 1.7 0.1
. 71. 15. 2.9 1.3 3.2 4.3- 3.5 0.6
Leuco- . ‘ o I
granite' 73.8 12.5 1.02 0.57 2.70 5.16 2.14 0.25
(Unit IVD). ) ) )
Skiff Lake®> 69. 15. 2.3 1.3 3.3 4.0 3.7 0.5
Burnthil1® 74, 12.7 0.7 0.2 3.5 4.2 1.2 0.1
. . 76. 12.0 0.6 0.2 3.2 4.9 2.0 0.1
Dungarvon3 75.5 14.5 0.8 0.35 3.5 4.6 .7 0.2
Porgh[rios ‘ .
Sisters Brook? 75.2  1.56 9.13 .
Rocky Brook?  75.4 1.41 9.
Noose Brook? 74.1 2,00 8.5 - .
FQB Porphyry! 69.2 14.5 2.5 0.92 3.65 3.64 2.66 0.41
(Unit vg . 70.7 14.6 2.34 0.78 3.88 3.86 2.45 0.39
70.3 14.6 2.17 0.81 3.81 3.95-2.52_ 0.39
bbr '
Unit II1a* 48.7 19.4 9.79 5.00 2.82 0.82 8.95 1.46

2.2.17F UNIT 1IVb

Unit IVb comprises the leucogranite}that crosscuts,

engulfs. and/or assimilates Unit II1b and c.

mostly in Unit III,

westward.

It is found
and“ogcur; in 1ncre|sing_gloupt;

One silicified Qutcrop, several meters wide}and _
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devoid of gabbro, occurs 600m east of the Nashwaak granite.
A bulk rock analysis of the outcrop falls along the same
regigna] trend of alkali enrichment and Ca depletion as the

Nashwaak and other Central®Plutonic granites, and near the

!’

upper evolved end of Nashwaak analyses (Fig. 2.3).

> The Teucogranite apparently does not have a thermal

«

aureole. It is, however, associated with local pervasive
I

brown biotite alteration of (Nashuaak-feIated) actinolite in
gabbro. The evolved geochemistry, presence of hybridization

and local alteration of (Nqshwaak-relaged) actinolite, in the

-

ibsence!of a thermal aureole suggeits that it intruded

shortly after the Nashwaak into relatﬁvely hot country rocks.

*

2.2.1g UNIT ¥ ' °

Unit V consist§ of a gray to gnay-g}een. unﬁolig;ed.
feldspar-quartz-biot}te (FQB) porppyry which contains large
K1 to"5cm), carbonate-filled miarolitic cavities. It is
made up of plagiocl;se. K-?eldspar. quartz, and biotife
phenocrysts (48%) within a fine grained matrix of K-tgidgnnr
and iuartz (521).1The phenocr;;ig.é%ngigt of - ~23% zoned
plagioclase (Ané to 26) up toLVIcn acrpss, 10% euhedral
quartz crystal (1 to 7mm in width), 8% biotite (>0.05 to
0.3mm across), and 7% K-feldspar crystals (0.2 to 1.0cm

wide). The quart:z ﬁhenocrysts are §ray in color and contain

relatively low temperature fluid 1nc1usions (Chap. 6) whlch

)

might indicate that the original quartz was replaced. Sy

“ The porphyry is found Jn\y indrill core withinvloo to
200m of the gabbro-sediment con}act (SSN 26,28, 30,31, 33,
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36, 37, and 38; Fig. 2.4). The probable near-surface extent
of the main porphyry bbdy, which is inferred from geophysics,
occurs to the east, and is discussed below (p. 17).

The porphyry post-dates intrusion of the Nashwaak and
leuco- granites. It contains no Nashwaak-related contact
metamorphic phases nor late brown biotite alteration, and
intrudes along a late E-trending fault between drill hers
SSN 28 and 31.

The porphyry falls along the Central Plutonic Belt
granite trend, It is less evolved, (i.e., contains less Na20
+ K20) however, than the Nashwaak, leuco-granite or other
laté stage porphyries in the area. One reason for this may
QE that the porphyrx formed from partial melting of, or was
éqﬁ%ﬁginated during a/cension through, the gabbro. This
océhrs;ffdfﬁéxampfey in the marginal phase of the Nashwaak
(Fig. 2.3). .

The porphyry ¥s hydrothermally altered, in places. In
least altered sections, the plagioclase is dusted with minor
amounts of fine grained sericite. In more a]tergd sections
the p1agiociase is moderately sericitized or replaced by
epidote, chlorite or carbonate. In addition, the porphyry is
associated with pervasive biotitization of surrJunding
country rocks. The biotite, which is reddish-brown in color,
is optically and chemically different from the brown biotitg
associated with Unit IVa and is relatively easy to

distinguish in thin section (below).

27




2 en

-

Figure 2.4 Distribution oi mineralized Zones, A and B, about,

and the inférred location of the FQB porphyry
within (hatched area), the elliptical, torus-
shaped region of high chargeability/low
resistivity. Note that the hatched area coincides
with the location of the FQB porphyry in dril}
hole 26, and is flanked to the west by numerous
FQB porphyry dykelet(s) (in red), also found in
drill core.
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2.2.2 STRUCTURE

Three E-trending fnults and two WNK- trending faults are
found in the Sisson Brook areUFig. 2.1). The northernmost.
fault q\ubparallels L16N and is defined by a l;gnetic o,nonly"r
offset with no apparent displace;ent of the rock types (Fig. a
2.5; Gqste1ger, 1981; magnetic survey, north sheet).

The second lostg northerly fault subpanl‘lels L0+00,
along Sisson Brook (Fig. 2.1)'. and is assocfated with intense
stlicification of surrounding country rocks. The fault has anm
observed right strike-slip displacement of up to 350m in Unit
Ila ngar the Unit I-11a contact. To the west, Zone A crosses
the f\lt but is not displaced, indicating that it formed
" after the fault. Further west, the fault dies out in, and is
there’fo’re older than, the Iashngk granite.

To the south is a Hllli-trand‘lt;g fault zone which extends’
.fro- LIN/20W to L4S/2W and is defined by an en ‘echelon array
of offset northutherly tr.endnrg YLF anomalies (Figs. 2.1 and
2.5). No displ acement of the rock units was observed.

Further s;uth is an E-trending fault with a lateral
displacement of<{100m and 1imited extent (Fig. 2.1; see Fig.
3.4). The fault offsets the Unit III-I1b contact and early
séhiellte-ﬁnenli;ed zones, but does not displace late
s;heeli;e--olybdenite zones (Chap. 3). The offsets indicate'
that the fault formed after the first pul\s‘e of
ginera]intion. ‘but Sefore the second.

The southernmost E-trending fault occurs within gabbro

and extends from about L10S/22M to L16S/4W (Fig. 2.1). The
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fault is inferred from anen echelonarray of offsets in NNW-

trending VLF structures (Fig. 2.5).
Two subsurface structures are 1nférr:ed from geophysical

data. A large elliptical zone, defined.by anomalies in

magnetic and chargeali‘ility measurements, occurs between L2S

and L13S and ‘5§ to 17W, and is postulated to be a gabbro rim .

about a subsurface intrusion centered at LBS/11W (H‘g. 2.5;
Ravenhurst, 1982). ;
An elongate torus-shaped regit‘an of high

chargeability/low resistivity measurements subparallels the

:baseHne from L3 to L13S, and is 400m ascross (Fig. 2.5).

Dyke(let)s of FQB porphyry occur 1n-drﬂl core in the western
rim and within 150mof thewestern flank of the anomalies in
Zone B, but are absent in Zone A. The lack of dyke.(let)s in
Zone A and their concentration and coincidence along the
western rim of the anomalies in Zone B, suggests that tﬁe
anomalies.represent the near—s‘urface ‘extent of 1he porphyry
or related intrusion(s) (see Fig. 2.4). The elliptical shape
of /the anomalies, with the long axis parallel and sl 1ght1y'
east of the gabbro-sediment contact, and the co%entraﬁon of
dyke(let)s along the gabbro-sediment contact, suggests

further that intrusion of the porphyry was controlled by the

‘contact.

l

2.2.3 NETAMORPHISM AND MICROSTRUCTURE
Four periods of regional and conﬁtact nita-orphisl are
recognized 1in the Sisson Brook area, M1 through N& (Lutes,

1981). The first two'events, Ml and M2, are attributed to

il
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the Taconic oéageny, and produced regional subgreensghist
grade metamorphism aﬁd two, subparaliel, stg%%ly dippifs, NE-
trending foliation surfaces, S1 and S2.

The third evgnt, M3, was associated with the intrusion
of the post-Acadian Nashwaak and leuco- granites. Intrusion
of thé‘uashwaak led to contact metamorphismof the country
rocks, and intrusion of the leucogranite resulted in local
hybridization and pervasive biotite ﬂ)teration of the caquntry
rocks.

M4 1ed to the formation of a NN-trending, steeply_SH-

-dipping S3 foliation surface, hydrothersal alteration and

mineralization, predominantly E-trending faults, and
intrusion- of the FQB pprphyr}.

Events M1 and M2 are most clearly seen in Unif Ila
sﬁales and Unit I quartzit;s. which are furthest from the
contact aureole of the ﬁashwapk. whereas M3 is most
abundantly developed in Units IIb and III which flank it to
the east. The S3 surface and E-trending faults, related to
M4 are found in all units. M4 hydrothernal‘alteratioh appears
to, be present, however, only within 1km of the mineralized

zones.

2.2.3a N1 3
The M1 event, of subgreenschis} grade, resulted: in
development of steeply dipping, northeasterly trending

hematite-filled fractures (S1) parallel to bedding surfaces

(S0) that are outlined by black chloritic clays. The Sl

surface was observed only in Unit Ila §halgs where it locally

32
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defines the dominant foliation surface, or occurs as relict,
tightly folded pockets of black (Ml) chloritic shales in M2-
altered rocks (Fig. 2.9).

2.2.3b M2
The M2 event led to development of the dominant

fo11iation surface, S2, which subparailels S1. The S2 foliation

surface. is defined by the M2 assemblage, fine grained
muscovite + chlorite + quartz + opaques.

The gabbro locally contains a foliation in Unifs IIIb
and ¢, defined by Jeuco- and nelanb-ératdc zones, which may
represent -penetrative M2 deformation. The foliation strikes

N17 to 40E and dips steeply, subparallel to the Sésunface.

However, the zones appear to become increasingly well-

developed westward, suggesting that they formed during

intrusion otﬁ;he 1eucogrin1te (M3; below).

2.2.3c N3

The M3 event is associated with intrusion of the
Nashwaak and late leuco- granites. Intrusion of the Na;hunak
produced a large thermal aureole. Most rocks at Sisson Brook
lie within the andalusite-garnet (and-gt) isograd of the
aureole, which is located in the western part of the shales
(Lutes, 1981). The aureoie is manifested by porphyroblasts
of cordierite, andalusite, and . garnet in the pelitic and
volcanic metasediments in Units I, Ila, and IIb, and by
tctinoli&e fn the bright green massfve units (FGA), banded
lnphibol!tic metavol cano-sediments, and gabbro (Unft III).

Intrusion of the leucogranite was associated with

33
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exteﬁsivg dyking, .assimilation and hybridization bf,gabSrS.
This produced minor letimorphic overprinting of M3 (uashﬁaak-
refated) blqgioclase and actinolitg in gabbro; and
replacement of M3 actinolite by brown biotite, The
hydrothermal biotite alteration occurs as biotite reaction
rins.abéut leucogranite dykes in gabbro, and as 1 to 2cm
biotite clots and fine .grained pervasive alteratioﬁ
throughout western parts of the gabbro. The biotite, in a]f

cases, is coarse grained, inclusion-free, and has brown- to

Cyellbw- or olive- colored pleochroism.

fhe)intensity of dyking, minor netauorphic\overprinting,
and br;un biotite alteration, increases westward across Unit
Illa into Unit IIlc. For example, Unit IIla is relatively
massive and contains minor amounts of-leucogranite dykes and
brown biotite altérafion. and no metamorphic-overprinting.
Unit IIIb, however, comprises two subgroups which have
equicrystalline and bimodal grain sizes, respectively. Both
subgroups are foliated and contain up to 20% fine grained
brown biotite and sphene, which replace M3 actinolite.

In contrast, M3 actinolite in Unit IIlc 1s, in places,
completely altered to brown biotite and sphene, and
Tlagiociaseacores are locally obscured by sericite
atteration. In addition, Unit IIIc, variant 1 rocks (p.20)
locally contain fine grained quu]ose to Qerraie huartz and
minor licroclin;, and some plagioglase crystals are abraded
fnto small and large fraglents.‘ Late retrograd? alteration

in variant 1 rocks {is evident by the presence of minor

- - *
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epidote and chlorite, which overg?ow§ soq; o} th@ brown
. © bictite and plagioclase.

* ( . . Intrhsion of the ledcogranite may al50 have produced

- qjcrgscopic strain and shock features in minerals in varjant

2 ga‘bfo btocks. This includes undulose to “"protomosaic"

quartz, shock twins in the actinolite. and extremely wel!-

v e wn Bl o Sl A e .

defined albite and/or Carlsbad twins which overprint primary
\\x concentric zoning in plagioclase. Shock twins in amphibole
are rarely observed in‘nature, but have been produced in
experimental studies of plastic rock deformation (Hauggorne.
1983, p.333). . <.
X 4 The most extreme effects of the leucogranite are evident
in the uidespread.assinilation and hybridization of Unit
Illc, vﬁriant 3 gabbro. _Variant 3 gabbro is so completely
{ hybridized by the leucogranite, in places, that }t gorns a

felsic dioritic phase (p.22).

I

2.2.3d M4 ‘
The M4 event is associated with the fornation of the S3

¢ foliation surface, the mineralization and hydrotherna]

alteration, 1intrusion of the FQB porphyry, and development

P e

of E-trending faults. The S$3 surface, which trends
~N50/70SW, is a crenulation cle;vage in less competent units;
é.g” shale, pelites, and volcanosediments, and. a fracture
cleavage in competent, massive units, e.g., gabbro, granite,

blue quartzites.(Unit I; Fig. 2.6).

R o T O ¢ e

The S3 surface locally disrupts M3 porphyroﬁlasts in
( Units I and Ilb. For exauple.\andalusite, cordierite and

- 38
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Fignn 2.6 Outcrops of Unit I showing the development of S3
(yellow stripes) as & crenulation cleavage in the
less competent intercalated pink,quartzites and
argilTldites (a), and as a fracture cleavage in the
-assive. more cplpetent blue quartzites (b).
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garnet porphyrobiasts are bent locally along 1ntern£1 shear

Ny

pﬁanes into or related to development of the S$S3 crenulation

cleavage (Fig. 2.7). : X

In add}t]on, the S3 surface hosts most of the
mineralized veins in gabbro and metasediments in both zones
(Chap. 3) The mineralization is loca]l} associated with
pervasive red-brown biotite alteration which crosscuts M3
porphyroblasts and brown biotite alteration. The biotite 1§
conceqtrated locally as <1.0mm cryﬁtocrysta]line to
crystalline spots along S3 cre;ulation hingelines, distal to
the deposit, and intense pervasive alteration and vein
haloes, in the deposit (Chap. 4). The red brown biotite is
optically and geochemically identical to biotite in thé veins
and veinhaloes. The red-brown biotite is also identical to
the red brown biotite phenocrysts in the FQB parphyry (Chap.
5).

Extensive local faulting also occurred at this time. The
faults trend E and WNW, and have a measured strike-slip
component ranging from 0 to 350m. The faults locally crosscut
the Nashwaak granite, displace early scheelite--ineraltzed
2ones in Zone B, but not the later -olybdenite-scheelite- and
uolfralite-chalcopyrite-.aineral1zed zones in Zones A and B
(Chap. 3). In addition, FQB porphyry was found in drill core
along the E-trending fault in Zone B (Fig. 2.4). ‘

\
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Figure 2.7 M3 garnet porphyroblast bent along internal shear
planes which formed during development of the S3
surface.
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CHAPTER 3. WINERALIZATION
3.1 INTROBUCTION

The mineralization at Sisson Brook occurs in two
separate zones which contain nearly identical types of
mineralized vein sets, denoted from oldest to youngest as, VI
to VV. Zone A mineralization is found in Unit IIb
metavolcano-sediments, only, and Zone B mineralization, which
occurs south of Zone A, occurs within Unit 1Ib metavolcano-
sediments and metagabbro (Unit III; Fig. 2.1).

VI mineralization consists of coarse to fine grained
scheelite in bright green amphibole-filled vein(let)s,

fractures, and massive clots, <1 to 10cm across. Vein set VI

occurs almost entirely within gabbro, and hence, is almost

exclusively found in Zone B. VII mineralization is composed.
4

i

of thin scheelite + biotite + sulfide-bearing quartz
veinlets, and occurs in both Zones A and B. Biotite fis
nbtably absent in Zone B. VIII mineralization consists of
-olybden{:e 4+ tr. pyrrhotite quartz veins in Zone A and
scheelite + molybdenite + pyrrhotite quartz veiq; in Zone B.
Both VII and YII] vein(let)s are associated with biotite
haloes (potassic alteration; Chap. 4). ‘

The VIV véin set consists of mineralized quartz veins

and <1'to >30m wide, 1inear quartz-filled fracture zones up

to lkm fn length, hereafter called quartz stockworks. The -

veins and stockworks contain mostly wolframite, chalcopyrite,
pyrrhotite + traée molybdenite in Zone A, and scheelite,
molybdenite + wolframite + chalcopyrite ¢ py:;hotite in Zone

> ’
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' B. The veins and stockworks are characteristically associated "’
with sericite (phyl1lic) alteration (Chap. 4).
The youngest vein set, VV, comprises pyrite +
arsenopyrite + acanthite + tr. hessite + tr. native bisnwgh hd
trace chalcopyrite, molybdenite, galenﬁ. and/or sphalerite in:

carbonate + flpyorite vein(let)s, fracture-fill, and

pervasive, massive carbonate flood zones. VV veins are
associated with sericite-clay (propylitic) alteration (Chap. 4
4).

The main differences between the mineralization in the
two zones are that: 1) the potential ore minerals are
wolframite and chalcopyrite in Zone A, and scheelite and
molybdenite in Zone B and, 2) the mineralization of economic

. importance in Zone A is most abundant and contained within
VIV quartz stockworks, whereas in Zone B, it is found in vein

sets VI through VIV (Section 3.6, below).

3.2 RELATIONSHIP OF lIIERALfZED ZONES TO GEOPHYS{CS

Zonwes A and B are proximal to, and symmetrically
disposed about a large, N- trending, elliptical and torus-
shaped zone of high chargeebility/low’resistivity. >lkm in
.length (Fig, 3.1; Chap. 2). The anomaly is beldieved to c
represent the near- surface extent 6f the FQB porphyry (Chap.
2, p.17). Zone A extends radially outward from its northern

rim, following VLF and horizontal loop EM anomalies (below),

S

pinching out ~lkm to the north. Zone B, which also follows
- strong VLF anomalies, flanks and lies within its western rim

(Fig. 3.1).

40
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3.3 NIRERALIZED FRACTURE ZONMES WHICH COMPRISE ZORE 8

H)ereas the mineralization of economic importance in

Zone A is contained within vein set.VIV (see Fig. 3.8), the

mineralization in Zone B is found throughout vein sets VI

through VIV. Vein sets VI and VII are concentrated in four
scheelite-mineralized zones, Fl1 to F4, and VIII and VIV veins

are most abundant in three\scheel1teoloiybdcnite-nineralized

AN

. zones, MZ1 to MZ3 (Fig. 3.2).

3.3.1 SCHEELITE MINERALIZED ZORES, F1 TO 'F4, ZONE B )
Vein sets VI and VII largely occur 1in four NNE-trending

scheelite-mineralized zones in Zone B, Fl to F4 (Fig. 3.2).

The zones, uﬁich are 10 to 80m across, are defined by drill
core intervals averaging ~0.10wt.3 W03. They contain Tittle
molybdenite mineralization, generally <0.0lwt.% MoS2. The
gabbro-hosted portions of the zones, i.e., a1l of F1 and F2
and approximately half of F3 are dominated by VI veins. Those
portions which occur in Unit IIb metavolcano-sediments, i.e.,
approxi;ately half of F3 and practically ali of F4, conta{n
mostly VII quartz veinlets.

The zones vary in strike from N19E in the west to N7E to

the east, and appear to dip near vertically. The zones flank

. the western edge of the oblate zone of high chargeabilfity-low

resistivity (Fig. 3.1), and are proximal to and subparailel
tﬁe gabbro-metavolcano-sediment contact. The latter suggests
that the contact provided the main controlling structure for
fluid focus.

F1, the westernmost and narrowest (~13m across)

42
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Figure 3.2 Surface projectian of scheelite-mineralized zones,
F1 to F4, and late scheelite-molybdenite-
mineralized zones, MZ1 to MZ3, im Zome B.
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. fracture, is entirely gabbro-hosted. F2, to the east, is the

widest zone (v70m acro§§l.-and also occurs entfrely within
gabbrq. The zo;e appears to have a near vertical dip, based
upon limited drill hole correlation from SSN 36 and 37. ‘

F3 directly straddles the sediment-gabbro cdntact,. The

zone!spans-vaol. bfifurcates in its central paﬁt, and rejoins

- within 400m a]ong\its strike (Fié. 3.2). F3 crosses a small

fault between drill holes SSN 28 and 31 which has a left
strike-siip couponent of¢VZSu and unknown verfical

displacelent. The fault displaces F3 and the host rock by

about the same alount. indicating that there was post- ;

mineralization movement. ‘The direction of dip‘1s'appqngnt1y

steeply eastward according to dr111 hole data correlated

directly across the fauIt. If one rotates .the units westward

to conpensate for lateral displaceuent the zone dips near
vertical]y.
F4, which is the only zone that occurs completely within

Unit IIb metavolcano-sediments, is v50m across and b1furcate§

“and rejoins within 150m along a zone of gabbro dykes. It

contains the least number of VI veins.

The lateral extent of the mineralization in zones F1 to
F4 is inferred from the geometry of the zones and geophysicg1
data. The fractures pinch and swell and are open-ended in

plan view, suggesting that the zones ctontinue further north

and south. The close correlation between Vi? anomalies and "

mineralization (Fig. 3.1), and their relationship to the
western flank of high resistivity/low chargeability, suggests

e -
1
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that mineralization extends at least as far north and sou;h

as the VLF and elliptical anomalies overlap.

&

3.3.2 IOLYIDEIITE-SCHEELITE ZONES, NIl teo MI3, Zﬁlc

Three NE trending lensoid zones, comprised mostly of
VIII- and lesser VIV- quartz-hosted scheelite and molybdenite
mineralization (MZ1 to MZ3), crosscut the scheelite-
mineralized zones, F1 to F4 (Fig. 3.2). The zones,. which are
50 to 75m across, ;praralle1 stratigraphy, trending from
east to west, N29,5E, N13E, and N27.5E (Fig. 3.2). Drill hole
data from SSN 28 and 31 indicate that the southernmost zone,
MZ3, dips steeply eastward. The mineralization in the zones

is discussed in Section 3.5.

3.4 VEIN ORIERTATIONS
A stereonet projection of poles to the planes of 347 VI

vein(let)s and microfractures in Zone B, 144 VIII quartz

veins in Zone A, and 37 VIII quartz veins in Zone B is shown

in Figure 3.3. The figure shows that although the vein sets -

formed along a NW-trending conjugate fracture set, parallel
to $S3, VI veins dip steeply to the SW or NE, whereas VIII

veins dip mostly to the SW.
In addition, Figure 3.3 shows that VIII veins have a

smaller range in strike which appears to be rotated ~20°

degrees counterclockwise, or north of that of VI vein(let)s.
The strike rotation may help explain the 15° difference in
s£r1ke between early VI- and VII- scheelite-mineralized
zones,. which parallel the gabbro-sediment contact (F1 to F4;
Fig. 3.}). and late VIII- and VIV- fcheelite-uolybdenite-
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ﬂ'-n 3.3 Orientation of poles to planes of YI vein(let)s in
Zone B and VIII veins in Zomes A and B. MNote that
VIIT veins dip more consistently to the SW and are
oriented about 15 in & more northward orientation
than ¥I vein(let)s. The range in measured values
of the S3 surface is shown as solid 1ines in each
diagram, for reference.
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mineralized 2ones, which subparallel stratigraphy (MZ1 to
-MZ3; Fig. 3.2). S

Variations in orientation are appaient]y independent of
vein(let) size. The smallest and iargest veinlets, <lmm to
Smm and 1 to 1.8cm wide, for example, have almost 1den{1ca1

ranges in orientation.

3

3.5 RELATIONSHIP OF VEIN ORIENTATION TO THAT OF THE
NINERALIZED Z0RES

Although the veins subparallel the steeply dipping, NW-
trending S3 surface, the mineralized areas in Zones A and B,
which are also steeply dipping, strike ro&gh]x N (Fig. 3.1).
Hence; the veins intersect the mineralized zones obliquely.
The: oblique intersection suggests that the -1neralized zones
were gash fractures which may have .resulted from shear
coupling duriﬁg formation of S3, and along which the fluids )

entered S3 foliation planes.

3.6 VEIN PARAGENESES
The vein parageneses and spatial distribution of the
vein sets are discussed below in order of oldest, VI, to

youngest, VV,

3.6.1 VEIN SET VI
3.6.1a VI MINERALOGY

The VI assemblage comprises scheelite-bearing hornblende

4

+ albite + tr. K-feldspar *+ magnetite + rare pyrrhotite
vein(let)s, fractures and massive clots. In thin section, the
hornblende, which typically comprises >90% of the

¢
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assemblage, occurs as vibrant emerald to green-blue
¢
transparent blades and crystals <£.05 to 2mm across.

Microprobe analyses indicate that t;e amphibole varies in
<composition from act{noldtic hornblende to ferro- ana
fer}o-pargasitic hornblende (Chap. 5).

The albite, in thin section, appears as turbid, cloud-
like masses interstitial to hornblende and magnetite
crystals. Plagioclase of unknown composition was found on the
walls or, less commonly, inside a minor number of large VI
veins. K-feldspar was evident in a minor number of stained
slabs, but was not found in thin section.

Magnetite is the most common accessory phase, and occurs
as euhedral to subhedral cubic crystals up to 5mm fin
diameter, and as anhedral masses interstitial to wvein
amphibole. In one vein, Targe (3mm) crysta1§7of pyrrhotite
weiekfound in apparent equilibriumwith adjacent magnetite
crystals. Minor disseminated specks and crystals of minor
pyrrhotite, 0.05 to 2.0mm across, are present in a small
number of VI clots, but are rare in V]I veinlets. Pyrite was
found in a rare number of clots which are.crosscut by, or
near, younger sulfide-bearing veinlets.

Scheelite is disseminated throughout most veins and in

associated (Al) altered rocks (Chap. 4). The scheelite occurs

as specks andkless common, 1 to 2cm tetragonal crystals. The
' °

crystals are bipyramidal with approximately equidimensional.

lengths and widths, and have typically squarish outlines.

Most of the scheelite fluoresces canary yellow (y-

scheelite). Microprobe analyses (this study; Scott, D., in-
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house co. report) ipdicate that the yellow fluorescence is
due to minor (<2 to 3%) Mo02 in the scheelite structure. Some
of the scheelite, however, is pure Cak04 and fluoresces

bright bluish white (w-scheelite).

3.3.1b YI MOBE OF OCCURRENCE AND DISTRIBUTION

The VI assemblage occurs mostly in curved, discontinuous
microfractures and veinlets, (2mm wide, and as dark éreen
hornblende ciots, <1 to Scm fin diameter, which are fed by
hairline fractures (Mann, 1981). In addition, it is found
less commonly, in more linear, continuous veins >3cm across,
and rarely, in >18 to 50cm wide veins (Mann, 1982; SSN 33 and
36).
| Yein set VI and associated (Al) alteration (Chap. 4),
are highly host rock specific. Approxingtely 80% of VI clots
and vein(let)s are hosted by gabbro and >16% are found in FGA
units. The remainder, <4%, are found in Unit IIb
metavolcano-sediments or felsic dykes (Fig. 3.4).

About 75% of the latter veins crosscut rocks which are

highly silicified (Fig. 3.4, inset). Silicification is

-t

associated with the formation of vein sets VIII and VIV,

Hence, the presence of VI veins in these units may indicate
[ 4 .

that a minor number of VI veinlets formed concurrently or

later than vein set VIII. In most cases, however, VI

vein(let)s are consistently crosscut by VII and VIII
vein{let)s. . e '

w?

VI vein{(let) density and the amount of associated

scheelite mineralization apparently decreases abruptly within

- -
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Figure 3.4 Histograms showiag distributions of V] density in
gadbro and metavolcamo-sediments in all drtl]
holes fnlome 8. The scaleof the vertical axis in
the histograms s, lcem = 20 VI vefn{let) or clot -
occurrences per 100m of drill core; “a” refers to .
FGA (mafic) unfts, °f" refers to all other
“felsic”" Unit IIb metavolcanmo-sediments. Inset
shows relatfve amounts of VI veia(let)s and clots
which occur 1n silicified versus uasilicified Unit
I1Ib metasediments.
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several hundreds of meters outside F1 to F3. VI vefn(let)s

are rare and Yargely unmineralized in dri11 holes SSN 24 and

25, €800m to the southwest or in dri11 holes SSN 27 and 32,

<€400m to the west; no V] veinlets or clots were observed in

any Unit Illc gabbro outcrops to the west; and no VI features

were found in any gabbro outcrops to the south (the first of

which occurs ~200m south of 55! 25). Furthersore only -1nof;;

unmineralized VI clots and veinlets occur to the north in
Unit Illc gabbro outcrops, <400m west of lone A, or in Zone A
drill core of gabbro dykes. _ ’

These distribution patterns suggest that VI
mineralization and -oat VI features probably die out along
the gabbro- sed1lent contact near Zone B and south of lone A.
This agrees with the 1nﬁ¢rred extent of niperalization in
fractures Fl1 to F3 (Section 3.3.1)

VI vein(let) density in FGA units {is much lower than in
gabbro (Fig. 3.4), although the units are mineralogically
similar. The lack of vein(T:t) development inplies that FGA
units were not conducive to fracture formation. The only
apparent differences between gabbro @nd FGA units, however,
are the fine grained nature and presence of folfation
surfaces in the FGA units. The foliation planes may have
facilitated translation of compressfion int¥o’shear s;ress
whiéh moved along the planes and out of the'units. This
implies that poicts or planes of sustained stress, were
needed to.develop VI fractures and could not develop in FGA
units. Alternatively, the larger crystals in gabbro may have

acted as relatively large discrete bodies through which
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stress could propagate linearly to form fractures, whereas
the fine grains of the FGA units refracted, and therefore

dissipated linear stress outward from crystal {interfaces.

3.6.2 VEIN SET VI-VII

Minor, possibly traasiiionll vcins.dgnoted VI-VII, were

. . {
found in Zone B drill core and outcrop. . These comprise

thirty-four 1 to lsm wide scheélite;bcariné hornblende-quart:z
veinlets found in drifl éore (15) and the main trenched area
uostlof F1 (19), and several w- and/or y- scheelite-bearing
quartz veins gfth hor;blende haloes, one of which contafins
biotite. The latter may, however, be a later VII veinlet
which formed along the same V! fracture surface. Two VI
-1crofraétures and one VI veinlet which had biotite haloes
{Mann, 1981; Mann, 1982), are also 16cluded ifn vein set VI-
VIl because biotite‘halocs nor,u]ly characterize VI[ veins,

only.

3.6.3 VEIN SET VII ,
3.6.3a VII MINERALOGY ’

Vein set VII comprises biotite-haloed scheelite + biotite
+ sulfide-bearing quartz veinlets, typically 1 to 3mm across,
but locally up to 5¢cm in width., VII veinlets in five drill
holes across Zone A and several drill holes in Zone B were
studied in detail to determine and document general trends in
the abundance, range 1in widths and parageneses of the
“veinlets.
VII veinlets in Zone A generallz differ from those in

¥
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Zone B by being much less abundant and having a smller range
of vein widths. For example, numerous veins {3mm across are
present in Zone B, whereas only a few (4) were found in Zone
A, and Zone A veinlets typically contain biotite and/or Cu/Fe
sulfides, whereas those 1n‘Zon€ 8 do not. In addition,
molybdenite is tommon, albeit minor, in Zone B veinlets,
whereas alqost no VIl molybdenite is presént in Zone A.

It should be noted that most veinlets, which were
observed in thin section, were found to contatin various
amounts of carbonate. One veinlet containing no carbonate,
contained 1 to 2mm euhedral K-feldspar crystals and no
sulfides,. No K-fe1dspaf was found, however, fn the@
carbonate-bearing veinlets., Veinlets con;cining trace or
moderate to're1atively abundant amounts of carbonate
typically hast minor pyrrhotite and chalcopyrite or minor to
moderate amounts of pyrite, minor epidote, and chlorite,
respectively.

Most of the carbonate appears to be secondary, and
crosscuts scheelite or other VII vein sul fides. 1In addition,
some vein(let)s comprise quartz veinlet-carbonate strinéer
pairs. The carbonate member typically occurs as a hairline
stringer which rims, subparallels, and/or enters the veinlet
at 2 low angle. The stringers commonly contain pyrite,
chalcopyrite and/or black chlorite which crosscut the
quartz-hosted scheelite crystals and/or vein sulfides. In a
minor number of veinlets containing moderate to low amounts
of carbonate, however, crosscutting relationships are not

present, and hence may indicate that some of the carbonate 15‘\
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3.6.3b SPATIAL DISTRIBUTION AND VARIATIOR IN PARAGENESES
ZoME A - | '

Within Zone A, VII veinlet density (f veiniets/100m)
increases southward from 12 to ~53, which suggest’s that the
fluid 'source lay southward (Fig. 3.5b, solid line). The

southward increase in Zone A veinlet density was examined in

"light of host rock l1ithology and destructive effects of late

pervasive alteration (Figf 3.5). Host rock effects were
gxan[ned because veinlet density appears to be higher in FGA
than in Unit I1Ib letavolcano-sedflcnts. Hence, the sout&uard
fncrease in veinlet density may reflect the southward
increase in the percentage of FGA units which increases from

0% to >22% of total rock units (Fig. 3.5a).

The percentage of mafic rocks, however, increases

gradually across the zone, whereas veinlet density increases

abruptly (Fig. 3.5a,b.), and veinlet density in drill hole
SSN 9 is less than in dri11 hole Ssn 13 although it contains
a r§1at1ve1y greater amount of mafic units. The lack of
correlation in the slopes of the two trends and abrupt
increase 12 veinlet density southof dril11 hole SSN 4 (Fig.
3.5b), 1ﬁhicates that host rock effects cannot account
entirely for the southward increase in veinlet density.

The lack of correlation may be due to southward decrease
fn late destructive A3 sericite alteration. The most intense
degtructive alteration (A3 sericite) occurs adjacent to large

VIV quartz stockworks where it largely replaces previously

~.
~
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Figuwe 3.5 (a) percentage of FGA units in specific drfl)

holes across Zone A. (b) VII veinlet density (#
VII veinlets/100m) in all Unit Ilb rock units
(sol1d line), in FGA units, only (upper dashed
1ine), and in unaltered and 1ntgﬂse1y (A3-)
sericite-altered ( lower dashed, and lower dashed-
dotted line, respectively). (c) histogram showing
percentage of total Unit [Ib metavolcano-sediments
which are highly sericite-altered (clear bar);
stippled bar shows percentage of those units which
are felsic units. The highly sericite-altered
rocks are the most intensely altered, Level 1,
rocks (see Chap. 4, pp. 11-13). Refer to Fig. 3.9
forxdrill hole locations.
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formed (A2 biotite) alteration (Chap. 4). The destruction of
previous (biotite) alteration, may imply that the small (VII)
veinlets, with which 1t is associated, were also destroyed.

Hence, 1f destructive alteration decreases southward, the

~increase in VI] veinlet density southward may onlj be

~

apﬁarent.

VII density in drill core of altered and unaltered
felsic units* is nearly identical, however (Fig. 3.5c), which
suggests that the number of veinlets destroyediby Tate
sericite alteration is minimal. A possible exception is
dril1l hole SSN 9 in which veinlet density 1s w10% less in
highly sericite altered felsic rocks (Fig. 3.§b). Hence, the

southward increase in veinlet density appears to be largely

‘{ndependent of host rock or alteration effects.

Many veinlets contain scheelite, only. Pure scheelite-
bearing veinlets are most abundant in drill hole SSN 15, near
the center of Zone A, and decrease in abundance abruptly

northward over a small distance of 200m from 68 to 6 (Fig.

3.6); southward the scheelite veinlets decrease in number

gradually over 400m from 68 to 9 with a concomitant large
fncrease in the number of scheelite veinlets containing
sulfides, 2 to 99. The southernmost dril1 holes, SSN 13 and
9, for example, contain abundant pyrite and SSN 9, contains
abundant pyrite as well”as chaicopyr1te and pyrrhotite (Fig.
3.6).

* BMafic units were not considered. The units are
substantially more resistant to alteration (Chap. 4)and hence
the southward increase in the percentage of mafic units would

distort the measured effecgs of sericite alteration on
veinlet density trends.

’
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Figure 3.6 Histograms showing main parageneses in VII

r

scheelite-bearing quartz veinlets from a north-
south segquence of drill holes across Zone A.
Mineral(s) in parentheses represent-the largest

paragenetic subset of the main paragenesis written

above ft. lcm = 10 occurrences,
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Molybdenite is rare, occurring in <£3% of all veinlets.
No molybdenite-bearing veinlets were found in drill core
north of drill hole SSN 4 or in the southernmost drill holes,
SSN 9 and 20, and only a small number were found in dril]
core SSN 11 (Hoore 1979) and 13\ne§r the center of Zone A
(Fig. 3.6). The erratic distribution of molybdenite 1is
probably a statistical problem resulting from the high
significance of minor fluctuations in the-small number of
molybdenite-bearing VII vein]et; which were found; hence the
varfations in molybdenite distribution are not considered to'

be significant, . -

ZORE B

VII veinlets in Zone B are much more widespread and
abundant than in Zone A. The veinlets occur up to 750m to
the west but are largely concentrated in the metavolcano-
sediment-hosted scheelite-mineralized zones, F3 and F4, and
less so, in gabbro-hosted zénes. F1 and F2 (Fig. 3.4). The
northernmost drfl1l hole in Zone B gabbro (SSN 38) however,
contains relatively abundant VII jeinlets, and an
anomalously low amount of VI vein(let)s (Fig. 3.4).

VII veinlets in Zone B have a simpler and more.
consistent paragenesis than in Zone A. The veins typically
contain only scheelite and minor to no molybdenite. This is
reflected in drill core assays across F3 and F4, which
commonly measure ~0.10wtZW03, and <0.01lwt¥% MoS2. '

The scheelite is made up mostly of 1 to 2mm crystals,

and the molybdenite is fine grained and commonly concentrated

58 %
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along vein edges. Sulfides are relatively }are. except in
the northernmost gabbro-hosted dril1l hole (SSN 38) wheren 20%
of the veinlets contain chalcopyrite and/or pyrite. The
relatively su]fidé-rich nature of these veins is similar to

that found in the southern part of Zone A (Fig. 3.6).

" 3.6.4 VEIN SET VIII —

3.6.4a VIII MINERALOGY |
VIII is the smallest and least mineralized vein sgx\in
Zone A (only 178 VIII veins were found in al1 Zone A drill
core), and the largest in Zone B. The veins comprise
biotite-haloed molybdenite-bearing quartz veins in- Zone A,

and scheelite + molybdenite-bearing quartz veins in Zone B.

- The veins are typically 1 to 3cm wide, but have a smaller

range in wid;hs in Zone A (0.5cm to 6cm) than in Zone B (up
to 40cm). In contrast to VI and VI veins, many VIII veins
contain vugs 3 to 4mm across.

The mo1l1ybdenite is coarse grained, typically rims vein
edges, and in Zone B, locally intergrows with coarse- grained
scheelite. Some composite veins, Fomprising several distinct
quartz bands, which are separated by fine grained molybdenite
'dukt“.'ue?e found in Zones A and B. Their presence
indicates that there were severa]xpulses of molybdenite

mineralization.

3.6.4b SPATIAL DISTRIBUTION AND VYARIATION IN PARAGENESES
ZONE A
YIII vein density generally increases southward across

Zone A, from 0 to 8.34 (Fig. 3.7). VIII veins in Zone A
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Figure 3. 7 VIII vein density (# veins/100m) across Zone A,
Upper coordinates correspand to grid 1ines shown
in Fig. 3.9. Note that vein density generally
1ncreases southward -
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typically coniain minor molybdenite, only, with almost all
drill core cﬁntaining VIII vgins assaying <0.01wt.¥MoS2.
Three exceptions are found in drill holes SSN 2, 3, which-
each contain one 3Im interval of relatively abundant
molybdenite, assaying, 0.018wt.%, 0.14wt.%, and 0.047wt.¥
MoS52, respectively (Moore, 1979).

A minor number of molybdenite-bearing VIII veins
containing chalcopyrite uere found in the main trench. In
addition, two molydenite-bearing VIII veins containing
scheelite, and several containing fluorite were found in
drill core. The latter are from the southernmost drill
holes, and comprisemfive veins fromdrill holes SS5N 20, 21,
and 19, and apparently simiTJr. but barren quartz-fluorite
veins in drill hole SSH 21 and ;earQy Penarroya drill hole,

NA-3 (Rabinovitch, 1969). o

ZO0NE B . «

VIII veins in Zone B comprise the largest vein set apd,
with VIV veins and stockworks (below) are concentrated in the
three molybdenite-~scheelite zgnes, MZ1-M1Z3 (Section 3.3).

The vein density, size, paragencsis, and orientation of
VII{ vein§ in NZ1 througﬁ HZI3 wuere q&gdied using dr?]] core
data from SSH 37, 34, and 26 (Fig. 3.8). Drill hole SSN 37
is'in gabbro and transects MZ1 which crosscuts parts of F2,
F3 and F4. Drill hole SSH 34 occuvs in Unit IIb and
transects MZ2 which crosscuts part of F4; and SSN 26
traﬁsects 11Z3 which overlaps the southevrn part of F3 (Fig.

3.8). Drill holes SSN 29, 33, 38, which occur peripheral to

61



[

Figure 3.8 Some measured sections in select drill holes
across Zone B, showing vein density and percentage
of Ghalcaopyrite-bearing VIII veins in and outside
fracture-zones MZ1 to MZ3, °
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the zones (Fig. 3.855-were also Efudjed to determine
background vein density Wa]ues and paragenéses.

Drill hole data f;om SSN 26, 34 and 37 indicate that
vein density may be higher in gabbro-hosted zones (61) than
in metavolcano-sediment-hosted zones (482 50; Fig. 3.8).
Howevevy, vein widths in gab@(svare generaily navrvover than in
the motavolcano-cediments. For exampie, VIII veoins in
gabbre indrill holes SSN 29. 33, 37, and 38 are €0.% to Gonm
meross, Whereoas tnose in Unit IIQ maetavoicano-sedimants in
arill holes SSN 26, 33, 34, arnd 37 range up té 50cm across.

Vein density in metavolcano-sediments across the deposit
is approximately constant, and varies from 48 in MZ2 in the
north (SSN 34), to 50 in M23 to the south (SSN 26; Fig. 3.8).
In addition, vein density outside, but proximail to, fracture
zones HMZI1 through MZI3 1is lTess and appears to decrease
southward.( Fackground vein density measures 39 in gabbro in
the north, near MZI1 (SSH 38; Fig. 3.8), 32, about 100m
southward (SSH 33), and 10 and 24 in gabbro and Unit IIb
furthest south, outside MZ3 (SSN 29).

VIl vein density appears to drop off abruptly several
hundreds of meters to the west and south of Zone B, A minor
number of veins were found in drill core ~350m west of Zone
B, (SSH 27 and 32); none were found in drill core further
southwest (SSN 24, 25), and none were found 1in outcrop
outside Zone B.

Most VIII scheelite is w- (molybdenum-free) scheelite,
and is concentrated ip gabbro. For example 65% (SSN 38) to

100% (SSN 37) of gabbro-hosted veins contain scheelite,
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composed of >50% (SSN 38) to 75% (SSN 33) w-schee *ite.’ 1In
contrast, minor (SSN 26) T0648% of metavolcano~sedinent-

100% w-sdheelite.

-

hoste&’viins (SSN 34) contain scheelite, composed o7 29% to

The ;;heeiite pccurs mostly as fine te coarsc grained
bipyrewmidal crystals uith scuarish cross sections up fo Zcm
acros o, gnd Tess commonly, as anhedrel massces altrong vein
HA]]S aﬁd/or intevgrovn vith wolybdenite.. host y-scheelste
occurs along quartz vein waills o as fine groined specks in
associated biotite haloes.

The molybdenite is coarser grained and much move
abundant in Zone B. It typically occurs along vein margins
as fine grained amorphous masses, or apparently bladed
rosettes, up to lcm in @iameter. ,

Pyrrhotite was found in minor amounts,in many voins. In
contraét. only minor to trace cha;Ebpyrite and/or pyvite uere
found ina small number of veins., For example,only 15% of
the veins in drill holes SSN 34 and 37 contain chalcopyrite
or pyrite. - L

The percentage of gabbro- and netavolcano-sediment-
hosted VIII veins containing‘cha]capyrite was measured in
order to determine if it was preferentially deposited in a
specific rock tyée. It occu}s, however, in about the same
percentage of veins in gabbro (14%; SSN 37) as ia the
metavolcano-sediments (16%; SSH 34). However, the percentage

of chalcopyrite-bearing veins increases from south to north

across the deposit (Fig. &8), No chalcopyrite was found in
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the southernmost drill hole, SSN 29; it was founa in 5% of
the veins in drill hble 5SR 26, «<100m to the north (Mi3); in
14% and 164 of the veiﬂ; in [1Z1 (SSN 37)and MZ2 (SSN 34),
respectivelys; and in 17% ;f {he veins outside MZ1, in the
northeramost darill hele (SSH 38). . ‘

The minerelogy and pavoegenssis of vein sets VII and VIII
wn Zone B oare similar, excep s that VIII veins avce nore
minere Tized, contain abundanﬁ’m01ybdeqitc, and aie
concenrnvatec 1in z‘.onésb 121 to NZ3. it uas Qher@?org
difficult or impessible, in many cases, to distinguish
between some o7 the‘gide molybdenite-poor VII veins and/or
thinner molybdenite-rich VIII veins, especially where VI- and
VIiI- mineralized fracture zones, Fl £01F4, cverlap HZlnto
MZ3. . -y )

In most cases, VII and VIII vein(le{)s vere
distinguished by consistent differences in core intersection
angles, vrelative amounts or grain size of molybdenite or
scheelite, the presence of pyrviotite, chalcopyrite and/or.
‘pyrite in VIII veins, and/or crosscutting relationships.

For eﬁampie, in drill hole SSH 26, where NZ3 overlaps F4
completely, VII vkinlats have a core intersection angle of
30 to 40 and are locally crosscut by Targe molybdenite-rich
VIII quartz veins iﬂc?ine& 10 to 1% to the core axis {Mann,
1982). The similar mineralogies, wvein parageneses, and
presence of intermediate types of mineralized veins, however,

indicate '‘that the two vein sets probably represent a

centinuum in scheelite-molybdenite deposition.
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3.6.5 VEIN SET VIV ‘
3.6.5a VIV HINERALOGY o

Vein set VIV comprises quartz veins and stocklworks which
in Zone A, contain abundant chalcopyrite, wolframite, and
pyrrhotite, and in Zone B, minor similar mineraiization, as
well as cbundant scheelite and mo]ybdgnite.‘ The veins and
stockuorhs conmon1y’contain vugs, 1 to 4mm across. VIV
vein(let)s and stockuorks in beith zones are associated u%th
pervasive (A3) sericite alteration, uhich overprints previous
amphibole and biotite alitecration,*associated with vein sets

VI through VIII (Chap. 4).

3.6.5b VIV SPATIAL DISTRIBUTION
ZONE A

It is estimated that Zone A contains w7.5 million tons
grading 0.35% Cu as chalcopyrite and 0.21%4W03 as uwolframite
(Henn, 1980). The wolframite is“typically surrounded by or
intergrown with chalcopyrite which, in turn, surrounds or
intergrows with pyrrhotite. Hence, it appears that
wolframite was deposited first, followed by chalcopyrite (see
Fig. 3.13) and later, pyrrhotite.

The wolframites have a gencrally high Fe to MHn ratfo,
and hence, are ferberites or manganiferous ferberites (Hak

i Watkinson, 1982). Ho systematic variatiom in Fe/Mn

-
N
Jos were found to occur across Zone A or with depth
{op.cit).
Most of the YIV mineralization 'is contained vithin a
NHW-trending, near vertical to steeply western dipping VIV

\'\
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Quartz stockwork-filled fracture zone 13 to 35m wide and
1.2km i? l'nown length. A narrover (10 t0130m across) and
apparently 1less mineralized quartz .stockwork zone
sﬁbpara]]e'is the main stockwork 33 to 63m to the west, where
it is 1intersccted in dvrill holes SSHN 2 and 3 (Fig. 3.9).

A plar vgew of the main stoclkuork zone (Fig. 3;9) shows
that it 1)§np%cs and suells from LO+00 to LGN, where it
branches out northward into severa“x‘thin3 mincralized, quartz
stringer and smaf] quartz stockuork zones., In addition, the
zone wtrikes Hi2U'and N8YU, north and south across the
silicified, E-trending fault at L0+00, but is not displaced.

The lack of displacement and smal 1 strike change indicates

* that the stockworkw}one formed after‘the fault.

Holframite mineralization dies out at ~L5R, at the
iﬁte?face between Subunit IIbl, and the pelite-rich Subunit
IIb2. Chalcopyrite mineral jzation, dies out 200w further
ndrthn The stockwork tapers gradually fromrnL0+00 to L&S,
where it dies autf Avertical projection of the widest and
most mineralized section of the eastern stockuork, necar
L0O+00, shows that it nearly pinches out at ~300m depth, -
indicating that it may be lensoid or boudinage éﬁ depth (gigf ‘
3.10).

The two stockworkg follow strong subparallel finear
horizontal ENM and/or VLF anomalies which flair out southuward
from 50m apart near 8N, to 130m apart necar L3S (sec Fig:
3.1). The western anomaly dies out abruﬁtly ét the northern
interface, and the eastern anomaly dies out along the castern

flank of, the elliptical zone of high chargeability/lowu
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\resistiQity.

Two other linear VLF anomalies flair out southward from
the west and east anomalies at L2N and LON, respectively
(see Fig.'B.IL The former dies out near L6S, and the latter
dies out near L3S at the norfhwestern and northern
interfaces, respectively, ofv¢n€°elong;te geophysical
anomaly. The Yatter VLF anomalies have not been drilled, but
probably represent similarly mineralized stockwork- fil]ed

fracture zones, Another linear EM- VLF trend extends from L6

to L8N where the geophysical survey was discontinued. Drill .

hole SSN 7, drilled into the southern part of the anomaly

contains sparsely mineralized, but highly (A3 sericite-;

Chap. .4) altered rotks.

Z0NE B

Veinset VIiy inZone'Bconprisesnuuerous,less wide (i1-
7m) schee]ite + molybdenitedminera1ized stockworks and
abundant, s1mi1ar1y mineralized quartz veins. Almost all of
the scheelite is therwhite fluorescent variety. .A single
occurrence of bornite ;és recorded in drill hole SSN 34.

Wolframite and cha]copy}ite. in-contrast to Zone A, are

_present iq}op1y minor amounts, In addition, different

amounts oféVIv wolframite and chalcopyrite are found in Zone
B metavoléaﬁo-sediment- versus gabbro- or FGA- hosted
stockwogis and veins.. Wolframite is about one order of
magnitude more pbﬁndant in metavolcano-sediments than in
gabbro. 'This is evident in the difference in the average

number of pcturrences of wolframite in drill core of




metavolcano-sediments, 0.10/m, versus gabbro, Q.01/m.

Chalcopyrite appears to be even more host rock specific,
occurring mostly in felsic metavolcano-sediments. 1In the

\gabbro and mafic horizons in drill holes SSN 29 and 36, for
example, chalcopyrite is absent; it is present in trace
amoun£>\ﬁn drill hole SSN 28 where the westgrn stockwork-

Toccurs ju§t outside the gabbro along the gabbro-sediment
contact; it occurs in minor amounts in felsic metavolcano-
sediments of drill hole SSN 30, 33; and it is relatively
abundant in a metavolcano-sediment-hosted VIV quartz stringer
zone near thg gabbro-sediment contact in the north in drill
hole SSN 38 }NOflOwL% Cu) and in the eastern, totally
metavolcano-sediment-hosted stockwork zone and associated
quartz veins. In most cases, however, the amount . of
chalcopyrite in Zone B was considered too low to assay or
measures €0.05wt.%Cu.

The apparent preférential deposition of chalcopyrite and
wolframite in felsic metavolcano-sediments helps explain
their relative abundance in metavolcano-sediment-~hosted Zone
A. However, the relative abundance of chalcopyrite in Zone A
and molybdenite in Zone B, may also reflect metal zonation,

. with molybdenite being deposited closer to the fluid source
(qunes, 1975; Chap. 7). In addition, the abundance of
wol framite in Zone A may reflect critical physicolchemical
diffenenqes between the depositional environments of Zones A
and\B (Chap. 7).

The stockworks and vein(let)s are concentrated mostly in

two large N-trending "composite stockwork: zones", <5m ta 60m




in total width (Fig. 3.11). In addition, similartly
minera]i;ed VIV quartz stockwork zones, ~30cm across, border
several of the FQB porphyry dykes, and a quartz stringer zone
is developed along the gabbro-sediment contact in the
northern pqrt of Zone B (Fig. 3.11). |
Location of the composite stockwork zones is controlled
structu?él]y by 1itho]ogic\contacts. Both stoclkwork zones arve
best developed in felsic metavolcano-sediments, and both dic
out within massive mafic Units (Fig. 3.11). The western
stockwork zonc, has a reiatiweiy constant wuidth of 20 to 30m,
and lavrgely straddles the gabbro - metavolcano-sediment
contact, whicp occurs a% a louw angle to stratigraphy. The
stockuork leaves th\ contact/in two places, however: North of
drill hole SSN 33, whevre it pinches out in a mafic
metavolcano-sedimentary horizon; and south of drill hole SSN
, where it extends updisturbed across a small Tault between
ifill holes SSH 28 anh 31 (Fig. 3.11). 1In the latter case,
the stockuork continuss into the eastuward faulted block of
gabbro where it dies out ~175m to the south. |
The eastern composite stockwork zone is located within a
felsic metavolca%o»sedimentary horizon, with no séockwork
development in flanking mafic horizons, except at its
southern extrémity. There, the stockuork continues
undisturbed across the fault between drill holes SSH 2§ and
31, and dies out within 50m, in the eastward faulted block of
a mafic horizon near drill hole SSH 26. In plan view, the
eastern stockwork zone is open-ended to the north, piﬁches

t
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Figure

$

3.11 Surface projection of main eastern aﬁd western 1V
composite quartz stockworks, minor quartz
stockworks, and quartz stringer zone in Zone B.
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and swells southward along its length, and in its widest
parts, extends out to the margins of the host felsic
metaQo]canOesedimentary horizon (Fig. 3.11).

| Both stockwork zaones, like MZ3, cross, but ﬁye not
displaced by the late fault between drill holes SSN 28 and
31. A similar lack of displacement is seen in Zone A, where
the eastern VIV quartz stockwaork zone crossLs a similar late
fault (above). The lack of displacement of |MZ3 and Tate VIV
auartz stockworks by the late fault conkrasts with the
displacement observed in VI and VII scheeljte-minera1ized
zone, F3, and indicates that the fault in Zon% B formed after
veinsets VI and VII, but before vein sets VIIi and VIV.

The component sfockworks along the eastern edge of the
composite stockwork zoﬁes.‘especia}ly the eastern one, are
more numerous, wider and more mineralized than those in the
west. The relative abundancg of compoﬂent stockwork zones
and mineralizatfon along theé eastern contact suggest that the
mineralizing fluid enter;d from the east, the direction
inferred for the fluid source froﬁ thé elongate geophysical
anoma]} (Chap. 2, p. 17).

'Tﬁe northern parts of the two composite’stoékwork zones
pgraylel, ovenlap; and with.vein set VIII, define schee\ite-
molybdenite zones, MZ1 and MI2. ’MZS, in contrast, fs largely
defined by VIII veins, only, Qith the wéstern VIV stockwork
overlapping it slightly along its western edge (see Fig: 3.8

and 3.11).
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3.6.6 VEINN SET VvV
3.6.6a VYV HIHERALOGY

VV, which is the youngest vein set, is the least
important with respect to mineralization of economic
interest. The vein set consists mostly of massive’
microcrystalline carbonate, as well as white or tan
microcrystalline carbonate stringers, “vein{let)s, and minor
clear carbonate veins.

Three types of carbonate vein(let)s arc.tecognized, Qne
consists of white nicrocrystalline carbonate stringers
typically containing massive pyrite + trace amounts of small
purple or ra}e green fluorite crystals + molybdenite blebs
<lmm across. The fluorite and molybdenite are 16ca11y in
direct contact. A second type consists of tan to white
carbonate + pyrite + chlorite %+ epidote stringers. The
latter type ibcally comprises the‘carbuﬁate'memher of quarfz
veinlet-carbonate stringer “pairs" discussed in Section
3.5.3. ‘

A third vein(let) type consists of c1e;r, coarse
grainea, barren cavrbonate which, in p1acés, infills coarse’
gradined VIV quartz veins, forming a comb texture. The latter
may indicaté that the fluids in vein sets VIV and Vv wefe
deposited continuousiy; Some of the carbonate is overgrown:
by turbid ankerite rhombs, which are gray-colored .in thin
section.

VV carbonate is also associated with ﬁhe.afteratio%lcf
YIV quartz, wolframite, chélcopyritg, pyrrhotite, and

previously formed hydrothermal alteration_(phap. 4). Clear
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coarse grained VIV stockwork quartz is recrystallized to fine
grains and is grungy where crosscut by VV carbonate. VIV
wolframite is altered to scheelite along its rims, cleavages.
and/or fracture planes, and VIV wolframite, cha]ceﬁyrite and
pyrrhofite are locally rimmed or replaced.by VV pyrite where

crosscut by VV carbonate.

3.6.6b VYV SPATIAL DISTRIBUTION

flassive carbonate comprises most of vein set VV. It
infills 51, 52 foliation surfaces, fractures, and/or 1is
concentrated along stfucturé?, strafigraphic or 1ith1ogic
breaﬁs. It is most abundant along the margins of Vlvrquart;
stockuqus (Zone A), or VIV composite’quartz stockwork zones
(Zone.B)‘ Abundant carbonate is also present along gabbro-
Unit IIb contact and margins of some FQB porphyfy<dykes iq
Zone B. The carbonate in many of these areas is typically so
abundant, that the rock fis mechanically broken down 5nd‘.
crﬁmbly. Some dfi]i coreocontain?ng abundant cgrbonate_along
S2 foliation p];nes, fov example, can be broken up into
poker-chip like pieces (Moore, 1979). MHuch of the core from
these areas gs blockg, ground'upa or lost.

The massive carbonmate adjacent to the VIv.éuartz stock-
works is asscciated with breccia zones, The breccias consist
of <1 to Qém, angular wall rock fragments set in massive
microcrystalline carbonate containing‘abunaan; fine Qrained
disseminated arsencpyrit;, lesser amounts of pxrite, minov

sphalerite and galena, and trace fluorite, molybdenite,

chalcopyrite, and native bismuth (Hoore, 1979). Arsenopyrite
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occurs locally as rare m&nomineralic patches in adjacent
wall rock. The breccia zones are associated w%th abundant
fine grained molybdenite adong slickanside and/or fracture
surfaces, which are common in Zone B, and less so, in Zone A.
Silver occuyrs in many of the brecciated carbonate zones,
where it commonly assays up to 0.3 to 0.5 oz./ton in Zone A,
bgt rarely more than 10ppm in-Zone B. The silver minerals,
scant and difficult to find, include acanthite, Tlesser
hessite, and two unidentifiable phases in galena (Halk and
Hatkinsgn, 1981). The acanthite occurs in chalcopyrite,
pyrrhotite, pyrife, galena, and sphalerite and hessite occur
in galena, native bismuth, te]]hrobismutite, and acanthite.
The uﬁidenfifiable phases océur in héssite or galena as tiny
exso]ytion blebs (ibid.). : ' , -
VV carbonate in Zgne A is much less apundant than in
Zone B and gccurs mainly in areas adjacent to the two VIV
quartz stockworks. In contrast, VV carbonate in Zone B, is
_abundant and cdncentrated iﬂ threehﬂ-trending zones, two of
Which occur along the_eAStern flanks of tdé;VIv coﬁpos%te
quartz stockwork zones (Fig. 3.12). In one place, however,
the westernmost of the two VV carbonate zonés diverges
southwérd‘frqm the westernmost VIV stoékwork,zode to follow
“the gabbﬁo»sediment contact. A third, less laterally
continuous carbonaté zone, NéOOm in iengt%, occurs between
dril1  holes SSN 38 and 35, in Qetﬁeen two mafic

metavolcano-sedimentary horizons (Fig. 3.12).
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Figure 3.12 Surface projection of VV carbonate zones in Zone : .
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3.7 SUMMARY

Similar vein parageneses and crosscutting re]ationships
b
are present in Zones A and B (Fig. 3.13), and mineralization
in both zones is associated with the same types of alteration

(Chap. 4). VI amphibole veins occur almost exclusively in

‘gabbro and contain mostly y-scheelite. VII quartz veinlets

and VIII quartz veins crosscut VI veins and appear to

" represent continuous deposition of scheelite and molybdénite.

VII veinlets contain mostly scheelite and trace to minor
molybdenite, with a high percentage of y- to w-scheelite.
VIII veins are wider, contain abundant scheelite and

molybdenite, and a low percentage of y- to w-scheelite.

Formation of VII and VIII quartz vein(let)s probably signals

silica saturation of the hydrothermal system.

- VI, VII and VIII vein(let)s are much more abundant and

" mineralized in Zone B than in Zone A. VII and VIII vein

deﬁsity in Zone A, however, increases southward. The

‘fe]afively high vein(let) density in the southern part of

Zone A.aﬁd throughout Zone B suggests that the mineralizing

fluid source is close to Zone B. This concurs with the

‘geophxsical]y‘inferred subsurface extent of the fluid source

v

(Chap. 2, p.17).
Yein set VIV in Zone A is made up mainly of two quartz
stockworks which host mostly chalcopyrite and wolframite and

practically no molybdenite or scheelite. This contrasts‘with

~the VIV composite stockwork “zones® in Zone B that hpst

relatively abundant w~scheelite and molybdenite, but only

79




L. .- - - - b ‘ 4 o
- T . s - &7 , .
e RN e - T e =
. LR st bt -~
: . - . - ) ce . “a “ R : 1
- N d - . N - N . ~ . "
. R . . ) . P e " . t
' - . . r . . - . . . .
- “ - i P vy - St - - N
i . -~ L
N L ~a Lo . .
- . - - ¢ v ‘ M ] @
¢ i .o A : Y
B ; s AT P . )
R N o s N . N .
- . * Tiam e I }-?‘ oo . 4 ) ¢
- . e . A A e e i v e . , [y '
N - " R Lk ~ . ' . )
* A - - h
M - h_” ° -~ <
S S Vel LW SO - c
. v - - * “ et . A - + ' -
) . . R N . . ‘
? - -
N P . - 7 / . N . o
- a- - f
. . - . P
H : - ot <5 £ o ' D . %
v‘ . & . N v ; 7 <, . f - ps N 4
. ~ - . §
‘ - 4 m\\,"" ~ N
H ! : o ? .. c i ’ R
f N o . . ;| “v* “ . - . ) ' ' L
! : Figurg 3.13 Paragenesis of v*L through VV mineraHzaHon in* .
Zones A and B. o - . .
; - . N <
< . , . -’ R , LT v \ '
' - L . ' ~ 2 Y Yo .
; ) ’ } . - - : - K . . -
v ATEE - '
- N2 . ; .
.. . PR .. . )
N et -
¢ h g ‘
- N ! * "
" Y - ,f?. *+ - »
. N H
5, - o [
~ v o .
. ‘
. . ° . ) <)
B -y . ' :
- . o ! B i
v « #
- - . 3 °
!
. .
. . .t [ *
! o . “ £ " v
- - - ‘ « ;
[ ! L
i . - . ' - i
i 4
- + N
el . ‘ N
1 a h J
.
¢ = . i} H
T . . ) 3 .
N L e, - i
v :
P * ‘ N 1 s .
- .
d

(9% o)

- . < s ©
1 td
ot . .
3
° N o o -
i . t et
> . \ o
N .
- > -
+ . N &
-~
. L '
'
H
b ‘
1 . - e, ®
H '
. ] s
"
1 S . <z
. & )
e g
I o -
i o
v
r "
©
o~
) -
H - N
I ) — . .
{ <
‘
'
B
i
¢
.
- o ‘
4. - -
- T v
. <



o

x . 3
N - t ~
. . - il
. . .
RN T [RA k I »
il . . '
' ' Iy M .
. : o ! o -
. . 2 . - y .
A} . 7 - A
, L4 , ¥ "
. Yoy
o L. . B . N ®
i B T , o ,
“ \ - 2, 14 N 4N
' = . . . »
. @ -
o . ) 5 . ,
\ - - T - -
' + . N
Yy - N . . N
o U VEIN - SET .
- ‘e r ‘ -
LR - ’ - ’
[ ¥ 1 . .
’ - N n .
. ZONE -:A , Se—
5 , . - »
! o ) |
L : . Vi \'4 vil viv 'A%
¥ . 3
. . ' » A
-~ . @ «
co o+ Scheelite D — | :
t . N v . A - — ﬂ--—-
& 0 , N .. . N
N 4 » o " "olybd’nﬂe s N \---—1--——————-- -—---4----
. A
W0 . < » . B}
RN . -~ [N .. s I
- 4 alcopytite, R e
BN . ' R )c '
- ¥ '
< . . . . £
. + - . R .
+ ' i B -
oiframite . i .
Ll 1 0 h '
. R - -
* A Y . N < . o £
' Ag-bearing minerals | ’ ‘
v g g . h..« ;_'
. 4
v
. .
.
1 . .
.
. . Scheelite
3 . .
g Nolybdenite
in - Chalcopyrite
N Woiframite ]
‘ ! Ag-bearing minef
; g-bsaring miner
t v S ! ‘ N - -
’ . -
4 . ) . . ' . . .
i Y - . L4 ~
- . ( N . !
. .
. IO I 14 . v a 5 .
e N .
[ , .
—_— LS
- % s N b . , wod
T : . w o I R v
: . \ -t 2 : _” . ‘
i . o .
| ' y . , ‘g . T e
vy “ ~ ’ -
. -
i R - 14
. B
.ot ho- . A .
.. - * 0 .
. B .
. B o » » .
. ) o .
* . h -~ >
€, - . ~ S
h 1 I“,‘ 0
B B . 80 - o,
L -
- -
, .
- - ’ . L
- . $
. . . . . L
. % ¥
. N T A
* ¢ M » “
. " . ) ‘o . R .
) . PR .
. ., b .

N

-y

PSR S R
b

.




’

" minor chalcopyrite or wolframite.
The difference in VIV minera]izat{on between Zones A and
B is proﬁab]y due, in pa;t, to effects of host rock
1ithology. However, *it is probably more a function of
proximity to the mineralizaing fluid source; Zone B, closer
to. the fluid source may represent the proximal molybdenite-~
rich silica zone, and Zone A, the distal chalcopyrite-rich
facies. In addition.hthe presence of wolframite (FeW04) in
Zone A.and scheelite in Zone B (CaW04), may be dueupo
differences between the physico-chemical conditions in the
zones during‘minéﬁa1ization (Chap. 7).
A carbonﬁte zones in both zones are similar. Most

_carbonate is massive and occurs adjacent to VIV stockwork

~

'~zones (Zone B). Although VV carbonate is less abundant 1@

~7Zone A, VV silver mineralization is much more abundgnt in
lone A~than in Zone B.. The re]ative abundance of silver
mineralization in Zone‘A may also refllect greater distance of
Zone A to the fluid source (Chap. 7). ,

VI and Vi? veins arevmast gbuﬁdaﬂt in Zone B, where they
are concentrated in four scheelite-mineralized zones %n Zone
B, F1 to F4., No mineralized VI veins and minor ;II
mineralization occuvr in Zone A, VIII veins are relatively
rare in Zone B, but abundant in Zone B. Veinsets VIII and
VIV in Zone B are ;oncentréted in three scheclite-molybdenite
mnineralized z2ones in Zone B, ﬂZldio MzZ3.

| Most mineralizatioﬁ of economic importance in Zone A

comprises VIV chalcopyrite and wolframite which occurs in two

steeply dipping, NNW-trending, continuous VIV quartz

2
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stockworks. .

Vein set VIV in Zone B, comprises~abundant small quartz
stockw?;ks‘éonéentrate& in two composite quartz stogiwork
"zones". The component VIV quartz stockworks are more
numérous in the eastern portion of the composite stockwork
zones, than in the west, The VV massive carbonate zonas are
aiso located along the eastern margins of the VIV composite
quarti stockwork ioneé.' '

The greater abundance of "fracturing associated with
formation of the composite.VIV quartz stockwork zones as well
as the ﬁresencé of the relatively wide and laterally
.continuous VYV mésvae carbonate zones, suggest that fFluid
voiati]e contént w&s higher in Zone B. The concentration of
component stockworks and massive VV carbonate zones along the
eastern rims of VIV quartz stockwork "zones" in Zone B,
suggests that the fluids entered from the east. A fluid
source east of Zone B concurs with the geophysically inferred

"subsurface extent of the mineralizing fluid source, east of

Zone B and south of Zone A (above; Chap. 2; Fig. 3.1).
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CHAPTER 4. HYDROTHERHMAL ALTERATION

4.1 IHTRODUCTION
The mineralization at Sisson Brook is intimately

associated with hydrothermal alteration which occurs locally

about individual veins and fracture zones and pervasive]j
throughout a large area survounding the deposit. The
alteration comprises four distinct alteration assemblages,
denoted from oldest to yourigest as Al to A4. Each assemblage
is characterized primarily by the presence of a particular
hydrous silicatec and associated host rock textures, and is
vein~specific. The Al assemblage haloes Y¥I veins, the A2
assemblage haloes VII and VITI veins, the A3 assemblage
haloes VIV veins, and the A4 assemblage is associated with VV
veins.

Al consists of hornblende + albitized plagioclase *
albite + K-feldspar * pyrrhotite + magnetite, and occurs only
in amphibole-bearing units. \Most Al alteration occurs in

Unit IIla gabbro where it is intimately associated with VI

scheelite mineralization. Al alteration also occurs in FGA

and banded amphibolitic Unit IIb metavolcano-sediments.

A2 alteration comprises iron-rich, reddish brown-colored
biotite + manganiferous ilmenite (Mn-iimenite) + albitized
plagioclase in mafic units, or albitized plagioclase + K-
feldspar * albite in Zone B felsic units. HNo K-fgidspar
alteration was observed in Zone A. . A2 alteration is

associated with the richest scheelite and molybdenite

mineralization in Zone B and with minor, similar

mineralization in Zone A {vein sets VII and VIII; .Chap. 3).
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fficrostructural evidence shows that the vreddish brown
biotite, which crosscuts M3 porphyroblasts and brown biofite,
formed contemporaneousiy with the S3 foliation surface.

A3 alteration is characterized by sericite + quartz ¥
pyrite, and is assotiated with the richest chalcopyrite and
wolframite  mineralization in Zone A, and minor similar
mineralization and abundant molybdenite-scheelite-in Zone B
(vein set 1IV).

A< is associated with Tate barven carbonate veins (vein
set YV), and is recognized by the presence o1 finc grained
sericite + massive carbonate - pyrite + chlorite * cpidote +
arsenoéyriﬁe + kaolinite. .

The extent of alteration about a specific wvein or’
stockwork is proportional to the vein width, and to & Tlesser
extent, depends on the relative permeability and composition
of the host vrock. An alteration halo aboﬁt a large quartz
stockwork-fillied fracture, for example, is subs;antia]]y
targer in permeable and easily sericitized plagioclase
tapilli tuffs than in refractory, 1less permeable FGA units.
In both cases the hale is, however, nuch wider than that
around a small veinlet.

i Near the main zones of mineralization, vhere vein(let)
and fracturc density is high and vein size incrcases, intense
local pervasive alteration occurs, Pervasive alteration is
evident as epitaxial overgrowths or variable degrees of
topotaxial replacement of primary or previously formed

hydrothermal phases, and results in total or partial
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replacement of entire rock units. Local pervasive Al and A2
alteration are)the most widespread and extend up to 400m
from the deposit. Local-pervasive A3 and Aé‘alterationa }n‘
contrast, are found within~50m of VIV quartz §tockw0rk zones
~and tens of centimeters from VV carbonate veins,
respectively. ’
Local-pervasive® Al alteration grades gradually, and, A2
alteration decreases abruptly, to a lou level of dista)
pervasive alteration up to 1lkm from the deposit.nniteration
‘distal to the deposiﬁycdmpﬁises only minor cpitaxial or
topataxial veplacement and occurs in the absence of
vein(let)s or fractures. The Tatter suggests that the fluids

moved via grain boundary diffusion or along regional cleavage

surfaces, No distal A3 or A4 alteration was found.

4.2 MINERALOGY AND EXTEHNT OF ALTERATION TVYPES
4.2.1 Al RLTERATIOH

Al alteration, which comprises hornblendic amphibole

i+

albitized plagioclase * albite + K-feldsparxj magnetite +
pyrrhotite, is found only in amphibo\e«bea}ing units;i;e.,
gabbro, FGA and amphibolitic sediments. Rep]aceméht of,HB‘by ‘
Al amphibole is the most widespread alteration feature and
appears to consistently decrease in intensity outwards from
the deposit. For.this reason, the degree of Al dlteration
vads contoured using the amount of observed Al amphibole
alteration. |

Al a1terationris‘most intense in gabbro in Zone B and

decreases in intensity outward from the deposit for ~~0.75km
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(Fig. 4.1). Contour 1 represents the lowest level of visible

alteration. In thin sections of gabbro, this is expressed as

clear green_hbrnb1endic replacement rims about primary
actinolitehceniers, ‘Tﬁé centers are delineated by a slight
Qéown colaoration and are typicaily outlined and, filled with
numerous, minute, opaque inclusions, Similar brownish;colored

cores and clear green-colored rims are found in Unit IIb FGA

‘units and banded, amphibolitic metavolcano-sediments, except

that the cores are not inclusion-filled. No alteration of

.the plagioclase was observed. Replacement rims in Zone B

become slightly wider toward contour 2 and in some samples,

the secondary phase rep]aces'parts or éli of the centers.
Contour 1evg3 2 was drawn where M3 amphibole cores are
locally rep?aced in part or whole by hornblende, where
miproscbpic‘b]ades of secondary hornblende are present,
and/or at the first occurence of VI hornblendic amphibo}e
patfhes or stringers. The latter is included as acriterion
because vejn‘set VI s‘chéracterispica1fy associated with
ﬁhteﬁge local pervasive Al alteration (Chap. 3). The
horhblende b]ad%s, are generaily 50.5mm Tong, and blue to
b?ﬁﬁ-green z;, fess commonly, clear in color. The §1ades
ave chemical comﬁosjtions identical to the replacement rims
(Chap.5). The repfacemeﬂt rims locally intergrow with the
blades, indicating that the two are co-genetic.

A minor number of roiks in Zone A occur in contour 2

(Fig. 4.1). These include seveﬁa] gabbro outcrops west of

"Lone A, minor gabbro dykes in drill holes,SSN 2 and 3
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. Figure

4.1

C /

Contour map of Al alteration intensity. Contour 1
contains rocks showing the lowest level of visible
alteration. In thin sections of gabbro, this is
expressed as clear green hornblendic 'rims about
primary actinolite cores,. Contour 2 contains
rocks showing intermediate amounts of alteration.
This is evidenced by pdrtial or whole replacement
of M3 by Al amphibole; where microscopic blades of
secondary hornblende are present; and/or where VI
hornblende patches or stringers occur. (ontour 3
contains the most pervasively altered rocks and 1s
centered over Zone B. The primary amphiboles in
the ‘rocks are mostly altered to Al hornblende, are
bright green to green-blue in color, and-are
inclusion-free,
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contéining rara; unmineralized hornblendic patthes and
gtringers, some FGA wnits, and a-green, amphibolitic, baﬁded
metasedimgntar’ unit. |

The most pervasively altered rocks lie within contour 3,

which is centered over Zone B. The rocks commonly show total

~

replaccnment of actinolite by hornblende, which in thin

"section, is bright green to green~-blue in color and

1

inclusion-frez,

Plagiocticse alteration is nalso coamon, but is patchy and

less ecsy ic identify orv characterizce., The wmdsi common

alteration arnears to conmpriso albitizee 013 plagiocclase,
) .
where {13 plagioclasc crystals, having An contents betwueen 50

v

and 65 {Chap. 2), are altered to compositions ‘hetwecn An 5
and 50 (see Fig. 9.12). Another common alteration feature is
the development of turbid, irregulariy-chaped patches of

albite which overgrow cleaw, concentrically zoned M3

plagiociase crystals. In addition, a small amount of K-

feldspar alteration.of 113 plagioclase was observed in 2 minor

number of stained slabs.

The texture and composition of Al-altered racks varies.

- Some altered rocks exhibit a heterogcneous texture,

consisting of irregularliy-shaped coarse grained Al-aTtered

gabbroic patches, several centimeters across, in a fine

grained and similarly altered gabbro matrix. In other

//ﬁfaces, the gabbro contains patches of coarse grained
~_

amphibole in a plagioclase-rich matrix. In addition, some
VI veins in gabbro are rimmed by 2 to 100mm wide bicached

(amphibole-absent) zones.
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Disseminated scheelite is found throughout muchnof the
highly Al-altered Gabbro in contour 3, which i's associated
with a high density of schée]ite-bearing VI fractures and

clots. The scheelite is generally <1 to 10mm across, and

’commonly fluoresces brigﬁt car” 'y yellow, and much less so,

bluish-whife. Microprobe analy.c¢s indicate that the yellow
fluorescence is dﬁe to minor amounts of Mo03 1in the scheelite’
structure. Tne scheelite locally intergrows with, or is
highly abradec¢ and broken up by -Al amphiba?e“whicﬁ suggests
that the tuo minerals are syngemetic! . )

Approximaxely ?he same ratio of y- to w- scheelite is
presenf in the veins and associated altered rocks. The close
spatial relationship and similar rgtios of y- to w- scheelite’
in Al and VI assemb?éges (Chap. 3) suggests that they form;d
contemporaneously from the same fluids.

APyrrhotite is disseminated throughout most of the
gabbro, and targely defines 1its regional aeromagnetié

signature. Hence, most pyrrhotite in Al-altered gabbro is

probably relict primary, or at least pre-i4 in age.
Magnetite, in contrasi, is coarse grained and euhedral, and
is present in only %The most intensely altered regions in”

contour 3. Magnetite is also a common VI constituent (Chap.

). - S S

4.2.2 R2 ALTERATION

The A2 assemblage is found in all rock types and
comprises reddish brown, iron-vich biotite, manganiferous

ilmenite {lin-ilmenite; Chap. 5), and albitized M3 plagioclase
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1n mafic units, and albitized M3 plagioclase, K- feldspar and~
albite in Zone B felsic units. The assemblage occurs 1oca11y S
as vein haloes and intense 1oca1-pervas1ve alterat1on. and ‘as

&,

d1stal pervasive alteration up to l1km from the deposit ‘where
1t comprises biotite.'an1y {be]pw{ | ) ;

‘ The red brown biotite is the most w1despread and .
characteristic mineral of the A2 assemb?age. In thincl
section, the biotite is red-brown in color, relatine1y coarse
grafned, and commonly contains zircopns. and assnciated 4 -
radiation burnsj_ . .

;Thg _bfntise is concentrated locally as <1.0mm
éryptdénystaiiine\to 41 to 3mm crystalline spots Blong S3
crenu]at1on hingelines, d1sta1 .to the deposit, and intense
pervasive alteration and vein haloes,: in the deposit. The
apparently preferential "nucleation ofr%Z b1ot1te%{10ng
crenu]ation h1nge11nes shqws that it is related genetically . ,?;
to-formation of the S3 foliation surface. T L

The red brown biotite 15 optically and chemically
fdentical to biotite in VII and VIII vein(]et)s and the red ' -
brown biot1tb phenocrysts im the FQB porphyry (Chap. §). The
identical compositions suggest that the porphyry and
hydrothenmal fluids were the same. The concentration of all
veins along the late S3 foliation {Chap. 3): and presence of
the: red-brown biotite in VII and VII vein(let)s and
associated vein haloes._indicates further that the yeins. i

alteration and 53 -surface are cq-eval. " A |
&, N _: s Al ; -"”' i ¢
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. "#.2.2a A2 VEIN HALOES AND LOCAL-PERYASIVE ALTERATION.

oo

wein(]e?) haloes and intensex10ca1rp€rvasive'a]teratioﬁ near
the .main mineralized zones (Fig. 4,23 Contour 2). Biotite
4 N a haloes are found mostly inm amphibelitic or metavolcano-

*.sedimentary units, where the biotite"replaces'M3 and Al

-
1

- - ¢ amphiboles, or M2 sericite or chlorite, respectively.

ﬂ 4 A few veins which crosscut adjacent mafic and felsic

- - units, have biotite haloes in the mafic uiit and seric
haloes in the felsic units. The host rock specific

the halges suggests that the fluids did not contain the

g the halo-forming reactions were buffered‘By the host rock.

. K-feldspar haloes were found in felsic dykes and lapilli

o~~~
A

or i sericite haloes in felsic units (above) and K-feldspar haqus
in Zone B, suggests that the fluids had a variable fatio of

K+/H+. The absence of K-fe]dspﬁr haloes in Zone A suggests

further, that the K+/H% ratio in Zone B was generally higher.

Haloes about a few carbonate-bearing VII vein(let)s

contain' minor chalcopyrite and/or pyrrhotite which locally
mantles A2 Mn-ilmenite. Some VII veinlets which contain
< . -

> : \ .
abundant carbonate ‘and lesser amounts of chlorite, epidote

and minor p}rfte, have pyritg-bearing 5%1orite haloes which

X

v

overgrow tHe'AZ biotite haloes. In both cases, ctrosscutting
> relationships indicate that the carbonate and associated

sulfides, chlorite and epidote are secondar}.
B °g 1

( o Irregulariy-shaped regions of especially intense

%

91 S —

T > The most intense A2 alteration, occurs ‘as VII and VII]

- ferromagnesian ionscnecess?ry for biotite «formation,-and 'that’

T “ tuffs in Zone B, oh]y. The presence of the minor number of

“»



SRR / S

Q@

Hn e e e

AR R O AN TRV IR T b ormnpemr s

1

[ i
vl

AN

ure 4.2 Contour map of A2 alteration intensity. Contour 2
outlines the area of most intense A2 alteration
comprising abundant VII and VIII vein haloes and
intense local-pervasive alteration. 1In many rocks
M1, M2, and M3 platy and/or ferro-magnesian

s

minerals are completely replaced by A2 biotite.

The

intensity of

local-pervasive alteration

1, to a

Tow

decreases abruptly outside Contour
level of distal pervasive alteration. Distal
pervasive alteration occurs as biotite spots (less

. than 1 to 3mm across) and biotite stringers,
locally concentrated along S3 surfaces.
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alteration occur within Contour 2, near the gabbro-Unit I1Ib

contact in Zone B, adjacent to dykes of FQB porphyry (Zone
B), and near the mainmineralized zones, especially=-in zone
B. Pervasive alteration outside the irregularly-shaped,
infensely altered regions, bUt'insideLFontour 2, is siﬁilar.

but less 1nténse.

Rocks on either side of the gabbro contact are in most,

cases completely biotitized to fine grained, dark brown-

colored rocks such that the contact cannot be discerned. In

the Unit IIb metavolcano-sediments crosscut by FQB poﬁghyry'

(see Fig. 2.4, SSN 26), M2 chlorite and muscovite, and M3
cordierite and M3 and Allamphibole are rep1acgd'c0mp1ete[y by
A2 biotite., In addition, most plagioclase in Unit IIb, qu?
IVDb (leuco-granite)ﬁnd fine grained and pégmatitjc‘fe1sic
dykes is altered to K-feldspar and/or albite. ’
Especially intense alteration was also found in breécia
zones adjacent to the FQB porphyry dykes in drill hole.SSN

26. The breccia zones comprise <1 to 5cm diameter angular

-4

wall rock fragments in a dark brown-colored, fine grained

&
matrix of A2 biotite, plagioclase, and quartz. Some of the

felsic fragments are chalk white due to abundant K-fe]dspaé‘ﬂ

- and/or albite alteration.

In the intensely altered regions near *the main

mineralized zones, A2wbiofite replaces M2 muscovite and

ch1or1tq along S1, S2 foliation surfaces, and occurs as
topotaxial and minor epitaxial replacgﬁent of M3 and Al
amphibole by biotite (with Mn-ilmenite), aﬁd'topotaxial

replacement of M3 cordierite and brown biotite. The rocks

-
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also show pervasive disruptian of primary sedimentary

layering and less so, crystalline fabrics. Some primary host

N
LY

rock fragments and contact metamorphic ponhyrob]asts, for
example, are sheared, kinked, rstated, fractufed, spl{t
apart, and infilled and/or surrounded by A2 bioﬁite (Figs.
4.3, 2.7).
3
FGA un4¢§, which have a uniform grain size and fine
.crystalline texture (Cﬁap. 2), pro;ed to be optimum
indicators of A2 alteration intensity. Unit§ containing
littlé to no altération are dark green-colored (Chap. 2);
‘moderately to more highly altered units are green-brown- and
'.brogn-green- cdlored, respeétive1y; and the most a];ered or
' completg]y biotitizéd"unitg are brown-colored. Thé ;alative
degree of aiteration ihtensity in Zones A and B was
getermfned quali;ativg]y by plotting the ratio of the number
of meters of gréen- (freéh) against green-brbwn-, brown-.
‘ ~gree;\-, or brown- (a]tereﬁ) colored FGA units in sévera]
drill holes from each zone. The results show that the
.alteration in Zone B is approximately an order of maghitgde
more intense than in Zone A (Fig. 4;4). ’
FGA units in the southernmosi dri]i ho]és in Zone Ar
~however, contain gnoma]ous]y high amounts of.a1teration;
approaching that in Zone B (Fig. 4.4} SSN .20, 21).
Similarly, the northernmost drill hole in Zone B (SSN 38),
contains an anomalously low amount of alteration, similar to
that in Zone A. Because the rocks in the drill holes contain

intermediate levels of alteration, the drill holes were
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Figure 4.3 M3 plagioclase which is abraded, sheared and
infilled with A2 red-brown biotite.
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termed and plotted, “transitional™ (Fig. 4.4).

“

4.2.2b DISTAL PER?ASIVE ALTERATIOﬁ

Loca]-gervasive a]ieration decreases abruptly outside
Zanes A and B (Contour 2) io a low }eve] of distal pervasive
alteration uhich extends up to ~vlkm from the depssif\(COntour
I'; Fig. 4.2). The dista] alteration compfises mostly AZ2
biotite, which occurs as £0.05 to imm microcrystalline or
crystal@ine~biofite spots, <1 to 35m aéross, and bidtiﬁe
stringers. The spots and stringers are locally concentrated’
along S$3 crenulation hingelines or subparallel $3 surfaces,

respectively.

A.2.2c CRIfER;& Fﬂé PRESERCE OF A2 BIQTfTE IN GABBRO

In most cases, A2 and M3 biotite are indistinguishable
in haﬂd sample or 6utcrop on the basis of 6?¥dr. They do,
‘however, display characteristic modes éf gccurvence. Ffor
example, M3 biotite (brown in thin section; below)
Characteristicai1y occurs as biotite in\ha]qe; about
ieucogran}te dyke§((Ch§p; 2).6r in the 1~4cm[pe;vasive
splotches (ﬁhap} 2), whereas A2 b?otite'(red—brown:in thiﬁ
saection; be]ow5 occurs .in rocks adjaceqt to the FQB porphy;y
or in vein haloes. | |

M3 biotite in thin se&tion is coarse grained, inclusion--
free, and ranges from plepcﬁroic brouwn to olf&e¥greén—or
yellow, in color. The brown -biotite characteristicalMy
replaces actinqlite with sphene accdrding to the‘geherah
reaction, - o ’ -

amphibole~~-->brown biotite + sphene,

1
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A2 biotite, 1in contrast, is red-brown-colored, contains
minute zircon inclusions with aééociéted radiatgon burns, and
crésscdts the browun variet}. In additidn, the biotite occurs
with ﬂqnganiferous ilmenite (Mn-ilmenite; Chap. 5) where it
rep]acgs amphibole, éccbrding to the general reaction,
amphibole---> red-ﬁrown biotite + [iln-ilmenite.
ThevlMn~-ilmenite is easily recognized in thin section by its
rnetallic lusire and broun to tan and light b)ue anisotropy. °

Some NMn~-ilmenite s also found locally in pervasively A2

"altered metavolcano-sediments.

2.2¢3 A3 ALTERATION ’

The A3 assemblage caonsists of saric{te * quartz * pyviée
and is associated with the formation of vein set VIV.. The
assemblage occurs in all rock types as VIV vein haloes or |
loca1-pervasivé alteration adjacent to VIV quarfz'stockworks,
and is areally more Westricted than Al or AZ., It appears
that A3 alteration is most intense in Zone A;»NQ distal
pervasive alteration was found in either zone.

The alteration in Zone A is mostly assaciated uith thé
main VIV quartz stockwafk wﬁich has a rélatfve?j simple and
well-defined configuration (Figs. 3.9, 3.10).. A3 alteration
in Zone B, in contrast, is associated uith nume?ouﬁ smaller
stockworks and vein swarms, concentrated iﬁ‘stockwork\“zones”_
(Chap. 3). \

The intensity and extent of local pervasive A3

alteration in Zone A were determined using a color index..

The most highly altered rocks are gray due to the abundance.

-
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of A3 sericite, and are denoted as level 1 rocks (Fig. 4.5).
Level 1 rocks are fduﬁd\mostly adjacent to the large VIV
quartz stockwo?ks,‘apd éraae'outward inﬁo ieve] 2 and 3 rocks
over several tens;of meters, ‘

Level 1 §1tarationuoccpr§ as abundant sericite
replacement of M2 platy minerals, N3 p\ag%oc1aée, and AZ
biotite, an¢ most primary textures éxcept Tapilli outlines,
are destroyed. lLapilli tuffs, which are.the most permeable
units, are typically the most q]tqr&d a%d comprise ghost
outtines of Tapilli infilled with very fine grained sericite
in 2 copr;er grained sericite matrix. In hand sample, the
Tapilli have a dist{nct bluish hue and the matrix has a
bleached white color. FGA units are rarely altered
pervasively, and many retain original M3 qmphjbo]e and
primary crystalline textuﬁes. \A minor number of FGA units 1in
level 1, are al:ered hoﬁever, to pale green-coloreﬁ rocks
which contain abundant fine grained chlorite a}ﬁdsericite.

lLevel é and 3 rocks are mostly gray—broﬁn and brown-
}ray in coldr, réspettive]y, which reflects Tessér amounts of
sericite and greater amounts of relict A2 biotite. HMost level
2 rocks show relatively well-preserved M2 and HM3
mineralogies, foliations, and banding.

Rockﬁ in level 3 are the Teast altered and represent ghe
distal facies 0f alteration outward from the VIV quartz
gtockworﬁs (Fig. 4.5). In addition, 1evel 3 rocks are found
in areas which contain a minor to moderate number of VIV

v

veins.,
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.Figure

a

4.5 Extent and intensity of A3 'alteration about the
eastern stockwork in Zone A. (see Fig. 3.9 for
location of section Tline.) /
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It

umetaseﬁiments in levels

-
“

.. .The permeable lapilli tuffs and‘peiitic An& quart}itit

2 and 3 are the'most altered , o

Practicallyno A3- a1tered FGA or gabbro units, however, areh

“1y -
2 - »

) )
It is noteworthy that the correlation coefficient

1 . v

prgsent in lTevel 3. ‘ LT

,between wt. %N03 and Cu in the most intensely altered; level . {

Af ’

'rocks in Zone A is 0. 90, whereas for 811 1evels, 1t 1s on1y’

o+

0. 41 (Moore, 1979) This suggests that alteration can be

fused as a- discriminant t0‘assess the different types,

>

of the various generations of

~

amounts, and extents

mineralization.

4.2.4 A4'ALTERATION = S _

Yt

A4 aﬂteration consists primari]y of fine grdained,

i

.sericite and fine’ grained massive carbonate w1th/without

chlorite and pyrite, and comprises VV vein haloes and -local )
pervasive aiteration. VV vein ha1oes are almost 2X the w1dth ';

of haloes about VIV quartz veins of 'similar width, and the

sericite is much finer grained than the A3 type. Local-~-

like vein set VV

AN

pervasdve A3 alteration. is concentrated,

a1ong pre-existing structural planes of weakness, such as the’

margins of VIV quartz stockworks, contacts beteen FGA- and

netasedimentaryérichfnorizons.‘and along margins of FQB

porphyry dykes (see Fig. 2.4),
The most ‘intensely Ad-altered rocks are converted mainly

to fine grained sericite. The seri?ite replaces M2, M3, as g

well as previous.alteration mineralogies, and obliterates

1

relict crystalline textures, banding, and foliation surfaces,
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The most altered units are A3 sericite-altered lapilli tuffs
adjacent to VIV quartz stockworks in level 1 (e.g., Fig.
4.5)¢ ?he A4 sericite or\carbonate in these areas patchily
replaces "A3 sericite and de;troys lapilli outlines. FGA
units, which are typiéa]ly the units most resistant to
alteration, are locally altered to light green chlorite-rich,
or tan-colored carbonate and/or kaolinite-rich (below) units.
The kaolinite, is tawf-co1ored. occurs locally, and 1in
places, appears to post date the A4 sericite, The Tate
nature of the kaolinite suggests that it formed during the

waning stages of hydrothermal activity.

4.3 SUNNARY
Four types of alteration assemblages are found in Zones A
and B, but in different amounts (Ftg. 4.6)., Each assemblage
is associafed witha specific vein set and is gharacterized
by\; part/icular hydrous silicate. Al and A2 alteration is
most -dbundant and”assqgiated with the most economically
important mineralization in Zone B.\i.e” YI through VIII
§chee11te and molybdenite. 1In contrast, A3 alteration is
associated with almost all economically important
mineralization in Zone A (VIV wolframite and chalcopyrite).
In Zone B, A3 alteration is associated mostly with scheelite
and molybdenite mineralization, and with only minor amounts
of woﬁframite and chalcopyrite.
Al alteration is restricted largely to gabbro and

comprises mostly hornblendic amphibole replacement of M3

actinolite which increases in intensity into Zone B. Lesser
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amounts of Al alteration are also found in the mafic FGA
units. Al alteration hosts moderate to abundant amountsof
disseminaied y-scheelite and 1less abundant~w-schee]ite.
Gradual and inc;eased replacement of amphibo\e occurs ipto
the main VI-mineralized zones in Zone B (F1 to F4; Chap. 3),
and VI veins contain similar high ratios of y- to w-

scheelite; this suggests that Al and VI assemblages are co-

eval and are end-members of gabbro replacement,

A2 alteration is associated with vein sets VII and VIII,
and like both vein sets, is much more abundant in Zone B.
The alteration, which extends up to ndkm_from the deposit,
comprises mostly red brown bigtite, shown to be co-eval with
formation of the S3 surface, and K-feldspar. K-feldspar
alteration was observ;d in Zone B, only, where'it replaces
plagioclase in felsic metavolcano-metasediments and felsic
dykes. ‘ '

The characterjstic presence of A2 biotite and K-feldspar
indicates that AZ alteration is a potassic alteration facies.
The concentration of A2 biotite and apparently exclusive
presence of K-feldspar ralteration in Zone B indicates
further, that the alteration in Zone B was more proximal to
the fluid source. This agrees with the geophysically inferred
location of the mineralizing intrusion(s) (Chaps. 2 and ‘3).

A3 alteratiop comprises mostly sericite, quartz, and
pyrite, and signals a large change in fluid chemistry (Chap.
7). Its apparent concentration in Zone A may be the result

of one or several factors. It may be due in small part to the

abundance of mafic rocks in Zone B, which are typically most
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résistant to alteration.

Alternatively, more intense A3 alteration may have

occurred in Zone A because of a higher fluid to rock ratio.
&

As noted in Chapter 3, VIV quartz stockworks in Zone A are

much wider, but smaller in number than those in Zone B. This’

suggests that the fluids were more focussed in Zone A, If
fluid volumes in the two zones were similar, a higher fluid
to rock ratio in ZoneA.wod]dhayelresulfeq.‘ \

A3 sericite a]teration'may also represent a lower
temperature/distal alteration facies. Hence 'its concentration
in Zone Awould indicate Zone A is more distal to the fluid

source. This is consistent with its greater distance to thé

elongate geophysicali anomaly, believed to represent the near-
Fsurface extent of the mineralizing intrusion (see Fig. 2.4).
A4 alteration, which comprises mostly fine grained

sericite, carbonate, pyrite, chlorite, and epidote, 1is

associated with the development of vein set VV. Kaolinite 1s’

also associated witﬁ,the‘A4 assemblage, but appears to-be a

Tate phase.
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CHAPTER 5. CHEMISTRY | o

5.1 INTRODUCTION

In this chapter, microprébe ana{yses of M3, Al, VI
.ampﬁibo]es, A2 biotites and manganiferous ilmenites (Mn-
iimenites), and Al and A2 feldspars are presenped and
discussed. The chemistry of all mineral types is discussed
in terms of relative cation, rather than oxide amounté. The
stoichiometry of the amphiboles was derived using a computer
program by Laird (1968); biotite stoichiometry was obtained
using a modified version of a program by Laird and Alhee
(1969); and feldspar stoichiometry was obtained using an in-

house program (PL.BAS, A. Hynes).

5.2 M3, AL, VI AMPHIBOLES

The chemistry of M3 and Al amphiboles collected from 8
FGA samples in Zone A, and 9 gabbro and 1 FGA sample from
Zone é were studied in detail. Amphiboles from gabbro and
FGA units have similar ranges and variations in composition§
which suggests that‘for the purpose ¢f comparing amphibole
analyses, the two rock types <can be considered as one.

In thin section, the amphiboles comprise relict
brownish-colored M3 cores, which commonly contain abundant
gpaque iﬂc]usions, as well as clear (inclusion-free) green Al
rims, completely Al-rep1§ced cr}stals, and small discrete Al
blades, 1 to 3 microns across. The secondary blades were
found in FGA units, only.

A1l amphibole analyses were examined in 1ight of three

main factors: 1) Mode of occurence, i.e., relict primary (M3)
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crystals, Al blades, Al rep]acemént features, or VI veins; 2)

the part of the crystal that was analyzed, i.e., core or rim

and; 3) depth and proximity of the sample sites to the

mineralized zones.

5.2.1 ANPHIBOLE CLASSIFICATION

The dominant M4 cations in Zone A and B amphiboles are
Ca and Na, with sums of > 1.34 and Na < 0.67. The
amphiboles are therefore classified as calcic types (Leake,
1978). On a standard calcic amphibole grid (Leake, 1978),
analyses from Zones A and B outline two br&ad]y lineavr trends
(Fig. 5.1).

Trend 1, defined by amphiboles distal to Zone B in drill
hole SSN 25, extends from the actinolite to magnesio-
tschermakitic hornblende fields and outlines a silica
depletion trénd at roughly constant Mg/Mg + Fe (Fig. 5.1b).
The actinolite represents retatively pristine M3 cores, and
the silica-depleted analyses comprise Al rim (25.136.55) and
totally Al-replaced (25.75) crystals.

Trend 2, outlines a Si + Mg depletion trend in
amphiboles from both zones. The trend, which is more evolved
in Zone B than in Zone A, extends from the actinolite field
to the tschermakitic hornblende field (Fig. 5.1.a, b). HNo

FGA unf%s distal to either zone uere measured. Hence, the

- Teast altered M3 core from FGA units in Zone A, sample

13.148, 1is probably slightly ¢ ltered (i.e., hornblendic). In
contrast, pristing i13 anmphiboles were obtained from gabbro

sanple 25.136.%55, located almest lkm southwest of Zone B.

107

¥



¥

Figure 5.1 Compositions of relict M3 and VI and Al amphiboles

on a general hornblende classification diagranm
after Leake (1978), where Ca + Na > 1.34 and Na<
0.67 in (a) Zone A, and (b) Zone B. Encircled
samples contain analyses of amphiboles of the same
type, e.g., core or rim, and from the same samp1e.
The Tines connect relict M3 and secondary
amphibole compositions, or secondary amphiboles
from different levels in the same drill hole. One
tie line connects two VI vein analyses (0473 and
0466). Trend 1 and 2 amphiboles are outlined in
green and red, respectively,
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In order to show the chemical varjations of Trend 2
amphibo]gs in plan view, Figure 5.1 was divided into 6
coﬁsecutively numbered "alteration zones" of equal width,
along the trend axis (see Fig., 5.2). The most evolved
ana lysis for each sample was considered representative of the
furthest extent of alteration that the particular sample.
underwent, and was placed inthe alteration grid (Fig. 5.2).
The sample was assigned the number of the zone in which it

occurs, and the zone numbers were transferved to the

appropriate sample location site (Fig. 5.3),

5.2.2 DISCUSSION OF CHEHICAL VARIATIOHS OF ANPHIDBOLES

Figure 5.1 shows that some reiict M3 cores, which are
not visibly altered in thin section, are, in fact chemically
altered to various degrees. In Zone B, the chemical
alteration can be re]ﬁﬁed to djsténce from the mineralized
zones, i.e., ﬁhe\mor%)proximaT of the two relict core
analyses has the more evolved composition (Sampie 26.64 vs.
25.136.55; Figs. 5.1, 5.3). In addition, figure 5.1 shpws
that the compositions of Al replacement rims and Al blades in
sample 9.24 are nearly idecntical, and that the compositions
of ¥I vein and Al alteraticn ampniboles from the same sample
(0472) arc practically the =zane. ,

Figurae 5.3 shows that thz most alvered zmphibsles,
33.235.10 and 37.207.75, are cerniered avc} the szcond most
ecascerly scheel te-pineral " zed zone in Zone B, and the -7 cast
altered aaphiboles, with “=e exception of that fromszuple

33,127, occuar ouvside Zone 2. Figure 5.3 aiso shows tha the
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T

s

5.2 Hornblende classification scheme after Leake
(1978) showing location of most altered analyses

from each samplein alteration grid. See .Figure
5.1 for legend.
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most evolved Zone A sample occurs ¥n drill hole SSN 9,

furthest 'south’ and closest to Zone B, In addition, it

P

appears that the most evolved Zone A ana]yse§ lie closest to

't'he main VIV quartz stockwork, whereas the two furthest away

_are the least evolved:

5.2.3 COUPLED SUBSTITUTIOIIS °
The d1teration of actinolite to hornblende in Trend 1
and 2 amphiboles can\be’e‘é\puined. in part, by two coup'le'd
substitutions represented by the actino"lite--itsc,,hermakite
tfa;sition, where, '
~ MgSi--> 2A1 (Fig. 5.4) and,
the actinohte--) edenite transition, where,

Si--3 NaAl (Fig. 5. 5)

Together, the two, which can be written as,

»

i

MgSi --> NaA13 (Fig. 5.6),

show tha‘t magnesium-silica éfep]etion 1'5, associated with
sodium and alumina enrichment. )

In, add1tion, Fig..5.4 shows that the tschermakite trend
is shal]qwer, and hence 1ess 1mportant in Trend 2 versus
Trend 1 amphiboles, which are distal to Zone B. ' In conirast,

the edenite trend, defined by.Trend 2 amphiboles, which are

-

proxima] to the mineralized zones, 1is steeper oOr more.

3 £

inportant than the one for Trend 1 amphiboles. §

A cation plot of tota1 Fe (TFe) versus TFe/TFe + HNg

‘(F'ig. 5.?) shows that Fe-enrichment accompanies the Mg-

t

depietion in Trend 2 ampﬁiboles. and also occu}s to a lesser

uext:ent in Trend 1 amphiboles. Figure 5.7( also shows that the
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" Figure 5.5 Graphical depiction of Actinolite-Edenite

transition, where, Si-->NaA AlZ in amphiboles (a)
in and near Zone °A, and (b) Zone B. Trend 1 and ?
amphiboles are outliined in green and red,
respectively (discussed in text). See Figure 5.1
for 1legend. . .
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Figure 5.6 Graphical depiction of Actinolite-Tschermakite and
Actinolite-Edenite transitions in amphiboles (a)
in and near Zone A, and (b) Zone B, Trend 1 and 2
amphiboles are outlined in reen and red,
respectively (discussed in text). See Figure 5.1
for legend.
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Figure 5.7 Cation plot of total Fe versus Fe/Fe + Mg, or,XFe)
in amphiboles from (a) Zone A, and (b) Zone B. See
Figure 5.1 for legend. N
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amphiboles in Zone A underwent less Fe-enrichment than those
in Zone B.

A plot of K versus K + Na {(Fig. 5.8) shows that the Na-
enrichment associated with the edenite transitfon, is
accompanied by K—énrichment. The plot also shows that
amphiboles in Zone B are cons}derab?y more alkali-enriched
than those in Zone A and that alkali enrichment occurs
congruently with trends outlined by other variation diagrams,
i.e., rim compositions are more evolved tﬁan cores, analyses
close to Zone B are more evolved than those further away,

etc.

5.2.4 SUMMARY AHD CONCLUSIONS

Al varjatibﬁ diagrams exhibit similar core-rim,
alteration trends, and ;how tﬁat‘Trend 2 amphiboles in Zones
A and B, start‘at roughly the samé point of origin, and have
approximately the same slope. In addition, the diagrams show
that Zone A analyses outline slightly less evolved patterns
than Trend 2 amphiboles in Zone B. The most‘strikihg example
of this is seeﬁ in Figure 5.8 in which Zone A amphiboles are
substantially less alkali-enriched than those in Zone B. The
more.evolved natu}e of Zone B amphiboles may indicate that

Zone B underwent more intense-alteration, and was closer to

the fluid source.

x

5.3 VII, VIII, and A2 BIOTITE
Two different-types of hydrothermal biotite are
recognized in the map area and discussed in detail in

chapters 2 and 3. Brown, M3 biotite occurs as fine grained
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pervagive alteration and coarse grained clots as well as
alteration envelopes about leucogranite dykes in gabbro and
is believed to bé related to intrusion of the leuco- granite
(Chab. 2). The biotite has brown or olive green to yellow
p]eofhroism and characteristically occurs with sphene at the
expense of M3 amphibole,

A2 alteration biotite has reddish-brown pleochroism and
typically contains zircons and associated radiation burns
(Chap. 4). A2 biotite occurs as VII and VIII vein haloes and
pervasive a]teratibn (Chap. 4), and is locally concentrated
along $3 crepulation hingelines, indicating that it formed.
during the M4 event (Chap. 2). The-biotite is morezﬂgnqant
in Zone B where it is associated with locally intense K-
feldspar replacement of felsic units. In addition, it
typically occurs with manganiferous ilmenite (Mn-ilmenite)
where it replaces amphibole.

Red-brown biotite, &ompositiona]]y similar to A2
biotite, occurs within VII and VIII veins. The concentration
of A2 biotite along S3 hingelines (Chap. 8) andall vein sets
along the S3 surface (Chap. 3), as well as the s{milar
compositions of VII and VIII vein, associated A2 vein halo,

and peryasive A2 biotites suggests that the veins and

alteration are co-genetic and co-eval with the S3 surface.

5.3.1 BIOTITE CLASSIFICATION
A microprobe study was conducted on A2 alteration, and
VII and VIII vein biotites in 5 gabbro samples, 9 FGA units,

7 Unit I1Ib metavo]cano—sediﬁent samples, an A2-altered
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amphibole vein in gabbro, and biotite phenocrysts in the FQB
porphyry (Figs. 5.9 and 5.10). In addition, brown, M3

biotite was analyzed in a gabbro sample distal to Zone B

- (25.75.50).

. /
To facilitate discussion of biotite chemistry, the

analyses are divided into gabbro, FGA, and sedimentary types

and subdivided into two groups: 1) Ahalyses from pervasively '

altered rocks (Fig. 5.10 b,d,f)\and, 2) VII or VIII veins and

associated vein haloes (Fig. 5.10 c,e,g).

5.3.2 BIOTITE CHEMISTRY

F The ranges in biotite compositions become more
heterogeneous and more iron- and alumina- enriched fronm
gabbro to FGA to sedimentary units (Fig. 5.10a). The
different ranges in biotite c0mpositions\from the different

-~

rock types may partly reflect primary differences in host

Fi

rock chemistry. For example, sediments are generally -

alumina-rich and heterogeneous in nature, which ﬁay explain
wﬁy analyses from the metavolcano-sediments haQe,the largest
compositional field and are Al-rich.

In contrast, biotites frbm gabbro are Al-poor, ;nd on
the Fe-Mg-Al cation plot (Fig. 5.10), occupy the smallest
compositional field. The 10Q Al content and relatively
homogenous chemistry may refliect the primary homogeneous and
high temperature (relatively Mg-rich) nature of the gabbro.
Biotite in an A2-altered VI amphibole vein in gabbro (0473)
has the same composition as gabbro sample, 33.178.36.

Analyses from FGA units generally fall in betweenthose
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Figure 5.10 A1-Mg-Fe cation plots for biotite analyses. (a)
Ranges of biotite from gabbro, FGA and
metavolcano-sedimentary unit. (b-g) Ranges of’ ,
each field are shown in detail. Left member of *
cation-plot pairs show subrange of samples which
contain pervasive alteration. Right member shows

subrange of bipgtites which were found in VII or .
VIII veins or vein haloes; Note: gabbro sample v
25.75.50 comprises brown biotite from a

leucogranite halo; "meta sediments" refers to
all Unit IIb metavolcano-sediments exclusive of
FGA units.
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from gabbro and metavolcano-sedimentary units. The
intermediate composition of the FGA units suggests that the
FGA units are not as hémogeneous as the gabbfb nor as
heterogeneous as the sediments.

The least evolved, or most Mg-rich of all A2 biotites is
from a pervasively altered metavolcano-sedimentary sample in
Zone A, 2.34 (Fig. 5.10a, f). The sample was collected
furthest north in Zone A, and is distal to the main Zone A
stockwork zone and Zone B (Fig. 5.9). Metavolcano-
sedimentary samples, 13.77.9 and 13.73.10, collected further
south in Zone A, are more Fe-rich, and those from Zone B, the
most enriched. The most Fe-rich metavolcano-sedimentary
analyses are from a pervasively A2-altered unit and VIII vein
fromra sample in drill hole SSN 26 (Fig. 5.10 f,g, sample
26.78). The VIII vein analysis is, in fact, the most Fe-rich
or evolved of all biotite samples (Fig. 5.10 a,g).

Analyses from FGA-hosted veins or vein haloes in Zone A
also appear to be generally more Fe-rich and have a larger

range in Al contents than pervasively altered FGA units (Fig

',5.10 d,e). (Note: No vein or vein haloes from Zone B were

measured). The most apdlleatt evolved analyses from
pervasively altered FGA units are from drill hole SSN 26°in
Zone B, and dril11 hole SSN 13, one of the furthest north
samples in Zone A, respectively (samples 26.64 and 13.148).
With the exception of sample 11.180, vein and vein halo
biotites from Zone A appear to show iron-enrichment southward
(13.81.9p to 9.24)., The one exception, sample 11.180, is the

most iron-rich of all FGA samples, and.was collected from
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greatest depth.

Hence, it appears that within the general range of A2
biotite compositions from FGA and ﬁetavo]cano-sedimentary
units, some systematic variations are present. Zone B
biotite is generally more evolved than that of Zone Aj;
biotite from the southern part of Zone A is generally more
evolved than that to the north, and the most evolved bjotites
are in drill hole SSN 26, which contains the FQB porphyry.
In addition, vein and vein halo biotites are generally more
Fe-rich than those from pervasively altered units.

Brown M3 biotite and biotite phenocrysts from the F(QB
porphyry were also analyzed. The M3 biotite, collected from
a biotite-sphene halo in gabbro about a leucogranite dykelet
distal to Zone B, is Mg-rich and plots clearly outside all
the main fields (Fig. 5.10a). In contrast, the red-brown
biotite phenocrysts have compositions which are similar to

the Fe-rich analyses from FGA units (Fig. 5.10d).

5.3.3 Kd BETWEEN Al AMPHIBOLE and A2 and VEIN BIOTITES

Biotites and amphiboles both display Fe-enrichment
southward across Zone A and into Zone. This may indicate that
the hydrothermal amphiboles and biotites formed from Fe-rich
fluids which emanated from the same source region.
Alternatively, the iron-enrichment of the biotites may be due
to reactions in which fluids from the same or other regions
were buffered by the compositions of the amphiboles that the
biotites replace.

Analyses of Al amphiboles and A2 and veinbiotites are

\
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Figure 5.11 A1 -Mg-Fe cation plots for all FGA and gabbro
samples from which biotites and M3 and Al
amphiboles were measured. (a) biotites from VII
and VIII vein haloes and pervasive A2 alteration

in FGA units and, (b) from pervasively altered
. gabbro and M3 brown biotite sample.
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compared in Figure 5.11. The slopes of the thick dark tie
lines, which connect amphibole and biotite analyses from the
same sample, change progressively from steeply negative in
the right-hand-side of the diagram (Mg-rich), to steeply
positive in the left-hand-side (Fe-rich).

The tie line rotation shows that biotites replacing
relatively Mg-rich Al amphiboles, have higher Fe/Mg ratios
than those that replace Fe-rich Al amphiboles. The tie line
rotation suggests that although Fe to Mg ratios in A2
biotites generally reflect those of the amphiboles, the
ratios are also partly independent of amphibole
compositions.

This is also seen by the generally linear relationship
between Fe/Fe + Mg ratio in the biotites and M3 and Al
amphiboles on a plot of XFe (Al Amph) versus XFe (A2 Bi; Fig.
5.12). The slope of the line or Kd is less than 1 (.54),
suggesting that the biotite-producing reactions were partly
buffered by the fluid to 1owgr XFe,

The slopes of the tie 1ines change from negative to
positive about a point close to biotite phenocryst
compositions in the FQB porphyry in drill hole SSN 26 (Fig.
5.11)., This may indicate that the porphyry and altering

fluids were the same.

5.4 A2 Fn-~ILRENITE
A2 biotite is characteristically associated with
manganiferous ilmenite (Mn-ilmenite) where it replaces

amphibole. Minor Mn-ilmenite was also found in some
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Figure 5.12 XFe in A2 biotite vs., XFe in relict M3 and Al
amphiboles, where XFe = Total Fe/ Total Fe + Mg.
A11 amphiboles are from Trend 2, except sample
25.75 (see Fig. 5.1)
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pervasively A2-altered metasediments. The Mn-ilmenite, in
thin section, hasametallic lusire and tan to brown and pale
blue anisoctropy under reflected Tight. A Mn-Fe~Ti plot shows
that the compositions of the 1Tmenites in Zone A and B are
essentially the same, and have a very small compositional
range (Fig. 5.13). This dimplies that the fluids which

produced them had similar compositions.

5.5 Al, A2 FELDSPAR CHENISTRY

Plagioclase alteration appears to be less pervasive than
amphibole or biotite alteration in the same drill hole. For
example, one plagioclase-bearing sample froma drill hole
which contains abundant amphibole and A2 biotite, is vell-
zoned and relatively unaltered (Figs. 5.14, 5.15, sample
33.178)., 1In addition, Al and A2 plagiocliase alteration is
similar and hence, difficult to discriminate in rocks which
contain abundant Al and A2 alteration.

In general, however, Al alteration of plagioclase is not
as intense as A2 alteration of plagioclase and comprises
partially albitized plagioclase and minor K-feldspar
alteration (observed in a minor number of stained sections,
only; Chap. 4). In contrast, A2 feldspar alteration,
appears to be more intense and pervésive, and consists mostly
of K-feldspar alteration and minor albitized plagioclase.

Eleven unaltered and Al- and A2- altered plagioclase-
bearing samples were analyzed to determine the general range

of albitzation (Figs. 5.14, Fig. 5.15).
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Figure 5.13 Compositional range of Mn-iIlmenites in Zones A
and B.
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Figure 5.14

»

Plan view of Zones A and B showing An contents

and location of plagioclase samples.
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"5.5.1 AL-ALTERED ROCKS o

measures An 21.

|
|
|

in e b N A Aok Pt e > B I T ¢

N \
Relatively unaltered plagfoclase of composition An 64,

was found in gabbro sample 25.75, collected about 750m

southwest of Zone B. This contrasts with the moderately Al-
albitized plagioclase in gabbro sample 0473, ~200m west of
Zone B, w’hich measures An 47. One Al-altered metavolcano-
sedimentary sample frou Zone A (13.35) was also studied and
found to contain moderate to highly albitized plagiociase of
An 21*, The albitizing nature of the fluids is perhaps wost
evident by the presence of relatively pure albite (An2) in a
gabbro;hostéd VI vein just west of Zone B (sanp'lf 0466). ‘

5.5.2 A2-ALTERED ROCKS

Severa]‘plagioclasebcry‘stals from samples containing
mainly 52 alteration were also measured and found to contain
mostly K-feldspar and minor albite alteration. How;ver. t\he
two Zlor;e B gabbro samples, both from scheelite-mineralized
zone F2 (Fig. 5§.14), show 1inconsistent amounts of
albitization. Plagfoclase from sample 33.178 has an An
jcont’eut‘ of 62, whereas that from sample 36.35 measures An34.

: In Zone A, a wide range of An contents was found in the

one measured sample, 13.77. Plagfioclase in a highly

‘_b*lot'ltized metasedimentary band,%foi‘ example, ranges from An’

66 to 72, whereas in the piagioc]ase‘ lapi1li-rich band, it

* The peristerite gap is believed to exist between An 0 and .

25 (Smith, 1983). The so-called albitized plagioclase may
therefore represent very fine scale albite replacement of
plagioclase that was not resolvable on the microprobe or with

a microscope (ibid., pp. 233-234 for further reference and

discussion of the peristerite gap).
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" The most altered samples fromboth zones are from Zone B

felsic dykes in drill hole SSN 26, which have An cen’temj/s of

11 (sample 26.22) and 7 (sample 26.74). In addition, felsic
dyke sample, 26.22 contains K-feldspar (Fié? 5.15a). A
relatively high level of albitization in the p]agioclase-rich
felsic units is also evident in Zone Azwhere the most highly
albitized plagioclase is from a plagioclase Tapilli-rich
metavolcano-sedimentary unit (above). This may indicate fhat

the plagioclase alteration was somewhat host rock dependent.

(
5.5.3 Al- and A2- ALTERED ROCKS

Plagioclase in five Al-lénd A2- altered samples were
analyzed (Fig. 5.15e,f). The most.sodic plagfoclase is.from
an FGA unit (sample 26.64, An 11; Fig. 5.14) in drill hole
SSN 26 in Zone B. The FGA sample from Zone A (9.24) is less
dltered and measures An 49, GaZbro sample 33.167, from
scheelite-mineralized zone F2, is also iess albitized and
measures An 49. One K-feldspar altered gabbro sample was

measured from Zone B (sample 37.116). The practical lack of

K-feldspar in Al-altered rocks suggests that it formed during:

A2 alteration.

5.5.4 FQB PORPHYRY PHENOCRYSTS *
Unal tered primary plagioclase phenocrysts from FQB
porphyry in drill hole SSN 26 (Zone B) were analyzed and

found to have An contents between 34, near phenocryst cores,

i N
-and 15 at phenocryst rims (sample 26.16). The ¢rim

compositions are simi1ar“ig§fhe most a]bittzeq 51agioc1asq

©
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analyses which: excluding vein sample 0466, are also from
drill hole SSN 26 (Figs. 5.1@, 5.15; 26.22, An 11; 26.64, An
11; and 26.74,'An 7). g ‘ ’ d

The sim11ari¥ies between a1}ered ;légioclase and
ph;ﬁbcryst rim compositions suggest éhat the altering and
porphyry fluids were thé same. The similar compositions of
A? biotite and FQB porphyry biotite phenocrysts may imply

further, that the‘ﬁbrphyry‘was responsible for alteration and

associated mineralization (see Chap 7).

5.6 SUMMARY

Amphiboles proxiﬁalvto the mineralized zone define a Mg
+ Si depletion trend (Trend 2), whereas those distal to Zone
B, defiqe a Si-depletion trend, only (Trend 1; Fig. 5.1).
The changes in amphibole cdmpos?tion into the mineralized

}chermakite and edenite

- <

zone are explained in terms of the t
coupled substitutions (Figs. 5.4 to 5.6).

The«edenite transition, which involved addition o% Na
(Fig. 5.5), is'more 1mporkant in amphibo!es proximal (Treqd
2), than in those distal (Trend 1) to, the mineralized zones.
Conversely, “the tschermgkite iubstitution. which involved
addition of Al (Fig. 5.5), 1@\1ess important in Trend 2

versus Trend 1 amphiboles, L
" Addition BT is associated with that of Na (Fig. 5.8),

and ‘Fe-enrichment accompanied ihe Mg-depletion, associated '

with - the tschermakite transition (Fig. 5.7).

o

A1l variation diagrams show that relict M3 cores are

characteristic&?ly less altered than Al rims. Some evidence

Y
g

134

o~
i

.
o — g

| FE

\

L3




) s o “_
"suggests that Al rims and blades, as well as Al replacemént
and VI .veins in the same sample, have identical compositions.

In addition, the diagrams show that amphiboies are

possibly more evolved, southward across Zone A and into Zone

‘B (Fig. 5.3), and that Zong A amphiboles are generallyAess

evolved than those in Zone B. The latteé is especially °

evident in the alkali-enrichment diagram (Fig. 5.8).

A2 biotite, which is red brown in thin section, is more
Fe-rich than M3 biotite, which-is brown in thin section. Aé
"biotite compesition is apparently affected by that o% the
host rock in which it occurs, e.g., A7 bjotités in
metavolcano-sediments have the most heterogeneous
compositi&ns, whereas A2 biotite in gabbro is generafly more
Mg-éich, and has é:e most homogeneous chemistry.

The Fe~enrichment trend in FGA and metavolcano-

sediments, appears to parallel that of Al and VI amphiboles,

but is in fact, partly.independent of the amphibole
. ¢ ~ P

composition, i.e., fluid buffered. This 1s\éyident by the Kd
.value of .54 between XFe-amph and AFe-A2 biot. Fluid
"buffering is perhaps also evident by the presence and
relatively small and simflar .range 1in Mnfi;%%%Tfe
compositions from both zonés. ;

The most evolved bioti{e compositions’are from driﬁl
hole SSN 26, which contains the largest amount of FQB
porphyry: Biotite phenocrysts from the FQB porphyry fall
within the r;nge and near the ﬁosi evolved of A2 biotites;
suggesting that the porphyry and a1§ering fluids were the

,
same. . . : ‘ )
.
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Feldspdr alteration appears to be similar in Zones A and’

B, but less consistent than Al amphibole or A2 biotite

alteration. Al-altered feldspars are mostly albitized and .

appear to become more albitic imto Zone B. Similar
albitization occurs in A2-altered rocks, with the most

Plbﬁtic compositions from drill hole SSN 26. In addition, A2

“altered rocks contain abundant K-feldspar alteration, whereas

only a minor amount was observed in a few stained slabs of
Al-altered rocks. - - . ' g

Primary FQé pﬁenocrysts are progressively more albitic
from the cores to rims. The rim compositions are similar to
;ﬂe most Al and A2 albitized plagioc1yse samples kFig. 5.15).
This, as well .as the similarity in éompositioqs of A2
biotites and primary unaltered biotite phenocrysts 1néthe FQB

porphyry, may indicate that the porphyry and altering fluids .

were the same.

D
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CHAPTER 6 FLUID INCLUSIONS .

6.1 INTRODUCTION

1]

A fluid inclusion gtudy of vein sets VI through VIV was

undertaken to examine the naiure,'evoﬁution and genetic

¥

relationship of the mineralizing fluids in and between the

' 1

two zones: ¢

6.2 SAMPLE LOCATIONS - \ _ .

Sampie collection was concent;éted in drill holes SSN 13
and SSN 26 (Fig. 6.1). SSN 13 is the most heavily mineralized
dril1l pole if Zone A. Drill hole 26, in Zone B, contains the

largest intersection of FQB porphyry and the most complete
{ .
overlap of VI and VII scheelite mineralization (F3) and VIII

and VIV scheelite-molybdenite mineralization (MZ3; Chap. 3;
Fig. 6.1). u

1
4

A small number of fluid inclusion séctions were made

Q@

from material in drill holes 1, 3, 33, 36, and 37, within

A

the main mineralized zones, as well as the main trenched area

“of Zone B (0466a and Q; Fig., 6.1).. In addition, phase

relationships in 1nc1usions in quart:z and scheelite in thin
sections of VII ve1n1ets from drill holes 2, 8, 9, and 13
were studied to supplement the fluid inclusion data obtained

from those respective vein sets.

6.3 PRIHARY FLUID INCLUS 0 CLASSIFICATION, DESCRIPTION, AND

—\

IDENTIFICATION CRITERIA

A limited fluid inclusion study wa's conducted on quartz

and y-scheelite from vein sets VI through VIV, and on
amphibole from a VI amphibole vein and a VI-VII amphibole
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‘alteration ha}o.

1

* Two major types of primary ipclusions are recégnized
(Fig. 6.2). LY inclusions comprise liquid plus vapor phases
which contain ~55 to 85% liquid; most however, contain 55 to
75% 1iquid. The second major ty;e, Lv;, comprises 11quid;
vapor, and one or moreé solid pha§es. and is subdivided into
three types: (1) Type LVS-HA contains a cubic, non;
birefrjnéent. solid. and 1s relatively liquid-rich (Fig.
6.3e). During f;eezing, the cubic phase reacts with the
liéuid and forms a yellow birefringenf hydrate., The cubic
phase can therefore, not be sylsife. but is more likely
halite, since sylvite does not form a hydrate, whereas halite
does (Crawford, 1981). (2) Type LVS-B comprises vapor-rich
and vapor-poor inclusions that contain 1 to 4, small, ~1
micron across, blue-birefringent, anhedralwsolids. (3)\Type
LVS-BHA contains both cubic and (1 to 3) blue phasés
(Fig.6.3d). .

The blue phase ‘does not dissolve upon cooling, and

during heating, does not change size or shape pridr to

decrepitation. The apparent inability of the blue phase to

dissolve brior to inclusion decrepitation, and ‘the variable

" number of solids in any one 1nq]usion suggests that the blhe{

‘[(

solid is a trapped phase.

Primary inclusions are larger and/or more isolated than

%Pwrytypes.ln some VIII and VIV quartz veins, an area 2

"Vitcrons wide rimming blades or blebs of molybdenite,
{

cha]copyrite, pyrrhotjte and/or wolframite, contains

isolated, primary, 1nc1usioqs; Similar pockets of t@ese
| A N
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primary W'usions were also found in embayments or between
blades of the aforementioned minerals, generally measuring- _
<15 microns across. , . .

Secondary inclusions, in contrast, are generally small,

alongside LV types with no apparent crosscutting
Y

<1 to 5 microns across; 1iquid-rich, liquid-vapor iﬂcﬁahd@nsqw-L;J
Thege are Eommon]y distributed densely along humero&s
inéerconnected, parallel or isolated fracture p]ahés.

Many LV and most LVS inclusions are a]go found along
'fracturé b]anes. Some of the LV types are_commonly elongate

with the long axes oriented in the same direction within the

N ¢

‘ﬁlane of the fracture. The phase rating LY inclusions

Within the fractures aré thg same as isolated, apparently

primary inclusions nearby. For this reason, they are 3

6 .
considered to be pseudosecondary. '

mm—

Hany‘LVS inclusions within fractures, in contrasf?do :

~not have consistent phase ratios. The small percentage of . ?

LVS versus LV inclusions (<5% Qersus >95%, respectively;

Fig.v6.2), and the predominaﬁcé of LVS dinclusions” along
fracture planes may indicate that LVS inclusions ‘are
'secondary. The presence of some isolated halite-bearing

i v
inclusions along blades or blebs of mineralization, and

relationships between them, however, makes i}—;hclear whether
'LV and LVS inclusions are co-genetic or represent two

separate fluid geperations (see Section 6.8).

i

6.4 MNORPHOLOGY AND DISTRIBUTION OF FLUID INCLUSIONS .

Good primary inclusions ' were generally difficult to find

- - o
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and it was not possible to find representative material from

several vein sets in both zones. For example, VI veins in

" Zone A were rare‘and too fine grained to study; no VI-VII

veins were found in Zone A; VIII veins in Zone A drill core
were(uncommon and typically altered or broken up; most
samples of VIV veins in Zone B contained mostiyvsmall
secbndary inclusions; agd no primary inclusions were found in
samples of VV carbonate. )
Primary inclusions wérg most djfficu1t to «find in
scheelite and amphibole. The softness o; scheelite (H = 4.5-
5) rs1at1ve to quart; résu]ted, in mosiycases.,in a high1y
scratched polished scheelite surface which effectively
obscured inclusion observation. Im addition, the high
refracéive index of scheelite resulted in abundant total
internal reflection which made inclusion outlines and phase

bqundaries appear dark and_ thick. This was eSpecially

o

" detractive in small inclusions where the outlines effectively

me}gedf obscuring the interior. Scheelite-hosted inclusions
which were suitable for study were <43 to 20 microns agross;
had thick, dark outlines, and irregular; anhedral shapes
(Fig. 6.3a). . ) A

In amph1501e. the dark green ﬁolor common]y'masks
inclusion outlines and phase boundarief; very fine-grained
samples contain no Qisiﬁle inclusions; and inclusions in
c&ﬁrse-grained samples are commonly {1srhpted by closely-
spaced cleavage planes or a}} obscured by numerous minute

opaque inclusions, ;

L
S

Coarse-grained amphibole samples.containing widely-

142 ' Ce
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spaced cleavage planes proved the mos; suitable for fluid
inclusion study. Most inclusions in these sdmples are 1argg
(10 to 20 microns across), irregularly-shaped, and oriented
oblique to 010 or 001 cleavage surfaces. A minor number of
small (5 to 10 microns), elongate inclusions, however, are
oriey\fd paralle]l to the cleavage planes. A1l of the 1arger.
anhedral inclusions have highly variable Yiquid to vapor
ratfios, are interconnected and/or necked down. Both types,
but especially the former, show evidence of leakage along
cleavage planes.

Some of the inclusions oriented parallel to cleavage

showed no evidence of leakage prior to study, but leaked

during heating. Leakage occurred by minofracture development
along 010 or 001 cleavage surfaces which grewlinto the
inclusion cavity (Fig. 6.3b) or by the bending of cleavage
planes and eventual disruption of the inclusion caVity.
Microfracture development and/or bending o;>c1eavage
surfaces during heating was common]y‘accompanied By brown
discoloration. Barnes (1930 in Hawthorne, 1978, p.317) showed
that during experimental heating of iron-bearing horﬁb]ende.

much Fe2+ converts to Fed+ with concomitant brown

~discoloration of the amphibo]e.’and loss of water. Hence,

the brown discoloration observed in this study probably )

.represents similar oxidation.

Most suitable primary inclusions were found in quartz.
The inclusions were relatively large (5 to 20 microns),
abundant, and typically had clear, well-defined hexagonal

outlines (Fig. 6.3c-e).
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6.5 MINERAL- AND VEIN- SPECIFIC OCCURRENCES OF
PRIMARY INCLUSIONS

AT1 VI and VI-VII y-scheelite- and amphibole-hosted
1nc1us§ons are LV types. LV inclusions also comprise most
quartz-hosted inclusions in,VI-VII through VIV veins. LVS
inclusions were found only in quartz and mostly within vein
sets VIII and VIV. One LVS inclusion was found ina VI-VII
quartz™vein and two were found in seven samples of VII quartz
veinlets. “ )

The absence of LVS inclusions in vein sef VI, their
rarity in vein sets VI-VII and VII, and their relative
abundance in vein sets VIII and VIV suggests that influx of

saline fluids may have increased with time.

. 6.6 LOW TEMPERATURE MICROTHERMOMETRY

Eutectic temperatures (Te) of LV inclusions range from
-159to -509C with a mode at -250to -300C (Fig. 6.4a).
Eutectic temperatures of halite-bearing 1np1usions. 1.4,

VS-HA and LVS-BHA types are generally lower than LV types,
and range from -320to -74°C, with most values {-550C (Fig.
6.4a). Freezing of LVS-HA and LVS-BHA inclusions typically
resulted in dissglution of the cubic phase to form a hydrate
phase., The blue phase in LVS-BHA or LVS-B inclusions, in
contrast, did not change. L :

In most cases the hydrage 5ﬁ:se melted between -60°and
-70°C, forming numeroug yellow, bleb-1ike, anhedral masses
and larger pink, more coherent, interstitial masses of ice.
The refractive indices of ice and hydrate could not be

observed from relative Becke 1ine movements due to poor
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6.4 (a) Observed first melt temperatures for LV and
LVS inclusions, and Tm-ice for halite-bearing LVS
fnclusions. (b) Salinity in eq.wt.% NaCl for LV
and LVS inclusions. Salintty of LVS inclusions
obtained from Th-Ha. A1l fnclusions-are quartz-
hosted unless otherwise indicated.
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optical resolution. Outlines of “Ice fragments, however,

appeared much darker than the outlines of anhedral hydrate
~blebs. o ' .

| Continued heating and melting of'the yellow hydrate in
LVS inclusions was typically accompanied by growéh of the
cubic phase. In some cases a large, single cubic phase,
present prior to a freezing run, recrystallized during

heating to two or more smaller cubic solids.
The variation in Te probably reflects, in part,

observational difficulties, as wenl as real chemical

variations in the fluids. Observational difficulties include

the dark color of amphibole, the high percentage of total"

internal reflection in scheelite, small inclusion size,
1&21usion orientation and/or shape (mélting may\bébin in a
part of the 1nc1p§10n out of the viéw ofstﬁedobserver), and
thickness/and polish-quality of sectioned sampfes. In
addition, the low amount of fluid generated at the eutectic
of low sa]]nity inclusions makes it more difficu]t to observe
‘first melt in LV 1nclusio;s.

Last melf témperatures (Tm:ice) of vapor-rich LV and
LVS-B inclusioﬁs range frém'-8°to -1.3°C, with a mode between
~-4%and -5°C. These temperatures correspond'to salinity
ranges of <2 to 12 and 6 .to 8 eq.wt.% NaCl, respectively
(Fig. 6.4b; Potter, et. al., 1978).

Last melt of ice in LVS-BHA and LVS-HA inclusions was
observeﬁ in only four inclusions, all in sample 0466. The
Tm-ice ranges from -38.5°C + 3.5°to -30.59C + 2.5° (Fig.

6.4a). Melting of the hydrate, however, was not observed at

u 147
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temperatures <0°C, despite slow heating rates of 1°C per 3 to
4'minutes. The lowest tempgrature at'which the hydrate was
observed to melf was +8.8°C. In other inclysions, the
hydrate melted after several hours at room temperature or at
higher temperatures upon immediate{y beginning a heatin§ run.

The high Tm of. the hydfate implies that the hydrate
comprises not only hydrohalite, but perhaps hydfoha]ite
and/or a more compiex hydrate such as NaC03210H20 (natron):
which is stable at temperatures well above 0°C (Fig. é.SL
Heating of hydrohalite aﬁd natron, fo; example (Fig. 6.5, 1),
would resu]; in melting of hyarohalite first (II; Fig. 6.5);
natron would melt at temperatures up to ~20°C (iII; Fig.
6.5). The two phases would probably be indistinguishable
during melting because of similar refractive indices
(hydrohalite, 1.42; natron, 1.41 to 1.44), and identicad
optical properties (both are monqclin}c, hydrohalite is white

and natron is colorless).

6.7 HOHOGENIZATIQN TEMPERATURES
LV inclusions homogenized by vapor disappearance and all

LVS-HA inclusions, except one, homogepized by halite
disappearance. The blue ppase 1ﬁ LVS-B and LYS-BHA inclusions
did not homogenize after vapor disappearance or prior to
decrepitation, which generally occurred between 400°and 500°
C. Homogenizétidp temperatures (Th) of inclusions containing
the blue solid were therefore, recorded ;t thé‘digapbearancg
of vapor (LVS-B) or halite (LVS-BHA).

LV and LVS-B inclusions homogenized between 80°and 385°
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Phase diagram for part of the NaC1-Na2C03-H20

system showing a possible melting path for LVS
inclusions. At the eutectic, E, (Point I) melting
would begin. Melting may have continued along
the indicated path to Point II, where hydrohalite
and natron co-exist. Following complete
disappearance of hydrobalite (II), natron would
continue to melt up to ~20°C (Point III; modified
after Samson, 1983).
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C, with modes for all vein sets .ly‘i‘nlg between 300°and 380°C
(Fig. 6.6). LV inclusions in vein sets VI through VII
homogenized mostly between 310°and 340°C. Th of LV inclusions
in vein'set III are the highest of all vein sets and range
mostly between'350°aud‘380°c. A smaller. slight]y lower mode
of Th of 1nc1usions 1n VIV quartz veins and stockworks occurs

betweén 330°and 350°C (Fig. 6.6).

Th of LV types’suggesvs that temperatures 1norea5ed from

~300°to 340°C to 350°to 380°C during formation of vein sets

VI and VII, and VIII, respectively, and decreased to 3305to
350°C during formation of vein set VIV, In‘generaI, however,

most mineralization occurred under a relatively.smill‘range"

of temperatures, averaging 350°C.
€.

Because halite- bearing inclusions were rare, only a few

halite homogenization temperatures were measured In

addition, the only two observed VII quartz hosted LVS.
inclusions were found in thin sections and many inc]usions‘

°were small or obscure and hence. difficult to optically

characterize or observe.

4

For examplé, -the single VI-VII ‘quartz-hosted LVS

inclusion (see p.145) contained a small single solid phase
which could not be adequately cuaractérized due to poor
optical resolution. V/L homogenization occurred at'268°c;
but the inclusion decrepiteted at 365°C,‘prior'to meltino‘of
the so]id.%‘The latter may indicate that the solid was a
trapped .phase. In general, houever. the number of LVS

inclusions appears to increase from vein sets VI through VIV.

LVS inchusions, which are most common in vein sets VIII
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F!;url 6.6 Houogenization

1nclusions.

teuperatures of LV and LVS
Inset shows Th-Ha for LVS inclusions.

Vapor‘houogenization temperatures of halite-
bearing inclusions in which Th-Ha was not
‘.observed.are included with, Th of LV inclusions,
. but are denoted using the hVS key in the, saue
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and VTV.‘homogenized ﬁost]y by halite disappearance. :Th-Ha
1ninc1usionsin vein set II1I ranged'from171°to340°c .9%to
86°C higher than vapor disappearance. This corresponds tq
salinities between 30.61 and 3984 eq.wt.% .. NaC1 (Potfer,“
et.al, 1978; F1g. gAb).. One inqusion. however. ‘homogenized °
.by vapor disappearance, 7.6°C higher than Th-Ha, w

Five LVS inclusions <4 to 5 microns 'across were found‘fn'
avIy auartz\vein. Three of the iﬁtluéioﬁf contained small,
apparently anhédral sq]id;. and "the ofher two contained
solids with square outlines. One of the 1a£ter,xhowever,'
decrepitated by 275°C, prior to homogeﬁizalion'of the solid,
suggesting that the solid was a trapped phase. In additiﬁn,

. ~ .
two halite-bearing, VIV quartz stockwork-hosted inclusions,

decrepitated at <50°C for unknown_reasonsf'

Several small (<4 microns).hsecondary 11qu1d3vapor
1nc1usions in scheelite were found along a p]ane crosscutting
an adJacent amphibole and schee]ite crystal in the amphibole
halo Pf*a VI-yII'quartz,veinfl The inclusions homogenized
between 300°and 360°C, near the modes of all primary LV
inctusions (Fig. 6.6), The similarity in Th 1ndicak?s that -
températures remained relatively cﬁnstant for some.time after
VI deposition, which is also evidenced by the relatively

-

constant Th modes in later vein sets.

6.8 DISCUSSION _
Significant insight into the composition and temperature

of the fluids was gained from this study. This includes the

¥ discovery of two distinct primary inclusion populations, LV

S
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dnclusions is a trapped phase. “The fakter'suggests that LVS-

S E aad LVS- BHA'influsions are Lv and LVS-HA types;

respectively, to which the b]ue phase was added, 1.e., B+ LYV

= LVS -B, and B + LVS HA + LVS- BHA The presence of the blue

) solid in both 1nc1u510n types may*also be further evidence
that LV and LVS types are co- genet1c.

The range of Te observed in both 1nc1usion types 1is

o 1§wer than the euteetics of® sa1t systems made up of 1- or 2-

salt spectes‘which are most eommonly ﬁodnd 1n hydrotherma1

\~sysfems (girav;n’ord,l i981)._ The lowest measured\Te of a common

chioride in hydrotherma1 systems is -49.8% for CaCl12, which

is <1°C lower than the Towest Te measured 1n LV 1nc1usions

" and 21°¢C higher "than the 1owest Te measured- in LVS

inclusions. The prbximity df the low CaC12(aq) eutectjc’to

the oneS’oﬁserved in this study,_suggests CaCLé(aqL is

¢+, .present. 0 | ‘ n .

| NaC1, which'issprESent in t&sf(B)HA,chlusjpns, is the

most eommon salt species 1p hydrothermaj] systems,uand may

“; 0 'aisobe present in LVtypes;’prresent,NaC]would1ouerTe

f ;to-Széc (ibid.).- At least 1 more‘species would therefore'be

needed in LVS inclusions, to account for the lowest“obserVed

b ¥

Te, -70.1°C. Tt—le:high*Tm-hydra‘te implies that a complex

hydrate such as natron may be present
? .Fracture systems for all vein sets are moderately to

ﬁe]l developed, espec1a11y in Zone B. For:this reason,

§

.pressure corrections would probably not vary much between

vein sets and hence, not effect the re1at1veAd?fferences

Fe™ L,
. ° R S v,
- &
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and LVS, and’ recognition ‘that the blue solid 1in Lys
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- between modes in Th., Pressure corrections are derived and

dispussed in chapter 7.

Vi;and VII schee]ite-beiring veins apparently formed at
the lowest temperatures, 310°to 340°C, and contain,
practically no LVS inclusions. The latter suggests that VI
and VII scheelite Qas deposited from héated. Tow salinity (4
to 9 eq.wt.% NaC1l; Fig. 6.4), perhaps meteoric fluids. The

'p}ésenCeof asingleuLv51nc1usion in a VI-VII quartz vein

"may indicate that entry of saline fluids into the

hydrothermal system was associated with onset of silica
saturation and’quértz vein deve]opmént.
Vein set Vill formed under .the highest temperatures,

ranging_mostly from 350°tg 380°C, and contain relatively

3pundant LVS inclusions. The increase in temperature and

number of LVS inclusions may reflect influx of highly s?line,
pe}haps'magmatic, fluid§,'associated with major molybdenite
mineralization. Temperatures dropped slightly, to 330°fto 350°

C,'durfng'formation of vein st VIV, associated with quartz-

* sericite (A3)'alteration,’which méy reflect initial cooling

of the hydrothermal system. In general,; however, VI through
VIY mineralization occurred over a relatively small
temperature rénge of 310°to 380°C.° ’ ~

~ The presence of the two. apparently co-genetic, primary
1nc;us1on type§ poses a significa&t problem. "There is no
evidence that the fwo fluids evolved by boiling: No LV
inclusions homogenized byi1iquid disappearancg, and -all, but
one _ LVS'inclasion homogenized by halite d¥sappearance.

A
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There is also no evidence that the fluids were generated from

two separate fluid sources that interacted and mixed

thoroughiy. If the latter had occurred, a range in salinity

and Th should be present. However, Th are similar for all
1nc1u§<;ns and salinity ranges show little variation within
inclusion types. : ,

The predominance of LV inclusions and the loc£‘ion of
most LVS inclusions along fracture—planes suggests that LVS
inclusions are seécondary. However, the presence‘of jsolated
LVS inclusions, especially those along mineral edges or
embayments suggests that at least some LVS inclusions are
péimary. Hence, the two fluids may reflect two different
generations of fluid influx into the same veins.
Alternatively the nature of the inclusion types may vary

spatially. For example, primary, high salinfty (>30eq.wt.%

'Nabf) inclusions in W-Mo mineralized veins and breccias ogcu}

in the Mt. Pleasant deposit, whereas in the peripheral

chlorite-muscovite altered zones, highly saline inclusions

are preéent, but are clearly secondary (Davis and Williams-

Jones, 1985; Samson, 1985). It is not poésible to make any

conclusions, at present, however,.due to the lack of

" sufficient data.
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" CHAPTER 7. PETROGENESIS OF THE VEIN AND ALTERATION

. RN “ASSEMBLAGES
7.1 INTRODUCTION

In this c%apter, petrog}aphic phase relationships, fluid
inclusion mehsgrements, and microprobe data from the rotks
and veins are used to estimate the physico-chemical
conditions whichgexisted during‘hfneraliz;tion and
derotherma1 alteration.' In addition, phase diagrams are

developed to help explain each major period of mineralizatijon

and alteration. ' e

7.2 FLUID SOURCE
) The increase in VII and VII! vein(let) density and
minerdalization (Chap. 3), and A2 alteration (Chap. ' 4),

southward across Zone A suggests that the fluid source Tay

_south of Zone A. This is supported by the geometry of the

VIV ‘quartz stockwork-filled fractures in Zoﬁe A, which flair
out southward from <50m, near L8N, to >150m apart, ‘along the
;orthern rim of the elongate high chargeability/low
resistivity anomaly (sge Fig. 3.1). b

The high, uniform VI through VIII vein(let) densities,
mineralization, and associated A2 alteration:in Zone B,
iﬁply that the fluid source lay close to Zone B. The

abundance of compqyent VIV stockworks and VV carbonate along

the eastern edge of the VIV composite quart:z ;tockwork

“zones” in Zone B (Chapl 3), suggests further, that it lay

east of Zone B, This coincides with the location of the F(QB
porphyrylinferrea from the elongate, torus-shaped high
chargeability-low resistively geophysical anomalies (Fig.
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The éompositions of the primary, unaltered biotite and
\plagioc]ise phenocrysts in the FQB porphyry are sipf1ar to
those of the most evolved A2 biotite and plagioclase (Chap.
5). The similar mineral compositions suggest that the
porphyry and altering fluids were the same, and may imply
that the early fluids were derived in part, from the porphyry
during its cryst$1lization. ‘ \r -

4

, For these reasons, it is believed that the porphyry was
responsible for initiation of the hydrothermal system which
gave rise to the mineralization and alteration at Sisson

Brook.

7.3 LITHOSTATIC PRESSURE ,
7.3.1 MINERALOGIC PRESSURE INbICATORS _

The presence of M3 andalusifeDporphyrqb]asts in Unit Ila
sediments, (M3 event; Chap. 2), places én upper pressure
1imit of 3.5kb (Holdaway, 1971) for the mineralized area.
This corresponds to approximately 13km depth. -

’A range in lithostatic pressure can also be deduced
using the mineral composition of the FQB porphyry. The
presence of biopite and K-fe]ﬁspa; in_ the ag?ence of
muscovite implies that the porphyry probably cooled between 1
and 3kb preéssure. This is inferred from the 1ntersec€16ns of
the lower stability boundaries of bfotite and musébvite,with
the solidus of a "wet" granitic melt (see Fig. 2 in Fyfe,

1973). . : '
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LJ 2 FRACTURE INTENSITY IN HOST ROCKS AND ORIGINAL VOLATILE
CONTENT IN MAGMA

Burnham and Ohmoto (1980) Bave shown that one can
estimate confininé pressure on an- intrusion from an
assessment of fracture intensity in the surrounding country
‘rbcks, and an estimate of the orfginal volatile content of
the magma. As a saturated me1t‘cools, producing crystals and
v{]atile phases, a vﬁlume increase results which gives rise
.tg fracturing in the overlying-rocks.,'The_volume increase is
proportional to the volatile content of the magma and
inversely proportional to confining pressure (Burnham and
Ohmoto, -1980). Yy _

A high fracture {ntensity is evident at Sisson Brook
from the very high VI through VIII vein densities in Zone B,
the numerous and/or ré1at1ve1y large VIV quart} stockworks in
Zones A and B, and the widespread brécciation associated with
vein set VV (Chap. 3). The high fracture intensity implies
that either the volatile content of the porphyry was high,
and/or confining péessyre was low.

Some indication of original volatile content in éhe FQ8
porghyry—may be obtained from‘the Fe/Mg ratio of the biotite
phenocrysts. Biotite phenocrysts which have a relatively
ufigh Fe/Mg ratio >0.50, such as those in the FQB porphyry,
are representaiive of meits with Tow H20 contents (Trend II
magmas, p.1263 in Wones and Euéster. 1965).

“The volatile content of the original FQB porphyry melt

may also be deduced from the percentage of hydrous phases and

the K20 + Na20/Ca0 ratio of the rock which are 10 % and 3.3,
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respectively. These values are similar in magnitude to those
of granites associated with molybdenite minerélizatjon. Such
granites Qre estimated to have had between 2.§ and 4 wt.%gq.
H20 (Mutschler and HWright, 1981), 1

D A 'plot of confininq pressure versus fracture density
about an intrusion {s presented by Burnham and Ohmoto (1980,
‘Fig. 3), and was drawn for 2.7 eq.wt.% H2O0. If it is assumed
that the volatile content of the FQB porphyﬁy‘was similar,
then use of the plot is justified and indicates that for the
high fracture intensity evident ;t Sissqn Brook, confining
pressure was ~1kb. This pressure estimate is within the
range of that made for other granite molybdenite systems
(Mutschler, et.al., 1981; 0.3 to 1lkb). A 1low confining
pressure is supportednby the presence of the large (1 to 5cm
diameter) carbonate;filled vesicles in the porphyry (Chap. 2)

and intrusion breccias along.the contacts of some FQB

porphyry dykes,

7.3.3 SUNNARY . i

L4

The various mineralogic 1lines of evidence'presented in
“Section 7.3.1 indicat at Tithostatic pressure was <3.5kb
and pro&ab]y on the 5;:::,;f 1kb.

i
7.4 FLUIJ PRESSURE

<;f\k\mﬁnimum estimate of fluid pressure of 380 bars was
obtained }rom fluid inclusion microthermometric results using
the data and technique presented by Roedder and Bodnar

(1980). The pressure was derived using the average salinity

.
of halite-bearing LVS inclusions (34 eq.wt.% NaCl), obtained
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from the average tgmperaturgs of ha1;te-dissolution (243°¢C)
and 1iquid-vapor homogenization (280°é; Chap. 6).

0‘ If the 380 bars represented pure hydrostatic pressure
(1'5? the veins were complétely open or 1nterconnected‘to
surface), corresponding lithostatic pressure would have been
970 bars, which is similar to the 1kb lithostatic pressure
derived above (Se&;ion 7.3.3). This pressure is equal to a
depth-of 3 to 4km. \

If, however, 'the 380 bars represented Iitﬁostatic
pressure (i.e., the veins were isolated fractures at depth).
the hydrostatic pressure wo&ld have been 161 bars, which
equals 564m depth. These values were derived from the
relationship: Phyd = -p. x g x h where Phyd is lithostatic
pressure, p equals the average density of the fluid, 1.06
g/cm3 (ibid.) or rock 2.7g/cm3, h equals the he}éht of the
water column (4km), and g equals the acceleration of the
earth's gra;itationa] field (9.81m/s2).

" Hence, the 380 bars estimate of minimum fluid pressure
correspbnds to a range of pure hydrostatic (160 to 380bars)
and pure lithostatic (380 to 970bars) values.

It is unlikely that all f;actures were isolated at dépth

or were completely intercbnnected to surface. Instead, the’

veins (and wall rocks) were probably under pressures

in.between 1ithostatic and hydrostatic values. For this

'reason, an intermediate pressure of 700bars, was arbitrarily

chosen to construct the phase diagrams and modgl, and as a

minimum pressure correction factor for fluid inclusion data.
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7.5 TEMPERATURE -~ - ') |
Most homogeﬁénization tempe}atures of LV inclusions
range from 300°C to 370°C in vein set VI, 310°to 340°C in
vein sets VI-VII and VII, 350°t0 380%n,vein set VIII, and
330°t0 35(°C in vein set VIV (Chap..6; Table 7.1). Using the
pressure cotrection factor (700 bars) and the average
salinity of LV inclusions, i.e., 7 eq.wt.% NaCl (th.s.é).
the Th values in each vein set were raised 50°to 74°C. Hence,
tﬂe pressure-corrected temperatures range between 350%°and 454°

C for LV inclusions in vein sets VI through VIV'(Potter{

1977; Table 7.1). ° | .

Table 7.1 Principal ranges in Th, pressure correction factor,
‘and pressure-corrected Th values, Th" for vein
sets VI through VIiv.

~.

VEIN SET - TheC " PcorroC * Th*°C,
VI 300 to 370 50 to 64 350 to 434
VI-VII, 310 to 340 59 to 65 369 to 405
vII . .
VIII ., 350 to 380 66 to 74 416 to 454
VIV 330 to 350 62 to 67 392 to 417

*based upon averag

e salinity of 7 eq.wt. SNaC]1
(Chap. 6; see Fig. 6.5). ’ ,

7.6 PETROGENESIS OF VI AND Al ASSEMBLAGES

7.6.1 INTRODUCTION °

VI veins and Al a];eration comprise essentially thé'same
mineral assehblage: hornblendized actinolite + albitized
plagioclase (Al, only)# minor albite +minor K-feldspar *

Al
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- magnetite (mostly VI) + pyrrhotite (mostly Al). Quartz is
notably absent and both assemblages are associated with a
characferistical]w high percedfage of-yellow (molybdenunm-
be;rﬂng) to white (pure CaW04) fluorescent scheelite fx-
scheelite, w-scheelite; Chap. 3). YBoth assemblages“aré host
rock specific. The Al assemblage is found only in gabbro or
FGA units, and VI veins are almost exclusively restricted to

gabbro (Fig. 3.3).

7.6.2 PETROLOGIC RELATIONSHIPS BETWEER Al AND VI ASSEHBLAEES
The presence of Al replacement rims about M3-actino}1£e .
cores in the absence of VI fractures, in areas distal to the
mineralized zones, indicates that Srain boundary dilffusi'on,
was locally the sole means of flyid transport. Fracture-
related diffusion/infiltration is more abundant and increas;s
.into Zone B where fluids were streamlined from hairline and
(micro)fﬁactures into vein(let)s and'c1ots\whiéh were, in:
turn, concent}afed into scheelite-mineralized zones, F1-F4.:
‘ The amount of replécement of M3 by Al amphibole
~decregses outward from a fracture zone. This indicates that
the Al and VI assemblages are co-genetic and that the former
probably formed via outward diffusion of VI vein fluids into
wthe host rock. Co-genesis of the two assemblages is also
evidenced by the §im11ar ratios of y- to w- scheelite in VI
yefns anﬁ Al altéred rocks (Chaps. 3 and 4), as well as
dentical optical and chemical characteristics of VI and Al
amphiboles (Chap. 5).
Practically monominerallic replacement of gabbro by

.
~

162




-
e, ke o N e e

et i Pa,

!

hornblende is evident in VI fractures and appeats to have
occurred incrementally and nof by rapid or abrupt fracture-
fil11. Gradual replacement of gabbro alaong VI fractures is

[ 4 " .
evidenced by the fine grained nature of VI fracture-fill,

lack of VI mineral alignment into the veins, lack bf coarse-

‘graineJ. open-space filling textures, and’ diffuse vein

4

boundaries.

7.6.3 EVIDENCE FOR OXIDATION

A common difference between the Al and VI mineral”

assemb]ages is that relict disseminated pyrrhotite is common

in.Al-altered gabbro (Chap. 4), but rare. in vl veins. In

i

contrast, magnetite is common in VI veins, but is found in

only the most intensely ® Al-altered rocks. The decreased

abundance of magnetite outward from VI veins suggests that

o

oxidizing vetn fluids were progressively rediced as they
diffused into pyrrhotite-bearing gabbro. The relative Tlack

of magnetite in all but the most highly Al a]tered host rocks

=1mp11es that M3 pyrrhotite effectively’buffered the oxygen

fugac1ty of the fluids such that most host rock Al reactions

occurred within the pyrrhotite field, or. near the magnetité-‘

pyrrhotite boundary.

7.6.4 SIGNIFICANCE OF FE-ENRICHMENT IN AMPHIBOLES

VIveins and Al alteration aremost abundant, and Al and

VI amphiboles are the most chem;éilly evoived (A1- and Fe-

rich) in Zone B. Some highly evolved Al amphiboles also
\
occur in the southern part of Zone A (Chap. 5).

|
" XFe ‘in amphiboles is not only a function of iron
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acggvity in, squtlon. but fias .been shown experﬁmentally, for

" Fe- Mg amphlboles in the H- 0 S- Fe system, to increase w1th, 1)

decreas1ng tempergture (Popp, et. a]., 1977a), 2) increases in
the rat1o of oxygen to sulfur fugac1t1es (fo2/fS2) for

gmph1boles wh1ch form w1th1n the pyrrhotlte field of
stab111ty (Popp. et al.,'1977b) or, 3) decreases in f02/f$2

“for amphiboles which *orm witth the magnetixe stability

field’(ibid).
VI. fractures in the mineralized zohes werenthe main

conduits for fluid and heat flow, and hence, would not hax:/

been regions of‘depreased'temberaty?e. - The common presence

oﬁ?re]iei.pyr;hotite in the Al-altered gabbro indicates,
however, that most M3"amphibole.replacement accurred within a

reduced, pyrrhotite—be%ring environment (i.e., the gabbro).

"Hence, increases in XFe in. VI and Al amphiboles into Zone B

f
(4

and the southern part of Zone A (Chap. 5) may refyect

‘incre@seé‘in_fOZ/fﬁZ'ithhe pyrrhotite-bearing gabbro (2,

above). .

StabiTity ftelds. of Fe-Mg amphiﬁo]es.haeing different
XFe, in the system H-0-S-Fe at,700‘ears and 450°Q are'&hown
in f02-fS2 space in Figure 7.1,whére they are superimposed

over the stabi11ty f1e1ds of the common iron oxides and

'sulfides. Iron su1f1de and oxide phase re]at10nsh1ps were

derfved.us1ng standard thermodynamic data for iron oxides a;
£ . \

450°C and- 1bar (Robie and Waldbaum, 1968) and experimeptal
data for pyrrhot1te pyrite equ111br1a (Toulmin and Barton,

1964). The computéd equilibria were cornected for .a pressure
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Figure ‘7.1 Stability fields of Fe Mg amphiboles’ havigg

“

different XFe, 1in the
bars and 450°C. Points
increase in XFe-Al amph

system H-0-5-Fe at
Athrough C show that t
can be explained: 1n terms
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conditions

of f02/fS2
pyrrhotite-bearing gabbro.
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et,al. - (1977b).. The technique is baeed‘upon experimentaiiy'
.estabiished equilibria between pyrrhotite, Fe-Mg amphibole,

"where aFe-amph and afe-po represent activities of iron in

T - T e !
A R - P IR . e oy ~ave pomen T - P - Y
N - ; 7 ; , t
2 A w~ X
, oo [2e . |3 ! )
Voo ‘ N
T »

of 700 bars usﬂng;tne-EquaEion, Inai, P = Vi(ayl)RT,iwhere‘a )

-'activitj. i = the species under consideration, -V = volume, "
~ /l
F = pressiire of: interest, R = Boltzman's constant. and T =

‘1

temperature The equation assumes negligible voiume change L,

for solid species, i e., dvp = 0 (3ee Anderson, 1977. for : ‘
dlscussion of pressure correctiqns) N

Lines of constant XFe Amph were constructed and

overiayed usjng'the.experimental data and technique of Popp

¥

v

magnetite, and quartz for various temperatures at 2kb. The

\

four phase assemblage indicates that for particuian XFe-amph.

the simultaneous equi]ibrte. . ) . ‘ ’ &
L \(1) amph + 02 --> mag + q + H20 and, .
. (2) amph '+ S2 -->" ‘po + q + H20 + 02 -

[}

occurred at a unique point along the p}rrhotite-magnetite;k
boundary (q = gquartz, amph = amphibole, mag = magnetite, and
polz pyrrhotite). Keq values of reactions 11)-and {2) are

-5

given by, 4 S . | | ) ,

)
- -
“ o . v - -

(3) Keq(1) = 31og fazd’-‘saogare-amph - 5/2£02 and, -~ -

(4) Keq(2) = 7iogaFe -po + fH20 + 7/210gf02 Co
- logaFe-amph' - 7/21o0gfS2,

-

5 .

amphibole and pyrrhotite, respective]y.

Keg values for equations (3) and (4) at- the T used in
this study, i.e., 450°C, were-obtained by graphically
projectjng aiong the best,fit'iihe of theziog K versus I)T

.
"
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g K*1000 plot in. Popp, et. al., (1977, Fig.11) to 450°C.

a function of fS2 (Toulmin and Barton, 1964), and the
variation of fH20 with f02 and fS2 can be derived

|
. -(1976) =,
Henqe, under constant temperature and pressure, but

changing f02-fS2 condition, aFe-ambh in equétions 3 and 4

Y4
; of fozrfsz.condifions-to différent ones along lines of .
constant amphibole compositions using reiationships dér§Vea
from equations 3 and 4.' ‘ -
" In the magnetite field, 1og f02 for constant aFe-amph,
) L ‘is given by the relation,
Ly _ (5) 5/60log £02 = logAfH20,

which is derived from equation 3 (O= the change in the

" fugacity or activity of a species from one set of f02-fS2
- conditions to another). FH20 changes very little, however,

(Fig. 8 i Popp, ef.al.. 1877), such that the curve for

N . . Nt )

. oxidatibn reaction (5) is largely independent of fH20 and

- hence, horizontal.

* The technique of EugsSter and Skippen involves 57;31taneous

solution of nine equations expressing the fugacities of the.

nine gas species present in the H-0-S-Fe systeam. Fugacity
coefficients used in the equations were recalculated at 450°C
and 700 bars using the same published sources cited by the
authors. The nine equations were simultaneously solved using
a' FORTRAN iterative calculation program.

O

® 187 -

(‘} Ty ‘ ‘At a given temperature, Keq values are constant, -aFe$ 15,

Y mathematically using the technique of Eugster and Skippen‘

would be the only unknown. One één extrapolate from one set
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One can extrapolafe to other f02/fS2 conditions in the

pyrthotite field, for constant aFe-amph, by the relation,
I
(6)7 Q]og afFeS-po + logAfH20 + 7/2&1ogf02
=7/2 Dlog £52, o

derived from equation (4). The aFeS-po is known (Barton and
Toulmin, 1964), and log fH20 is approximately constant (see
Fig. 8 in Popp, et.al, 1977). Hence, the slope of the

constant composition lines equal 1. 3

The resultant lines of constant XFe-amph in f02-fS2

space (Fig. 7.1) show that increases in f02/fS2 associated

with Al alteration of M3 amphiboles which formed in the

pyrrhotite field (Fig. 7.1, Point A), result in Fe-enrichment
(Point B). Once the magnetite-pyrrhotite boundary is reached
and the magnetite field is entered, however (Pointgc). XFe-

|
amph increases only with decreases in f02/fS2. )

4

© 7.6.5 f02/fS2 CONTRAINTS OBTAINED FROM Y- ‘AND W- SCHEELITE

CHEMISTRY
" The stability fields of scheelite (CaW04) - tungstenite

(Ws2), and powellite (CaMo04) - molybdenite (M0oS2) at 450°C -

and lkb are shown 1in Figure 7.2. The positions of the
stability fié%ds were determined experimentally in f02-fS2
space at 577°C and l1kb, by Hsu (1977), and reconstructed at
450°C using positions of the solid buffer assemblages used in
the experimental study (ibid., p. 668) The phase
relationships were not corrected to 700 bars, however,
because voluPe changes in the md]ybdénite— and scheelite-

producing reactions are so small (~0.,009 (P-1)*T; ibid.)

that the displacement in reaction curve positions is

e
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Figure 7.2 The stability fields for scheelite, powellite,
tungstenite molybdenite and ilmenite in f02-fS2
space for the system H-0-S-Fe 450°C and 700 bars.
The scheelite/tungstenite-and powellite/molydenite

~-phase boundaries, shown in heavy 1ines, were
derived at 450°C and lkb pressure using the
experimental data of Hsu (1977). Points A to C
show that the inferred pathway of increased
f02/fS2 into VI veins and Zone B explains the

- presence of y-scheelite, which precipitates above

the pure CaW04 (w-scheelite) boundary. Points Dv
and Dr represent approximate f02/fS2 conditions
for the pyrrhotite~-bearing VIII veins and
associated (Mn-ilmenite-bearing) biotitized host
) rocks, respectively. The stipgﬁed pattern shows
approximate stability field of Mn-ilmenite
(discussed in detail in Section 7.7). -
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negligible.-
4 T;; diagram shows that the CaMo04 - MoS2 reaction occurs
at higher f02 and lower f§2 thanuthe CaW04 - WS2 reaction,
and that the upper and lower stability fields of molybdenite
and scheelite are parallel and overlap. The oveklap forms a
broad region bf co-stability along the pyrrhotite-magnetite
bouﬁdary. and explains why MoS2 and CaW04 commonly occur
éogether (Hsu and Galli, 1973; vein sets VII and VII!,
below). .

Most VI and Al scheelite, however is y- (mo]ybdén%m-
bégring) scheelite which is a solid solution between

powellite and scheelite (Hsu, 1977). The y-scheelite is

‘commonly associated with magnetite and occurs in the

practical absence of sulfides or molyb&enite. This indicates
that the y-scheelite formed above the lower goundary of pure
scheelite stability, where the scheelite and magnetite fields

overlap. F02/fS2 is probably sufficiently high in this area

~that molybdenum enters the scheelite structure (Hsu and

Galli, 1973).

The reldtively high fOZ/fS?rconditions inferred for y-
scheelite deposition supports the hypothesis that iron-
enrichment in Al and VI amphiboles was due to oxygenating

conditions in the fluids (Fig. 7.2, Points B, C).

7.6.6 SIGNIFICANCE OF PLAGIOCLASE DEPOSITION
The presence of Al and VI albite and Al K-feldspar in
the absence of sericite or paragonite indicates that the

ratios, of aK+/aH+ and aNa+/aH+ in the fluids which formed
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them were high (Fig. 7.3, Point A).’

‘7.6.7 ESTIMATES OF MASS TRANSFER L

The gabbro has the simb]est mineralogy and is the most
chemically homogenéous rock unit. For this reasén, mass
balance equations for Al glterat%on of ﬁ3 amphibole and

plagioclase were made using‘microprobe data from the gabbro.

The presence of topotaxial replacement of M3 plagioclase

and especially amphibole, suggests that the equations can'be

estimated assuming constant volume. It should be noted,
‘however, that thesé equations are only semi-quantitative;
topotaxial replacement does not strictly apply in highly
altered regions where the density of almost monomineralic VI
amphibole veins is high, and textural inﬁomogeneiities oécur
(Chap. 4). '

The mass balance equations are based upon microprobe
data of relatively fresh M3 and mode}ate[y to highly Al-
a]tered plagioclase and amphibole. M3 (An 62) and Al albitic
(An 34) plagioclase analyses are from gabBro samples, 33.178
and 36.35, respectively (see Fig. 5.16 for sample iocationsL

Although M3 plagioclase is apparently less consistently
altered than M3 dmphibole, most Al alteration in Zone B
appears tofbomprise Na-enriched plagioclase and minor albjte
and K-feldspar (Chaps. 4, 5). For this reason, a general
reaction was written, assuming that approximately 70% (by
vé]umq& of M3 plagioclase of An content 62,‘;as altered to an

=

andesine composition (An34) and minor equal (15%) amounts of
1 \
K-feldspar and albite (An 0), i.e.,

=t
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Figure 7 3 Plot of log Na+/H+ vs., 1og K+/H+ in the system

KC1-NaC1-HC1-A1203-5102-H20, showing stability

fields of K- and Na-bearing silicates at 4509C

2 700 bars. mHC1 = 10 (E-2), assumes 2M KC1-
1. The stabflity fields were drawn assuming an
ideal solution model where, (KC1) = mKC1 = (K),
and (NaC1) = mNaCl = (Na). Calculations were made

.at 450°C and P = 700bars, using the procedure
‘outlined by Garrels and Christ (1965), except for

the Ab-paragonite boundary, which drawn using the
eﬁgerimentaI data of Hemley et.al. {1961).
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- (7) 1.0Lab --D>.150rth + .15AB + .70And

This equation/may a156 be coasidered to be balanced
in terms of mo]ardquantities. This is because *the molar
volume differences between the various feldspar phases are
y negligible, especially when comﬁéred'with the possible errors
in the volumetric exchange estimates.

A Sa]anced reaction for this equat{pn, using the
analyses cited above is,

(8).57Si +.22K+ .22 Na + 1.0Lab -->.15Ab + .150r +

«70And + .38Ca + .31Al
or considering mobile e]em;nts, only, . ‘

(9).57S57 +.22K + .22Na --> .38Ca + .31Al.

The generél reaction for replacement of M3 .by Al
amphibole under conditions of constant volume was written
using analyses from M3 actinolite sample, 25.136, and the
most evolved Zone B hornblen&e sample, 33.235 (see Fig. 5.1
for sample locations), i.e.,

(10).Act +# 2.17Fe + 1.41A1 + .35Na + 2K + .,05Ca +
07Ti + .06Mn --> Hb1 + 2.44Mg + 1.39Si

or considering mobile elements, only,

o

(11) 2.17Fe + 1.41A1 + .35Na+ .2K+ .05Ca +.07Ti + .06Mn
' --> 2.44Mg + 1.39Si  °

-

As  in the case of the feldspars, the molar volume
differences between hornblende and actinolite are negligible
compared witﬁ the uncertainties in the volumetric exchange

Ed

estimates.

The average amount of p]agiocfﬁse and actinolite plus
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M3 bnonn'biotite is‘57zwand 43% respectively (Chap. 2; Table

2.1). By combining equations (9) and (11)' n these

proportions, the fo]iowwng genera] mass ba]ance equat1on for
Al alteration in the gabbro is obtained
(12) .93Fe + .43A1 + .28Na + .21K + ,03Ti + .03Mn -->.
. ) S '1.05Mg + .285i- + .20Ca
Equation (12) therefore implies thatd{elatively abundant

amounts of Fe end Al and lesser Na and K were added to the

host rock and that Mg, and to a lesser extent, Si. and Ca were.

y
A4

The Ca released during plagioclase alteratlon (equation

9) may have contro]led scheeIIte depos1tion. This wou]d he]p

—explain its abundance and d1ssem1nated nature and 1mp11es

that its depos1t1on was host rock deperident, or‘buffered.

The lack of quartz veins or silicification is consistent
with the conclusion that silica. was .leached during

alteration, i.e., that the altering/vein fluids were

undersaturated with respect to silfca. The transitional

r

hornblende-quartz veins of vein set VI-VII (Chap. 3) may have

signalled the beginning of quartz saturation. ‘u . v

* &
7.6.8 SUMNARY o BRI

VI and Al assemblages . appear to have farmeﬂ unﬂér

¢

silica-undersaturated conditions from heated, low sa11n1ty,

fluids, at temperatures that were generally between 350°and

434°C and at pressures between 150bars and Ykb. Fé-enrichment
of Al and VI amphiboles into Zone B was associated with the
. &,

precipitation of y-scheelite and vein magnetite, and occurred
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; .( FA. . Q‘the magnetite field. : iy ""0
?"f e ) The presence of hornblende. only, ;n many Veins may
o "l‘ indicate that ‘the fluids were ~alkayine. This is evidenced by
‘E_’ o i‘ ' the replacement of Ca2+ by Na+ and K+ (i:e.z a'cetion wnth a
‘%33 . “‘;; : high charge to radius ratio (ac1dic) replaced by cations ‘with
S Pt s louer ehar;e to radTus ratios (ba51c)). and the rep1acement' P

of Mg2+ (ac1d) by Fe2+ (base. the charge to rad{us ratio of .
- N Mg2+ 1s'higner than Fe2+; seeH&urt, 1979 for further
* 5 L. .

¥ 4
- ‘

?
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’discus51on)

Q‘ 3 ,

T 7 }L ’ % R v The alka]ine nature of the reactions mqy ha've he]ped Y

% L : § prodnce the high aK+/aH+ and aNa+/aH+ ratios . which are

%— ‘ e f’ inferredvfrom the presence of K- feldspar and albite in the o
‘ 1' 5' absence of~museovite or paragonite. ; .

3* . o ‘.4, Al reactions ‘were, at least pertly,&ﬁdst rock buffered.

The presence,of decreased amounts’of relict pyrrhotitefintq

» -

“ the VI scheeljte-minerelized zones,'Fi to Fd, suggests” that

. : utOZIfSZ conditions increased into Zone- B.. This.implies .that

Ly

DAI and VI reactions moved progressively from the pyrrhot}te “

tfeld outside:-Zone: B,. towards the magnetite-pyrrhotite
< Y Y ¢ “ . < JE B . *

"boundary into Zone B, where in many veins and some highly hl-

3

“altered rocks, reactions occurred in_ the magnetite field.

, fﬂ& (The increasingly oxyéénatin& conojtions into Zone“B are
; believed to have led to 'a concomitant increase .in XFe-amph.
; . Thexpresence of .y-scheelite in the absence of mo]ybdenite or
: other sul fides supports the hypothesis that the hyiiothermal

( [ , fluids were oxidizing.
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Host rock buffering” is also evidenced by the fonmation

’b

- of most Vi veins and Al alteration in the mafic gabbro “and

‘FGA units. In addition, mass balance equation 9 suggests that

the Ca 'ien VI and Al y-scheelite may have been derived from.M3
<

) p]agiociase. The evidence of host rock buffering suggests

©

that the fluid to host rock ratio was relatively low.

~ 7.7 PETROGENESIS oF VII. VIII AID AZ. ASSEHBLAGES
7.7.1 IHTRODUCTION

g

7.7.Ya’VII AND VIII VEIN(LET)S

~

¥
o

VII and VIII vein{let})s afe both associated with A2

biotite haloes, ‘but have different widths and contain

different modal amounts of the same types of mineralization.

VII veinlets are typicaliy 1 to 3mm wide, whereas VIII veins

are 1 to 3cm across. VII veinlets contain mostly: scheeihte'

(with.a high y- to w- scheeliteiratio)‘i minor 'to rare

‘moiybdenite, wheaweas VIII veins contain abundant w-scheelite
'f molybdenite. The similar weﬂn‘ohrageneses;,biosite
alterationvha1oes, and presence ofoipins containingy
‘inte#mediaie amounts of scheb]ite and molybdenite, suggest

that vein sets VII and VIII represent a continuonﬂin duartz;

hosted scheelite-molybdenite deposition (Chap. 3).

VII and VIII vein density in Zone A is.generally smail’

but increases southward. In contrast. the vein densities qn

Zone B are high and reiatively uniform. In addition, VIII

veins in Zone A contain minor mineralization, whereas VIII

‘veins in Zone B help define, three lens- like moiybdenite-

-
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scheelite mineralized zones, MZ1-MZ3, averaging <0.30 wt.%
W03 + MoS2 (Chap. 3). .

7.7.1b A2 BIOTITE * ‘
The biotite in VII and VIII veins is optically and

b

chemically identical to the A2 biotite which occurs in

biotite haloes and intense }oca]-pervasiwe alteration

proximal to the deposit, and minor pervasive a]teration up to
lkm from the depos?t (Chaps. 4, 5). |
Pfeferentia] nucleation ‘of A2 biotite along $§3
crenulation hingelines indicates that the biﬁtite and $3
surface are co-genetic (Chap. 2). This, as well as the
presence of chemically and optically ideétical biotite in VII
and VfII veins (which are also éonéentrated along S3
surfaces; Chap. 3) and associated ve{n haloes (Chap. 5),

indicate that the §3 surface, alteration, and mineralization

were co-eval, and occurred during a late (M4) tectonic event

-

(Chap. 2). ‘ o

ERS

A2 biotite alteration intensity, 1ike VII and VIII wvgin

N

density, is significantly kigher in Zone B than in Zone:A

(Chap. 4). A biotitization index developeé for- FGA units
shows that A2 a]teration in Zone B is almost an order of
magnitude\higher than in Zone A (see Fig. 4. 4x,ln addition\
A2 K- feldspar replacement of M3 plagioclase which appaﬁently

did nat occur in Zone A, is abuqdant’and widespread in Zone'
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7.7.1c Kd FOR Fe/Mg BETMEEN M3/A1 AMPHIBOLES AND
YII, VIII, AND A2 BIOTITES

‘(‘é’/"

»

" An approximately 1inear relationship occurs petween?tﬁe

XFe in "VII, VIII/A2 biotites, and the XFe in relict M3/AL.
~amphtb31e§. which defines a Kd of ~.54 (see Fig. 5.12). Thef

Tow Kd .value suggests that A2 biotiie-forming'reattions were
partly independent of host rock composition, or fluid-

7.7.2 £02/fS2 CONDITIONS | .
7.7.2a £02/fS2 IN VEINS '

The presence of rare tonﬁinoq pyrrhotite in YIII veins

in ;he absence of Mn-iTmenite or other vein oxides suggests
that f02/fS2 conditions in the veins decr&ased relativé to
ﬁagnetite-b;aring VI veins. This is also inferred from fhe
prééressively greatér\amounts of molybdenite and w-scheelite

and the increasingly smaller ratio of w- to y- scheelite

(Sec&l;j/}/gtl) in VII and VIII veins. The presence of
10calTy intergrown w-scheelite and rare (VII) and abundant ¢

(vIl1) molybdenite indicates however, that f02/fS2 conditions

did not decrease below the regionof molybdeﬁite-scheelite '

co-stability (Fig. 7.2; Point Dv).

7.7.2b ¥02/£fS2 IN HOST ROCKS

, A2 Mn-ilmenite fis present in pervasively altered mafic

and some felsic units (Chapé. 4, 5). The field of Mn-

ilmenite stabfility is shown in Figure‘7.2 as the stippled
region. The upper bbundary is the same as that of magnetite
(Rumble, 1976). The ba]anéed reactions between ilmenite,

o
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pyrrhotite, and pyrife. howevé(<\:.e..

(13) FeTi03 + S2 --> FeS2 + Ti02 + 1/202 and,
(14) FeTi03 + 1/252 --)'Fes + 7102 + 17202,

show that the loweK boundary of the i1menite stability field

goes to Tower f02 and higher fS2 values than the magnetite

one (Froese, 1976) The Mn.content of A2 Mn 11men1te would
" expand the fie]d of +menite further.

A2 Mn-ilmenite occurs in the absence of molybdenite or

. iron sul fides, imhl;ing.that the f02/fS2 conditions in the

'host rocks were higher than 1n.the veins. This is supported
by the'presence o?:y—ﬁchee11te in some A2 biotite haloe; or
along VII and VIII™vein walls (Scott, 1983). This indicates
that the Hn-i]menite precipi}axed above the lower boundary of

pure (w-)scheelite, where y-scheelTite is stable (Hsu, 1977;

Fig. 7.2; Point Dr).
Pyrrhofite’is present or oveygrows.Mh-ﬁlmenite in some

pervasive]y A2-altered rocks and in the inner portion of some

lultiple vein haloes. The presence of late A2 pyrrhotite

suggests that the f02/fS2 ratio decreased during late stages
of A2 alteration (Fig. 7.2, path Dr to Dv). Alternatively,

‘the aTi may have decreased sucﬁ that the solution was

undersaturated with respect to iimenite and/or that Mn-

{1menite was not stable.

e ~0

Fluid inclusion data shows that the range in Th of
inclusions in VI veins (350°to 434°C) and VII and VIII veins
(369°to 450°C) are similar (Table 7.1). This implies that
changes in f02/fS2 conditions were probably more impartant in

I3
13
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affecting the XFe-Biot than temperature.

7.7.3 HASS BALANCE CALCULATION ‘

An approximzte mas; balance equation was written fb
biotite replaceme:> of amphibole in gabbro at constang vo]uﬁe
conditions. *The gabbro was chosen because it is more
chemically homdgeneous\than the Unit IIb metavolcano-
sediments. Constant volume was assumed because topotaxial

replacement of amphibole in low to moderately altered gabbro

is common (Chap. 4).

~~~~~

The equation was written for 50% amphibole replacement .’

by biotite (sample 33.167), in a low to moderately Al-altered
gabbro, in which the amphiboie is a moderately evolved

(i.e., Al- and Fe-rich) Al hornblende (sample 33.167), i.e.,

L%
(15) .%((Al amph --> 1.82 (A2-biot)
where .5 = 50% of all1 amphibole and 1.82 equals the molar

volume ratio between amphibole and bthite (Robie and

Waldbaum, 1968) or,

A

(16) Hbl + 2.15A1 + 1.67Si + 1.60K + 1.33Mg + 1.28Fe + .18Ti
--> Bi + .88Ca + .13Na + .0lMn,

or considering mobile metalelements only,
(17) 2.15A1 + 1.67Si + 1,60K + 1.33Mg + 1.28Fe + .18Ti

\ --»>.88Ca + .13 Na + .01Mn

Equation 17 shows that formation of A2 biotite required
input of abundant alumina, silica, potassium, magnesium, and
iron. The amount of potassium will be even higher if one
includes the apparently abundant and widespread A2 K-feldspar

alteratioﬁ of plagioclase in Zone B. Lack of sufficient

S
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" petrographic data on feldspar alterﬁtion, however, makes it

difficult to assess how much more so. The small number of
highly saline possibly primary (LVS) inclusions, in vein set
VIII (~n30 to 40 eq.wt. %iNaCI; Chap. 6), may indicate that
the K was derived from potassic, possibly orthomagmétic
fluids. |

The Si and Mg needed to form A2 biotite cbntraéts with

Al amphibole alteration (equation 11) where Si and Mg were

leached into the fluid. Silica addition i§ expected in light -

of VII and VIII quartz vein deposition, which indicates that

the fluids were silica-saturated. Part of the Mg and Si may

have. been supplied by the M3:-)Al amphibole reaction
(equation 11). Some or all remaining Mg, Al, and Fe may have
come from leaching of adjacent rock units, i.e., the Unit Ila
slates, Unit IIb metavo1can5-sediments and/or gabbro, or from
orthomagmatic fluids.

Although plagioclase alteration is not quantified, any
K-feldspar or albite replacement would release Ca into the
fluid (see equations 8 and 9). The amount of Ca re]easea
into the fluid from both plagioclase and Emphibole
alteration probably aided in deposition of the large amount

of VII and VIII scheelite.

7.7.4 SUMMARY ‘

A2, VII and VIII assemblages formed under silica-
saturated conditions at temperatures between }69 to 454 C.
Precipitation of VIII vein pyrrhotite and molybdenite in the

practical absence of y-scheelite or accessory vein oxides,

181

b & ot o

MRt




i -

suggests that VII and VIII veins formed under lower £02/£S2
‘conditions than vein set VI (Fig. 7.1, Point Dv). The

presence of y-scheelite in 'some A2 haloes and characteristic

presence of A2 Mn-ilmenite in mafic units and some Unit IIb
metavo]cano-sediments suggests that f02/fS2 conditions in the
host rocks were similar to those in VI veins and magnetite-

bearing Al-altered rocks and higher than in the VII and VIII

veins (Figs. 7.1, 7.2, Points Dv, Dr). The precipitation of

Mn-ilmenite may also indicate that aMn and/or aTi Qere higher
in the host rock. |

The abundant Ca released by A2 alteration of amphibole
ang plagioclase probably accounts fbr the;abqndance of VII
and VIII scheelite deposition. In addition, the relatively
abundant A2 replacement of M3 plagioclase by K-feldspar and
more sodic plagioclase (Chaps. 4, 5), suggests that the K+/H+
and Na+/H+ ratios were high (Fig. 7.3, Point B). The
bresence of LVS 1ncfusions in VIII veins may indicate t;at
the influx of potassic fluids was orthomagmatic in origin.

A ﬁolypdenite-rich zone commonly occurs near or over the
apex of the fluid source in granite molybdenite systems (eq.
Mutschler, et.al. 1981). The proximity of yolybdenite
mineralization to the fluid source may reflect its relatively
lTow solubility (Barnes, 1975). The abundance of VIII
molybdenite mjnera]ization in Zone B might therefore be

explained in terms of its inferred proximity to the fluid

source, i.e., the FQB porphyry.

-

©
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‘7.8 PETROGENESIS OF A3 AND viv ASSEMBLAGES
7.8.1 INTRODUCTION
Vein set VIV is aﬁsociated‘with abundant wo]framite;

)éhalcopyritetwégosition in Zone A and minor similar
mineraliza@ion as well as abundant molybdenite énd scheelite
mineralization in Zone B (Chap. 3). Vein set VIV is
associated with A3 alteration which mainly alters the’
permeable Unit IIb metavolcano-sediments, and comprises
mostly sericite, quartz and pyrite in felsic unitg. Lesser
ch1or1t§ and pyrite is found in a minoé number of mafic qnits
(Chap. 4). %

- Fluid inclusion data indicates that maximum temperatures
dropped from >450°C in vein set VIII to <420°C in vein set
VIV. The presence of a minor number of LVS inclusions in VIV

veins indicates that saline, possibly orthomagmatic fluids,

may have been present (Chap. 6). (

7.8.2 A3 SERICITE ﬁEPLACEHEHT OF PLAGIOéLASE AND BIOTITE
The transition from A}/AZ sodic plagioclase and A2'K-
feldspar alteration to A3 sericite alteration of M3
plagioclase, indicates tﬁat Na+/H+ and K+/H+ ratios decréased
(Fig. 7.3, Point C). ‘Kg alteration 1is associated mainly
‘with silicification and sericitizztion of M3 plagioclase énd
A2 biotite in previously A2 biotitized metavolcano-sediments
(Chap. 4). The alteration is most intense in the permeable
and previously biotitized lapilli tuffs (Chap. 4). ‘

It was not possible to determine whether volume was

cbnserved during alteration. The obliteration of primary
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grain or crystal. boundaries and presence of abundant
sflicification implies, however, that volume was not
conserved. _ :

The presence of abundant’si11cififation and de%%ﬁition
of disseminated pyrite in A3-altered rocks suggests that
replacement of A2-biotite and host rock plagioclase occurred
under sul fidizing conditions, i.e.,

(18) Plag +A®2 Biot+ 52 -->
A3 Ser + Py + 2Qtz + Ca + Na + Mg

The presence of A3 pyrite also indicates that the
reactions occurred somewhere in the pyrite freld (Fig. 7.4,
Point Er).

7.8.3 02/ fS2CONTROLSONVIY WOLFRAMITEAND '
SCHEELITE STABILITY

The Ca release by sericite rep]acemeﬁt of plagioclase
may have predominated in Zone B’ where plagioclase comprises
over 60} of the gabbro (Chap. 2). This may help explain the
relative abundance of VIV scheelite in Zone B, and 1its
relative absence in Zone A, The relatively eXclusiQe presence
of wolframite in Zo&e A and scheelite iﬂ in Zone B, however
(Chap. 3), may also reflect different f02/fS2 conditions in
each 2zone,

The relative stability fields of wolframite and
scheelite in~f02;f52 space weré drawn using thé‘positionS'of
solid buffers used in the experimental studies of Hsu (1976,
1977; Fig. 7.4). The diagram shows that the wolframite,
wh%ch locally infergrows or is surrounded by pyrrhotite,

probably precipitated in or near the small region of
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Figure 7.4 Stability fields of huebnerite and ferberite

superimposed on the stability fie]ds of the other
minerals shown in Figure 7.3,at 450°C and 700 bars
(after Hsu, 1976, 1977). Points Ev(A) and Ev(B)
refer to approximate conditions in VIV veins in
Zones A and B, respectively. Point Er represents
f02/fS2 conditions in associated A3-altered rocks.
Striped pattern shows area of overlap of
wol framite and pyrrhotite stability fields.
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wo]framite-pyrrﬁotite overlap (Fig.qk4, Point Ev(A)). The
presence of VIV w-scheelite (i.e., pure CaW04), mof}bdenité
and/or pyrrhotite in Zone B, however, implies that the
scheelite probably precipitated under éhbroa&er and generally
lower range of f02/fS2 conditions (Fig. 7.4, Point Ev(B)).
Hence, if f02/fS2 conditions were sufficiently low in Zone B;
wolfr;mite would not stable (Fig. 7.4, Point Ev(A)) but
scheelite would be (Point Ev(B)). This suggests that Zone\B
was closer to a sulfidizing fluid source. )

The higher f02/fS2 needed for wo]fr&mite deposition may
help explain its host rock specific nature (albeit rarity) in
Zone B. There, the amount of wolframite measured in the
relatively sulfide-free metavolcano-sediments (i.e., rocks
having rela}ive]y high f02/fS2 cquitions). is 0.10
occurrences/100m, whereas in the pyrrhotite-bearing gabbro
(i.e., a unit having a relatively low fOZ/fSZ)fif is 0.01
occurrences/100m (Chap. 3). This implies that on a local

scale, f02/fS2 conditions were host rock-buffered.

7.9 PETROGENfSIS OF A4 ARD VV ASSEMBLAGES
7.9.1 INTRODUCTION -

Vein set VYV coasists mostly of massive carbonate and
carbonate vein{(let)s and {is associated ;ith fine grained A4
sericite alteration. VV carbonate and associated alteration
is fsund mainly adjacent to VIV quart: stockworks (Chaps.

3, 4).

7.9.2 EVIDENCE FOR A PRESSURE DROP

Vein set VV and A4 alteration are associated with
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. numerous tension features which rsuggest tbgt a pressura~drob

occurred. The tension featureswincyude numerous small horst
and graben features in drill core whidhlare several
centimeters across and have 3 to 4cm di§p1acem;nts. Vuggy,
fluorite-bearing VV cérbonéte breécia zones’ and slickenside
surfaces adj;cent to VIV quartz stockworks also indicate a

s

drop in pressure.

7.9.3 EVIDENCE FOR A TEMPERATURE DROP *;_;

Minor but widespread>native bismuth is associated with.,

< M k4 %
VV carbonate. The ‘low melting point of native bismuth,
271.3% (Weast, 1976) indicates that vein set VV formed at
signiffcéntly 1owef gemperatﬁrés than vein sets. VI thfough

»

VIV,
7.9.4 EFFECT OF DECREASED PRESSURE AND TEMPERATURE ON
co2 SOLUB{LITY ‘

The pressure and temperature d}ops probably occdrred due
to collapse of thé hydrothermal system. The drapslin
pressure and temperature were aécompanied by abundant
volatile reiease, evideﬁ;ed in part by the\wﬁdespread
explosive brecciation associated with vein sét Vv. cbz would
then have preferentially partitioned into the vapor phase
leading'to increased pH, decreased solubility of C02 and

precipitation of calcite (Holland and Malinin, 1979).

7.9.5 f02/fS2 CONDITIONS L

The presence of pyrite in the carbonate and associated’

host rock indicates that fS2 was generally high. The
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2o e '"'presence o.f rutile crystals and hematite alteration of VIW
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wolfrautte crystals in perv;—\vely A4 ‘altered rocks.
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o The .abundance and fine grained natupe of A4 sericite in
¥ . I3

o the absence of K- feIdspar or a1bite indicates that the Na+/H+
«- and K+/H+ ratios renained relatively laew (Fig. 7.3, Point C).

* 1
5 ) b - ° o

7.9.7 sunga“nv

f The association of VV carbonate with horst and graben
l;' features en&'Brecciationf\sdggests a pressure drop occhrred

. during the VV/A4 event. This would have led to'increased
o ’ --pH and deérehsed COZ sblubi]ity; which woe1d explain fhe
. ‘ widespread and pervasive nature of cnrbonate deposition.
) = - The deposition of native bis-uth suggests that
‘teuperatures were,’ < 271 3°C. The” presence of gyrite and
“ A henatite«suggests f02 and fSZ were relative]y ndgh The

presence of A4 sericite 1ndicates that Na+/H+ ‘and K+/H+

ratios uere 1ow.
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CHAPTER 8. PETROGENETIC MODEL

A late tectonic-hydrothermé] event (M4) associated with
intrusion of th@ feldspar-quartz-biotite (FQ§) porphyEy
in the Siseon Broog area occurred during Upper Devonian-Lower
Carboniferous times. _The FQB porphyry 1ntruded along thea
gabbro- sed1ment contact during development of a late NW-
tﬂend1ng foliation surface (S3; Chap. 2).

Intersection of the steesses producing the S3 surface
witﬁithOSe associated with fhe'intruding poephyry, produced"
large N-trending, mineralized gash fractures whieh flank the
porphyry to the weSt (Zone B), and whichgextehd radially (up .
to 1km) outward from its northern edge (Zone A).’Fluids
associated with the porphyry entered the S3 surface along the”
gash fractures, producing five vein sets, oriented parallel
to S3, and four periods of associated alteration (Chaps. 3,
4)., |

The mineralogy of the vein sets and alteratfon reflect
different fOZ/fSZ conditions. fluid to rock ratios, and

amounts of orthomagmatic to meteoric fluids. For example, VI

‘ vein/Al a]teration minera]s and VI/Al*y ‘scheelite apparently

formed from silica-undersaturated, alkaline fluids, in the

presence:of a low fluid to rock ratio (witness for example,

. the host rock specific nature of the VI/Al assemblages and

the host-rock buffer%ng of f02 ref]ected]in Al amphibole
compositions; Cﬁap. 7); This probably corresponded to an
early stage in the crysta1iization of the porphyry prior to
large-scalé volatile separation from the magma and complete

emplacement of the external hydrothermal system.

LY
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Th; porphyry cogtinued to %ntrude during formation of
vein sets VII, VIII/A2 alteration. This‘is evidenced by the
presence of breccias along porphyry‘dyk; interfacés,~
associated with abundgnt potassic alteration. It is perhaps
dalso evident by the:compositional similaritieﬁ between
}{iﬂﬁry unaltered biotite and plagiopl&ée phenoérysts and
VII, ViII vein/A2 alteration biotites and A2 plagioclases.

Movement o% the;porph§ry_and/or rotation of the stress
field producing the S3 surface occurred during formation of
vein set VIII. This resulted in the formation of a new set
of gash- fractures in Zone B and E-trending faults and
wide;pread deposition of schee]ite-ﬁo]ybdenite quartz veins
lqnd associated intense potassic a1tera;fon (Chqps. 2, 3, 4).

" The presence of'mostly w-scheelite, molybdenite,‘and/orﬂ
pyrrhotite ip.VIII veins indicate that the fluids were more
§glfidizing than during the VI/Al event. ﬂThe Kd value of
.0.54 for Fe/Mg between relict M3/A1\;m3ﬁgboles and A2
biotites which replace them, indicates th;t theSflyid to rock
ratio was substantially higher at this time (Chap. 7).

-, Fluid inclusion evidence indicates that temperatures

peaked near 450°C during the VII, VIII/A2 event. In
,addifion, the presence Bf relatively abundant LVS (sal{;e)
:inc1usions in VIII veins implies that o;thomagmatic fluids
may have béen present (Chap. 6;. The high salinity of\;he
flu\ids and the relativefy high fluid to roék ratio sugJESt
;hat\iheihydrothermal system was largely orthgmagmatic and

well-established at this time.
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Development of the VIV quartz stockworks and A3 sericft;
alteration probably signqlled the beginning of meteoric fluid
influiL This may h;Ib explain the even higher fluid to rock
ratio evidenged by the larée-scale nature of the quartz

stockworks, as wellyas the slight cooling of the system

(Chaps. 3,.6). 'Precjpitation of viv scheelite in Zone B, and.

VIV wolframite in Zone A implies that f02/fs2 conditions were

lower in Zone B, and also 19p11es‘€hat the proportion of

sulfidizing fluids was greater in Zone B.

Cooling and collapse of the hydrothermal systenm,

evidenced in part, by the explosive brecciation and minor
QP R -~

_ widespread deposition of native bismuth (Chap. 7), probably

resulted from devolatilization and loss of C02 from the
fluid. This led to“increased pH and consequent~depg?ftion of
massive c;rbonate (vein set VV; Chap. 7).Ru}ile. hematite,
and pyrite also précipitated at that ti-g. 1ndic;ting that
both f02 and fS2 were high (Chap. 7). '

']
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APPENDIX A: AMPHIBOLE ANALYSES

ZONE A

Sample number 8.22 8.22 8.22 9.24 9.24 9.24
Amphibole type core core blade core blade rim

i0, 51.20 51.81 49.75 50.75 43.19 43.42°
Al1203 4.99 4.62 7.99 4,13 11.45 10.80
Tiﬁz 0.29 0.26 0.19 0.25 0.64 0.68
FeO 15.20 15.19 14.52 18.57 21.13 20.25
MnO 0.47 . 0.33 0.26 0.52 0.57 0.59
Ngo 13.64 13.73 11.97 11.65 7.76 7.74
Ca0 11.97 11.78 11.80 11.59 11.41 11.37
Na,0 0.45 0.41 1.30 0.37 1.06 0.92
K2 0.18 0.11 0.30 0.15 0.68 0.62
Total 98.39 98.25 9807 97.97 97,90 9%5.30
¢
Sample number 11.180 11.180 11.180 13.81 13.81 13.81
Amphibole type rim rim core core core rim
2 45,25 44,39 45.75 51.75 51.50 51.19
A1503 8.41 9.58 7.90 5.93 6.74 6.19
Tiﬁz 1.46 1.19 1.52 1.03 0.35 1.05
Fe0 23.54 22.43 23.78 13.16 13.86 14.26
Mn0 0.59 0.54 0.71 0.34 0.52 0.53
Mg0 7.67 7.41 8.00 16.05 14.41 14,26
Ca0 10.96 11.07 10.21 11.29 11.57 11.76
Nao0 1.24 1.00 0.95 0.44 0.62 0.43
K20 0.64 0.58 0.56 0.28 0.20 0.27
Total 99775 . 987IS 99739 100.Z7 99.77 9993
. Sample number 13.148 13.148 13.148
Amphibole type core core s
$i02 54.71 53.30 46.07
A1503 ) 1.58 ‘3.16 11.14
1152 0.10 0.15 0.44
FeO 15.27 16.08 18.47 '
MnO 0.50 0.40 0.48
Mg0 15.18 14,27 10.09
Ca0 12.17 11.94 11.74
Nao0 - 0.07 0.29 1.00
Kzs 0.04 0.08 0.59
Total 9951 99,58 100707
v
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ZONE B
Sample number 25.136.55 25.136.55 25.136.55 25.136.55
Amphibale type core core core core
$i0; 46.88 46.83 44 .56 45.53
Al1203 9.75 9.74 10.12 9.62
1162 1.47 1.45 1.74 1.28
Fe0 13.58 13.73 13.91 13.00
NnO 0.38 0.45 0.22 0.34
Mg0 13.18 13.35 12.64 13.50
Ca0 12.04 11.65 11.14 10.72
Na20 0.94 1.09 1.12 1.18
K20 0.39 0.37 0.38 0.34
Total 98 %I 98.5% 9587 95,571
N
Sample number 25.136.55 25.136.55 25.136.55 25.136.55
Amphibole type rim core core core
$i0, 44 .51 52.29 55.24 51.93
A1603 10.37 3.71 1.78 3.18
T10, 1.93 0.21 0.02 0.24
Fe0 13.68 10.31 8.93 11.00 .
MnO 0.31 0.24 0.21 0.24
Mg0 13.04 17.39 18.51 17.51
Cal 11.16 11.47 12.05 12.02
Na20 1.23 0.33 0.20 0.38
K20 0.42 0.10 0.08 0.12
Total 85.6% 9%.04 97.03 95.61
Sample number 25.136.55 25.136.55 26.64.85 26.64.85
Amphibole type core core core rim
$10, 53.98 53.76 49.13 43.33
Al,03 3.12 2.95 6.03 10.19
T10, 0.03 0.00 0.20 0.78
FeO 10.19 10.60 20.58 21.73
MnO 0.19 0.19 0.55 0.48
Mg0 17.53 17.26 10.33 7.99
Cal 12.34 12.36 11.76 11.38
" Naz0 0.23 0.25 0.74 1.33
K20 0.12 0.10 0.20 0.85
Total 97.72 97 .37 99.57 98.07 )
Sample number 26.64.85 33.167(2) 33.235.10 33.235.10
Amphibaole type rim ‘s s s /
Si0, 43.44 47.32 44.77 45.49
Al1203 10.19 6.17 7.48 6.55
1152 0.86 0.28, 0.37 0.25
Fe0 20.73 19.70 24.49 24.43
Mn0 0.56 0.70 0.68 0.77
Mgl 7.90 10.58 7.31 7.60
Ca0 11.52 11,37 11.50 11.79
Nas0 1.37 0.90 1.06 0.82
Kzs 0.89 0.48 0.74 0.64
Total . 97. 4% 9751 9839 98. 3%
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Sample number
Amphibole type
Si0p
Al,0
LJ1523
Fe0
Mn0
Mg0
Ca0
Na,0
K20
Total

Sample number
Amphibole type

Si0

Al 53

T10,

Fe0

Mn0

Mgo

Ca0

Na20

Kzo

Total

Sample number
Amphibole type

$i0;

Al,03

T102

Fe0

Mn0

Mg0

c-oo

Na2

K20

Total

s KL R Ry ORI sk SR

33.205.10
s S
43.38 42.30
7.55 9.51
0.39° 0.63
25.16 25.33
0.72 0.72
7.05 6.46
11.68 ~11.56
0.98 1.35
0.83 1.12
97.772 98.797
37.207.75 37.207.75
3 s
42.06 42.86
10.00 9.28
0.57 0.41
24.59 24 .44
0.88 .0.85
6.98 7.34
11.41 11.15
1.28 1.34
1.19 0.87
98.93 9853
0473 0473
matrix matrix
49.95 49.99
5.70 4.82
0.36 0.16
- 17.25 16.95
0.36 0.46
12.02 13.01
11.94 11.68
0.65 0.67
- 0.20 0.46
9843 98721

199

33.205.10 37.116.8 37.116.8

4
3

s
48.71
6.33
0.12
18.98
. 0.75
10.97
.11.46
0.78
0.49
98,58
0466 0466
vein vein
46.15 51.68
7.56 2.55
0.19 0.13
23.90 20.18
0.67 0.73
7.69 11.81
11.64 .11.83
0.82 0.48
0.46 0.18
99 U8 957

S
47.82
6‘64
0.14
19.31

0.78
10.83
11.12

1.01

0.57
98,21

04
ve
49.
.
0.
16.
0.
12.
12.
0.
0‘

73
in
92
89
10
50
42
56
00
79
33

97.39
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APPENDIX B:

I GABBRO - ZONE B

Sample number
Biotite type

g
Feo
NnO
NgO0
Ca0
Na20

K20
Tgtal

I1 FGA UNITS

ZONE A

‘Sliple number

Biotite type
5105

Feo
Mn0
KgO
Ca0

Ils

Total
ZOME B

Sample i;i;;;
Biotite type
510

6°3
Feo
MnO
Mg0
Ca0o

las

Total

200

(-

BIOTITE ANALYSES

- 31.181 “33.167 33.178 36.35
-------------- pervasive----cccc----
36.74 37.66 37.35 37.06
14.50 13.73 14.64 14 .07

3.05 , 1.80 2.14 2.24
19.45 - 21,27 20.78 20.26
0.22 0.31 . 0.29 0.30
12.14 12.22 12.08 11.40
0.03 0.00 0.03 0.05
0.15 0.07 - 0.08 0.06
9.78 9.30 10.06 9.30
95.0% 95.3%5 97.¥5 9¥,
o
8.18 8.33 9.24 11.180
halo halo halo halo
35.81 37.94 36.27 36.34
16.83 14.58 15.71 14.83
1.22 1.97 2.10 2.48
19.50 21.65 22.96 23.82
0.25 0.25 0.22 0.24
12.15 11.865 9.73 9.58
0.00 0.02 0.00 0.02
0.12 0.17  0.13 0.11
9.93 8.87 9.33 9.34
95.4% 95.59 9543 95.75
26.64 35.134
---pervasive--
36.45 36.50
15.20 14.40

+3.30 2.74

22.09 22.37

0.35 0.38 )
10.00 10.58 3
- 0.01 0.03

0.12 0.05 .

9.83 =324

7.3% 9%.29

25.75
N3
37.87
15.79
2.56
16.59
0.24
14.01
0.00
0.23

8.33
5.6T

13.148
pervasive
36.05
15.83
2.39
21.25
0.31
12.69
0.02
0.08
8.05
95,67
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ZONE A '

Sample number
Biotite type

sio
Al 53
Ti 2
Fe0
o
NgO
Cal
Na»>0
Kz%
Total
Z0RE B

Sample mumber
Biotite type

Si0

" Al 53
Ti02
Fe0
Rn0
Re0
Ca0
:& 0

. Tgtal

Sample number

Sio
Al 33
1102
FeO
Mo

2.34

26.16
35.40
14.65

3.89
23.49

. 0.30

10.44
0.06
0.21

btk

201

1Y FQB PORPHYRY PHENOCRYST -

«

13.74
cew---pervasive
37.87 36.85
1§.38 18.51
1.84 2.22
18.15 20.05
0.30 0.19
13.63 9.10
'+ 0.00 0.00
0.04 0.26
9.96  9.65
97.18 9%.83
26.74 26.78
~-pervasive--
35.58 35.52
16.06 14.91
2.47 2.25
20.97 25.91
0.39 0.39
10.40 8.08
0.00 0.00
0.13 0.10
9.82 8.99
95782 95,17

13.77

37.69
17.04
1.77
19.02
0.16
11.65
0.00
0.11
9.94

97.37

26.78
vein
33.13
16.23
1.82
26.32
0.68
9.68
0.00
0.01
6.78
97,50

38.155
pervasive
37.19
15.29 .
3.20
20.58
0.36
10.61
0.00
0.08

9.98
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APPERDIX C: PLAGIOCLASE AWALYSES
. I AL-ALTERED CRYSTALS

Sample nu-ier
Zone
sio
Al 53
Tily

11 Az-Atftgsn

Sample number

. Zone
$10y
Al120
11523
Fe0

NnO

Ng0

Ca0

Na20

Kzo &
Total :

A
Sample number

Zone
5102
A1703
Tiaz
Fel
Mn0
NRg0
Ca0
Nap0
K20
Total"

202

13.35.° .0466 0473 . 25.75
B 8. B B .
64.51 68.51 56.28 25.78
© 22.50 21.24 :26.46  31.27
0.04 0.03 0.02 0.00
0.00 0.14 ' 0.11 0.09
0.00 0.03 0.00 :0.02
0.01 0.02 0.00 0.00
3.28 0.19 11.29 12.98
8.98 8.87 6.07 4.02
1.12 0.42 0.12 0.07
100.43 99.%% 100.35 10T.1I5
CRYSTALS
13.77a 13.77b 13.77b 26.22(4)
A A A B
64.67 49,25 ‘51,40 70.52
18.63 32.57 30.70 21.75
0.00 0.00 0.01 - 0.00
0.00 0.46 0.09 0.02
0.01 0.03 0.01 0.00
0,02 . 0.32 0.04 0.00
0.00 13.81 . 13.66 1.77
‘0.05 . 2.52 3.80 ¢ 8.01
17.56 0.86" 0.10 0.16
100.92  99.38T 99.BT 107.73
33.178  36.35
B B
5§3.03 "° 59.59
30,34 25.10
0.03, 0.00
0.13°. 0.12
0.01 0.03
- 0.00. ., 6.00
12.63 6.84
4.34 7.42
0.05 0.20
100°.57 99.30 .

26.74

B
65.28
22.09 .
0.09
0.00
' 0.00

0.01 .

2.95
10.89
e 0.25
10T.55
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ITI Al- and A2- ALTERED CRYSTALS

O T Gt v

(” Sample nuimber 9.24 26.64(4) 33.167:
Zone A B B °

S0, - §5.22  66.74 57.48
Al,03 27.91  20.10 27.91
110, 0.10  0.00 0.00
Fe0 0.29 0.07 0.10
MnO 0.02 0.0l 0.00
NgO0 0,01  0.02 0.00
Ca0 10.51  .2.04 9.87
Na,0 5.67  9.58 5.56 :
K, 0.19  0.38 0.13  °
Total 99T 100.95 10T°03

1v Fﬁnggf::Ijz PHENOCRYST ‘

s o .
Sample numb 26.16 26.16 26.16 26.16 26.16 26.16
COre@ ~roemecrmcncnmnccccncccccan 7"""“‘"{ rim
$10, 60.17 60.53 63.49 63.81 68.92 64.12
A1203 25.69 25.19 23.87 23.73 21.41 22.61
Tib, 0.01 0.05 0.0l 0.00 0.00  0.00
Fe0 0.07 0.04 ©0.04 0.11  0.00  0.00
Mn0 0.05 ©0.03 0.02 0.00 0.00 0.00
Ng0 0.00 0.00 0.00 0.00 0.00 0.00.
Ca0. 7.19  6.38  5.12  4.93  3.44  3.44
Na,0 7.36  7.57  8.24~ 8.20  9.96  9.98
Kob 0.45  0.51  0.73  0.69  0.04  0.04
Total 100°98 100-30 10752 10748 10375 100.T%
- 4
L



-

1. ZOME A"
’ o
ample number 2.34° 8.18 '8.22

Rock type meta-sed FGA FGA. _—F6GA

‘ 510 - 0.00- ,0.02 :0.11/
, 03 0.06 0.00 0. Og
' 5 ' 50.51 51.88 51.9;
Vo Feo 41,58 45.18 45.51
’ Mn0 6.22 3.63 3.22
o ,Mg0 0.06 0.06 0.16
. ca0 - " 0.04 - 0.09 0.34
Na50 0.00- 0 oo\ .0.01
K2 0.09 0.01"
Total 7 985§ 100 57 107,31
* Sample number 13.148
) - Rock type FGA
Si 0.08
b 60 0.00
' 51.33
FeO 42.78
Mn0 .- 4.2]
Mg0 0.18 .
J cao* 0.13 N
Naa -0.06 ,
* 0.02 ‘)
Total f 98-80 ,

I1° ZONE B ®
Sample number 0466 31.181 33.178

APPENDIX D: MANGANIFEROUS ILMENITE ANALYSES

»

11.180 ~13.77

0.06 0.00
0.02 0.00
50.16 52.70
46.44 44.83

2.32 3.64
0.13 0.09
0.06 0.00
0.06 0.00
0.00 0.03
99.25 10T.29

Rock type vein FGA . gabbro
Sios 0.03 0.03 - 0.00 _
0.03 0.00 .0.00 "
46 .61 52.14 51.01 ’
Feo X .45 .93 45,29 44 .88
MnO " 3.81 3.46 3.99
Mgl 0.26 0.17 0.12
. Cal 0.16 0.30 0.02
- ~ Nap0 0.00 0.04 0.00
K20 a 0.00 1 0.02 0.01
Total 96.83, 101.45 100.03
..‘~" G ‘;
Lo .
K ‘ ' 204 ,
b }9 N ' ‘

.+ 13.81
meta-sed FGA

0.09
0.06

51.88 -

42.30
4.34

. 0.10

0.43
0.03
0.01

ggo.zl

Y

= =
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" conditions used in Ehe phase

APPENDIX 'E: CONP

-~

Py e —— e - b e

COMP is a program written in FORTKANtb calculate the

fugacity of fHp, given values

for f0; and fS,. The fH3 was,

in turn, used to calculate fHy0, £S0p, S0, fH2S, and fHS,

»

fHpS04 .
The following equations

define the logarithms of the

fugadities of the gas species under consideration.

(1) x1 = log

| (2) x2 ’ldg

(3 x3 = 10g

) (4) x4 = log

‘ ' _’ (5) x5 = log

o (6) xg = log

' (7). x7 = log

3 | "(8) xg = log
’ (9) xg = log

2

fia0

fH2

f0,

fS02 .

SR

£SO ' \
fH2§uwmwf””"*“““f-
fHs

fH2504

1

Using these equations.’fhe rate‘eﬁuations (i.&ukeq) for

formation of eth species at 700 bars and 450°9C (the

diagrams of ;his‘study) become:

(10) xg - 1/2x5 - xp - 2x3 = 22.93 i
(11) xg - 1/2x5 - 1/2xp = -3.49
‘(125 X7 - 1[2x5 - x2 =°2.29 ,;‘, .
C(13) xg - 1/2x5 - 1/2x3 = 3.41 e
L (18) xg = -12.50
- (15) xg - 12x5 - x3 = 16.01
. (16) x3 = ~29.00
’*‘ C (175 x1 - x2 - 1l/2x3= 10.20, ’
N | ;w

Cod 205
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which are added together to describe the total internal

pressure of the system, P (in this case, 700 bars),

(18) P = 1/0.671 10X1 + 1/1.461.10x2 + 10X3 + 10X%X5 + .
1/1.51 10X4 + 10%X6 + 1/1.517 10 X7 + 10X7 + 10%X8 +
10x9 - ~

The values for fO0, (x3) and fSy (x5) were obtained
directly by choosing one point along ‘the magnetite/pyrrhotite
bQundary,‘constructed at 700 bars and 4509C. The latter was

drawn using the thermodynamic and experimental data of Robie

.and Waldbaum (1968) and Toulmin and Barton (1964),

'reépectively.

Equations 10 to 17 were\siﬁultaneously solved to leave a
single free variable, which we chose as x». Substituting
these results into equation 18, gives us a transcendental
Equation for xp2. COMP was written to calculate the function
af equation 18 for a given value of xp, We find the root of
this equation by repeatedly choosing values of xp until the

user deems the function sufficiently close to zero.
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AT i s et [ e TR A e " g » “ e [

»

(m} . IMPLICIT REAL*8 (A-H,0-1)
F(X) = DEXP(X*DX)*(T1+T2*DEXP(-0.5D0*DX*X))-C1
E DX=DLOG(10.D0)

\ C1=700.D00-EXP(-DX*29.0000)=DEXP(-DX*12.D0)-DXP(-DX*16.7300)
~(1*_.D0/1.51D0) *DEXP(-DX*14.79D0)

T1=(DEXP(-DX*0.5700))/0.62100+(100/1.461D0)+(DEXP(-DX*2,9600))/1

O 5 s T T 7 %

%57D0+DEXP(-DX*30.300)
T2=DEXP(-DX*12.12D0)
WRITE(6,900)C1, T1, T2
900 FORMAT(® *,"Cl1=",F20.14,"' T1=",F20.14 TZ*'F?D.14)

—

X0LD=-2.00 ' ]
) "ff‘, N . . s
YOLD=F(X0LD) W

WRITE(6,300)X0LD,YOLD

300 FORMAT("","X=",F10.6"  Y=*",D13.6) . C | A
XNEW=-1.D0 ’ : - ‘ :

23 YNEW=F(XNEW) |

€100 SLOPE=(YNEW-YOLD)/(XNEW-XOLD)
WRITE(6,300)SNEW, YNEW
READ{ 9 ,*)XNEW
G0 TO 23 o S
STOP | ‘
END

c XNEW=X2

C CONSTANTS CHOSEN FOR Py = 700 BARS AND T = 450°C. »

C LOG FS2 AND LOG FO2 EQUAL -12.50 AND -29.00,
(’f C RESPECTIVELY. THE LATTER ARE VALUES ALONG THE MAG/PO
c BOUNDARY DRAWN AT 700 BARS AND 4500C USING THE

207 .




(i € . THERMODYNAMIC AND EXPERIMENTAL DATA OF ROBLE AND WALDBAUM
. 1
i o c (1968) AND BARTON AND TQULHIN (1964), RESPECTIVELY.
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