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.. . . . ABSTRACT

‘Gold ancj‘p.-zilkadium concentrations have been.determined in

£

sulphide oresi afxd Hhoét_rbcks of the C ribog, Brunswick Nc‘)l. ‘12 and -
Heath Steele-r‘nﬁ.nes,. New Bruﬁswic ' by‘neugren activation analyéis.
Gold cior;.tents vary from 100 .to Q 00 ppb in the ores. . Gold correlates
positively witl'; lead and zinc in the Caribau and Brunswick Nq. 12
deposits, but is un'correlated i'th‘blasé rﬁetals inlthe Heath Steele B-1
orebody, ° Pal}.adium content range f:.;om 3 to 0.1 ppi:» and, in contrast
with gold, show no ;:orrelati n wjth base metals in-'any of.th‘e mines.
Thus, tr-ansport and déposit onal proce.sse-s controlling palladium distri-
buﬁon remain obscure.' An‘.‘lanalysis of the variation of gold content
of separated minerals 'foﬁ‘nd in replicate analys‘es:i". suggests fhat the
dominant ﬁode of occurrence is the native metal.

| Based on work by Sato (1972b, 1973), a compa;isoa with the
Kuroko dep.osits and analytical_‘data collected by the author, a syn.genetic'
model for metal di-stril.)utilon in the New Brunswick ores has been developc;d.
On the basis of such featurés as shape, lamination, initiél grain size
and metal ratiosi. it is suggested that these latter ores were :.forméd ‘at

lower temperatures and from solutions of higher density than the Kuroko

deposits,

iv
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The cofrelation of gold with lead z;nd zinc is {in‘iilar to thét
found in the Kurokor and is.ingxpiica_ble in te'rmsrof ;hlord{compleﬁng
(Helgeson', 1969 ). for ‘éithgr-Kuro_ko or New Bruns-wick'st;-atifo:m de‘i)oaits.
It is co‘ncl'ude;i that gold sulphid'e cofnplex.es ére the most likely species
respo.l-'isibl'e for golci solubility a.nd transport in the ore solutions which
formed.these deposit‘s. .

The 'zonipg,of gold from low concentrations in copper-rich ore
to Highe;r concentrations iﬁ lead-zinc ore is though to reflect gr‘_\ac_iua.l
saturation(\of an ore solution with r;:spect to gold in the waninglstates ’
of sulphide prgcipitation." Decreasing tem‘perature; fugacity of oxygen
and mqlality of aqueo;.lls sulpiﬁde, together with increasing ore solution -

pH, are primarily responsible for attainment of saturation with respect e

L

to metallic gold.
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CHAPTER 1 | o @
PURPOSE OF STUDY

s

This study was undertaken to determine the concentration and,
distribution of gold and palladium in the stratiform base metal deposits

Vo
of New Brunswick. .Gold is present at economic levels, but the nature,

A
A

of its zoning is poorly ‘established and mucil less well known than that
of zinc, lead, copi)er or silyer;

In other studies (Krausk?pf, 1951; Kakovsl;c‘l;i and Tyurin,” 1962;

] .

Helgeson, 1969; Weissberg, 197"0; Seward, 1‘973; Henley, "1973) a number
of possiblé gold complexés, important for transport in hydrothermal
solutions, have been investigated. From knowledge of the stabilities
and solub’ilities (Hélgeson, 1969) of the sulphides of iron, zinc, ‘.1ead
and copéer, it should be poésible to delineate the physicochemical
conditions necessary for formation of massive sulphide deposits. By
consideration of these physicochemical conditions it is anticipat-ed tha:t:":‘
limits can be placéd on the gold solubilities required to exglain the gold
distribution in the New Brunswick deposits. A choice between prospective
aqueous gold complexes can then be made. .- L |

Palladium, as a representative of the platinum group, w.as
expected to show some similarities to gold as far as solubilitit:;s_' in

)-?4
hydrothermal solutions are concerned, Almost no data, however, are




. \~ : ,
\

a;'ailable concernming its‘concent;ation in geo,thermai solutions, sg\diments
or non-ma/gmat‘i,c or'ehgie_pos.its'. By determining its'abundancé in ti’xe
stratiform base metal dgpds_i—i:_é and coxﬁparing this with gola, knowledge
of the be?aviour of p-all‘;a.dium in the'geochemical cy-cle. an‘;:'l particularly
in hydrothermal o:;sg deposition, -is ir;cz:eased.

. ]

T
YL - | -

) Fl - . o // 4
_+ " " Table 1-1, List of Symbols and Abbreviations

34 32, 34 32 ,.34,
32,34 :
(877187 ) ‘ :
8 ) _,
E = Oxidation potential of reaction
£ = Faraday constant
o . o
AF = Free energy of reaction.at 25°C
/_\.Hi (Tr) = Enthalpy of reaction at reference temperature (Tr) ' :
K(T), = Equilibrium constant at temperature T~ !
m = Mdlality E
. 1
M = Molarity ) E
' 3
n = * Number of electrons transferred in reaction E
pKa1 = First dis sociation constant of HZS .
R = Gas constant ' )
AS:(TI) = Entropy of reaction at reference temperature Tr
'I'r = Reference temperature, 25°C




CHAPTER 2
= ‘ J

!
i

REGIONAL GEOLOGY

2-1 Geology of the Tetagouche Belt -f

2-1-1 Stratigraphy

All the ore deposits_investigated"are contained within one area

of mixed sedimentary and volcanic rocks of Ordovician age in central

/
New Brunswick (Fig. 2- 1, after Davies, 1972). = The supposed middle

o

Ordovician age is indicated by two fossil locahhes (Alcock, 1935,

Helmstaedt, 1971). The rocks, which have been termed the
. Tetagc;uche group, have been intensely deforrﬁed and this, coupled

with the lack of outcrops or rnarkey.\beds, has prevented elucidation of

the Btraﬁgraphic guccession. This problem is discussed in"s_ofne .
detaii by Helmstaedt (1971).

Until recently a four- fold classification of the Ordovician rocks

as shown by Dav1es ,Q972), ,_was followed by most atithors (F1g 2- 1
Table 2-1). Howe:ver Helmstaedt (1971), from mapping of the
western part of the area c\overed by Fig. 2-1, has presented a slightly
different grouping of the rocks apd a different stratigraphic succession

T {Table 2-1). Table 2-1 shows the author's suggested relations between

the classifications of Davies and Helmstaedt. These should only be

—_—




N -

Fig. 2-1 Geology of the Tetagoﬁche Area, Northern New Brunswick.
(Davies, 1972).

L T Uy

T LR PR TG AT M




1 .
, t 1
a’-— )
' '_——‘___—’ » ,* -
= = N t 7,077
. -—
“

QUEBEC _ =1
- — f [ ""
- - - e -— - ‘_.._-l-—-—-l-‘——-//—-—-—
r47060'_7-— -~ - -."!- - ,,—:L::'.' ) 0'—::':.:\ é‘\\] \ :.74 // BATHURST )
bl ¥ ® [ P e l.‘ — 7 .
\ - SIS pIUHE P el 7
e P e N s A ?
) N2 R R IS —
\ P =1 N R R L y
U‘ 4 N-B- ‘ "f'.'.'.’ ,(——{‘U-J\———_'
1 Iivlse . 27 ™ !
S gy A Y A9 1 N 7 ) PN
PICSH PO ;b .__‘,’d.:/_n WSy
‘e’ -":.“::-:;‘.\_ e < o < A £ v/ Capy™
SRR SaEnniee N 02 v 77 v VA
SR U I S &y S 1 T
Xy 4 NN v ) vyl Moo el
\ R AR T \ At rhaly f__‘ﬁ_\f‘.:"'-'{.‘ \_ -
o R A b D VgL g L el ®)
"'. :"_t-: :'.-- -t < ~ A g | . ‘: v
p:' ™ """-.'.-'\i._:-,, LA /a\-, VLY ,:f'} S 1“'—(— N ,ti",f?:\;l'_‘_""’}’
":.' _. "{'.':’. 1:_:3'.\ < -3 L-\,’ ~ l-f, r"‘:,f"/};: PR \,p;lsl-';'l {
‘..: -"‘J \".: 'ﬁl:::.;ﬁ'—::’::;’ 4 L-‘"—-\: g ’7‘ <5 I;":lf Ilv‘_——_—‘
w’ \'§-.-.:.:.:-:I A - rd < ;"" \f . "AIE'JI" Ir____._—{
'-:‘:o. M > f o
‘t-:-._)-/< ,(D,\,V v /:7 N L \‘\hh'}i—'—__‘,'
o, < 2T S gV ——
:'." e i;‘!"l’,f NOATT ,2 '-Ml;;’:"" : Na< :b')"'——--——l
e a" M .’_" Y - ,
P Lt M S Y S A
T RAEAERN 8 N \! i =+ g < I;’r A

LEGEND

FELSIC VOLCANICS Og
PORPHYRY ., 03 |

SUCCESSION OF

P RE TR T e

P O

g] GREENSTONE Op

- SILICEOUS META- | DAVIES, 1972
SLATES 0, )

o STRATIFORM MASSIVE

SULPHIDE DEPOSITS




_Table 2-1. Stratigraphic Succession in the Tetagouche Area*
(Helmstaedt, 1971; Davies, 1972)

Correlation between two sets bf\uni{s not certain

Units of

/ Helrﬁstaedt‘ Descriptio

» Youngest  Unit 5

Unit 4

Unit 3

Unit 2

Oldest " Unit 1

L8}

. ‘Units of
Davies
Massive mafic 0
. .2
volcanic rocks
Slafe, chert and " 04
andesitic volcanic -
rocks
Rhyolite voleanic 03
rocks both massive
and schistose
Slate, siltstone (part of)
and greywacke Dl
Quartzite and 01

phyllite

% In Fig. 2-1 only the units of Davies are shown.

Description

Mafic volecanic.
rocks ‘

Felsic volcanic
rocks

Porphyry

Siliceous meta-
sediments

Slates

B ] TF A ¢TSI TN T e e




~

taken as suggested relations.
Pc;ble (1967, 1.973). suggested tha;t the te;:tc_;nic’ regime is'

consistent wrj.th f:rmation of an initially s:table platform {Unit 1 of
Helmstaedt), which de_veloped'into,a eugeosyncline during dep‘osition of Unit
2.. The range of- the volc-:ar.xic.' r.ocl;s from felsi.(-:l to. malfic with‘considerable- .
volumes of intermediate rock's," also suppori:a the idea of the dgvelof:me,ht
of a eugeosynclinal envirc:;nznent, o o {

~" The Silurian—Devon'ian roclgs to the north and the Penngylvanian
rocks to the south, are far less deformed and metamorphosed than the-
'I';etagouche group. As no étratiforrn massive sulphide deposits occur

in these younger rocks, they will not be discussed further.

; The area is intruded by a number of batholiths of variable
f Ay
I N

i
composition, mainly granitic, which are post-tectonic and Devanian

(Tupper and Hart, 1961).
2-1-2  Structure and Metamorphism

A number of phases of deformation have occurred, and some

authors differ on the details and which ones to assign to the Taconic

" and Acadian orogenies (Davis, 1972; Helmstaedt, 1971, 1972;

McAllister, 1973). In géneral the first phase probably involved isociinal
folding and formed the regional schistosity. The broad flexures of the
regio:i' seem to have developed corxsiderabh{'; later, as they affect the

Siluro-Devonian rocks also.




 The main period of metamorphism was synkinematic with respect

- ]

to the first phase of folding and was accompanied by penetrative

deformation, with Udevelopme'nt of cleavage and schistosity., The ~ 7

©

metamorphic assemblages fre“summarized below:

(1‘) phyllites ; quartz-muscovite -chlorite

'(2) rhyolites; quartz-mus covite -chlorite-sericite ~albite |
(3) b z_rsi‘c*vol‘c:‘anic-s ;-albite- chlorite-epidote -leucoxene-

stilpnomelane. P S

The.assemblages found in the phyllites and rhyolites are consistent

' e "~
‘with the quartz—albite-muscovite-chlori}:_e_subfacies of the greenschist

facies. Helm'ét’aedt-(l973') has sugg_ested that a biotite-chlorite isograd
is present in the area. Further south in Maine the contemporaneous
;‘ngtamorphism is of biotite grade. These facts suggest a decrease in

metamorphic grade southwest to noi-theast (McAllister and LaMarche,

1972). -

2-2 Geological Setting of the Ore D-eposits

2-2-1 Introduction

The rhyclitic volcanic rocks dgscribed above as Unit 3 occur
in a number of forms which inc;ludg massive rhyolite flows, ashfali
. tuffs, ignimbrites and intrusions. The differing origins are suggested
by the varying degrees to which schistoéity has developed in the rocks,

The stratiform sulphide deposits of the area are all contained within



ane
L

.4

or near one rock type characteristic of this unit - the so-called . . - .

v

"Bathurst f’orphyry" o ' ' s

[+]

The porphyry has been descnbed as quartz feldspar muscovite

chwts containing variable amounts of quartz and alkah\_fpeldspar augen.

P

The high potassic nature of these rockﬁ is well-eatablished (Loudon,

1960; Davies, 1966 Cavalero, 1970 Roscoe, 1971). Detailed

petrographic and chemw.,(_:al atuches have been carried ‘out by Loudon (1960)

.
P

.‘fa‘nd Jones (1964). These volcanic schists are interlayered with

graphitic schists, greywackes and pehtlc quartz- rnuscov1te—chlorite—

gericite phyllites. - Occasionally the 1atter rock type 18 gradational mto

O

the "Bathurst Porphyry'. |

The proposed geolog1ca1 env1ronment, which is of island arc-
e'ugef?synclinal type (Helmstaedt, 1971; Poole. 1973) is a typical setting
for the occurrence of ignimbrites and rhyoht‘e‘tuffs. As ;xoted by
Helmstaedt (1971), typical eugeosynchli-nal sequences are characterized
by stratigraphicany older basic volcamc rocks and younger acidic ‘

) - .

volcanic rocks. In the case of the Tetagouche area. however, the
rhyohtxc rocks appear to be’ older than the ba;sm rocks.

There are many massive sulphide depos1ts in the area, 'esp'ecially
if those of low gJ':ad'e and/or small size are included. R‘ather' t.han_
present a generalized description, each of the deposits mvest1gated will

be described in some detail. In Fig. 2-1; the major deposits are

shown in relation to the felsic and p_orphyritic‘volcanica.




2-2-2 Anaconda Caribou Deposit

3 ' ) . . ;
Three phases of folding in the Caribou area have been recognised

. by Davis {1972). The fi..rst, FI' produced igoclinal folds and the
form.ation of the regional schistosity. The formation of kink folds
occurréd during the second phase, FZ' while the final period, F3. prpduced
the broad regional folds. The Caribou deposit lies within a synformal
-?51:1 known as the "Caribou" fold, probabiy of F3 age. The regional geology
ana a detailed plan (Cavalero, 1970) showing the location of the drill
holes investigated in this research are presented in Fig. 2-2.
Qutcrops are sparse, though I. P. resistivity defines continuity
well (Cavalero, 1970). The nCaribou' fold is delineated by a sequence
of interbedded metasediments and metavolcanics, mainiy of rhyolitic and
andesitic composition. The orebody is situated at the contact of one
belt of metasediments with quartz~feldspar augen schist. The suc:‘ce'ssion
has been described in some detail by Cavalero (1970) and is presented in
Table 2-2. a
The primary sulphide minerals include pyrite, sphalerite, galena
and chalcopyrite with minor arsenopyrite, marcasite, pyrrhotite, bornite
an;i tetrahedrite. Magnetite and accessory hematite also occur in the
ore horizon. The ore is often banded parallel to the regional schistosity
and bedding. Vari;ms compositional and textural properties of the ore

give rise to banding, including the nearly monomineralic bands in the

-~

iy v ogr




Fig. 2-2. Geology of the Caribou Mine Area (after Cavalero, 1970)
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Table 2-2, Geological Succession at the Anaconda
Caribou Deposit (Cavalero, 1970)
1 .
Unit fAge Thickness Rock Name Mineralogy’ Description
- 7/Youngest 30m Potash- M-0-Q-5 Competent, foliated
. rhyolite - ©  as repetitive units
porphyry ~ '
6 40-20m Hanging-  Q-S-O-minor Texture varies with
wall schist C-P1 quartz content
5 3-1m Hanging- S5-0 Only on west limb,
' wall : sharp contact with ore
phyllite . with 0,3 to 0.1m
: ' chloritic envelope
4 Ore Horizon
3 8m Chlorite - Hard Black  Adjacent to south part
‘ ' pyrite with Py north sulphide body,
schist ' - type of iron formation?
2 3-20m Phyllite i. 0.3mfrom Well-developed
on limbs zone ‘orebody,S-C schistosity
35m on . - . schist, ii. then
nose - M-C-Q with Py ' )
iii. heterogene-
ous M-C-Q to
quartzite to M-C
1/Oldest 30m Graphitic Q-M-Graphite Blackish with well-
. zone with Py developed crenulation

(framboidal}

Note 1. C=chlorite, M=muscovite, O=orthoclase, Pl=plagioclase,
Py= pyrite, Q=quartz. S=sericite. '
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zipc- and lead-rich ore, Iaminationa v:rith dliffering pyrite éfain sizes in
the chalcopyrite ore and laminations with local\magﬁetite enrichment,

The minerals are very.fine graipefi, with typical sulphi&e gfains_ :
ex}‘ﬁbit.ing a maximum dimension of about 0. OSmm (Tempe'lmah-Klui.t,
1970}, Tﬁe pyrite occlur‘s in colloform, framboidal, anhedral, euhedral
and grain aggrt.agate textures.. It shows various stages of recryatallizati“oﬁ
according to Roscoe (1971), Sphalerite and galena cﬁ'tén occur as '‘atoll"
like structures in the pyrite. There are numerous textures suggéative
of deform:;\tion and metgmorphism of the sulphidesi (Davis, 1972)

!

including inte rnal fréctfuring of the pyrite, "foliation" of chalcc;pjrrite,
sphalerite and galena, and fracture-filﬁng -of .pyrite by the gofter"
Isul;.Jhi.des. \' |

Despite a number of contentious issues (Helmsta?.dt, 1973)
conc:e‘rrning the dating éf the various periods of folding, the structural angjl-
ysis of Davis (1972, 1973} sho.ws that the orebody was emplaced before.
the formatio.n of the ".Cari.bf)u” fold. In addition, the textures suggest -

i
that the ore was deposited before the metamorphism, and thus was

deposited prior to ¥, stage folding.
t

it should be noted that small stratiform sulphide occurrences as
inferred from geophysical methods, are to be found some distance away on

the same stratigraphic horizon.
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2-2-3  Brunswick Mining and Smelting No. 12 Orebody

The stratigraphic successibn, as described by Stockwell and
Tupper (1966), is presented in Table 2-3. Three phases of deformation
_have been recognised in the area (McAllister and LaMarche, 1972).

%

Fl produced isoclinal folds and the regional schistosity and F3 large-

-

scale, broad regional folds. Fz is manifest as crenulation cleavage.

The orebody éc’c-:urs‘in tight isoclinal Fl folds which are thought to have
considerably shortened and thickened the deim\sits (Fig. 2-3).

The sulphides form tw'o lenses known as the Main Zorne and the
West Zone (Rutledge, 1§71). The Main Zone has lead-zinc rich ore,
coppeﬁr rich ore and barren pyrite., Fig. 2-3b7 (from Company maps)
shows the distribfxtion of -the different ore ty;pes and the l_écatipn of the
drill holes analysed in this studylr. /

The West‘ Zone is far more complex than the Main Zone and
shows greater evidence of deformation. It converges on the Main Zone
with depth. The distribution of copper suggests that the two ore zones are
related by a sheared out, isoclinal fold (Rutledgé{ 1971), The Mainl
Z‘c:me ore-.is banded parallel to the regional schistosity; however, in the

West Zone, the regional schistosity is at an acute angle to banding and to

the sulphide-\;vallrock contact (Rutledge, 1971).

* Equivalent to D, of McAllister and LaMarche. -
, |

1



Go
Fig. 2-3. Geology of the Brunswick No, 12 Mine (from

Brunswick Mining and Smelting Company Maps, '
and Stockwell and Tupper, 1966)

/
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Table 2-3. Geological Succession at the B.M. and S. No. 12
Orebody (Stockwell and Tupper, 1966)

5

2 , 1
UNIT - X MINERALOGY
Upper volcanics
{(Youngest)
"Iron Formation "M-8i-C-Q

QOre Horizon

Augen Schist Q-F-S-C-B
Metasediments | Q-C-S—F
(Oldest) '

Note 1. B=biotite, C=chlorite, F={feldspar,

Q=quartz, S=gericite, Sizsiderite

DESCRIPTIVE NOTES

Métasediments with velcano-
genetic constituents, followed
by mafic meta-tuffaceous rocks

Banded rock, laterally con- '
tinuous with the ore

Augen make up 20% of rock;
matrix is crudely layered, .
relic feldspars and quartz
suggest ash flows and tuffs

Thinly bedded, gray-green
contorted greywacke, phyllites
argillites, schists and minor
graphitic phyllites

M=magnetite

Note 2. Numbers refer to the units noted in the legend to Fig. 2-3(b).




- | { --'
The sulphides are predominantly py-irite, sphalerite, galena,

chalcopyrite, tetrahedrite and bornite, with numerous minor minerals

including silver sulphosalts '(Boorman, 1968). Deep in the Main Zone
there is a pyrfhotité-rich lens on the footwall. The nearby footwall

schists are strongly chloritized, and heavily veined with pyrite-

. pyrrhotite and variable amounts of chalcopyrite. The gangue minerals

of the deposit are largely quartz and some chlorite-sericite-carbonate-

graphite, typical components of metsediments and metav'olcanics.,of low

grade metamorphism. he

The sulphides are generally fine grained and i-ntilmately inter-
grown. Pyrite forms euhedral crystals or aggregatés of anhedral- grains,
and may have a 'collomorph_ic ‘or spheroidal appearance (Fuller, 1968).
Sphalerite is the next most abundant mineral. Rounded inclusions of
a "soft" mineral within a "harder' one are f.re-quent.ly observed. Collo-
form and concentric structures:can ofrten‘involve a nurnber of minerals.

In the West Zone the ore is strongly lam{nated and coarse grained.
Pyrite is frequently brecciated or recrystallized. On‘occasion.. "flames"
of coarse galena, lm. long, occur at the contact of the ore with the wall
rocks.

The nearby Brunswick No. 6 orebody with its associated iron
formations.ar:d the Austin Brook Iron ”]_?‘ormatiomare on the same

stratigraphic horizon as the Brunswick No. 12 mine.
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2.2.4 Heath Steele B-1 Orebody

-

The distribution of ore dzeposits in the Heath Steele locality is
gshown in Fig. 2-4a (from Gates, 1970) The gross zonation of galena~
sphalente and chalcopynte ore on the 8600 level of the B 1 depqsit,‘
together w1th the location of the analysed drill hole B138,are présented' -
in Fig. 2-4b. The stratigraphic succession for the Heath Steele district
has been described by McMillan (in Whitehead, 1973) and is presented

in Table 2-4.

Tﬂere are ,;“ num;Ber of distinct ore zones which vary cohsiderably o
in degree of deformation and which are arranged around a broad anti-
cline of porphyry‘and tuff some 3 km. across. Three groups may be
recognised including: (i) B-zones, (ii) the A-, C- and D-zones and
(iii) the E-zone (Ga_tes, 1970). The B-zone consists of :«:t continuous
maesive sulphide body divided into‘t.he B-1, B-Z-. 3-3 and B-4 blocks.
The orebody shows andulations and tight folds with depth which often do
not have expres‘sion in the enclosed rocks. o

The B-zoné, which is the least deformed, shows typical ore
zoning with gaiena-sphalerite ore on the hanging wall and cﬁaicopyrite-
pyrrhotite ore on the footwall. These two zones are commonly separated .
by barren pyrite, ‘and the chalcopyrite—pyrrhotite ore is often diss-
e:minated in the footwall metasedime-nt's adjacent to the massive sulphides.

y

The A-, C- and D~zones are very complex structurally, with less zoning
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Fig. 2-4. Geology of the Heath Steele Area (after Gates, 1970). /
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Table 2-4. Geological Succession at Heath Steele
B-1 Orebody (Whitehead, 1973)

2 ‘ e 1 .
UNIT : MINERALOGY ‘ K DESCRIPTIVE NOTES.

Acid volcanics with ' ) o

. Q-0-C ; Finer-grained
dd : : .
1rﬂ1terbe dediments = than porphyry
4 Quartz-feldspar - Q-0-Pl1-5-C-Cc Quartz augen abundant
porphyry immeédiately above ore;
) shows graded bedding.
Iron Formation C-Mg-5i-Q Black banded rock

on ore horizon; not
shown in Fig. 2-4.

2 Ore Horizon
1 Metasediments or
" tuffaceous horizons Q-5-C Schistose and

with porphyry highly contorted
lenses (oldest) :

Note 1. C=chlorite, Cc=calcite, Mg=magnetite, O=orthoclase,
Pl=plagioclase, Q=quartz, S=sericite, Sizsiderite

Note 2. Numbers refer to the units noted in the legend to Fig. 2-4(b).
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across th;: layering and more lateral _zoning. . The E-zone has more
chalcopyrite-pyrrhotite ore than the other deposits. .

According to McBride (1974) there have been as many as five
per-iods of deformation, of which the first two (]:"1 and Fz) forméd major
structures and the third and fourth (F3 anad F4) cleavages only, "Ihis
seems at variance w1th studies of other areas (Davis, 1972; Helmstaedt,
1971). A -

A‘gew detailed geochemical studies have been made of thg B-zone
ore mass including rock geochemistry (Whitehead, 1973) and-sulphur
isotope;; (Decbow, -1960; Lusk, 1968). .

It.has long been knowrn that fractionation of manganese and iron
during sedimentation (Krauskopf, 1957) depends in part on tht; oxidation
potential of the environment. Whitehead found a higher manganese-to-
iron ratio in the iron formations above the orebody than in the orebody
itself. This implies an increase in the oxidation'state of the environ-
ment‘ - hydrothermal fluid orr sediment pile - towards the top of the iron
formation. j

Dechow {1960) established that sulphide sulphur was characterized
by positive d345 values with a narrow range of about 5%. This was
confirmed by Lusk (1968) who was able.to measure sulphur isotopic
fractionation between minerals and thereby deduce a metamorpfnic temper -

‘ © 34
ature. Lusk (1968) also found a very slight decrease in d” S.strati-.

graphically across the orebody from copper-rich to lead-zinc-rich ore.
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The genetic significance of this observation will be discussed in section

"2-3-6.

2-3 Comparison of the Bathurs_t-NeWcéstle Deposits with other
Stratiform Massive Sulphide Deposifs :

2-3-1 General

u
t

The massive pyrite deposits of the Bath\iré.t-l\llewcastle district

are examples of the type called variously volcanogenic strat.iform (Canavan,
1973; Stanton, 1972a), pyritic deposits (Smirnov, 1970), mas.si\-re sulphide
deposits (Anderson, 1969) or different combinations of these (e. g.‘
Sangster, 1972}, |

N It has been suggested that two principal ore-host rock associations
characterize such deposits; pamc‘ely, copper-zinc deposits with basic
volcanic successions and ziﬁ;-lead—copper deposits with acidic
successions. Poole {(1973) and Sillitoe (1972), in attempting to general-
ize, have inferred that in the Phanerozoic erathe copper-rich deposits
originate in environments qf oceanic rifting, while the zinc-lééd.—

copper deposits are genetically related to subductiﬂon processes in an
island arc environment. They cite, for example, the Cyprus deposité
and the Kuroio deposits, respectively, as represen’tatives'of these two
v

agsociations. However, as pointed out earlier by Anderson (19_‘69). -

there are exceptions to the above associations of ore and host rock

compositions.

~ : .
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The Bat_hurét-Newcastle sulphide deposits are predominantly of
the copper-lead-zinc pre, with the latter two metals usually ;'nc;;-e
abundant than copper in individual deposits {Douglas, P. 321,. 1370). This is
particularly true for the larger deposi‘.ts of the are-a, for exa;ﬁple the
Brunswick No. 12 deposit and the Heath Steele B- 1 orebody. In addition,
the’y are consistently near rocks of intermediate or ac1d1c composition.
Thus, Bathurst‘ deposits ha[/e affinitiés with, for example, the Kuroko
deposits in terms@ ore composition, general composition of host
volcanic rocks and%inferr’ed tectonic environment.’

rA revolution has occurred in thinking concerning the .zinc-lead-,
copper class of deposits. Their geological anil chemical properties
may be considered in relation to the two prevalent dogrﬁas of the early
1960's, the epigenetic replacement and synée_hetic theories. An -, r‘s
excellent review of the history of these theories is presented in the first

-
chapter of ""Ore Petrology! by R. L. Stanton (1972a)

Briefly, the epigenetic replacement theory proposes that the
sulphides are replacements of pre-existing rocks (Boyle, 1965). though in
certain cases this has been modified to encompass replacement of
unconsolidated sediménts (Wiisdn, 1967). The origin of the fluid is not
importantv though in the period of the 1940's to 1950'9 it was often
ascribed to post-tectonic gramtlc rocks which are 80 often present in

this tectonic environment.
g

The syngenetic sedimentary theory holds that the sulphides were

T
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prccipitat?d on the ocean ﬂé)or as part of the stratighx-'aphic succession
within which they are contained. Usually the_ﬁetals are thought to have
been tranaéor_l_:ed to the Surface by a hydrothermal solution and ejected
from submarine hot springs or fumaroies.

St.udy of the unmetamorphosed massive sulphides, such as Kuroko
ores, has led to a gr;dual change of ;pinion, from a consensus in favour
of an epigenetic origin to a ayngeﬂhetitc origin. A similar change has
developed for the origin of metamorphosed‘ massive sulphide deposits,
guch as those in Bathurst or the C‘aledonides of Norway. It was
recognised that if these deposits were syngenetic with the én';:losing

4

rocks, then, whe;e the latter were metamorphosed, the suiphides must
also be metamorphosed. | The inevitable conclusion was that the r;xineral
textures of many deposits could be explained, not in term‘s of replacement,
but by metamorphism and in some cases deformation (Emmons, 1909;
Stanton, 196Q; K;all‘iokoski, 1965; ‘Vokes, 1968).

The following a;couﬁt of the general features of stratiform sulphide

deposits owes much to review accounts by Anderson (1969), Smirnov (1970),

Gilmour (1971), Stanton (19_:72a'), Sangster (1972, 1973) and Manna::d {1973).

2-3-2 Form

-,

-

Volcanogenic stratiform sulphide deposits have their larger
~ dimensions in the plane of stratification of the surrounding rocks. The

. \ ' :
resultant shape is that of a lens which usually interfingers or displays

P
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gradational relations with the laterlallw,'r contiguous rocics. The deposits
are often gradaﬁonal from a dissgminaterd xo.ne stratigrraphicallly upwards
tﬁrough massive ore. Thit; can be seen clearly in Cypi-us-typé, Kuroko-
type and many Canadian Precambrian deposits. . The disseminated zone/
is often present in the Bathurst deposits but limited in extent both
vertically and laterally. The uf:per contact of the ore'with the country
rock igs usually quite sharp. It has Eeen sﬁggested tha;: the form of the
deposit reflects the form of the enclosing rocks (S#ngster. 1973).
Near a volcanic vent deposits are thick and wedge—.g_haped (Millenbach
-and Lake Dufault deposits_iin the Canaciian Preca’f;;rian; K\i}‘bko;iype
deposits), whilst further away they are thinner and rncfre wides;pread ‘
.

(McArthur, Australia; Sullivan, British Columbia)., These have been

"‘-\.-—_'—’-_’
termed proximal and distal exhalites by Ridler (1974). <\ :

™,

.
Iron formation, often co?taining magnetite and hematite, is

commonly associated with the sixlphides. These rocks may be laterally
conti.nuoﬁs with the sulphides (for example, Brunswick No. 12 mine;

some Cyprus deposits), or directi‘y above (for example, Kuroko .deposita).
The replacement theorists postulate that the form of the sulphide mass is
du;: to incomplete reblacement of the iron-rich rocks. In the synéénetic
thiaory the two are integrated as sediments formed from similar hyd.fo-
thermal solutions under differing conditions of Eh and pH.

In the case of the Bathurst deposits the ores and host rocks have

been subjected to complex deformation, suggesting that the occurrence
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of sulphides in fold crests is due to prefere.ntial émplacement in a

tensional zone.. In fact, a large mass of sulphides could affect the

1c;ca1 sf&le of folding. Many deposuts, however, are in open folds

(e.g. Anaconda Canbou) or are not related to fold structures (e. g.

Orvan Brook).. ’Ihe grade of regional metamorphlsm in Bathurst is

léw in contrast to _the great amount of deformation, and a mobilization

of the ore in response t§ such metarﬁorphism is e:&pected/ to cause only
local changes in metal distribution. Much higher gradé; of metamorphism,
amphibolite facies and above, are requn'e-zd to c::u'me the changes in metal

distribution found in deposits such as the Bleikvassli, Norway (Vokes,
1968). J

2:3.3  AlterationHaloes andHost Rocks

It has long been recognised that unmetamorphosed massive sulphides,
such as the Kuroko-ty'pe", have areas of alteration around them. Copper-
rich mineralization, which is frequently present at the base of such
depomts, is spatnally asgomated with this alteration and often is ‘of
discordant gharacter, occurring in a stockwork of veins or a zone oi
brecciation. This alteration may define volcanic vents or fissures in
Kuroko- or Cyprus-type depos1ts, and is cohsiden-ad t7> rlnar‘krthe
channelways utilized by m1nerahz1ng solutmns.

Such alteration has not.been jdentified in the Bathurst district.

It is possible that intense shearing has obscured this feature (Helmstaedt,
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1973) or that it is absent due to the distal character of the deposits.
 Some evidence of a geochemlcal change near the orebodies is suggested
' by studies of chang?:s in the cherrustry of chlorites and sericites in the

vicinity of the orebodies (Roscoe, 1971; Sutherland, 1967). AlteratmnA

abo;re the Bathurst deposits is rare, weak and somewhat problematic_all

(Whitehead, 1973). o ‘ 7

B.oyle (1965) suggested that the alteration around the Bathurst -
depos:.ts is indicative of a hydrothermal replacement origin for the
sulphides. An approach similar to that of Stanton (1966) for the Mount

Isa depeait might provide a test of this suggestion. If selective

replacement of lithophile element‘s ‘took place to form an orebody, an

~_increase in s!ulphide relative to lithdphile elements should be accompanied

by a compensa-ting decrease in amount of at least one lj.thophile element. ,
If the suiphides represent an addition of material, as expected in the
syngenetic theory, the retio oi‘ lithophile elements should remaih
relative‘ly con.stant. In fa;t, Stanton's evidence indicates that at Mount
Isa the sulphides are an addition to, and not a ‘replaeement of a normal
sedimedtary sequence.

Study of the iron formations in the Bathurst distfict'suggests that
they contain unusually high contents of base metals {Enriques, 1973),
and that they are characterized by fractlonah.on of iron and manganese

relative to the orebodies (Whitehead, 1973). Stanton (1972b) has found

unusual contents of some elements in iron formations agsociated with



sulphides at Broken Hill. Most authox“‘.é explain this in terms of a

genetic connection between sulphides, iron forrmations and submarine
hot springs. The occurrence of iron-rich sediments in modern oceans

demohstrates a close spatial arrangement with submarine volcanic

.

ac‘tivitwl,r (>Honnorez. 1969). / _

A\

'2-3-4 Metal Ncentrab‘.ons and Zoning . '

!

The depggit}s associated with acidic Volcanism tend to have a

complex as"sliemblage of metals. There is usually;iron with zinc, lead

" M
!

y . .. . . - .
and copper,: as well as economic quantities of silver, gold, cadmium,

selenium___an:ld many other metals. The sign.ificancé of this complex
metal asserr"jblage is obscure. Itis recognised that certain associations
of the four major m'etalssL are crharacteristic (Stalluton,. 1972a); iron,
iron-co pér,{ iron-coppér-zinc, and iron-—copper-zinc-—lead. F;)r example,
the asse blége jron-lead is never found.

It has b;:en suggested by S-angster (1972) that there has been an
increasé\\i;n- t}‘w iead content of .volcanicf @assive sulphide deposits since!
Precambr‘}a\n tﬁnc.' Stanton, however, (1972a, p. 520) has emphasized

\

that this may‘"apply in Canada, but Australian Precambrian deposits tend
\\ . .
\.
to have fairly high lead contents.
Metal zoning is often present in stratiform _sulphides, with the

base of such deposits consisteﬁtly copper-rich. Occasionally, the

copper-rich sulphides and the lead- and zinc-rich sulphides are
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geographically s;ep'arate, as at Moﬁnt Isa, and in some deposits there {s
lateral zoning of the coppei' and lead-zinc "facies". Stratigraphic zoning
seems to hold even iﬁ regimes of considerable deformation.

The zoning is also expressed by vary{ng ratios of lead to zinc, as =
in the Sullivan deposit (Freeze, . 1966), and by systematic variation of
‘minor elements in thé Kuroko (Tatsumi Qnd Oéhima,_ 1966) and McArthur
deposits (Croxford and Jephcott, 1972). Silver and gold are concent_:rated
towards the stratigraphic top of the Kuroko deposits in the form of
tetrahedrite.and electrum, re‘spectivé"]ly (Sato, 1972a). In contrast,

/ailver in the Bathurst deposits éccufs as sﬁlphos’a}ts, gene:/raliy -
associated w:ith galena (Boorman, 1968)'and‘ conseqﬁently, is concentrated
.tov‘far'ds the straﬁgraphic top of the deposits. Prior to this work the
dis_tribution of golld in the Bathurst ores was unknown.

Until recently no attempts had been made to explain the metal
zoning in these deposits, despite great advances in the understanding of
vein deposit zoning. There seems to be no explanation jnherent in the
replacement theory. Numerous possibilities are suggested.by .t.he syn-
genetic theory including the following:

i) change in composition of the exhaled solution with time which
may or may not be independent of physical factors such as temperature
(Lusk, 1973, with respect to the Bathurst depasifs).

ii) change in composit{on 6f ponded brine in a submarine

depression resulting from either gradual cooling viith selective precipitation
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_of constituents, ‘or/from mixing of sea water with resultant oxidation

and éooling of the brine (Red Sea hot brine sedif'hent,.Craig'. 1969).

4ii) transport of copper, lead and zinc to different distances from
submarine orifices due; to differing-solubilities in the exhaled solution,
and gradual mixing with sea water (Sato, 1973, for Kuroko deposits).’

A nun:llber of authors have sugge'sted' investiga;:ion of certain
trace elements to clarify the origin of sulphidés. Sulphur: selenium
ratios (Goldschrlﬁdt, 1954; Yamamoto, ©Oyushi and Sakai, 1968),‘
! ‘ ' : - :

selenium and vanadium in pyrite (Anderson, 1969) and selenium and
cobalt in pyrite (Loftus-Hills and Solomon, 1967) have been studied.
These attempts\ﬁz&e met with varying succe ssv. The sulphur to selenium
ratios in mény volcanogenic stratiform massive sulphideé '.;,ilggest an
igheous source accordinggp Stanton (1972a). For the New Brunswick

deposits (Anderson, 1969) the vanadium and selenium contents of pyrite

are more compatible with a sedimentary origin.
2-3-5 Mineralogy

In the majority of massive s-ulphide deposits the main mineral
constituents are pyrite, sphalerite, galjena,' chalcopyrite and sometimes
pyrrhotite, Two consister;t features of pyrrhotite-bearing ores
occurring in the Bathurst district are worthy of note: firstly, they are
most oftt;.n. found in the coépqr-rich parts of orebodies a;nd secondly,

there is an increase in the incidence of pyrrhotite with increased

|
13
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mét_amorphic grade. Helmstaedt (19;13) has .auggers't_ed that pyr:ihotife
locqurs in Bathurst ores that }_}avg been metamorphosed to/ the biotite
sﬁbfacies of greenschist metamorphism.: This i:é,f‘similar to the proposals

. of Carpenter (1974) for thé Appala&hians in general. |
| A spectrum of deposits is now known from regions of variable

....metafnorphic grade, ranging from ‘depo‘sits in the high grade metamorphics
of the Norwegian Caledonides to the Japanese Kurokos, which typically
occurs in rocks subjected only to low grade regional metz_a.morphism.
Although not identical, these deposits aré sir’nilér enoﬁgh to evaluate the
cha‘ngAes in mineralogy resulting from increasing metamorphic grade.

It is apparent that'the fnineLralogy of the ores is not a sénsitive indicator
of the. temperatures attained‘.duri.ng metamorphism. This is due to two
main factors. Firstly, many sulphides are stable over wide temperature
ranges and secondly, sulphides tend to recrystallize readily‘ a.nd to react
(retrogress) at low temperatures. Consequently, sulphide assemblages
mé—{r equilibrate with decreasing metamorphic temperatures and thereby
fail to preserve a record of high temperature metamorphic event.s. This

I?is in contrast to the character'istic behaviour.of many silicate mineral
assemblages.

With the gxception of pyrrhotite, reliable silphide index minerals
are not available. Vokes (1968) has suggested that pyrite-chalcopyrite

is a low temperature and pressure assemﬁlage, while pyrrhotite-

chalcopyrite and pyrite-bornite 'represent high temperatures and égh
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pressures, respectively. _ R ' q

’

Evidence of‘metamprphism is more obvious in the textures clzf' the
minerals. It had long been believed by many North American and Australian(
geologists that relative euhedr-alism is an indication o-f_ paragenesis
(Edwards, 1954). Norweéian and German geologis;:s, recognising'ﬂ}e
the metamorphic nature of the host rocks of mqr;/y massive sulph'ide: _
dreposits deduced that large pyrite porphyroblasts were‘ not, the first grains

to grow, but develo;;ed b.ecause of the inherent cry.stallographic properties
of the mine;'egl itself (Berg, 1927).‘
It'is now recogpis\ed _that in .metamorphOSed stratabound o:;ies a
tgilicate-oxide-sulphide crys;:alloblasti;:: sefie.s" can be observed. In.
o;&er of decreasing idiomérphisr;n the sequence is garnet, magnetite -
arsenopyrite, pyrite. d010mite',_tremc;1ite, 'muscovite. chlorite,
pyrrhotite, sphalerite, chaticopyrite, galena (Stanton, 1964), Geology

] _::has_ benefited much from metallurgy in the unfierstanding of sulphide
textures. The formation of grain boundaries is disucssed in detail by
Stanton (1972a). Suff‘ice it to saf that the inter-relations ‘oflthe various
minerals seem explicable in terms of interfacial free energy.

An example of the above -mentio‘ne‘d controi _is the forrﬁation of
”até;ll” st.ruc‘tures, such as unsupported nuclei of sphalerite in pyrite,
which has some parallels with quartz inclusions in garnets of meta-
morphic terrains, This is ascribed to negligible ciifferences in free

energy between positions within and at the grain boundaries of the

bost mineral (Stanton, 1964, p. 70). -
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A variety of textural features may result from various temporal

relations of deformation and metamorphism. Deformation at low

s Voo
temperatures will cause cataclasis of "hard" minerals such as pyrite. ;

At higher grades elongation of pyrite grains parallel to the regi6n31

-+ '‘gchistosity can occur. The "softer’ minerals such as pyrrhotite, -

chalcopyrite and: sphalerite show glide or translation twinning, and
F .
t;'ogether with galena, exhibit various gneissic textures, most of which

. _ \
can be found in the Bathurst deposits. '

2.3-6  Sulphur Isotopes’

The prinéipal sources of original data on the sulphur isotopic
composition of Bathurst ores are the papers of Tupper (1960), D;chow
(1960), Lusk and Cro;ket (1969) and Lusk (1973). Tupper (1960} and
Dechow (1960) considered the isotopic data to favour an epigenetic
origin for the suiphur whereas Lusk (1973) contended that a syngenetic
origin was supported by sulphur isotope data.

The genesis of volcanogenic stratiform sulphides as interpreted
from sulphur isotope data has been reviewed by Stanton (1972a) and
is summarized hére: |

a) The mean d34S value, in general, is between sea water sulphate
and meteroritic sulpbur. Some deposits, especially those of Pre-
cambrian age, are very close to the meteoriﬁc average;. Thiét applies

to both Australian and Canadian examples.
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Sangster (1971) notes that fractionation between'coatempo::’éneoﬁs
sea-water and massive sulphides has remained roughly constant since

345 = 15. 5% for some one hundred ore-

™

' < %
the C_ambrian, averaging Ad
bodies. Deposits associated with volcanic rocks seem to bfs more

o 34 '
fractionated (averageAd S =Dl7. 3) than those associated with purely
. . L
, , 34 '
sedimentary rocks (average AdTTS = 13.6).
34 Cl '
The d° S value of Ordovician sea water gulphate was of the
order of + 28 according to Thode and Monster,(1965). . Using this value and
| 34 - | |
mean d~ S for various deposits reported by Tupper (1960) we obtain the
: 34 |
following Ad™ S values:
. . . 34
i} for the Caribou deposit, ad’ S =19,

'ii) for Brunswick No. 12 deposit, Ad34S =10,

<)

34
iii) for Heath Steele B-1 orebody\. Ad S = 14,

It can be concluded that the Bathurst deposits show a wide range in mean
34 - ' |
Ad” %S values and that no simple fractionation pattern with respect to
contemporaneous sea water is obvious. .
. J34, . . s S

b) The range ind S within a single deposit is usually very

gemall, less than = 5%,= This can be seen with reference to Fig. 2-5.
. e o ee s 234 ]
¢) Often there 15 marked similarity in & S over large distances

within one or a few beds in contrast to a marked dissimilarity across

beds. ) ' .

34, .34 34
* = - ‘
ad”s =4S sea water d deposits
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d) Systematié variation across the layering is present in some
cases; for example, at Rammelsberg d34s of galena and sphalerite
bécomes heavier fro;'n stratigraphic bqttom to top (Anger et al. 1966),
whilst in the Heath Steel:e (Lusk. and Crocket, ~19697), the Kuroko
deposits (Kajiwara, 1971) and th; Cylprus deposits (Constantinou, 1974)

. 4 R : -
d”’S appears to decrease in the same direction. More complex trends

‘ are found in the McArthur deposit, Australia (Smith and Croxford, 1973}

and the Millenbach deposit, Canada (Coomer and Schwarcz, 1974).
e) Sulphur isotope fractionation between minerals is found to be
/ :

7

consistent in certain cases an'ci in conjunction with experimentally.

derived partition coefficients c;;;n give palaeotemperatures. Unfortunately
there is some disagreement as to the values of partition coefficients at
different temperatures, as varying experimental techniques give varying
fractionations {Czamanske and Rye, 1974).

Kajiwara (1971) used the galena-sphalerite d34S fractioxi{é-tion in
Kuroko deposits to deduce termnperatures of formation and suggested a
"ﬂecrgase in temperature from 25 0°C to 180°C stratigraphically ;:.pwards.
Lusk and Crocket (1969) interpreted fractionations for the Heath Steele
B-1 sulphides in terms of equilibration at a regional metamorphic
temperature of approximately 300c')c.

A comparison of mean values, ranges and trends .lof sulphur isotope
ratios of volcanogenic massive sulphide deposits is presented in Fig. 2-5.
Several interpretations of the sulphur isotopic parameters of;volcanogenic

stratiform deposits have been offered. L_“—’—-)



- Fig. 2-5. Sulphur Isotopic- Ratios of Selected-
.. Stratiform Massive Sulph1de Deposxts
- 7 of Various Ages

—

1 ' R
( Sulphur Isotope . Deposit - Sulphur Age’ Reference
Ratio « ‘ ‘ Isotopic
d34s o . _ Zoning
—_— Red Sea ~ None ' - Recent Kaplan _e_l:_&{1969)7
g . hot brine : o
deposits ’
l; al Kuroko, | Present Miocene _ Kajiwara (1971)
Japan(Pyrite) ' . ' ‘ '
—_ Besshi-type None Permian ~ Yamamoto et al.
- o (1968)
o Cyprus-type Present - Cretaceous Hutchinsb_r} and

-Searle (1970)

_— Caribou, Not known Ordovician Tupper (1960}

* N. B.
—_— : Brunswick Not known Ordovician Tupper (1960)
" No. 12 ; : :
- Heath Steele Present Ordovician Lusk and ‘
: B-1 Crocket (1969)
..._“_ ' Millenbach, Present Archaean - Coomer and
ot 1y 1 g Quebec | Schwarcz (1974)

!-2.0 +15 +10 +5 0 -5
334s

Note 1: =———g— Mean and range of sulphur isotope ratios.
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a) The average value is due to mixing of two sources of sulphur,
such as sea water sulphate énd unfraciio_nated igneous sulphide (Lusk,
1973). - |

b) Equilibration of sea water sul‘pll'xate‘ and sulphide at high
temperatures may.result in lighter d34S in prec.:';.pitated sulphides than
in the original sulphate. A systematic variation in d34S across 1ayefed
stratiform deposits is then due to precipitation of sulphidés within t'he'
stability field of sulphate under varying fugacity of oxygen (Ohmoto' et al.
1970). I?:quilibrium between sulphate and sul;;hide throughout the
formation of the ore deposit is implied.

c) The init:i.al.s'ulphur isotope. ratios of the ore solution may be
produced as in (b) but;. subsequent isotopic fractior:ation is due to precip-
it;'attion of sulphides from a finite reservoir of feduced sulphur. If the
minerals are lighter th;m the sélution, they will become slightly heavier
higher up in the succession (Sato, 1974). Lack oflequilibrium between
ore ﬂuid‘.sulphide and sulphate during sulphide precipitation is ix_*npli ed.

d) Irlmrganic fractionation of magmatic sulphur by boiling with
release of HZO' CO2 and HZS leads to loss of lighter sulphur in HZS and
a heavier mean d34S in the fluid phase.

”

e) Organic precipitation of sulphides occurs by reduction in an
ninfinite" sea water sulphate source with diagenetic re-equilibratiorf

!
4

causing a narrow spread.

Sulphur isotopes, then, provide no simple answer to the genetic
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- problems of tﬁis_class of ore deposits. Whether equilibration between
aqueous sulphate and sulphide can occur at temperatures below about
"250°C is a fundame-ntal ci:ilestion. 'Ihe pqssibiiity of biogenic origin of
the sulphide as in (e) above is unlikely ipA_depo'sifs that are unmetamor-
phosed and show signs of. equilibration between metaﬁgc sulphides at

high tenf;‘xperatures (Kajiwara, 1971) such as the Kuroko.
2-5-7 Lead Isotopes

The lead isotopic composition of the majority of volcanogenic

stratiform orebodieé, including the Bathurst deposits, (Tupper, 1960)

. ﬁes close to a single-staée growth curve and u'suaily s h'ows.

no detectable variation within a single deposit. This property of such
"ordinary leads" wés once believed to indicate an upper mantle origin
for the lead. Leads of conformable geposité that deviate significantly
from the single-stage growth cufve are termed '""anomalous 1éads”. and
are explained on a; basis of mixing of two ordinary leads.

An alternative ;explanation of the "c;rdinary leads' is that‘a large
number of mixing events have produced a lead which appéars to be‘_
ordinary (Alpher and Herman, 1951; Shaw, 1957; Brown, 1965).

| The latter hypothesis ﬁas gained increa;;ing‘acceptan_ce. One

important reason is the improvement in lead isotope measurement. The

initial studies of stratiform lead isotopes were la"i'gely on Precambrian and

Palaeozoic deposits and any deviations from the single-stage curve were
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too small .t'o be measured precisely. It has been found, however, that
'si;me stratabound deposits give younger model ages by iead isotopes
than by other geochronological methods, with the deviations increasing
~for you-r:ger'deposits (Sato and Sasaki, 1973).

lIt has been pointed out by Brown (_1965) that the r;nge in lead
iso'tope ratios of oceanic sediments duplicates much, of the range of.

: -
volcanogenic stratiform deposits. As a result many authors (e.g.

“Armstrong and Cooper, 1971) have atternpted to link t#e ané:malous lead in
Kuroko and other comparatively modern island arc depos'its with sub-
duction processes.- They comp‘are the lead isotopes in the sediments
in a particular oéeanic crustai segment with those of neari:y ore
deﬁosits and it is suggested thap tiw.e process which fused the downgoing
oceanic crust to formlmagmas during subduction, can cause homogenization\
of t1:1e lead isotopes in large segments of the crust giving pseudo—ordinarylr
lead isotope ratios.

In conclusion, the lead in stratiform \.rolcanogenic sulphide
deposits originates from a very homogeneous source. Whether that
source is the mantle, crust or both, cannot be determined at present.

Certainly the origin of the ore lead cannot be separated from the origin

of the host igneous rocks.




| CHAPTER 3 - | . /

THE CHﬁMISTRY OF ORE FORMING FLUIDS

- 3-1 Introd&%ﬁon e

To model the formation of the Bathurst massive sulphidé deposits
the composition and physicochemical donditions ;Sf'the ore solutions
must bt.?. determined. In many ore deposits (for examp'lé, K\iroko) the
- composition of the ore forming fluid and the température of ;)re
deposition have been inferred from fluid inclusions. Un.fox_-tunately, due
to metamorphism, this is not feasible for .the Bathurst de;:;:sits‘. The
composition of the ore-forming fluid must be deduced by,inferénce |
from _‘analogy with unmetam;rphosed deposith of similar type and by study
of modern hydrothermal fluids. .

Hydrothermal fluids occur in marine and terrestrial environ-
ments both of which can be instructive as to the reactions of .hot water
with hot rock. As stratiform massive sulphid:a debosits are ge.nerally |
accepted as being of syngenetic or/i’gji‘n, the characteristics of geothermal
waters on land and in oceans are ’pertinen-t for analogy with the postulated
ore-forming solution.

In.é.tially, this chapter summarizes present knowledge of ore-

solution systems and hydrothermal solutions in order to define the

39
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approximate range of physigocl_n_emic,él conditioné' under which the

Bathurst deposits may have formed.

There has been -consideorable debat;—: in the; literature of mineral
deposit ‘geochemistry as to v:rhether balse and pfecioué metals are
carried 1n hydrot‘nermal solutions as ch£orocomplexes or b15u1 phlde
complexes. Frequently, authors have as surned that e1ther chloros
complexing (Sato, 1973) or bisulph;lde complexing is
dor'ninant:‘ The only de!':ailed compar.ison of the t;vé forms of éomplexing
for a wide range of metals is that of Barnes and Czamanske (1967).
This work suffers from an iﬁadequate thermodynafnic treatment of the

~data available and is nc;t adequate to evaluate the relative stabilities

of chlonde and blsullphlde complexes of the base and precious metals
at pH values, compos1t10ns and temperature/s_(&g_tf 300° C) relevant

to hydrothermal ore formation. |

. 'j B
There is a consensus among authors that: chlorocomplexing is

the most im:portant rﬁechanism’ for hydrothermal transport of base and
precious' metals in ore-forming processes, Nevert‘x}gless. the-relativg
stabilities of chloride and aulphid'e, complexes are poorly ‘e‘stablished ’-
for solutions of rr;ildly acid to neutral pH, a region which may be-
extremely significaﬁt for base and précious meta:l transéort. ‘ A/

. quantitative comparison of the stabilities of the two sets of complexes

is the object of the second half of this chapter.
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3-2 = Review of the Physic_:ocherriical Properties of GeqthermaI'Waters

3.2-1 Geothermal Waters frqm' Continental Environments

!

I

Generahzmg from the large amount éf 1nformat10n avazlable\on
| hot sprmgs and geothermal waters (Zies, 1929; Gr1nd1ey and Williams,

1965; Ellis, 1967; Skinner et al. 196?) the follomng properties N
chalracteri‘ze such fluids.at the -t;artl'l'sj surface:

1) th;e temperature of ggothelrmal waters \-Jari.des from thé ambient
surfa;e tem}l)eraturé to 400°C - |

2) solution pH usually lies in the range of 5 to 9.though in certain
cases it is lower

~3) chloride is- 6mnipr_esent at concentrations varying from 3M to

4) bicarbonate is perhaps the next mbst common anion
. + 2+
5) the sum of the concentrations of Na , K and Ca is

approximately e\qu'al to total chloride

. 2_
6) the SO4 .:H.S ratio is usually more than unity and highly

Al

2
variable
| 7) total sulphur (St)i- + st) varies; bebwgen 0. 0X and 0. 00XM-
Geothermal fluids are complex systéms which undergo continuous
readjustment to new conditions as they rise nd fall in c'onduit:a or,
reservoirs. Changes commonly occur in the ingernal equilibria.

- -

Reaction with the wall or Feservoir rocks,/" pH and redox equilibria

are the variables most likely to be alteréd by/near- surface phenomena.
) X ] :
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The rela}ive jmportance of mé.gmatié and meteoric sources fo_x_- th?
cations and anions of geofhermal waters is the cause of some diépute.
Oxygen and deuterium ratios indicate that the bulk of the water itself
lis not mﬁgmatic (Craig, 1969). The sgl‘phur jsotope ratios of pyrit.e
" from the Wairakei and Waiotapu geothermal areas are chstlnctly heavier
thaniporrr;al igngous sulphur, indic-:ating either considerable fractionation
or a non-igneous source (Steiner and Rafter, 19 66). The isotopic

composiﬁon'of the lead in the Salton Sea brines is not of sm.gle-stage :

type indicating an origin not directly related to igneous processes.

3.2-2° Gepthermal Waters from ’_C})ceanic Environments
(a) The Island Arc Environment

As alz;veady noted volcanogeni‘c massive sulphide deposits of
Phanerozoic age con;aining significant lead and iinc'levels are founci in
islgpd arc-type environments. Areas of submarine island arc
volcanicity are the best localities to search for modern analogues of
these deposits.

The Hellenic and Calabrian areas of volcanicity have been des-
cribed as island arc type (Ninkbvitéh and Hays, 1971':) on the basis of the
ché\'m.stry of the lavas and earthquake foci depths. The volcanic centres
are islands in the Mediterranean whose lavas vary from basalt to
rhyolite and show potassium enrichment.

The. hydrothermal activity of these volcénoes has been studied

1
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for some considerable time. Bernauer (1940) invesfig?.tgd s'ubmarine
iron sulphide formation around VuléaLnoyd discussed the i)ossibi':lfity of
an iron monosulph-ide intérmediate reactién prodﬁct. He noted the
ps';hdomqrphism of magnetite by. py‘rite‘. The actiﬁty of Vulcano has
been described in great detail by Honnorez (1969) and Honnorez et al.
(1971).

The visibl.e submarine exhalations of Vulcan6 consist of water
vapour with large amounts of carbon dioxide and sorﬁe hydrogen sulphide
and sulphur\ dioxide. The highest'submarine temperétures are 6_50(3
(1000C on land) énd the most acid pH between 3.0 and 3.5. The
mineralization on the sea floor consists of magcésite, pyrite, alunite,
opal and native sulphur. There is a notable contrast betweenthe subaerial
springs which are depositing numerous ‘b‘.ase metals anq the submarine hot
springs which are not. '.Sedirr'lentary deposition in the area has been
dominated by four factors: explosive erubtions, wave erosion, rain and
wind eros;ion, and sea current activity. This last factor is believed
to cause dilution of any geocherilical anomalies of zinc, copper or
‘silver.

Similar hot springs and sediments have been described at other
Mediterranean volcanoes by Butuzova (1966), Puchelt (1971) and
de Bretizel and Foglierini (1971). The dominant precipitates areiron and

manganese and there is no significant base metal deposition.

Hydrothermal act_ivitf from the submarine andesite-dacite -
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v;)lcano, Banu-Wyhu in the Celebes haa been describgd by Zelenov (1964‘).
Hot water (40o to SOOC)_. similar to sea water e:/u:ept for ;:oncentratibns
o.f carbon dioxidé,silica, jron and manganese, ‘is bleing emitted from
fissures in freshly erupted 1ava Srome 140 mg/1 of iron and manganese
precipitate 'f‘rom the water on coohng and it is estimated that 10 /to 104
tons ofriron are precipitated each year.

Ferguson and Lambert (1972) have investigated a sedimentary
exhalative envirdnfnent at the foot of two andesite-dacite volcanoes in
the Bismark\érchipé}zjgo on the island of New Britain. Hot spring

“waters are enriched in trace elements but not in chloride as comparéd
to ocean water. | The sedimenté forming in the area have high iron and
manganese content i:ut low zinc and total sulphur.. The absence of
significant metal concentrations can be ascribed to high dilution by
detrital matex"ial. no‘ mechanism to separate the metals and no source

of significant amounts of sulphur. N
(b) Mid-ocean Ridge Environment

An analogy has been postulated bet'e:wee,;x processés how forming
- metal-rich sediments on the ocean floor and procesées responsuble for
the formatian of strauform massive sulphide deposits (Corhss, 19‘\74).
There is evidence in Pacific and Indian Ocean sediments that
the distribution of certain metals, notably iron and maﬁganesé“‘, has a

causal relationship with submarine volcanism. Active oceanic ridge

/
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sediments are enriched in iron and manganese, and certain trace

elements, including vanadium, arsenic, uranium, cadmium, zinc,.

!
/

boror[, mefcury and to a lesser extent, barium and phosphorous

(Bostrom et al. 1972).

Many authors have considered 'way.s of producing the metalli-
ferous sediments including magmatic differentiation (Corliss, 1971),
circulating groundwaiers reacting with hot rocks -(Bonatti. and Joensuu,
1966 and Bostrom, 1973) and gurface reaction of hot lava with sea
water ‘(Corliss, 1971 and Dymond et al. 1973).

Such faediments have mﬁch lower base‘,metal concentrations than

Ly

massive sulphide dé‘pogits and the author considers that this fact

eliminates these sediments as analogues for volcanogenic massive

TWB\lQ‘E:alities have been found m the deep ocean with sediments
showing }ﬁgh'sco;c‘éhtrationa of-some base metals aawe_ll as i.rorn gnd
manganese. Oneisa succession of.multi-coloured clays in the Atlantic
in the north part of the Hatteras Abyssal Plain (Site 105, Leg li, Deep
Sea Drilling Project, Ewingﬁgél_. 1970). These are lower Cretaceous
to early Tertiary in age and comprise 50 meters of thin (0.1 to 100 cm)
layers of multi-c-oloured clays ((Lancelgt _e_t_e_xl_._ 1972). The beds
consist largely of variable amounts of goethite, montmorillonite and

micas with appreciable pyrite and clinoptilolife in the lower parts.

Sphalerite is present in places, with zinc reaching 3. 6% overall and up
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to 50% locziily. There is a.very small lproportion gf terrigenous material
and an absence of caicareous and siliceous microfossils. The
f?.nvirbnment must have been very calm to permit the, accumulation of
such metal-rich beds. /

The second site of important metal tfleﬁositiOn is the Red Sea, : ‘
which at present appears to be an area of ac-tive sea floor spreading

’

(Phillips et al. 1969). The southern half of.the sea sfxows evider{xce
of on-going volcanism of basaltic character and n’“x';atal deposition is
occurring in deép depres_sioﬂs \x.rhere saline warm br?'.nes have ponded;

Some twelve deeps contain sediments of hydrothermal o-rigin,.
brines or 5oth (B'é‘:cke; and Schoell, 1972). Those that have been most
intensely studied ar{é lt_hé Atlantis II and Discovery Deeps. These show
an interesting contrast in i)hysical and chemical features. . Rossetal (1969)
reported that the Atlantis II Deep contained a 56° C brine with an over-
lying -4406 1ay¢r_}'ransitiona1 to sea water. . The Discovery De'ep has
brines of comﬁar’-able salinity but at a temperature of 44°C. The
evidence from a nimber of expeditions is that the Atlantis I De-ep brines
are in dynamic state and are increasing in temperature. Oxygen and
deuter;pm isotdwtudies (Craié, 1969) indicate that the brine water is
most likely Red Sea water, with the high salinity resulting from the
leaching of evaporités. The sedimentation rate in f‘.:lhe hot brine deeps

is as high as 20 to 50 cm /1000 years.

The sediments within the Atlantis II Deep consist of varying-

™~
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S I
proportiolhs of iron and Ama‘mganese.oxid.es, iro;'x sm;lphides and pelagic
detritﬂs‘. There is a vertical a.nd lateral §epa‘r‘étioin of the oxides and\'
sulphides into distinct facie_g“_(Bischoff, 1969; Hackett a}nd Bisci_moff,
1973). Indivi‘dual facies show ‘great‘;:hemical variations, but in general
zinc,r cbpper. iron, si:—-i\:rgr and barium co-vary with sulphur.

The Red Sea hot brine sediments are more similar to strémtifo;rp
massive gulphides than any ‘lzghown modern sulphide sedi;xmen;:. Unfortu-
nately the reason for the vertical changes in the facies and the absence of
sulphides in the present precipitates in the Atlantis Deep is not totally

.undefstood. It may be due to insufficien‘t; sulphide in the/.;rine. Fhe
mechanis% of precipitation of the metals in the sec}iments is extremely
complex {Craig, 1969) and this must be borne in mind when developing
simple models of volcanogenic massive suiphide deposits whic-h assumé.
equilibrium conditions. . . i;\.

The precipitation of sulphide in the Atlantis Deep has no clear
explanation. Sulph{n- isotopes ‘of,the sulphide ﬁgdiménts range f_i‘*or'n

'+76 to +3 d34S and show some resemblance to volcanogenicﬁmass.iv.e
su.lphides. The sulphur isotope ratios, however, are problematical !
in that they'do not lend themselves to a unique explanation. A possible
explanation is that hlgh temperature equilibrium of sulphide with sea
water sulphate may be presgrved metastably. Alternatively, dis-
equilibrium fractionation may occur between. sulphide z?nd sulphate at

the ambient brine temperature. Conéequently, genetic processes
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applicéble to an;:ient stratiform base metal dgposits cannot be simply -
inferred from Red Sea hot brine sulphx‘1r isotope data.

The .Red Sea 'Bri'x?e deposits are intcre‘sting as lan e}éample of_ a
:hgmical gre-forming process and because of the chemical and physical

nature of the brines. They cannot; however, be used as a general

model for the formation of massive sulphide deposits, due to the fact

" that the brine composition re_spo‘nsible for deposition of the sulphide

facies is not known. Also, the tectonic environment is not similar
to that of volcanogenic{massive sulphide deposits such as Kuroko and
L

the New Brunswick massive sulphide deposits.

-~

3-3 Experimental and Theoretical Limitations on Ore Fluids

-

3-3-1 Introduction
.

Prevalent thinking concerning the composition of ore fluids and
mechanisms of ore transport has been summarized by Krauskopf (1967}, '
Barnes and Czamanske (1967), Stanton{1972a) and Heigescm (1964)
among others. Despite a great increase in information available in the
last decéde, there are areé's of considerable contention. Thére appears,
however, to be a consensus among the authors cited above on the
following points:

1) Volatile metal species must be considered as important agents

7, . . Py
for transpoTt oéﬁeconommally significant amounts of metal at temper-

o .
atures above about 400°C, but they are not adequate for ore transport
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below.this temperature.

2) Colloidal or disaquilz:.briufn transport would involve too many
unpredictable parameters to allow fox.- the consistent metal zoning that
is seen in manyldeposits of contrasting origins. %

3) For many metals aqueous solution transport of sufficient
concentration to form an ore deposit requires ‘that solutility be due to
complex ion species. Because of the great insolubility of most metal.
sulphides, transport as simple ions is unrealistic except in very acid
ore solutions. |

General agreemgnt.segms to exist that the solutibns are 0.5 to
3M in chloride i.on and range in pH frorﬁ 3 and 8. There arle;‘ however,

«
two current views on the sulphur content of the fluid. One is that
sumfnarized by Barnes and Czamanske who, p;inting out the cornmon
occurrence of '"sulphidized' iron in wall rocks of metal deposits,
estimate that the ratio of total sulphur to total heavy metals in ore
solutions must be large.

On the other hand, Helgeson (1964), arguing from analogy with~
hc;t springs, the Salton Sea brines, and the Red Sea brines1 maintains

i -3
that the sulphur content of an ore fluid never exceeds about 10 M.
Within these limits of chloride and sulphur contents and pH,there is
considerable room for disagreement about fcransport mechanisms. .Two
groups of complex ion spécies. sulphides and chlorides, have been

considered as the critcial agents in ore metal solubility and transport.
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The first model recognises that, while simple sulp_htlés_ have
very low solubilitiesl, the presence of excess reduced sulphur leads to
ﬂ:‘.le formation of highly stable sulphide and bisulphide complex "ion
species for manyh'rnetals. This concept is consistent with the obser-
vation of Barnes and Czamanske (1967) that a high ratio. of total reduced
sulphur corhlcentra.t:ion"to ore metals concentration is characteristic.of
hydrothermal vein ;1eposits

The alternative model suggested by Helgeson (1964) is that the
sulphur contenF of the ore fluid is low whereas the- chléride content is
fairly high leading to chloride complex ion formation for many metals.’

The debate do-es not rest solely o:;x the chloride or sulphide
content of the fluid but is also contingent upon fugacity of oxyge% and the
pH. " Briefly, chloride complexing is favoured by low pH and high
fugacity of oxygen, conditions under which sulphur is stable largely as
sulphate or hydrogen sulphide species. Sulphidle complexing is
favoured by alkaline pH values and by low oxygen fugacity, conditions
under which sulphur is stable as bil.'sulphide.

Hot springs are usually viewed with distrust by geologists as
representatives of fluids fr-orn which parameters relevant to conditions
of ore deposition can be measured. However, fluic.l inclusions within
ore and gangue minerals have certain properties in common with hot
spring waters. Thus, chloride is the most common aﬁion in many

fluid inclusions. High chloride content is commonly accompanied by
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. ] I
high sodiurn, potassium and ‘calcium contents. Of special interest

is the low sulpl;ur content and the fact that sulphur is i.a\rgely oxidized.
It is not possib.le to state categorically that the,p;-operties of sulphur in
fluid inclusio;ls are a good approxin{atiop of an actual ore fluid.  The
Egtal‘ sulphur might be low due to removal by\sulphi;ie mineral
deposition, and due to hydrogen c.li-ffusion throx;gh min;ral lattices which
could cause oxidation of the anions. The most reliable measurements
from fluid inclusions are temperatures of homogenization and the
concentrations of the non-volatile species.

The remaining approach to these problems is to obtain exper'i-
mentally the necessary thermodynamics data to test the solubilities and
sta‘bilities of the metal sulphides under diverse chemical conditions.
These solubilities and their variation with the fggacity of oxygen, pH and
temperature can be used to predict metal distributions. ‘ Comparison
with the oi)served distribution of metals and other components in well-
studied deposits can then be carried out to see if a gelf-consistent model

is available.

£

3-3-2 Comparison of Theoretical and Experimental Solubilities

of Ore Metals

The general range of physicochemical parameters considered
applicable in a broad sense to hydrothermal base metal ore deposition

has been briefly discussed in light of both terrestrial and submarine
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geothermal waters. The inferred conditions ;Jf stratiform massive
sulphide deposition are enlarged upon in Chapter 7. To facilitate
ﬁ;xderstanding of the significance of the following calculations on metal
solubility it can be stated here thaf‘ the limiting values of variables

relevant to stratiform massive sulphide deposition are probably:-

1. "pH in the range 2 to 6
2. Chloride content of ore solution in the range of 0.5 to 3m,
3. Temperature in the range' of 50°C to 300°C.

3. Sulphide content of the olre solution in the range 10_4 to 10'2m.

The above are the necessary parameters fo-r comparisons of
various possible metal complex stabilities. To avoid unnecessary
repetition, the solubilities will be considered at Vfixed chloride and sulphide
concentrati?ns of lm and 10-3m respectively, over a range of tem-
peratureé and pH. The presentation below consists of a comparison.of
the stab'ility of chlorocomplexes of zinc, lead, copper and silver
(Helgeson, 1969) with the stability of bisulphide complexes of the same™
m.etals, recalculated by this author using experimental c‘lata‘from' a
variety of sources andl the method of Helgeson (1969). The solubility

of gold is discussed in Chapter 4.
(a) Zinc

Zinc occurs in deposits of the stratiform type as sphalerite,
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The sol&:ility of zi_nc chloride com-plexes as a function of temperature
has been calculated:by Helgeson'(.1969) and is presented in Fig. 3-1.
'fhe only; experimental data av)ailable for zinc chloride complexes are
those of Federov et al. (.1970). The d_isaociation constants are
presented in Table 3-1, recalculated to 1000(3 for comparison with those
of Helgeson. It is significant that order of magnitude differences exist
in many cases, Although it is not possible to reach conclusions as to
the quanti'tative magnitude of this di‘screpancy at hi_gher temperatures,
it seems that significa_nt errors in Helgeson's equilibrium contants
rr.'Laybe .expected.' This should become clear as more experimental .
data become available. ‘
Melent'yev et al, (1968) have inve stigated the solubility of
sphalerite between 100° and 180°C in 0. 1M chloride solutions saturated
with hydrogen sulphide from pH 1. 0 to 8.0. The variation in total-Zn2+
solubility as a function of pH is shown/ir.l Fig. 3-2. U;&ling the methods
described by Gubeli and St-e-Marie (1967), the slopes of the zinc
solubilities as a function of pH and psftotal for complexes involving zinc
and sulphur are shown in Table 3-2. The variation of solubility with

is required to fully characterize the stoichiometry of the

dominant complex present,

The results sﬁggest a neutral complex from pH 3.0 to 5. 0 because

there is no change in solubility with pH. Solubility then increases with

PH through the point of equal activity of hydrogen sulphide and bisulphide

al



Fig. 3-1. Zin€ (Sphalerite) Solubility as Chlorocomplexes
(after Helgeson, 1969). 10'3m sulphide.

~
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Table 3-2. Calculated Slopes for Solubility Curves for
Selected Zinc Complexes

C , d d '
OMPLE?{ ,. log mznld pH log mZn/d pstotal

% *
pH< pKa, PH>PKa, -

2+

Zn ' -2 1
zn(us)t -1 0
e

Zn(HS), 0 -1 -1
: 2- ‘

Zn(HS)3 1 -1 -2
ZnS, 2 1 : -1
ZnS, 4 2 | -2
z:_n(HS)(S)' S ' 0 -1

Note: * pKal is the first dissociation constant of HZS'




-

Fig. 3-2. Zinc (Sphalérite) Solubility in H?.S Saturated Solution 7

{after Melent‘yev_g}_g_l_. 1968)
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2

ion at about pH 7. Here a change in slope of the solubili.t'y- curve does -
not occur. This corij:_rasts ;yith ‘mar:y other metals. In the pH range
5; 0to8.0 solﬁbility is probably dt-l.e to ZnS:- or a mixture of complexes,
but the data are not suff:.c:.ent to be sure. 3 ’
In order to apply the data of Melent'yev et/ al to other éemper-
atures and activities of hydrogen sulphide, an equilibrium con.stant for
comple:;c formation is requi.red. Melent'yev et al. (1968) do not
calculate quilibrium constants except for the temperature conditions
of their experiments. The equilibrium constant can be calculated if the
entropy and enthalpy of reaction are known. These quantities are
computed below.
Ar;suming that the complex is Znsz_ between pH 5.0 and 8. 0 the

formation reaction may be represented by:

2.
ZnS (s) + H,S (aq) = ZnS, (aq) + 2H' 3.1

w

2- +.2
with log K = log (znS, ) (H)

(ZnS)  (H,3) | 3-2

L]

. . o
The equilibrium constant is calculated for a temperature of 100 C from

the solubility data of Melent'yev et al. (1968) with,

log m

ZnS

log m

L]

5 -4.17, pH = 8 and

Zn(total)

log Myg” = -1.05,

5




O

Iogm
HZS

is calculated from the equation' for the first disbociation of .

HZS'
. ) . .
HZS {aq) = HS (aq) + H .3-3

With pH = 8, log m = -1.05 and pKa, (100°C) = -6. 63 (Helgeson, 1969),

THS T
log m = _2.42 \
£ PH,s s N
Substituting these values in 3-2 above, ‘ .
. .4.17 -8 2 _‘
log K (100°C, 373%K)= log, |2 —110 ) 3-4
| 1% 02|
‘ , = -17.75

Similarly,

e .82
log|107% %7 (1078 = -17.90

log K (453°K)
0. 2. .
00 0721 |

Calculation of equilibrium constants over wide ranges of temperatures
which involve the assumption of constancy or zero value of the heat
capacity can lead to serious errors at elevated temperatures. -Helgeson
(1967, 1969) has derived an equation for the temperature dependence of
the equilibrium constant for complexes in terms of functi‘é-ns‘involving
the dielectric constant of water - the electrostatic component - and a
power series consistent with nOn-electro-static interactiqn.

It is found that many dissociation constants can be approximated

by assuming:




€1

a congtant

H
1

‘ This, leads to the following expression (Helgeson, 1967):

oF
as°
log K(T) = r. (T ) T -6 [ 1 - exp (exp (b+aT) -
2.303 RT

) .
2. 303 RT '

where K(T) = equ111br1urn constant at temperature I in Ko.
Then, AH: (T )= As: (T,) % 387.9 +17.75 x 2.303 x 1.99 x 373

and AH: (T)) = As: (T )x528.8+17.90x 2.303 x 1.99 x 453

o

Simultaneous solution gives AH (T y=11,170 cal/mole

and AS (Tr) = -49.43 cal/mole/deg.

o

'HOH

Helgeson (1967) finds empirically that equation 3-5 yields log

K(T) values which are in close agreement with the experimental

. s . : o o L
dissociation constants for many reactions from 150" to 250 C. _ This

- -

60

applies egpecially in cases when AHO(T ) and ASO(T ) are both negative

but also when AHr(T ) is large and p051t1ve and AS ('I' ) is small and
e

negative, This is due to the dominance of log K(T) by the AH® (T ) term.

,
Equilibrium constants at elevated temperatures for reaction -

3.1 were calculated from equation 3-5 using the AS:(TL‘) and the

e
i

o

AC (T) is the total heat capacity
p. T ' - -
o ! . - o }
AC (T) is the heat capacity due to electrostatic interaction
i ’
L "
-~ T x ————
- P N T R pert - T DR Y A S S SR T
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AH:{Tr) values given above. The results are tabulated in Table 3-3.
As discussed above, in the pH region 3.0to0 5.0 the solubility'
data of Melent'yev et al. (1968) is consistent with the presence of a

neutral complex. The reaction of formation can be represented by:

ZnS (s) + H,S (aq) = Zn(HS); (aq) ' 3.6

x ngéiation 3-6, -
-.{J

. o]
log K (373) = 16g(§“(35)2} - 107543 = -5,38
(ZnS)(H‘ZS) 100. 0,071 05
and log K(453) = log 107811 = -5.06
©1.05

10
where solubility of zinc at pH 3.8 and temperatures of 100° and -ISOOC
8 10-6'43 and 10-6' llrﬁ respectively (Melent'yev et al. )

From equation 3-5 and the equilibrium constants for equation
3.6 AH:(Tr) e;.nd AS:(Tr) values of 5592 cal/mole and -9.29 cal/mole/deg.
respectively are calculated. The calculateci equilibrium constants at
elevated temperatures are given in 'If.able 3-3.

From the equilibrium constants of Table 3-3.and others given by
Helgeson (196I9‘) and Barnes and Czamanske (1967), the solubility of zinc
under various conditions has been calculated and is presented in Fig. 3-3.
The fégures show that pH must be greater than 6 for sulphide ¢omplexes

s .
to play a dominant rqle in the solubility of zinc under "average' ore ’

depositional conditions taken as lm chloride, total reduced sulphur of
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Fig. 3-3. Zinc (Sphalerite) Solubility (after Helgeson, 1969,
Melent'yev et al. 1968) ' .
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10 ", and temperature between 2000 and 300°C. Th@.\ndeg the
_conditions of massive sulphide formation inferred in Chapter 7, zinc

chloride complexes would be more stable than zinc sulphide complexes.

L

(b) Lead

The solubility of lead due to chloride complexing has received
considerable attention by Helgeson {1964 and 1969, Chapter 3).

Nriagu {(1971) has experimentally determined the solubility of
galena in chloride solutions saturated with hydrogen sulphide; The
solubility curve presented in Fig, 3-4 shows 2 relaf-ione:hip_ t-o pH -
similar to that ofot-her transition metals. In the pH range 3 to 6
solubility is due tlo a néutral complex, either‘Pb(HS); or PbS. HZS accord-
ing to Nriagu. The solubility then ir;crgases with pH tow;ards pKa1 for

H,S with a slope of +1, probably due to Pb(HS),. &
It is not possible to use equation 3-5 to calculate the entropy and
enthalpy of the formation reactions for lead bisulphides as the values for

at least two temperatures are required, Tﬁlere also seems to be some
¥ .

N

controversy as to the value of the equilibrium constant for the pertinent

reaction:

PbS + st + HS = Pb(HS); 3-7

(see Nriagu, p. 304, 1971 and Anderson, p. 480, 1973).

Solubilities were calculated for Pb(HS); to_‘3000C assuming that

7




Fig. 3-4. Lead (Galena) Solubilitx {after Nriagu. 1971) 3m NacCl,
Saturated with HZS’ 90 C, 1 Atmosphere.
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the free energy of reaction (AF = AH - TAS) is constant (Tabie 3-3;

Fig. 3-5 (a) to (c))'. The assumption of constant AF leads to significant .

lity provided the

errors, but should givé a maximum for the solubi

entropy change for reaction 3-7 is negative as is the case for zinc and

L

silver (see Table 3-3). This follows from the observation that AF will'

increase with increasing temperature if AS is negative and AH is

positive. Consequently, as

log K (T) = - AF . ‘ .
2.3RT ) ' A "
i

increasing AF requires thatlog K(T) becomes more negat’wé. Thus, \

the metal {lead) becomes more soluble in the case where the solubility

is governed by reaction 3-7.

The experimental work of Nriagu and Anderson (1971) on

chlorocomplexes of lead gives dissociation constants up to an order of

magnitude smaller than those of Helgeson (1969).

From Fig. 3-5 (a) to (c) the relative importance of chlorcom-

ed as was done above

plexes and sulphide complexes of lead can be inferr

than 5.5 chlorocomplexing

for zinc. Itis concluded that when pH is less

is the dominant mechanism for hydrothermal transport of lead. L.ead

solubility in the ore solutions responsible for stratiform base metal

sulphide deposits is-attributed primarily to chlorocomplexes.




~ Fig. 3-5. Lead (Galena) Solubility (aft;.r Helgeson, 1969,
Nriagu, 1971} 1lm GCl°, 10° “m Total Sulphide
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(¢) Copper

Solubility data for copper complexes are not readily available.
Ht;.lgeson (1969} has calculated dis sociation constants for chlox:ocomplexes
of cuprou.s-and cupric ions. , _ d

The only other information available is an estimated dissociation
_constént of 103' 2 for Cu(HS)i- (Bajrnes and Czamanske, 1267). This

constant has been estimated to 30'00:?3 in this work assuming that the
free eJnergy change is constant with temperature. Values are tabulated
in Table 3-3. They may be seriously, in error but, as argued for lead |
abow-re, give a maximum value if AS: (Tr)is negative,

Melent'yev et al. (1968) attempted to measure the solubillity of
chalcocite (CuZS) in HZS— saturated solutions. The applicability of
copper solubilities per_tinent tlo equilibrium with chalcocite is of doubt-
ful applicability to stratiform. ore deposits where copper occurs
dominantly as chalcopyrite..  Solubility was undetectable in very acic‘l
soi\’ztions and small-(1 0'-6m at ZOOOC, pH 5. ;")) in the near-neutral pH
range. . |

.From Fig. 3-6 (.a) and (c) it can be seen thatatpH less than 4 and
6 at ter;peratures of 100°C and 300°C respectively copper is more
soluble as a chlorocomplex than as a sulphide complex. Thus, once
again, the chlorocomplex seems to be the most likely species accounting
for copper solubilit;f in the hydrothermal solutions responsible for

stratiform massive sulphide deposits under the conditions inferred in
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Fig. /3-6Z Copper Solubility (after Helgeson, 1969, Barnes and
/ Gzamanske, 1967) Im Cl17, 10-3m Total Sulphide.
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Chapter 7, _ , ¥

(d) Silver

-
Helgeson's (1969) equilibrium constants for argentous chloro-
complexes were utilized to determine silver solubilities i%equilibrium

with argentite and are presented in Fi.g. 3-7 (a) td (c).

!

Melent'yev et al. (1968) present data for the solubility of
argentitein solutions saturated with hydrogen sulphide, Where applicable

their results agree with those of Ol'shanskii et al, (1959) implying attainment

]

of equilibrium. The results show three distinct levels of solubility /

similar to zinc, (Fig. 3-8).
" The most probable complex in the acid region is Ag(HS"O‘. Using

Melent'yev et al. 's solubility results for the reaction:

Ag,S+ H,S = 2ag(HS)° . 3-8

the enthalpy and entropy of reaction were estimated using equation 3-#
and are summarized in Table 3-3. For the steep right-hand poi-tion of

the solubility curve (Fig. 3-8) two possible complexes may be relevant:

Ag,S + 3H,S = 2ag(HS); + 28  or

+

Ag,S + H,S = 2AgS™ + -2H

2 2

as presented in Table 3-3. In fact AgS~ seems the most likely in view

of the increase in solubility at pH gJ:-eater than 7.

@
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Fig. 3-7. Silver (Argentite) Solubility (after Helgeson, 1969,
Melent'yev et al. 1968) 1m Cl-, 10-3m Total Sulphide.*

SO X Y ¥




(a) 100°C

(b) 200°C

(c) 300°C

S



Fig. 3-8, S'ilx;rer (Argentite) Solubility in H_S Saturated Solution.r
(after Melent'yev.et al. 1968) : '
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The solubilities of the various complexes at spec‘fzed condztmns

;

‘ ‘ [
are shown in Fi& 3-7 {a) t? (c). The chloride complexels of silver are

. L .
considerably more soluble than any sulphide complexes fér PH less than

6.

Unfortunately all the above data for silver are for equilibrium

t

with argentite, whllst silver in New Brunswick strahform massive .
I

sulphides is present as sulphosalts contaif:ed within galen[. Consequently

the above results are Possibly inapplicable to the formati n of many
) :

stratiform massive sulphide deposits, Should silver sulphosalts not

[

sulphide deposition.

3-3-3 Summary of Relative Solubilities of Ore Metals

Barnes and Czamanske (1967) maintained that re metals must

be transported as complexes 1nv01v1ng HS ™ or HZS' stressing that weakly

;"ac1d1c to alkaline solutlons are relevant to base meta transport They
auggest that chloride complexes have insufficient sta 111ty to account for
ore transport at low temperaf:ureé. (

The analysie of the limited available data presented in this

.
s -

c hapter suggests that at temperatures of 100 to 3000< » PH must be

greater than 6 fo‘r s1gmf1cant transport of base metals and mlver as

complexes dinvolving sulphur. W1th mcreamng temperamre 1n ‘the range

'L I



of 100 to 300?'C the neutral point of pure water moves to lower pH;

for ex.ample, at'300°¢_a pH.of,6 is alkaline. It has been argue‘d for the
Kuroko deposits that the pH.of ore soiuj:ions W:l:lB between 3 apd 6

‘(Sato, -1973; Kajiwara, 1973a) and in Chapter 7 {this work’) it is suggested
- that similar pPH's ma;r characterize ore solutions relevant t'g the Nev\ur
ﬁrﬁnswick stratiform sulphide deposits. Under these pH conditions
base mefals would be more soluble as chlorocomplexes ti‘lan' sulphide

I

- complexes,



- CHAPTER 4

[

GEOCHEMISTRY OF GOLD AND PALLADIUM

3 Uy

4-1 Introduction

The geochem1cal propertles of gold in rocks have been recently

rewewed by Shecherbakov and Perezhogm (1964), Jones {1969),

- Gottfried et _al. (1972) and Crocket (1974). Palladium geo-

et e

chemistry has been reviewed along with the other platinum metals by
Crocket (1969), Many térrestr:al abundance data are avallable- for
gold,l whereas the abundance of palladium in terrestrial materials is
vefy poorly known, |

The average concentration of gold and palladiun; ih-‘commc)n rocks
.of'the earth's crust is usually in the range of 1 to 5 parts per billion or
less. This low concentration and the poor sensititivy of c;:nventional
methods of analysis have prevented detailed-ihvestigation of their rock

geochemistry until recently. ‘ Neutron activation analysis has enabled

ac¢curate determination of su‘b-parlt per billion levels of these two

A

elements and consequently, has become an important analytical tool for

- geochemical studies of both metals.

4.2 {] Igneous Rocks 1

The concentration of gold and palladium in common igneous rocks
- :

75
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'is' summarized 1;1 Table 4-1‘. * Pre-~1960 data (see Jone.s. 19'69) are
ekcluded on the grounds of Iow reliability. The uncertamty of pre-
1960 palladmrn data has been dxsepssed in some deta11 by Crocket (1969)
The salient generalizations are that: .

| 1) 'The- range in average gold values is approximai!te].-yr.-z to
7 l;p’b and that of palledium 0.5 to 15 lppb. |

2} There-is a trend of decreasmg gold.content from ultremahc
to felsic rocks-'(see also Tilling_ﬁal - 1973) althoﬁh\he %ﬁference is -
on}ye factor of 4 approﬁmately.

The average gold contenizs of.rock-forming r;inerals as es.timated
‘by Crocket (1974) are presented in Table ;«2;, There is a syzppatir;etic
trend cor;mpaxfed ﬁth the wﬁole rock data, in tl"l&f: minerals of high modal ~
proportien in felsic rocks (quartz apd feldspar) are lower ie average
gold than minerals, such as biotite and hornblende, which are more

- 1~
abundant in intermeditte rocks.

_4-3 ' Sediments and Sedimentary Rocks

| ' ' : _
. Data obtained by reliable negtron activation analyses for gold and

palladium in sediments ai'ft_i sedimenfery rocks are very few. Atomic

" absorption data for .gold in near-shore and coastal sands of the western

USA have been presented by Clifton {1968) and Moore and Sllver(1968)

B Estlmates from Crocket {1974 1969) and Crock : it_al. (1973) of

average gold and palladium/cmts in sediments and s;edimentary rocks



T.able—4-l. Concentration of Gold and Palladium in Igneous Rocks

ROCK TYPE " GOLD{(ppb)’ '~ PALLADIUM(ppb)
Ultramafic . 6.6 (149] - 8.5(5)°" 315
| o | 2,4
Gabbro 4.8 (580) 15 (2) o
‘Basalt 3.6 (696) . 4.829)2% 67
Diorite 3.2(261) - 051’
Granite . 1.7 (310) /1 2y%*°
" Acid Volcanics 1.5 (188) a . -

mainly rhyolite

M , ‘

References of Table 4-1; ' . a \
1. Grocket (1974),, 2. Grocket and Skippen (1966), 3. Chyi (1972)

| 4. Vincent ané Smé.les (1956), 5. Rowe and Simon (1971),

6. Crocket et al (196851, 7. Crocke; ia‘l_{ (1973) .

The figure in parentheses is the number of analysés.

[~]



- Table 4-2. Average Gold Content of 'some Rock-Forming 'Miner/“als

‘ L ‘/ :
s » MINERAL o - GOLD, ppb’
Quartz . - 1:?(75)2 .‘
Feldspar ' . 2.0(05)
. . |
B..ibtite '/;l | - 6. 0(175) _' k
Hornblende l - 3.7(94) .
Magnetite, - o h | 6.7.(89)
Ilmenite . N

1C rocket (1974)

Figure in parentheses is the number of analyses,

\
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are summarized in Table 4-3, The available data indicate that the major
" .classes of sedim’entary‘rock's differ iittle in éverage gold content,and
- the average values fall within the range of igneous rocks. Palladium -

data are too limited to make any significant comparisons between average

concentration levels in igneous and sedimentary rocks,

4-4 Ore Deposits of the. Platmurn Group Metals and Gold

\

4.4- la Pr1nc1pa1 Types of Plat:mum Deposits

The economic geology of plannum deposits has been surveyed by
Mertie (1968). Recent coﬁtnbutmns on their géochemlstry and genesis
have been presented by Cousins (1973), 'Cabri (1974) and Stumpfl (1974).‘
Economic cdhcent-rafions of primary platir‘)grn metals a;"e aissf‘,ociated with
magnﬁatic mafic and ultramafic rocks. _'I'ht;i-e are three disii‘inctivg
associations, ix:lcluding : 1) an association w1th ;ickei-éopper su:lphides
.in mafic rocks exerpplified by f;he MerensksrRe‘ef of thlg- ‘Bu\shv;ld Complex,
the Sudﬁury Nickel Irruptive and the Noril'sk- Talnakh area of the .
USSR; 2) native metal dis: semmah?na in ultrabaszc rocks as at N1zhn1y
Tagilsk (Urals, USSR), the Inaglln;ky mass:.f (Aldan Shield, USSR),
Choco district (Columb1a) and the Tularneen Rwer area (Canada); 3) an
association \hth chromite horizons in layered gabb_ros (Upper Group
chromite, Merensky smte, Bushveld and the Ultramaﬁc ane,

Stillwater Complex, USA), By far the most 1mporj:ant economic host of

platinum metals is the ‘Merensky Reef. The authho:é is not aware of any |

. ,"’

i -

i
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: e
Q : . s
! ' - . . . ' 1
‘Table 4-3. Average Gold and Palladium Contents of Sediments =
' and Sedimentary Rocks ' :
. 1 - - e
ROCK TYPE _ GOLD (ppb) PALLADIUM(ppb)
Sandstone . _ 3.0(105) _ - .
Shale / - 2.5(28) o 0.1 - 290 -
¥
. . (
Limestone : 2.0(20) -
' S 3
Deep-Sea and ‘ 3.4(28) - 3 7 (30)

Shelf Sediments ' '; .

Referer-lcea; 1. Crocket (1974) 2. Crocket (1969)
3. Crocket et al. (1973)

Number in parentheses is number of analyses

/ -



81

o

economically significant platinum metal récrovery from Cu-Zn-Pb ores.

1

This is in marked contrast with economic sources of g/old.
4-4-1b  Principal Types of Gold Deposits

Recent world gold production is dominated by output from thg
fossil placers of the Witwatersrand district, Repubiic of South Africa
which has annually produced about two-thirds of the world's total output
(Simons and Pf'lfnz. 1973). Excluding placer production, the most
important sources of gold are goldiquartz veins or lodes and by-product
production from Cu-Zn-Pb and pérphy;y copper mining., Several

distinctive types of deposits can be recognised including the following:

-~

1) auriferous-quartz veins in Precambria-n {Archaean) terrain? K
dominated by mafic volcanic rocks commlonly metamorphosed to.green-
schist facies. Ridler (1970) has ascribed some deposits of this‘ tyi;e
.Irom the Kirkland Lake area, Canada, to a dual "volcanic-syngenetic
plus late-metamc.arphic lateral secretion' origin.

" 2) auriferous-quartz veins in Te_r'tiary Y\olcanic terr_ain exem-
plified by the epithermal veins of the Nortl{‘An?i:"f'ican .lCordilleran region
{(Tonopah, Cripple Creek, Ouray, USA). Reﬁl‘-esentaf_irves from the
Tertiary of Japan commonly carfy silver and may be continulo.us with‘base
metal mineralization at depth (Hunahashi and Akiba, 1970).

3) auriferous-quartz veins of Palaeozoic and later age represented

by the Berezovskoye deposit, USSR (Koltun, 1965a).
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.,

4) bf-;proc'luct_ gold from porphyry copper and Cu-Zn-Pb
deposi_ts.r 'Investigation of the porphyry copperr-!:ype by Meshchaninov any
‘A.zin (1972) indicates that gold ogccurs both with the copper mineral-
ization and in distinc;ti\'re auriferousg}quartz veins about the periphery of
porphyry stocks. Gold in base metal deposits is characteristiq of
‘ stratiform typ-es'including Kuroko (Sato, 1972) and varipus lead-zinc
deposits of the USSR (Koroleva, _1971). 'Gold from base metal ores
averaged 16.5% of tota‘l C_,anadién_‘pro'ducéion from 1960 to 1969
(Hogan,- 1971).
E:a) disseminated gold in carbonate bed rock. _ Ellxafnple; of‘this'
type include thé Carlin, Cortez, C.‘retche‘ll"an'ci.“fl(.:iéid Acres océurrences
_in Nevada, USA where*'{r'é;y. finé-graiﬁed gold (0. 01 to, 10 microns)
occurs in carbonaceous, dolor;xitic limestone.’
In summary, gold occurs in economic quantities in a wide
variety of host rocks and s.t'rucl:ural. settings. This a‘spect of gold

occurrence prorﬁpted Shilo (1971) to term gold a "cosmppolitan'' element.

e

4-4.2 Mineralogy

There are a number of minerals containing palladium and various
other platinum metals, Microescopically visible platinum metal minerals

are very scarce. They may occur as minute, discrete mineral grains
!

L .
or in solid solution within the major sulphide minerals, as suggested by

i
Cabri (1974) and Chyi (1972) respectively,
. 1 \
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Gold is most freguentlv,l present as the native metal often alloyed

with greater or lesser amounts of copper (auricﬁpride). ‘silver (electrum)

and other metals. The se;éond, most impor_taﬁt group of e<:-onom1;.c '
gold miner—a.IS are the tellurides, ' calaverite (Au'I‘eZ) and Syilvanife‘
(  (Au. Arg{)__ Te; ). Gold sulphide is unknown. |

| The possibility of solid solution af gold in sulphide minerals has
been considered. by a number of investigators. Chyi{l972) concluded
that gold could be carried in such a manner up to co‘ncentratic;ns of.
300 ppb in sulphides frorﬁ the Sudbury Nickel Irruptivlg‘.

_ Sellectiiad data' for gold in sulphides of va riéu 8 deposits

are presented in Table 4-4, The data, as a whole,

L 9
give no evidence of consistent partition of gold between minerals. Tht;re
ié only a general tendency for gold to increase in the series galeria,
sphalerite, chalcopyrite, pyrite and arsenopyrite.

‘An electron microprobe study of gold in the Cortez and. Garlin
deposits (Wells and Mullens, 1973)has shownanunevendistribution of the
metal within arsenopyrite and pyrite, the distribution in the latter
mineral correlating with arsenic. These authors observed no discrete
gold mineral but suggested that the metal probably occurs as submicron
particles of native gold or as a gold miqpral.

As will be discussed in Chapter 6, native gold at levels less than

; .

1 ppm can lead to extremely errati¢c analytical results due to

inhomogeneous distribution of very small grains.



Type of
Deposit

.Vein

Porphyry
Copper

Lead-~Zinc
in Carbon-
ates

Lead-Zinc
(Strataform
?)

Tin-
Tungsten

Dissemina-
ted Gold
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Table 4-4. Gold and Silver Content of Hydrothermal Sulphide Minerals

Mine or
Area

Middle

Asia(USSR)

Karamazar
USSR

Karamazar
USSR

Tien-

Shan (USSR)

Middle
Asia(USSR)

Transbaykal
USSR

Middle
‘Asia (USSR)

Cortez

Carlin

Mineral

Arsenopyrite
Pyrite
Chalcopyrite
Galena

Pyrite
Galgna

Pyrite
Chalcopyrite
Sphalerite
Galena

Pyrite
Galena
Sphalerite
Pyrite
Arsenopyrite

‘Galena

Chalcopyrite

Pyrite
Galena
Sphalerite

Arsenopyrite
Pyrite
Galena
Chalcopyrite

Arsenopyrite
Pyrite

Pyrite
Sphalerite
Chalcopyrite

OO0 0000 OO0 OO0OFO cCoo =

Gold
Ppm

17-704
0.6-833
0.0-60
0.0-38

40-200
0.0-30

3
14.5

o
—
o

oOo0oo
N,

.19-11
.5-114
.0
.04-0.2

.02-16
.01-1.9
. 004-0. 01

.4-8
.0-11
.0-2.4
.0-10

. 0-6800
. 0-3500

2100-8100
0.0-1500
0. 0-1700

Silver
PPIN

20-1000

1000-1500

37
71
170
500

4-22
0. 0-2600
20-1500

0.08-410
0-260
200-18000
80-439

&

Reference

Koroleva (1971)

-Badalov and
Badalova(1967)

Badalov and
Badalova{1967)

Maksudov (1969)

Koroleva (19 7} ){

Vakrushev and
‘Tsimbalist (1967

Koroleva {19 71)‘

Wells and
Mullens {1973)

-



85

4-5 Hydrdgeochemistry of Palladium

T

No data on the palladium contgnt of hot spring waters or sinters
are available, and no experimental studies of its solubility under
bydrothermal conditions have been carried out, Palladium is known to
form stable chloride cc;mplexes.- Data presented by Sillen and Martell
(1964) suggest it should have similar solubility éo gc;ld but high tempera-
ture solubilities would be sp;:culation at this stage.

. ) -
4-6 Hydrogeochemistry of Gold

4-6-1 Natural Hydrothermal Fluids

Studies of gold in hot spring waters and their pré;:ipitates have
been summar'ized by Crocket‘.(1974). Thermal ’waters analysed for
gold (Table 4-5) seem to fall into two groups in terms of pH, those
betweén 0.0 and 4.0 and those between 6.0 and 8.5. There appears to
be a significant absence of thermal springs within the range 4.0 to 6. 0
a8 may be seen by examination of the tables .o.f thermal spring pH's of
Ellis (1967) or White (1967).

Thermal \x.;aters approach equilibrium with t,heir reservoir rocks

. ‘ o
at depth and on rising to the surface may become more acid if oxidation
Occurs or more alkaline if carbon dioxide is i)oiled off and the water

cooled (Ellig, 1967).

The range of gold contents of thermal waters is 0.0 to 2.2 ppb.



86

5 $0°0-%00 0

o L0°0

¥ '20°0

¥ 9°1-
¥ 10
€ 2’ 00
wru 6°¥ LZ°0

€ 'S 0€°0

€ 9°9 52°0
€ 80  S£°0

£ 1 £

€ ¥21 5°0

€ z:1z 11
€ 6'82 L§'I
€ 6°02 550

z . 0°2 1°0-0°1

1 . 90°0 T 50°0

1 9°0 $0°0

.o

o.uﬁ.mo.uomom qdd xsanrg qdd pron.

e

Burxdg 8praoTYD/ -Mou /ereydmg

BIV}BI[OS0IPAY
. 97oxBWM I
Aurxdg ..owoo P10D

Buradg gy ordung

R . 3uradg 3oy sydurg
¢

ODHEN-IDEN

WIeE V- ODHEN-1DEN

[DeN-I e 1TV

| IDEN YeaM
ojeIOg-1DEN
s1pPV-1DEN

.@w HU.MZ - 3]e8 gzaqnen

m.Nm PRV

‘0081/1D

A\MNI ‘0001/1D

-

omimmm ‘00LT/1D

wdd
juonisodaror 10 I930BICYD

gaoje g Supadg J0H wo BIUBIUO IJA[IG PUE PIOD)

‘ZL6T * T8 30 POIIIOT g .
‘0L6T ‘'TEI3 BABIOD *§ 1961 ‘€B0Y ‘¢ ‘6961 ‘eumoxg ‘'z ‘4961 ‘Braqssiop ‘1 :83duaIazeyY

VS ‘9uU0ISMOTIP

gL s¢ - gssn ‘ueiduy
9°'2 S¢ NmmD ‘8978l TIINY
S9°0 26 WSS 8978 TFAMY
(A L ¥ssn ‘epEyowey
ey
2’9 6|
0°L [$°] ,
'L 8S
69 147
89 s v uede[ ‘pueis]
T €9 nysndyy ‘nddag
B¢ 96 )
8'2 - C €L -
2°2 Y
9°2 LS <
— PUB[EIZ MIN
9°8 0Lz LHQ spuelpeoag
pueiEaZ MoN
0°L 56 1ood =4O
. pueieaz MaN
£'8 9L2 ZHQJ spueipeoiy
Do ‘
Hd +dway, eIy ‘aweN
‘g~ o1qeL



iny

- S 87

The averagé concentration in watérs of pH 6. Ojto; 8., O’ig 0.3 ppb a-ncl‘in :

waters of pH .0. 0 to 4.0, 0'.'? ppb. Work of Koga (196-1) and Tilling

et.: al. (19’[3} demonstrates that sinters prec1p1tated from e1ther group

may contain 1. 0'to 200 ppm of gold (Table 4-\‘6)\ |
Very small quantities of gold in srolution are capable of formipg

" economic deposits given favourable conditions, bg_t any theories of

transport and deposition must take into account the range in pH over _

r

which transport can occur. It is of interest to.wnote that Weissberg

(1969) finds that lead, ziji;é:, and copper are apparently precipitated at
depth at Broadlands and Waiotapu, New Zealand, possxbly due to boiling

and loss of carbon dioxide, whereas arsenic, antn‘nony', mercury,

b

gold and silver séem to be carried to the surface, -
4-6-2 ' Thermodynamics

The aqueous solubility of gold at 25°C has been calculated by

Krauskopf (1951) from standard electrode potentials and free energies
Y .

(Latimer, 1952), Equilibrium constants can be calculated from the

relationship:

. -
AF°=nfE and ~

logK = -AF°
2.303RT_ ;

¥ American Electrochemical Society sign convention
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Gold is commonly characterized by two*stable oxidation states,

+1l.and +3. ° K_ra_ﬁskopf, with Cloke and Kelley (1964), considered only the

auric staté to be important in the natural environment and his results

" must be vidwed in that light.

Krauskopf's conclusions were that:
1) In order to dissolve gold in acid solutions a strong okidizing

agent such as MnO2 is required, although 02,

Fe3+. and Cu2+ miéht :
hécre some dissolution effect. |
2) In acid solution gold is significantly soluble as AuCl; and
in alkaline solution as Ausg if sufficient sulphide is present.
3) Qualitdative results suggest allarge increase in solubility
with temperature. \
A 'c.lfifferent approach to gold solubility was takén by Helgeson
and Garrels (1968) who, from premises of the forma'tion of gold-quaril:z
veins by replacét.nent of count;y rock and of the metastable

precipitation of cristobalite, computed a '"geologic'' solubility for gold.

Helgeson and Garrels {(1968) showed that a solution with log My =
. 4 7 .

2.5, log mSZ— =3, 0, chloride = 3m, pH = 2.5 and at a temperature of

300°C could c'ar;y sufficient gold to forrn an economic gold quartz-alunite
vein deposit.
The approximations behind these and similar calculations are _

discussed in Helgeson (1967, 1968, 1969). The main deficiency in the

thermodynamic data is lack of heat capacity values especially for ions,

1

s



at elevated temperaf:ut{es. Helgeson.obtained entropies of di_ssociati\on

for ionic species by assummg an approximately linear relation between

-
kS

the entropy of chssocmtxon of. complexes involving a common hgand

Average heat capacities.were thén derived over a .specified temperature

~ range from the relationship:

T : -
c ] ST () s
T .

r

(T) - 4-1 *

‘The equilibrium constants for reactions involving -the forn,mtion

or dissociation of relevant gold complexes were calculated for 25°¢
: C

from the free energy data of Latimer (1952)}\ Computation olfrequilibrium .
constants at elevatgd temperatures involved an assumptionA of average
heat capacity over the required temperature range or an assumption that
the total heat capacity change was proportional to that of the electro-
static heat capacity (Helgeson, i967). The fi.rst approlximation is useful
where sufficient heat capacity data are available or can be estimate_d
froﬁ absolute entropies. The secon”d appfoximati;)n is useful for ™

gecchemical problems where no heat capacity information of any kind is.

‘available. In the latter case equation 3-5 is used:

] : ‘ _
* (a'") and {B") are coefficients in equation 4-1 (Helgeson, 1969, p, 734)
- { ) . hd

! . e
T

N



L -

1-exp { exp (b + aT)

[
log K(T) = 85, (T)) T -8
2,303 w
C+ (T T) ) - AR (T )
- - s Ty
' G 2.303RT

The relevant equzhbrlum constants for gold complex ion
stablhhes frorn Helgeson (1969) are shown in Table 4-7. It is difficult
to judge the accuracy of these nurnbers.

| The work of Helgeson and Garrels h‘a.s been criticized by Boyle
(1969) for a nj‘umber of réasons largely co::cernéd with the pH of tl.'le\'.'
solutions and the role of temperature. Helgeson and Garrels stressed
the acidic and oxidized ﬁature of the ore solutior.xs. Boylrle points'z‘{\t

that hot aprings carrying gold are frequeﬁtly neutral or alkaline, that

alumlha is not commonly transferred o any degree dunng\ vein forma-.
lt:.on and that carbonates are frequently Present in gold-quartz veins.

Boyle states that the occurrence of gold-quartz veins in seemingly
dilatantl: features and the evidence éf"regaction between most rocks and
fluid, bglie the predominant role of temperature called for by Helgeson
and Garrels,

Gold-quartz veins with aluniEe (KA13(OH)6(SO4)2), the type
discussed by Helgeson and Garrels, are not cdmmon. It is relevant

to note the experimental work of Hemley et al. (1969) on alunite which

indicates very acid PH (about 3. 0) for the ore-forming solution in

/
f
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deposuts, such as Goldhelds, Nevada and Butte, ‘Montana, both of which

L

have alumte 28 gangue. Gold chloride complexes are alrnost certamly
1mportant in this class of depc)fzts but the role of these complexes in
Precarnbnan gold- quartz vc}ﬁxs and eplther/al gold sﬂver vems of

the Japanese type is less certam Co d{tmns of metal depoa1tmn seem

\\\_t_o have mvolved solutmns more a ahn than pH of 3. 0 e
0 :

‘—-_.___‘- / o e ST
4-.6-3. Experimenta'/s dJ.es on/Gola Solublhty ‘
R . e . B ~ —
e e : ’ T
T fEa-rly,,expe'hmental studies of Ogryzlo (1935), Lindner and
-"""’ ,- Gruner (1939) and Zv1ag1ncev and Paulsen (1940) eatabhshed two important
',_:1""'/ aspects of gold. solublhty These are that gold is soluble as a chlor1de

complex in weak hydrochloric acid solution and that gold is soluble in
NaHS solution at h.tgh ternperature;s and pressures

Among the most important of the modern studies on golid
‘solubility in flutcts of potential ore solution cornposition (Chapters 3 and
?'7 o-tt this work) are those of Weissber’lg. (1970} and Seward (1973). Seward,
developing previous ‘experirnental techniques of Weissberg, determined

gold solublhty under conchtmns of variable m s’ ™ c1’ total sulphur,

Hz

PH and temperature with fH buffered against the Pyrite-pyrrhotite
2 .
couple. By comparison pf the expected acid-base dependence of sus-

pected complexes with observed solub111ty he concluded that Au(HS) )
Au(HS) and Au (HS) 52 are the complexes respona:ble for solubility

in acid, neutral and alkaline conditions, respectively. No evidence

~
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was found for AuS#, a_complexrsuspected by Kraus]gopf (1951) and

"""W1ssberg (1970) to be responmble for gold solub111ty in alkahne solutmr\l

The f mation constants for the pertinent cormnplex ion reactions are
‘f p

shown in Table 4-7.

It was argued by Seward that w_all-rbck alteratiom, fluid inclusions,

-

sulphide-oiide equilibria and the observed content of gold in'hot springs

all strengthened the likelihood that gold deposits form from near-

neutral pH solutions, Under such cond:tmns the experxmental gold )

solub:Lhty due to the blsulphlde complex, Au(HS) ; i8 greater than that

calculated for the chlorocomplex from Helgeson's data.

The chemistry of gold in potassium chloride solutions from:300°.

to 500°C was investigated‘by ﬂenley (1973). The pH and fugacity of

-29

oxygen were buffered at about 3.0and 10 atm. respectively at 300°C.

The total solubility curve was steep for temperatures greater.than 480°¢C

and solubility of 200 ppm was obtained at 1000 bars at this temperature.

However, gold solubility was only 20 ppm at 3000(:.

' !
Considering the stoichiometries of known gaseous gold ghloride

compounds Henley-deduced that Au2C16 is the most likely species but

and experimental solubilities are that:

‘1) Au C16 is not the rele,;rant complex, or

2

‘‘‘‘‘‘‘
‘‘‘‘‘
"""""""

-7
" theoretically calculated solubilities are 10 lower:than those obtained

‘éxperimentally. Two possibilities for the discrepancy between calculated
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2) extensive\hy_dr_gtion of the simple gold chloride species
may involve sufficient solvation free energy to account for

the higher experimental solubilities,
4-6-4  Fluid Inclusions in Gold Vein Deposits

Fluid inclusions of gold-quartz veins provide important data on
the chemistry of gold-bearing solutions and the temperaturé of gold
deposition in gold-quartz veins. Russian geochemists have desc-:jibed
in detail the fluid inclusions from a variety of minerals from Palaeozoic
hydrothermal gold-quartz veins {(Koltun, 196$a, 1965b; Moiseenko and
Fatyanov, 1972).

Carbon,dioxide is a major constituent of fluid inclusions in gold
quartz veins. A posi(‘t“ive correlation between the abundarice of carbon
dioxide-rich fluid inclusions and free gold has been noted by Machairas
(1970). It is significant that the highest molarity of chloride found by.

Moiseenko and Fatyanov was 0, 364M which is considerably lower than
that called for in the chlorocomplex models of ore-deposition. However,
fluid inclusions in epithermal gold-silver veins in Japan have chloride
concentrations up to 3M (Sato, 1972). -

Moiseenko and Fatyanov found a higﬁly significant positive
correlation between fineness of gold and the ratios of Na+:Na+ +K+

and C1 : C1 + HCO; in fluid inclusions from hydrothermal gold-quartz

veins of the USSR.
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The hon:mgenisation method for temperature determination of
fluid J‘:nclusions in Quartz, associated v:rith various generations of
sulphides and gold, has revealed a wicie' range of temperatu;'es associated
with gold deposits (Koltun, 1965a, 1965';;); Moiseenko and Fatyanov, 1972),
but a relatively narrow temperature interwval f&r 'g‘old f:'recipitation.
Typiéarlly, sulphideé,l such aé'ars;anopyrite, sphalerite, and chalcopy-
ritg,_are deposited b_etween 400° and,200°C but-gold, pyrite, quartz
‘and sih{er\_ in Japanese epithermal ores are deposited between 200° and
130°C. The final stages of precipitation, w::Lth associateﬂ carbonates,
may occur from 130° to 30052.

Evidence shows that major gold precipitation takes place at much
lower temperatu-res than suggested by the studies of Helgeson and

‘Garrels (1968) and Henley {1973).

4-6-5  Gold Solubility - Summary

1) Experimental and theoretica;]. work demonstrates significant
sollubility for gold in solution‘s of both acidic (pH less than 4) and neutraﬁl
to mildly alkaline (pH between 6 and 8) cha'ract;;.

2) In acidic :solutiona gold is significantly soluble as a
chlorocomplex 'g.'iven a _hig'h fugacity of oxygen and sufficient chloride. In

neutral to alkaline solutions in the presence of reduced sulphur, gold is

soluble as a sulphide complex.
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3) Hot springs transporting gold have a wide range of pH but
B . ‘\
the majority fall into the two pH groups noted in 1) above.
4) Fluid inclusions from gold deposits suggest that the temper-

ature of gold précipitation is fai:rly low and the molarity of chloride is

.often of the order of 0.4 M 61‘ less,

5) It has been Wpostulated by Sato {1973) that Kuroko deposits

formed from hydrothermal solutions with pH between 3 and 5. This

-acidity coincides with a minimum in the solubility of gold between the

chlorocomplexes of Helgeson (1969) and the sulphide complexes

established by Sewarc'i‘(\l973). On the other hand, the pH of Kuroko

deposition sﬁggested by Kajiwara (1973a, 1973b) is between 5 and 6,
where gold solubility is dominated.by sulphide complexes.

Taking into account the geochem;.cal similarities of the Kuroko
and Bathurst stratiform sulphide deposits (Chapter 7, this work), it is
thus of paramount importance to establishthe solubility of. gold at pH
3 to 6 in the presence of both sulphide and chloride .ions. This topic

is discussed in detail in Chapter 7.



CHAPTER 5

METHOD OF ANALYSIS

5-1 Sample Preparation

Four types of sample were used in this research including:

1) diamond drill core pulps (Heath Steele-Mines),

2) split diamond drill co:-é (Brunswick No. 12 Mine),

3) chipped diarpond drill core (:Anaconda Caribou Mine), and

4) hand specimens (Brunswick‘No.r 12 and Caribou).

" The drill colre pulps required no further processing. The treat-

ment of split drill core and drill cofe ch:Lps is sﬁown in Fig, 5-1. The
ha-nd specimens were used for mineral separations which were carried

out in the following manner.

Baﬂded hand specimens were cut with a dia;'nond saw para;.lel
to the lamination to obtain éectiohs rich in one mineral. The individual
slicef{ were then pulverized by hand in a éteel percussion mortar,
sieved between -200 and +300 mesh and washéd with distilled water and
acetone.

Mineral separation was then'carried out using a Franz Isodynamic

Separator after removal of pyrrhotite and magnetite with a hand magnet.

98
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Fig. 5-1 Flow Sheet-for Preparation of
Drill Core Splits and Chips -

Core Splits ‘ " Core Chips

Jaw Cruslper

Ceramic Disc Grinder

Sieve +200 mesh fraction on
nylon bolting cloth

~

Pulverize in Shatterbox to paés + 200 mesh

Y‘

Homogenize all sievings
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Settings on the Franz wére those used by Lusk (1968). In addition to
ma_gnetite and pyrrhotite the separates produced were pyx;ite, chalco-
p.yrite. sph.a_lerite and galena. |

Galena and sphalerite were easily identified wi\;.h a binocular
rnic.roscope and the purity of concentrates was estimated v.isually as
bet.te-r than 80%. Pyrite usually had no visible impurities under the
binocular microscope. Chalcoi:yrite was obtained in very small
quantities and was difficult to distinguish from pyrite. Thug, the purity
of the chalcopyrite separate (sample 14265, Chapter 6) is difficult to”
establish but probably better than 70%. The separations ;arere all very . /
difficq‘lt to ob{:aiﬁ( due to the fine grain size of the ores {3mm to 0. OOIfnm).
The mineral separates were gfound to a powder in an agate mortar.

The mineral separates and bulk ore samples were weighed into

high purity quartz ampoules‘for irradiation.

5-2 Analytical Procedure

5-2-1 _.General

A wet chqmical, carrie;-based neutron activation procedure,
involving separation and purification of gold and palladium activities,
was used. Samples and stémda):ds were irradiated together in a high
flux position in the McMaster Nuclear Reactor, The pert:i..nent induced

nuclear reactions are:
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- . oo A
197Au' (n,v) 198Au (Tllz = 2. 695 days), and A

10854 () v) 1%%pa r

‘1/2 = 13,46 ho?ré)

The induced activity for such n, y reactions follows the relationship

‘A{d/s)=d o N (1 - e_'}“t) . . e
— ,:'_-

where A = neutron induced activity in disintegrations per second

2
¢ = neutron flux in neutrons/cm /sec.
v L L -24 2
¢ = the activation cross-section in units of 10 cm
N = number of atoms of target nuclide
A = decay constant of the induced radioactivity

t = <drradiation time
- e
- The method is a comparitive one in which the unknown weight of the

desired element in the sample Ca is given by, ‘-’-,'_

c, - A5 Caa
Astd
where -AB = activity of the desired element in the sample

Astd = a.ctivity of the desired‘element in the Bt'an’dard
— Cstd = the known weight of the desired element i‘n'_..f-che standard.
The use of carriere;, milligram amounts of normal (inacti:.'re) palladium
and gold, added to samples after irradiation and intimately mixed with
the radioactive palladium and gold of the- sample in a hilgh ter{_ﬁperature

fusion, permit the use of analytical procedures in which ret;"overy of
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the analysis element need not be quantitative.

5-2-2 Carrier Preparations

Carrier solutions were prepared from Johnson, Matthey and
Mallory gold and -pallladium spénges. The pure metals were dissolved
CTTTre— o .
in aqua regia, converted to chlorides and diluted in 2N HG] to give

solutions containing 5 mg/ml of palladium and 10 mg/ml of gold.

One ml. of each solution was taken as carrier for each sample.

5-2-3 Irradiatiod

J

The normal irradiation unit consisted of 3 to 4 standards and
4 fo 8 samples packaged together in an aluminium radiation can. During .
tl;e progress of this work the pow;e'r of the McMaster Reactor was °
increased from 1.5 to 2.0 and finally, to 5.0 megawatts /hr. Irradiation
times were selected to gilve 15 to 20 rﬁegawatt-hours at these power
levels (12, 10 and 3hrsrespéctively) in high flux positions. After

decay for a period of 10 hours following irradiation the samples were

at a safe radiation level to begin the chemical processing.

-

5-2-4  Standard Preparation

Gold-palladium standard solutions were prepared from Joilnson,
Matthey ant7 Mallory high purity gold and.paliadim metal sponge (TMM

Catalogue Nos, JM74 and JM940). About 700 mg. of each metal was

*
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~ weighed to = 0. 025 mg., dissolved in aqua regia, converted to chloride

form by repeated ‘evaporation and addition of hydrdch_loric acid. The
!‘I . .

solution was then diluted with 2M HCI to a final concentration of

api)roximlately 5 mg/ml of gold and paliadium. Dilution was c;arrietfl
out by weigh,ing. using a top loading Mettler Model P 1200 balancé.

o About 50 mg oaf standard solution were ﬁeighed into quartz ampoules
and aufficient +200 to ~-100 meqh quartz powder added to absorb the '

solution. The ampoules were then taken to complete dryness in an

oven at 75°C.

5-2-5 Chemical Procedure

The chemical procedure was taken with minor modificatior7~3 from
Crocket et al. (1968). A significant improvement in the purity of the
final palladium precipitates, as compared with the above procedure,

t -

was obtained by use of a_holdi:;ack:-:carrie'r of the type employed by

Smales et al, (1967) in activation analysis of iron meteorites. The

essential details of the procedure are shown in the flow sheet presented

in Figs. 5-2 (a) and 5-2 (b).
/
5-2-6 Measurement of Activity

The palladium precipitates were counted on aluminium planchets

in a Nuclear Chicago gas flow proportional counter with coincidence

shielding and background of about 2.5 counts per minute: The equipment



Figuz:e 5'-2. (a) .Chemical Procedure for Samples

NaZOZ-NaOH fusion of sample with carriers

Transfer cake with water into beaker, chsaolve
and convert to chlorides with HCI

Evaporate, adjust to 0. 75 M HCI solution and

filter onto Rexyn 201 anion resin, (50 - 100
mesh, X12 cross-linkage)

Pd and Au are absorbed; 'elute Fe, Zn, Cu and
Pb by washing with 0. 75 M HC1 ‘

Elute Pd and Au with 0. 1M HC1-0. 1M thiourea

Precipitate Pd and Au fr!m the warm thiourea

solution by adding conc. NH4OH

.—’/7-

Dissolve -p'recipit'ate and convert to 6M HC! solution

Extract with ethyl a'::et:a.teY

Organic

Agueous

Au, pre!;pitate with ST - Pd, precipitate with dimethyl-

hydroquinone

dry and weigh

[

glyoxime in the presence of 5ml
of holdback carrier” and 0. 5g
citric acid.

' Wash, transfer to vial,

Repeat precipitation cycle
_three times, finally wash,
transfer to planchet, dry and
weigh.

*Tﬁe~.holdback carrier contained 2Zmg/ml of Fe, Co, Cr, Ca, ZnMn, Mo and
As (Smales et al. 1967)
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\\‘
Fig., 5-2. (b) Chemical Procedure for Standards -
. / . ‘d o T
Dissolve standard in aqua regia
Convert to chlorides and take
up in 6 M HC1
Extract withethylacetate
iv
'\/‘

Precipitate Au from
organic phase as for
samples

Precipitate Pd from
aqueous phase as for
samples

&y
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consisted of an automatic sample changer, scaler with time and total'

\

counts selection, proportional codnting tube, and typed paper tape out- -

put giving sample number, duration of count and total counts. °

The palladium beta activit.y was followed for as many half-lives

. [
!

as possible, Usﬁally/eacl"x' sample was counted three times a day for
the first few day.s and then less frequently for one or two weeks., Decay
curves {plots of count rate vs. time) were then plotted ;an 5eﬁ'1i- ‘
logarithmic grgph paper.r :

Under ideal conditi.ons .the decay curve resolvedrinto two linear
“compon.ents con:sisting of a short-lived member with a half-life fairly

109Pd' and a second component.o'f very long half-life.

close to that of

By extrapolation of the latter, and subtraction from the composite
109 .

curve, a resolved curve for pure ‘PPd was obtained,

The palladium content of the sample was then calculated from:

metal (parts per billion) = N x 109 x Y1

MxW xYZ

where = sample counts at time t

[
I
I

N

M = mean activity of standar;ls per gram of palladiilm

w = weighil: of sample in g_ran-as‘

;‘}1 = yield of Btandai‘d in weight fraction

Yz = vield of sample in wei:ght"fr.action

The gamma radiation from goid was counted in a We&l-tyée

3" X 3" Nal ('Tl) scintillation detector linked through an anélog to digitall
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_conver‘ter to a 1600 channel memory (Nuélear Chicago Crorp..‘.‘-). | Qutput

was on teletype, using both punched .paper ‘tapé and typed pai)ex" roll.
The gold s’béctralwere- invariably pure and calculation was

- straight forward. .For samples with 500 ppb or more the activity level

';Jas high enough to permit counting periqu of approximately 5 minutes,

- Calculation of the gdld content was by computer programme. The

: *
! e

method of calculation is that of Wasson (Baedecker, 1971) which compares

favourably with other methods according to Baedecker. A representation

-of the Wasson method is shown in Fig. 5-3, The peak area is

‘calculated by the following expression:

i=+n :
_ 1
area = . 2, -~ (p+3)0b +b )
i 1= -n
where n = the number of channe‘lg on the left side and right side of

channel zero (the centremost channel) at half peak height
a.= the number of counts é.ccu'mulated ;,n channel‘.i
b_= the background in channel n as de.termined from a straight
].in; drawn bet;veen ;:hannels at the left- and right-hand __

Limits of the peak.
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Fig. 5-3. W’asfson Method of Peak Calculation (after Baedecker, 1971)
I’ '
!
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5-3. Precision, Accuracy and Sensitivity .

5-3-1  Precision

/ {a) Discussion (f - ‘ |

In the following account o % is to be read as "perc;antagé standard
.deviation due to...". All error limits are for .one standard deviation. .
Errors are random or systematic, with random errors reflected in
precision and systematic errors in accuracy. Four components of
random error can be distinguished: o % (sample inhon;c‘)geneity),

o % (irradiation), o % (chemical method) and o % (counting statistics).

The weight of the sample taken is a major factor in cieternﬁning

. : N
\ ’ -.\t- ’
‘the percentage standard deviation due to sample inhomogeneity, because

lérger samples are more likely to be representative and show*!;:he
1
characteristics of homogeneity.

Variations in neutron flux across and along the samples account
for most of the standard deviation due to irradiation. De Soete et al.
(1972) suggest that this may amount to 10%/cm in a small-core water-
moderated reactor. Skippen (1963) found a flux variation of 2.5%/cm
for the McMaster University Reactor for an irradiation position at the
core margin, The standard irradiation container is 2.5 cm in
diameter by 4.5 cm in length. ’

The expected standard deviation attributable to the chemical

method is difficult to determine, but should be small as the use of a

R e
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/
carrier elimin}ates' the need for quantitative recovery of the element of
interest. Each of the numerous stages has a possibility of small error.
It is expected that this error is less than 2% (De Soete et al. 1972), ¥
The count rate measurements are affected by sample geometry,

electronic drift and counting statistics. For gamma-counting of’the'
gold in e well-type detector, geometry probably does not generate
significant error. This was verified by count:mg standards and sampfes
at dltferent pos:.t:one with reepect to the detector, E;rrors due to.
Jelectronic drift are minimal because of the Bho.t-t counting times involved.
'I'h'e‘ez.-ror due to counting statistics, éiven by VN/N x 100% .where— N is _
the total number of counts, is usually less than l.%.

An additienal source of error in counting the 0.96 MeV beta
radiation of ! 9Pd is self-absorption which may become significant when
sample and standards differ in weight by more than 10%. A self-
absorption correction curve was estiablished by Chyi {1972) and was used
in this study to correct all palladium count rates for eelf—absorption
effects,

Variations in the texture of palladium preciéitates could also

|
cause differences ’1n counting geometry. Sufficient _washiﬁg with alcohol
to remove lany traces of unreacted dimethylglyoxime and slow drying

were usually sufficient to ensure an even, smooth precipitate,

The electronic drift of the beta-counting equipment was monitored
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by Jrarnﬁ acetate_sfandards. Short-term (periods of 1 to 2 days)
cortections of palladium activity were not required.
The random errors may be summarized by the following

expression:

o % (total) = o % (sample inhomogeneity) + o % (analytical) 5-1

"where o % (analytical)= o % {irradiation) + o% (chemical) +

o % (counting) + o (calculation) A 5-2
with the last term inequation 5-2 applicable toPd only,
({b) Error Analysis

1) The f)ooled variancé estimate (Dixon and Massey, 1951) of
the percentage standard deviation of duplicate analyses for gold and
palladiurn. was found t;a"be 34%* an& 52% respectively (see Table 6-7 for
data used to compute pooled variance). The corresponding values for
the standards were 63‘70 and 1 0%, - - /

2) The error for the standards is considered to Be o %

(irradiation) = o % (counting). o % (counting) can be found from VN/N.
| HencAe for gold, o % (irradiation) = 6% - 1% = 5%, and for palladium,

o % (irradiation) = 10% - 1% = 9%,

One value, exceeding 4 standard deviations from the mean, was

neglected.
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3) .The error due to the chemical method, o LA (chemical)
is taken to be less than 2%,

4) The total error due to the analytical technique is calculated

from equation 5-2. A summary of error components is presented in Tade 5-1.

B

Eor gold we ha.ve that o % (analytical) = 5% + 2% + 1% = 8%, and for
pall’adium C:' % (analytical) = 9% + 2% + 10% + 10%* = 31%.

5) Finally, ‘Irc‘am eq-uation 5-1, the error due to sample
inhomogeneity is given by o % (sample inhomqgeneity) = o % (total) -
o % (analytical). This error, 26% for gold and 24% for palladium, is

approximately the same for both metals. "

AN

5-3-2  Accuracy

There is no internal method of clogely defining the accuracy of

the method. The usual approach is to compare the results on stahdard ’

rocks with those of other.labora.torieé, methods or analysts., No
systematic contamination of the samples is expected from the crushing
procedures or from quartz irradiation tubes.
Posaible systemaﬁc errors of a nucleaq" nature are:
1) self-shieldi;*ag of the neutron flux by the element of interest
causing neutron attenuation at certain energies,
| 2) products from competing reactions of the (n, p) or {n, a) type,

3) uranium fission products.

. AN

. ~ : . . A
* Graphic errors\could cause up to 10% error in the calculation of

palladium activities for samples.

)
]
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" Table 5-1. Summary of Random Errors for the Analytical Method

GOLD

<

Sample Total 7 34
Standard Totgl 6
Counting 1
Calculation -
Irradiation | 5
Chemical - 2
Analytical ~ 8
Sample . 26

Inhomogeneity

% standard deviation

PALLADIUM

% standard deviation
" 55
10

10 (samples)
0 (standards)

10

31

24
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Self-shit_:lding may be significant for gold because of‘a very
large reSOr;ance peak at a net.ztrlon energy of about Se’V. To minimize
this effect the standard gold éhogld‘be v;rell ;iispe:sed as in the
preparation used Here. A well-thermalized negtrén flux is also
édv'antageogs as is apparent from the cross-sec:tion-vs. neutron energy
curve for gold (See Fig. 5-4), o . | ]

Products f'r.om- reactions s‘uch as (n,p),. (n, a) or fissi;on of
u;anit_.lm are unlikely to be of any significanc‘er for gold. P.ossible
interferences for palladium inv_olving {n, p), (n: e) and(n, fission) rea_cti-ons
on Ag, Cd and U have been discussed by Crocket and Skippen (1966).
For 1% interference, silver/p:llladi.um, cadmium /palladium or
-uranium/palladium ratios must be greater than 10, 000:1,.10, 000:1 and
190:1 respectively. The ui-énium content of massive sulphides is not.
expected to be significant, although thatAof sediments and volca'nics may
cause some degree of inacchracy. The maximum silver content of the
massive sulphides- is approximately 30 to 60 ppm resulting in a
m;aximu'm interference of 1\0% for 0.5 ppb palladiﬁm. The cadmium
content oil' the éﬁlphidea.may be of the order of 100 pém giving a
maximum .interference of 20% for 0.5 ppb palladium.

The accuracy of the analytical method wad tested by analysing
the U.S. Geological Survey standard diabaz;e a;nd the D. E. M, R.

(Mines Branch) standard nickel-cqpper matte PTM - 1{A), The

latter standard was analysed for gold only. The results are shown in

-




Fig. 5-4. Relatmnshlp of Neutron Flux and Cross-Sectmn of
Gold to Neutron Energy.
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Table 5-2. .

' During the progress of the work four standard solutions were
px.-epared for gold and palladium. These were periodicélly ;6mpared
to -provide an internal check on the accuracy of preparaijon and‘to detect

possible deterioration with Hime. c T
5-3-3  Sensitivity

Croc‘;cet (1971) calculated a sensitivity limit of 0.5 ppb for gold
bf‘gamma—spectrometry. All s‘a.mples analysed in this study contained
gold contents well above this level. For palladium determination by
Beta-counting, it must be recognised that the definition of a sensitivity
limit must include provision for nuc:lide characterizatioﬁ by half.-life'

determination, | -
If the usual practic.e.' of assigning the detection limit at a signal-
to-background ratio of 2:1 is followed, - a palladium content equivalent to
a count rate of 4 counts lper minute (cpm) is tequired. The background
counf rate was 2 cpm. If a decay period equivalent to 3 hélf-lives is
required for characterization of the ._radiation, the initial count réte must
be 4 x 23 or'32_ ¢pm. If graphical ;ubtractién of long-lived contamination
is required, somewhat higher count rates are needed. The count rate
required for adequate characterization in the i)resence of minor

contamination is taken as 40 cpni which is equivalent to 0.5 Ppb although

the detection limit, 4 cpm, is equivalent 0. 05 ppb of palladium.

/
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i
Table 5-2. Gold and-Palladium Analyses of Standard Samples
- (a) Analyses of W-1- (Standard Diabase)
| Experiment Gold - Palladium ' Note
ppb ppb
BRA-1 4.2 14.8
BRA-2 | 4.6 8.7
BRA-3 7 6.1- . 10.9
BRA-5 12.0 15.8
TEST-1 - 1 6.1,4.1 -
- CM-3 - - 9.9
5.0%0,8 12,0431 Mean for this work
: fexcluding BRA-5 valie for
gold) S
y Y.
12.0%]1,7 Rowe and Simon, 1971

(12 determinations)

11.5% 0.3 Crocket et al,1968
: ‘ (17 determinations)

4.6 £ 0,69 Gottiried et al. 1972
! ‘ (8 determinations)

(b) Analysis of PTM-1(A) (Ni-Cu Matte)

2045 _ . This work

1810 + 220 . McAdam et al. 1971
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Inspection of the palladium analyses performed in this work @ h

showed that, in general, most p‘roblerns with decay curve arialysi.s are not

T
-

due to ins:ufficient counts but to contamin};nts of intermediate half-life,
'I'lﬁs is evident in the fac;t that the bes.t; decay curves ‘wgzl-e obtained f;or
samples having low initial count rates. - The opposite would be expected
‘if the errors were due to statistical counting f_actors. | Improvement of
sample purity by increasing the'r;umber of purification steps is of
limited usefulness however, due to attendant dgcrease in the yit?ld.

In the tables of results those palladium analyses whose decay
curves were followed for three half-lives or more are distinguished

from those where significant contamination was present,



CHAPTER 6

ANALYTICAL RESULTS - -

6-1 Sémpling
6-1-1 Metal Profiles on,Diamond Dx;ill Holes

it

Variatio_r?s.'in lead, zinc, copper, gold anrd silver are presente_-d

. in a series of figufes,- F;.ig. 6-2 to fig. 6-7, showing metal profiles

and lithologies along the six dian;mn_d drill holes studied. These

diagra.ms‘ are pa;eceded By Fig. 6-1whichis a key to ;.he litht;log’ical'

symbols imd mineralogical notations used in the metal profile diagrams.
Samples from the Heath Steele B-1 orebody were pulps Aprepare-d

from 5 ft. (1.5 rh) intervals of core from diamond <dri11' hole B138.

Thé location of this hole‘ is shown in Fig. 2-4 and a log of the lithology

and c-haracter of sulp.hi;des is give;z with thelmevtal profiles in Fig. 6-2.

The arialyséd sampleé provi/de continuous metal profiles across 10 ;t.

of footwall metasedi_ment;s and 140 ft, of ore, an almost complete

‘section of Fhe-oreboély.' In Fig. 6-2 and all other metal profile diagrams,

~ zero footage is taken at the diamond d;ill hqle collar. |

Selected samples representative of various ore types and host

rocks were taken at discontinuous intervals along three diamond drill

holes through the Brunswick No. 12 orebody. The samples consisted

119




120
N

. )

of split drill core representative of various core lengths. The. drill

hole 'locations-are plotted in Fig. 2-3, _Logs of the core hthology,
;
the core mtervals sampled and, the metal pr%ﬂes aré presented in

\

i
S

Fig. 6-3 to 6-5. S - )

o Lol
The Anaconda Caribou Mine is represented by two diamond dr111
l”/

' holes mtersectmg two orebpdies as shown'in Fig, 2-2. Both holes

LY

are rmainly in massive sulphide but they do iﬁtersect some ;mn_-ore
' grade achis; and tuff (Figs. 6-6 and 6-7), In massive sulphidgs a
continuous Sequence‘ of samples was taken, Each sample is an aliquote
taken from a pulp prépargd by the Company and regrésents on the
avergge 5 ft. (1.5 m.) of split core. ‘Wallrock‘schists and tuffs were
sampled on a discontinuous bas_is to represent thé main host rock types
distinguished by Dr, R Cavalero, mine geologist. Samples were

aliquots of pulps prepared from split core representing on average 2 ft.

(0.5 m. ) of core,
6-1-2 Separaté Mineral Samples | o

Samples of separated sulphide minerals from éach of tb§ three
deposits were analysed for gold and palla.dium. The prepa.‘r.alt;on of
mine:zz-al separates from the Heath Stee‘];\e B-1 orebody was déscribed by
Lusk (1968),and the mineral separates frorp the B:Lunswic}; No. 12 and

Anaconda ‘\Carif)ou deposits prepared by the 'author were discussed in
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Chapter 5. Mineral separates .-from 22 Heath Steele, 5 Brunswick
No. 12 aﬁd 4 Caribou Mine samples were analysed. The mineral .
separates Izilrepared were pyrite, sphalerit%alena, chalcopyrite and-
. - 7

Pyrrhotite, although in the 'majority_. of cases samplea'were represented
by pyrite and sphalerite only.'

Three of the samples from the Brunswick No. 12 Mine, 16136t
16141 and 14265, were diamornd drill core cho"s.en because of their
high metal contents as indicated by company assays. Samples
WMCBO11 (C-aribou Mine) and WMC"BOIB (Brunsgick No. 12 Mine)
were hand ‘specimens of banded lead-zinc sulphides which could be
selectively sawn to obtain slices rich in galena, sphalerite 0:-' Pyrite.
Sample WMCBO017 (Caribou Miné) was a hand specimen of massive )

pyrite ore. The Heath Steele separates were obtained from both drill

core and hand specimens,
6-2 Results

The results of the drill core activation analyses for gold and
— palladium together with the lead, zinc, copper and silver assays kindly

provided by the mining companies, are presented in Tables 6-1 to 6-6.

The gold and/palladiurn values are means where more than one anaiysis

was made. Individual gold and.palladium values of.samples analysed

- in duplicate are given in Tables 6-7 (a) and 6-7 (b) respectively.

/




Fig. 6-1. Key to Lithological Symbols and Mineralogical
‘ Notatiops used in Figs, 6-2 to 6-7,
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Fig. 6-2. Metal Profiles and Lithology for Diamond Drill
Hole B138, Heath Steele B-1 Orebody.
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Fig. 6-3. Metal Profiles and Lithology for Diamond Drill
Hole 12-1037, Brunswick No. 12 Mine,

-
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Fig, 6-4. Metal Profiles and Lithology for Diamond Drill
Hole 12-1002, Brunswick No. 12 Mine.
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- Fig. 6-5. Metal Profiles and Lithology for Diamond Drill
Hole 12-105]1, Brunswick No. 12 Mine.
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Fig, 6-6. Metal Profiles and Lithology for Diamond Dr111
Hole 62-9, Caribou Mine,

it
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Fig. 6-7. Metal Profiles and L1thology for Dxamond Drill
' Hole 62-17, Caribou M1ne .
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The gold and palladium contents of i'ndi\ridual separ?ted sulphide
minerals are pre-éented in Tables 6-8 (a), (b) and (c). Av_erage valt.IJ.e.-"s
for the mineral separates are given in Tables 6-9 (a) and 6-9 (b) for
gold and palla_t_iium relspectively.

.The~g01d and palladi:u;'n results for host rocks are presented in' .#'JI

Table 6-10. The petrographic names used are tl'iose' employed by the

~

mine geologists in the various deposits. The -sant';ples are from the

. y
drill holes previously noted and include either hang\'i\ng-wall or footwall
intersections of the various host rock types shown ierigs. 6-2 to
6-7. They are all within 100 ft. of a massive sulphide body. Compared |
to average \a;alues for rocks-of comparable composiéion or'petrogenetic
type (see Chapter 4) most samples are anomalously high with respect
to gold,

Finally Table 6-11 presents the average value and standard
deviation for Pb, Zn, Cu, Ag and Au in each of the drill holes investigated
from"the Heath Steele and Caribou Mines., .For the Brunswick No., 12
deposit the same- pa;rameters are averaged for the three drill holes
from this mine. These averages apply to all samples analysed whether

- ore grade material or not., A second set of average values is computed

for gold and palladium applicable to massive sulphides only.
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Table 6-9(a) Average Gold Contents of"Sepafrated Sulphide Minerals in
New Brunswick Massi ve Sulphide Deposits in PPB

MINE-

Heath
Stee_le

. Anaconda
Caribou

Brunswick
No. 12

‘Grand
Average

Table 6-9(b)

MINE

Heath
Steele

Anaconda
Caribou

Brunswick
No. 12

Grand
Average

Number in parentheses is number of samples

Errors are given at one standard deviation from mean in percent, =~

PYRITE SPHALERITE GALENA

548(10) 162(13)
17000(4)  187(1)
3790(5) - 245(3)

4900£224% 178+71%
(19) (17)

Average Palladium Contents of Separated Sulphide Minerals
in New Brunswick MassiveSulphide Deposits in PPB

PYRITE SPHALERITE GALENA

3.5(10) 1.9(13)
15, 4(3) 1.8(1)
4.1(2) | 0.71(3)
5.94140% 1. 6+68%
(15) (17)

140

CHALCOPYRITE PYRRHOTIT

544(2) | 1578(4), 162(5)
6. 9(2)
11500(1) 32(1) -
2516+194%, 669£1119% 162919,
(5) {5) (5)
CHALCOPYRIT; PYRRHOTITE!
3.1(2) 0. 72(1) 11. 7(4)
3. 1229, 0.72 11. 7%10. 59,
(2) (1) (4) !

]
]
i




141

Table 6-10. . Gofd_ and Palladium Contents o} Host'Rocks in the Vicinity
of thel Heath Steele, Brunswick No.12 and Caribou Mines
ROCK TYPE GOLD{ppb) . PALLADIUM(ppb)
Chloritic meta- ‘5. 1(B), 0.59(C)
" sediments - 1,0(B), ‘ 3.1 (C)
: 21. 0(C)

Graphic meta- 2.9 = 4% (2).(C) 2.9 £ 7% (2) (C)
sedimentary schist : :
Iron Formation 13.0% 10% (3) (B) 2.4+ 7% (3) (B)
Tuffaceous } 16.0 (H) 0.75 (H)
sediments N 130 (B) 1.6 (B) Ll

19. 0(BY 1.1 (B) .

12, 0(B) .t 23.1(B) ST

60 (B) 1.3(B)
Intermediate to 0. 88{C) 1.4 % 30% (6) (C)
acidic volcanic 0.96(C)
schist or tuff 4, 1(C) )
2.4(C) o
19. 0{C) \
12. 0(C)

Rhyolite 27.0(B) | 0. (B)
53. 0(B) ' ‘ -
Andesitic porphyry 1.4 (B) , 1.1 £ 25% (2) (B)
dyke : 1.8 (B) .
\\/

o | (2\

Nate: Number in parentheses is number of.samples

(H) = Heath Steele Mine, (B) = Brunswick No. 12 Mine
{C)} = Caribou Mine.
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~Table 6-1_‘I . Average Metal Concentrations in Diamond Drill Holes

"MINE Heath Steele
Diamond
Drill B138
Hole No.
1 2

Lead % 1.65+140% (30)
Zine % 3.44+1207(30)
Copper % 0.98+%79%(30)
Silver 39.5+80%30)
ppm

Gold 428  £95%030)
ppb

Palladium 2. 0£120%(28)

. ppb

Mean value
for massive
sulphides only

Gold
ppeb

430 2£96%(30) .

Palladium 2. 0+120%(28)
ppb

“-Caribou

Caribou

62-9 62-17

4

0.56+120(17)y . 0. 612180917

2,76£95%017) 1.69x110%17

0.58+53%(17) 0.91£65%(17)

20, 0£80%(17) | 27. 8130%(7)

677 +220%20) 686 £230%(27)

3,4£93%(18) 1. 4%70%(25)

Brungwick No. 12

Combined
12-1037
12-105]
12-1002

2.50£100%(20)
6.22+90%(20)

0.20490%(20) -

* ]

57.5%x110%(19)

249  £99%(34)

1. 1£68%(27) -

-

. -
758'1190%(}7) 1200 £150%{17 353 +60%(20)

3.6x938%(15) 1. 7£55%(16)

[
1

0. 74+£75%(20)

Note 1: Limits are quoted at one standard deviation in percent?f the mean.

Note 2: Figures in parentheses are number of samﬁies.

W7
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6-3 . Discussion of Results ’\

6-3-1 Introduction

The relevance ott the standard deviation of the gold analyses
 with respect to sample inhomogeneity hJaS al;eady been discussed in
Chapter 5, V'Thé overall standard'deviﬁtion.ba'sed on a pooled variance
estimate is 34% of which some Zf‘a% can be ascribed to sample
inhomogeneity.

The rnassil've.sulphides and the maj-ority of the hoét rocks show
. .no .signiﬁcant differences in mean pélladium content. However, in
the Brunswick No. 12 mine the irt'{p formations which average 2.40 %
1% ppb'a'.:e sfgnificantly higher than the ma;tlsive sulphides who;e average
palladium concentration is 0. 74 = ";'5% ppb.

The sulplnde minerals were found to be highly variable in gold
content. This is partly due to the smaller sample weights of mineral
taken for analyses. Pyrite consistently shows a higher content of gold
than sphalerite (Tab1e 6-9). The great vafiability in the gold contents,
especially of pyrite, suggests that gold is present as a discrete phase,
probably the native metal. The systematic partition of gold between
sulphide minerals from Sudbury 1>l'ickeI Irruptive ore found by Chyi {1972)
presurnalSly occurs.only at the p;;b level and at magmatic temperatures,
From Table 6-10 it is apparent that the host rocks of the deposits

~Benerally show low palladium contents, in the range X to 0‘.X ppb. On
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the other hand, gold content of the footwall rocks generally increases
towards the orebod.y. It is also noticeable in DDH 62-17 (Caribou
. Mine) that six samples from the hanging wall show a gradual, though

"small, increase in gold as the orebody is approached.
6-3-2  Metal Zoning

Zoning of base metals and silver has been recognised in this
class of deposit for some time (Chapter 2, 'this work). The assgciation
of silver with lead is well known, but the degree of correlation of‘gold
with the various base metals is very poorly established. Ir;1 particular
it is not known with any certainty whether gold exhibits a zonation )
comparable to any of the base metals.

‘The results obtained in this work were.used in factor énalysis
which attempted to define the'zoni.ng of the precious metals in relation
to that o£ the base metals. (Correlation coefficients were computed
from the abundance data and used as primary input for the factor analysis.
The correlation matrices for lead, zinc, copper, silver, gold and
éélladium for individual drill holes from the Heath Steele and Caribou
Mineé and for all data from the Brunsawick.No. 12. Mine are presented’/
in Table 6-12. The weightings for the rotation of three factors are shown
in Table 6-13, | ) o

In both the Brunswick No. 12 and the Caribou deposits the same

three factors can be identified. _ _ .



Table 6-12. Correlation Cpef.ficieuté
Drill Core Analyses
(see tables 6-1 to 6-6 for data used)

Brunswick No. 12 Mine (all data)

Lead Zinc Copper Silver Gold Palladium
Lead 1. 000 .
Zinc , .930 1.000
Copper "--T084 - .140 1. 000
Silver . 754. . 637 . 002 . 1.000
Gold .583 .588 - .268 .278 1. 000 .
Palladium, .188 .108 . 035 .287 . 259 1.000

Caribou Mine {DDH 62-9) .

Lead 1.000

Zinc .584 1.000 ,

Copper | -.137 - .149 1.000

Silver . 838 .555 . 017 1.000

Gold . 670 .444 - .033 . 765 1. 000

Palladium ‘ .100 . 358 .. 254 - .056 - - 084 1.000 ‘

Caribou Mine (DDH 62-17)

Lead ' 1.000

Zinc . 947 1.000

Copper - .206 - .204 1.000

Silver . 784 L 711 . 246 1.000

Gold .506 .629 - .216 .395 1. 000
Palladﬂium - .073 . 019 - .321 - .261 .462 1. 000

Heath Steele B-1 Orebody (DDH B138)

Lead 1. 000
Zinc .910  1.000
Copper - . 646 - .699 1. 000

o Silver . .822°  .812 - .530  1.000

. Gold " . .005 . 008 .204 134 1.000 |

Palladium - .276 - - .290 .. 183 - .284 - .034 1. 000

B2 i ol AL s e =7




Table 6-13. Rotated Factor Loadings

Drill Core As;:;.iysés

{(see tables 6-1 to 6-6 for d:;ﬁ used)

- Brunswick No. 12 Mine
Percent of Total Communality-85%

Factor - 1 2 3

Gold -.70 - -.65 .31
Silver '-.95 .17 .25
Zinc : . -.98 -.20 -.01
Lead -.99 =, 11 .07
Copper -.01 1.00 .08

Palladium -.12 .02 .99

Caribou Mine (DDH 62-9)
Percent of Total Communality-87%

Factor 1 2 3
Zinc . -.70 -. 66 -.28
Lead ‘ -.97 -.19 -. 14
Gold -1.00 .10 .02
Silver -1.00 -.00 .04
Copper .03 -.12 .99
Palladium C .06 -.97 .21

Caribou Mine (DDH 62-17)
Percent of Total Communality-92%

Factor 1 2 3
 Gold -.63 77 . 06
Silver -.93 -. 11 -.34
Zinc -.97 .15 .16
Lead -.98 .01 .17
Palladium 17 .96 .21
Copper . 06 -.18 -.98

Heath Steele B-1 Orebody (DDH B138)
Percent of Total Communality-89%

Factor 1 2 3
Copper .92 -.40 -.05
Silver -.96 -.21 .17
Zinc .99 -.01 .14
Lead -.99 -.0 .14
Palladium A7 .01 -.99

Gold -. 01 ~1.00 .02

146
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1. zinc-lead-silver-gold -
2, copper

3. palladium'

The identification of the three factors obtained from‘the Caribou
. and Brunawick No. 12 data with éeological and mineralogical properties
' . .
of the deposits is facilitat‘ed‘by taking into account the correlation
e . : _ Sa

coefficients. The four metals making up factor 1 are all positively
correl.ated,with the lead-zinc correlation the strcngest.by far. Silver
correlates strongly with lead and somewhat less strongly with zinc.
Although gold correlates positively with lead zinc and silver, the
correlation is weaker than all other cor'relati'on_s_ involving this group
of metals,

The lead-zinc correlation érises largely from the occurrence
of these two metals mainly as interbanded, lead-rich and zinc-rich
‘layers. Characteristically both metals show sympathetic variation in
concentration along a.11 drill holes. The high lead-silver correlations
‘are compatible with the occurrence of much silver as discrete sulpho-
sélts in very close association with galena (Boorman, 1968). Thehgold '
correlation with lead and zinc is %ker than the Pb-Zn-Ag associations
and is not significantly biased in f;vour of either l;net_él. Gold is
Preferentially concentrated in pyrite rela‘xtive to coexistir.lg sphalerite,

Insufficient gold datawereobtained on galena to assess its importance

as a gold host relative to pyrite or other sulphides, However, there is
Lo '



f

148
very ﬁttleﬂdence to suggést that the relati\;'el;‘weak gold-lead-zinc -
correlations are due to lattice substitution of gold in sphalerite or galen‘a.
Rather, saturation of the ore r;olution with gold (with respect to the
ngtive met:lt].). galena and sphalerife at app'rOxim.ately the samé stage in
the sulphide dépositional cycle is regarded as a more plausible
explanation,

The second.factor identiﬁ'ed is copper. Again, the correlation .
coefficients are compatible with fhe existence. of a separate copper
factor in that the metal correlafes weakly and negatively with lead and
zinc, .This reflects the characteristic sep&ration or zoning of copper-
rich and lead-zinc-rich zones in these ores. The correlation %{éold
with copper in both deposits is negative and very weak, a consequence
of the preferred association of the metal with leag—zi:;t: rich ore in
these deposits.

Palladium 'cc;nstitutes a separate factor and is only weakly
correlated with other metals. It does not appear that palladium is
ﬂtlrongly influenced by the ore depdsitional processes controlling the
distribution of the base metals.

The factors for the Heath Steele B138 hole are somewhat different:

1. zinc-lead-silver-copper :

2. gold ” \
3. palladium

Here copper appears with the lead-zinc-silver factor and gold is isolated
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as a separg.te factor. An examination bf the B138 profile (Fig. 6-2)
mdmates ;:hat this dr111 hole is characterized by a'local gold enrich-
ment in massive sulphides. This enrichment occurs in the wé.ning b
utages of copper deposition end.Just prior to the onset of lead -zinc

deposxtmn There is no obvious explanation for this gold-base metal
v s
relatmnshlp whmh differs from that observed in other profiles,

Palladium again is weakly correlated with the dther metals exhibiting

no detectable zoning or significant correlations.

6-3-3 Conclusions
W

The palladium results show .that the metal is not characterized
by zoning or syetematic :spatial.~ distribution within the deposits that
correlates with any of the ‘demonst.ratedhbase metal trends, Palladigm _
is often 'lower in concentration within the sulphides than in the lhost
rocks. This indicatee that either no signific_ant'amc_)unt of palladium
was transported ie the ore solution or that palladium was not Precipitated
with the other metals but lost to the surrounding environmept.

The gold is highly enriched in the massive sulphides compared
to the host rocks and shows a zonation towards the lead-zinc- rich ore
in the Anaconda Caribou and Brunsmck No. 12 depoazts The Heath |
Steele B 1 deposit shows no correlatmn of gold with any other element
though this may be due to insufficient analyaes to provide a representative

;

suite for this deposit.
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Itis interesting to contrast theaerresults with trends of gold
and paltadium in sedimenil:s near the East Pacific Rise (Cro_cket
et al. 1973). In this mid-o'cegn sidge envii-dnm.ent palladium is
concentrated on the rise crest ar_ud correlated: positively with elemepts
associated with volcanic .e;'manati.on. including iroh. manganese and
arsenic. Gold, altho'ugh more widely dispersed was als§ concentrateci
about the rise crest region. Thus similar geoc.hemical behaviour of

gold apd platinum .‘il's characteristic of these volcanic emanations.
This is markedly differ‘e"jnt to the contrasting geochemistries of
palladium and gold .in_th_;?\.:volcanic fluids f.rom which the Bathurst ofes
; '
were deposited.
- The most probable rﬁineralogical form of gold is the native
metal. The following reasons support this cqntentiom )
1. There is no olbviou.‘g minera-l host amgng the major sulphides.
2. Great variation in dupliéate analyses of ores and separateci
sulphides is found,
3. In deposits of similar or analogous type (e. g- Kuroko)
native gold has been identified.:
If the assumption of the presen;:e of native gold is correct then presumably
the ore solutions reached saturati-on with respect to. this phase.
Thermodynémic models for the formation of thése deposits derived

from consideration of lead, zinc, copper _and iron abundances should

also predict the behaviour of gold in ore solutions if equilibrium of

"
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soluble gold complex ions with the native metal is assumed.

The probable gold grains in the New Brunswick stratiform
.- |

"'sulphide deposits ar.e too small for characterization with the electro'r;
microprobe. - The possibility of the pccurrence of gold as tellurides
cannot be positively ruled out. To evaluaté ‘the possil;ility of gold j
occu;rerice as a tel'luride phase, analy-sis for tellurium and c_ofnparisc!’)n

with gold contents would bé fequired. - —
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CHAPTER 7
\'-_IFORMATION OF MASSIVE SULPHIDE DEPOSITS AND

TRANSPORT OF GOLD

L3

7-1 Introduction

In order to elucidate the significance of the gold data, it is
necessary to develop a model or models for the formation of the massive

su]:phide deposits of New Brunswick. The consistency of the analytical

data with conventional theories of metal transport in ore solutions can

-+

then be tested.

‘Modern analogues of massive sulphides would be helpful but are
lacking, although the Red Sea hot b;'ineé suggest some properties of
the behaviour of concentrated soldtions on the sea floor .(Chapter 3).
Unmetamorphosed stfatiforrn massive sulphides are not common, but
the Japanese Kuroko deposits afford sorne pafralllels. Taking into account
the more extensive knowledge o.f the Kuroko, a comparison with the New
Brunswick ores allows some conditions of formation of the New

Brunswick deposits to be elucidated.

7-2 Models of Formation of Kuroko Deposits

7-2-1 General Features "W

Some features of Kuroko deposits have been mentioned in Chapter 2.

152
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These are summarized as follows:

1. The sulphides may occur on top of vent-like stockworks §f

—
~

pyrite and chalcopyrite, characterized by conaiderable
hydrothermal alteration. )

2. There is evidence of a direct genetic connection with
dacite magma at shallow depth..

3. ﬁassive sulphides are _vertically zoned from cﬁalcopyrite-
rich ore at the stratigraphic bottom grading upwards to galena-
sphalerite-rich ore at the stratigraphic top. . Such zoning
may occur in a lateral sense as well.

4. In some instances deposition on steep topographic“slopes is

suggested in that the ore exhibits structureinterpreted as resulting

from gravity sliding and slumping.
7-2-2  Models of Sato (1972b, 1973)

It is apparent that Kuroko ore solutions. were saturated with
copper and iron before reaching the ocean floor as they commonly
precipitate chalcopyrite and pyrite, the '"keiko!! ore.. in vent stock-
works, A large proportio:i of the remaining copper and iron is precip-
itated on the sea floor to form the yellow ore, the '"oko'. After this
stagé the ore solution has apparently cooled sufficiently for lead, zi“nc

and barium to reach saturation.and precipitate galena, sphalerite and

barite to form the black ore, or "kuroko'.
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Sato (1972b) has argued that the density of ore-forming solutions
is cantrolled prim_a_.rily be total molality of sodium chldridt‘;' and :tem- '
- perature. Depending on oré solution density thziee fypes of mi;iing
relations can be e:ﬁpected with séa water. Mixing o sea water with
an ore solution of considerably lower density result:s in a mixture which :
never attains a density sufficiently high to allow the mixture to sink,
Type LI solutions, shoWwn in Fig. 7-1, éré of‘ this character.. Con-
secﬁlently, such solufi\ons are rapidly dissipated. Any dissolved metals_
. will be precipitated and d.ispersed.poésibly forming a bas-e metal
geochemical anomaly or an iroz‘x formation,

; ‘Very different bel:iayiour is shown'by Type I solutions which are "
re"latively cool, co.ncentrated and dense (Sato, 1972b), These solutions
immediately flow down the pa}aeoslope until a topographic low is reached.
Little mixing with sea water occurs and the brins; should cool slowly
relative to Type III. Dissolved metals prgcipitafe gradually in areas
localized by submarine topography and ‘not necessarily in the vicinity
of a volcanic vent. An obvious analogyrwith'the Red Sea brines is
recognised.

Sato {1972b) suggests that thg features of Kuroko deposits are
most.consiste'nt with ore solutions which are initially lighter trhan sea
water and thel.'efore flow upward mixing with sea water and cooling.

Such solutions, Type IIb, reach a maximum density exceeding that of sea

water and subsequently behave like Type I solutions. Much of the metal



(‘\

Fig, 7-1. Four Types of Salinity-Temperature Relations for Ore
Solution Mixing with Sea Water (after Sato, 1972b) . \
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nearest saturation may initially precipitate on first mixing with sea h
water, but other metala precipitate later from a settled and relatively

quiescent brine. _ /

- -

‘Other properties of Kuroko ore solutions are inferred from fluid
‘ 2 .

inclusion and sulphur isotope data. Temperatures of formation can be.

:
I

obtained from fluid inclusion horrli!ogeniziation temperatures and sulphur-
) o

isofope fractionaﬁons bef:ween coe'xisi.;ing I:niner‘als. fIn ggneral,_
suggested t‘emperat.urea' decrease from\25 o° to 209dC fgSr the "kgi_kp"l'to (“
less thar‘x 200°C fo‘r the '"kuroko''. Sulphur isotope fractionation temper-
a(tq'res_ leave much to be de sired because. of uncertaintj-in the accuracy

of experimenfzz;l curves. - This i.s discussed below, in the context of
Kajiwara's {1973a) model of II(uroko formation. ~Fluid inclusions indicate
that the maximum sélinity of the ore-soluticm\was equivalent to tRat of

2m sodium chlckide solution. Taking into account tempefature, cona
centration of chloride, and gener:ﬂ shape of the deposits, Sato (1972b)
concluded that Kuroko ore solutions were probably ;f ’i‘ype, ITb.

Using the molality of chloride, tempe'rat‘qre and gég water{ore
solution mixing characteristics as inferred from the above considerations,
Sato (1973) modelled the formation of ti‘le Uchinotai-Nishi ‘c‘léposit making
-the following assumptions:

1. the ascending ore solution has a constant composition, .

2. total metal content:of the deposit approximates that of the

& ore solution,

A
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3, the pH of the ore solution can be estimated from the KfN_a ‘
-ratiols for the ore solut@gn which, in turn, ig inferred from - -

the wall rock alteration below the ore deposit. - L '. .

4, dissolved sulphide is gu\fficient to precipi‘_:ts:ate.all dissolved ‘ ’_

iron and base metais as sulphides,

5. the initial copper content exceeds 1 ppm, and

6. the ofe’_mgtaﬂJs{z_lr\e transported as chloride complexes

¢ -

whose thermodynam‘ic'proégr_ﬁ,es can be calculated from
" . - l v

Helgeson's (19 69')5 da.ta_.

u -

Allowing the rgasbhable premisé that tiie ore solution is initialiy‘
in equilibrium with chllalcopy_r_ite' and pyrite, thé'n ratios of copper to iron.,
define' the temperature and _fugacity of oxyger; qf. the ore-'-'fo‘r‘ming {ay;stem.
The brine is first saturated with respect to pyrite and chalcopyrite‘.
Zoning of metals, p'ztrticular]'ly later precipitation gfglana and apha;ler.'ite.
is gxplained by progreséive saturation of the ore brine with respe-:ct to
baa‘e metal sulphides in ,reéponse to chan;gin.g physiochemical character’
_of a ponded brine. UDetermination of the initial metal content of the ore
soh;.tion is &ritically dependent on a_.ssump;:ion No. 2 above. Changes

in ore solution 1;;etal content during the de];)o sitior.xal proces s are
calcul;ted by consideration of metal removed by mineral precipitation

in vari“ous" preceding arbitrari}.y defined stages. Decreésing tempe;;atu:e

and oxygen fﬁgacity as well as changing pH and reduced sulphur content

of the ore solution are among the important parameters, whoxe wvariation

A . LI
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control base ;r_mtal saturation.’

C;e‘ntra‘l to Sato‘e; model is the co-ndition that sea water sulphate
and ore solution sulphide coexist metaétablyl in the brine. 'Thia condition
is required to explain thé sulphur i;sotope ra;;ios of the aulphide‘s and
sulpixates, a;nd the precipitation 6‘f barite, .

Th;: necessity that re.duq:_ed sulphur content of the fluid be sufficient
for precipitation of total metal is a.conse.quence-of Sato's as sum{:tion of

disequilibrium between the aquelous sulphide and sulphate sp‘ecies‘ at

temperatures below 200°C.

Satd (1973) finds that the variations in base metal content observed .

htfatigraphi;ally across the Uchinotai-Nishi deposit are reasonably

well predicted By this type of ‘modelling.
7-2-3  Model of Kajiwara (1973a, 1973b)

Kajiwara (1973a, 1973b) derives the éonditions ofhformation of
the black ore, the kuroko, from the rock alteration below the deposits,

sulphur isotope partition between coexisting minerals, the lead content

of barite and the stability limits in fS ‘- temperature space of the sul-
: 2
phide minerals. : 8,

Kapwara then calculates metal content of the ore solution using
Helgeson's (1969) data and p@smng 1m chlonde. chlonde complexlng‘
of the base metals and saturation with the respective metal sulphides.

& .

The solution so derived has a metal content gimilar to normal.sea water.

) i

—

PRSI
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The low metal content results from the high postulated pH.
Ore deposition takes place ivith'aulphate- as the dominant‘form of

sulphur, and ,sulphate-'s'ulphide equilibrium is reéuired to provide

sulphide foxr precipitation of the -r'netals. Acc%rding to Kajiwara sulphide-

. ‘]

sulphate ;squilibrium is also requ:ired to 'expla'in_ the sulphur isotope
ratios of Kuroko deposits. ) o ‘ : c )
Kajiwara's moael depends critically on the interpretation of the lad
sulphur isotope fractionation between the minerals and there is some
indication that hzs estimated temperatures are-5 OOC too high (C-zanianske /
and_Rye., 1974). If temperatures were F;OOC lower fugacities of oxygen

determined from the lead content of barite would be similar to those of
Sato's model; that is, very much lower fh?.n. actually assumed by Kajiwdra.
In fact, lower fugacities of oxygen would glace the ore-forming solution

in the sulphide field.

| There are other problems with the suggestion that sea water or"

a solution of similar met'ai coﬁcentrétion had_ an important role in Ku.roko

formation. The most serious are the following:

1 Could sufficient fluid be prox}ided,to form a sizéable ore

deposit?

' 2. Why, if the metals are at a similar concentration to sea water,

are they not easily lost from the ore solution to sea water ? S oo

>

3. What is the process causing zonation of the metals in these

» * ~

deposits?
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A poa.sible 'exi)lanétio-n of the metal zoning compatible with

K_aj_ivgbira?s model is that the ore-solution changed composition with

.tii'r_ie:,' Hox;revér. thi; s'tockwork:’gére is ﬁever veined by later galena-
- - . T
.sphalerite suggesting that variation in the cgmposition of the ore fluid
with time is not a satiafalxctory'explanaﬁon of the metal zoning.
In Sato's’ rx-ﬁdel fl_ie g’ra;iual coolihg of the bring and prec.{pitation ’
t;tf the metals car;“oécﬁr in spaqe' and time. In this way both the .Iateral

1

and vertical zoning are explained. |

7.2.4  Gold and Silver in the Kuroko

P

‘Sa.to.'s model sa‘tiBfa.ctorily”\éxplaing many features éf the Kurokos,
ing:i_luding zoning of lead, zifxc, copper, il;on and .bériurn. Howlevgr, thg
calculated silver and gold.contents (of .the.-ore solutior::s are too high and.
too low respe‘ctiv.ely. |

Helgeson (1969) giVes:d\até only. for .tli'lhe éolu.bility of silver in

equilibrium withargentite, but silver in the Kuroko is present as - -’

»

au‘lphosalts.. Craig and Barton (1973) éive free energies of formation

of a number of sulphosalts. " Their data show that lc;wer solubilities
of silver would prevail if the metal were in équiiibrium with sulphb-'
aalt_a. However, rigorouscalculatiors are not ;')oss'i._b'le.

He]:gesdn's equi'libriuﬁ constants for gc;ld chloride_comﬁ.exes
render gold too insoluble to fit Sato's model. Sa£o suggests that

. ) . . s
particulate gold is carried as a colloid from depth; but does not explain

4
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'the zonation of the metal,

T

7.3 - Formation of the New Brunswick Massive Suiﬁh{dé Deposits -
7-3-1 Comp'ari'a‘on with Kuroko ‘

N

Irr;poi-tant‘points of comparison_betweeh the Kuroko and New
Brunswick deposits include the following: | ' -

" 1., The New Brunswitk deposits are of wider lateral extent

(typically 1000m x 1000m)than the Kuroko (largest 700m x 500m) and have

larger 'tonnages (fifty to one hundred million of tons) compared to Kuroko

(less than forty million of tons)

Excludmg locahzed increases in gram size due to deformatmn.

the average grain'size of the Bathurst'ores is-sigmfxca:f{ly less (40-50 p

| for Carlbou and Heath Steele sulph:.des, Tempelman-K1u1t, 1970) than

the average gra1n size of the Kuroko (100- 200p., Lambert and Sato, 1974).

3. Lamination of the lead-zinc ore is common in the Bathurst

R

" deposits but rare in Kuroko ores. . Pre-tectonic brecciation and slump

Vi

structures, common in Kuroko,  are re're in Bathurst ores.

4, T}te, miecralogy’of the Bét‘tht.;-rst erea is sirrtilar to the Kurdko
‘with the exception that p_'rim_ary barite is rare or absent, ‘

5. | T-l'jxe B.athur'}t ores st:o(i:v close spatial association with felsic

volcanics in the field, .but do not seem to’'sit on recognisable volcanic

vents as do the-Kuroko. . ‘ - _ b

i
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6. There is ev1dence of 1nterrupt10n of sulpl'ude prec1p1tatmn

i

‘by detntal ?edz}nentatmn or-vblcamc eruption (prelence of tuffs in the
- Caribou deposit in contrast W’lth appa.rent rapid depomtmn of Kuroko

uulphlde s).

-

7./-

-
e
e . . . '

Table 7-1 presents a qualltatzve summary of some physical and

7-3-2  Significance of/the Form of the Bath\irat_Depoeits

geologmal characterishcs of - stratiform base m"b@geposits expected .

+ s

as a result of ore solution brme sea water mixing as emrisaged by~

~.

-‘ ) Sato (1972b). A cétegoriz‘-atien of the.Red Sea hot brine deposits,_

Kuroko depomts and New Brunswxck masswe sulph:des is also included.

' Certam propertles of the Newarunswmk depos:ts. particularly their

seee Y ,

'lateral extent masslveneas and thlckness -are consistent with dep051t10n

- . . N
from 'I‘ype Ior Ila solut:.on 4s dehned by Sato (1972b) ’

~ One difference between the deposxts attributed to deposition from

‘tl.'xe Type I aplpf:ions of Sato aed tize Bethui-st deposits is the'presenee of

.laminatio'n-in the latter. Howe;:re‘r, the sediments ferming fro';n i':he Red
Sea‘_h;)t..'brinee,.'\'v.hicli ha\;e‘ the physicochemical character-ietics of Ty-"pe 1
: salutions, shevé lzgmi'hetion.- In the opinion of th1s autho:; there is no |

| .
- . f

feason to expect lack of lammahon in depoa;ts from Type I solutmns.-

The presence of larmnatmn in the Bathuret deposlta is not conaidered\
incompatible with their origin from Type I'or Ila solutions.

™
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" Table 7-1. Some Probable Features of Mineral Deposits formed in Submarine
- Environments from Four Types of Mixed Brine (after Sato, -1972b})

~
i,

v

T LA
Control of ILateral - ' : _
sea bottom extent Thicknessd Grading,  Lamin- Alternation withi
topography of deposits deposits Slumping ation .. mud or tuff
\Type I . Strong Wide’ Thin Abs"/ent Absent Present
solution : n
ype Ila Weak Narrow  Thigk~  Present Absent - Absent
olution ' : o
: - 5 _ :
Type IIb Very Narrow - Thick - Present - Absent’  Absent
solution weak S / '
o
Type I None Very - Very Absent Present Absent
solution wide thin \
- . A ) * '
R%d Sea Strong \Wide ‘Thin Absent Present Absent J
hot brine i :
dépOBitB \
- Kureko Very Narrow Thick Pfresent Absent‘ Absent |
deposits weak ' ' o |
 New ? Wide Thick ~ Present  Absept Absent
Brunswick
massive
" sulphides

/
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If the inference tha§ the Bathurst depoaits'w_ere formeg from

. . T, i ) . i ‘
Type I or IIa solutions is correct then the temperature of the exhaled

uo]'.uti‘on was Yower than. that of the Kuroko, or allt'e;:.'natively the chloride

+
v

content was very high. The lowrtemperat\.ire of format‘ion'is cbnsistent"

~with the fme grain size of the sulphlde mlnerals and the lack of

v
evidence of pro:-g.lmxty to ignecus ;ptruswes or explosion vents shown by

"

the New Brunswick stratiform ores. ,
: ‘ ' J

- 7-3.3" Inferred Process of Formation of Bathurst Massive Sulphide Ores ;

. The px;ocess of formation of the Bathurst depos:.ts is envwaged
ag broadly s1i'mlar to that postulated\by Sato (1973) for the Kuroko,
but d1f£er1ng in \ detail due to the difference in dernty of the ore solutions
as suggested-'above.

It .i.s believed that the solutig:és were exhajled’orl the ocean floor

but maintained their.coh.e'renc*,.r and were ponded’in topég_raphic lows
due to™heir high density. All the metalilz were contained within the
ore solution, and zoning of the ore p’xetals is not ascribed to progressive
,exhalatlon of an ore solutmn of varying base metal content Sull‘écessive
impulses of brine may differ slightly in chem.xatry, but have little effe'ct
on the overall process of ore deposition as they mix with the brine
all.”lready present. L

Precipitation of base metals from a ponded‘brine' occurs in

responseto changes in physicochemical propertieé of the brine.. Of

<
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5 - .
these, the most significant for sulphide precipitation is decreasing
temperature. !

. ;
7-3-4 Inferred Physicochemical Environment for Precipitation of = ™

the Chalcopyrite -Pyrite Ore |

To characterize the physicochemical environment of ore deposition,
r ‘ N ’ ' . ' ;
one must assign a value or range of values to certain critical parameters.

These include the following: the iniﬁal or maximum temperature of the

=
~

ponded brine, th_e rncl_ of the ore solution, the’initial concentration of
the metals of interest (Cu, Zn, Pb, Fe, Ag and Au) in the ore solution,

-

the range of m

H.S during ore deposition and the range of pH during ore
2 o

depot;ition.
(a) Temperature

From the preceding section it is concluded that the New Brunswif:k
Bt;aﬁform base metal deposits have the geometric characteristics of
deposits formed by depositi‘on from Type Ior lla ;olutions. Thus, from
Fig. 7-1, a maximum temperature of the ore solution brine on the
order of 200°C and a high initial chloride cong_ernt a;v.re inferred. Altern-
ative values.of lower temperature and lower -chlgrihity are considered
unlikely due to the signiﬁrcantly‘.lower metal solﬁbilities that would

result, - Furthermére, the Red Sea brines and Salton Sea brines suggest

that chloride concentration as high as 5m are geologically reasonable.

R
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(B) PH
- Deposits of this class in unmetamorphosed terrains show associated
"chlorlitic and sericitic alteration in vent stockworks due to reaction
"~ with ore solutions. lf"o} .the Kurpkq, chloritic and s«.{r\icitic alteration
has been inte_;-px;eteii by Sato ('1973) and Kajiwara ‘(1973) to suggest le's
of"app-r_o:iim'atelyﬁ to 5.5.

Some sericite and chlorite found char:acterisficélly in host rocks - .
. at the stratigraphic base of various Bathurst deposi.ts may have been
frbduceci iay reactic.m of the host fock with thc; ore SO;.utiOn according fo
I.{dcgacoe {1969). .In view of the problem of d:@stinguishirig regional meta- |
morphic assemblages f‘rom pfimar;r wall rock alteration, however, it ils
diffi;:ult to place limits on ore solutidﬁ pHbased o wall rock mineral | s
as:semblages as was done 'by Sato and Knajiwara. Verylrlgeneral limit-
ations on the pH of ore forming sclutons can Be inferred from Helgeson's

. . ! ™~

(1967i studies which suggest that the pH of a solution which ha,‘sil reached
partial equilibriur;l with volcanic [rocks will be weakly acid (pH = 5.6
at 200°C, Helgeson, 1969). The :i'bsenc;e of alunite would suggest that"
PH waé- not éxtremely low though alunite stability is, of course, also

dependent.on m (Hemley et al. 1969). 'For example, in Sato's'

5042-
. ‘o .
model for Kuroko mso' 2 = 10 and alunite cannot form, while for
4c= . .
-2, _
~ Kajiwara's model with Mgy 2. = 10 6 alunite would only form at pH
: 44" - v :

less than about 3. 0.

Thus, pH values more acid than 3 and greater than neutral
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(5.6 at ZOOOC) are considered unlikely. Narrower limits cannot be

strictly juaéified._ However_‘. by analogy with K'uroko ores and geo-
thermal wat;er?,(see Chapter '3.7 and Ellis, 1“‘367) p;H's of 3.5 and 4,5

o

are believed to be representanve of the appromrnate range of values

-

pertinent to stratiform basev"metal ore solutions. A change of 0.5 pH
units would have little effe-ct on the solubilities of the relevant metals.

pH values of 3.5 and 4,5 are used m the calculatmn of model ore

golutions to follow (Table 7- 3)

_ . ~ - - /
{c) Metal Ratios of the Ore Fluid : "
. o - ;’
. . ) - i (
- Sato's assumption of almost complete precipitation of metal from

. e .
the ore fluid is considered highly probable for-the following reasons:

1-) lLoss of bage metal from the ore solution hrine to sea water
would depend primarily on the degree of mixing and dih.;tio;a of the brine
by sea water.  If the density-temperature properties of the brine allow
a high Aégres\s of mixiné, it is improbable that an ore deposit _\x;ill form
in any event.

2) There is little evidence of exfens\ive base metal geochemical
arfiomalies along strike fro:_n-the o::ebod;es. Iron formation does occur
bt;t.the volume of iron formation associated wit\h individual base ;netal ]
deposits is usually small relative to the volume of sulphide. Where

_extensive oxide iron formations are present the reduced sulphur content

of the ore solution must have béen insufficient to precipitate the total
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base metal plus iron load as sulphides. . . o .,

. f
It is expected then, that the ratios of metals in the deposits

approx:.ima\te those i-n the ore fluids at the time of inistial extfq_sion,and
that th; total reduced sulphur ;ontent'of the ore fluid is approxirﬁatély .
that neces;sary to prec\:ipitate all the metals in solution, To obtain "’
the desired metal ;atios' for each of the 1;hree Aeposits invelstig-ated,
the average weight pe.rcentag‘é of each metal is recalculated as an
atomic ratio with respect to copper, where the weight percentage of

-

‘this metal is arbitrarily set at 100. These ratios are presented in

;\

Table 7-2. Although the values are subject to revision as the deposits
are more extensively developed, they should be correct within an order

of magnitude. )

(d) Mineral Stabilities

The copper-rich ore that frequently lies at the stratigraphic.

bottom of the New Brunswick massive sulphide deposits is mainly pyrite
-

and chalcopyrite with subsiduary pyrrhotite and trace quantities of

bl

other copper minerals. Pyrrhotite is believed to be of metamdrphic
origin (Chapter 2, this work). Based on the presence or absence of
diagno‘fltic mineral assermblages various reactions_, presented as
equatioms 7-1 to 7-3, define the stability field of coexisting pyrite-chal-

copyrite with respect to temperature and pO2 of the ore solution. Thus,
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Table 7-2.

W \

-

Anaconda Caribou Mine

=1

Si]:ve r

Average.Metai Content of the Anaconda Caribou, Brunswick
No. 12.and Heath Steele B-1 Mines

169

o

Copper Leéd | "~ Zinc Gold Iro.r_x
0.-7”7; 2% 5% 34 ppm "1 ppm 40% __Amount by weight
100 88 690 9.3  0.0046 6540 Atomic ratio
Brunswick No. 12 Mine
C:opper  Lead Zinc Silver Gold Iron
0. 5% 23%  6.4% 70 ppm O.35ppm 40% Amount. by weight
100 . . 210 1800° I.1°  0.0023 8770 Atomic ratio

| Heath Steele B-1 Orebc;dy.
Copper Lead Zinc Silver Gold Iron
1.1% 3.0% 7.2% 10 ppm 0. 40ppr::1 40% Amount by weight
100 80 640 0.6 0.0012 4150 < Atomic ratio

Notes: Copper, lead and ziné contents are from Douglas (1970), Silver
is estimated from drill core assays and the gold values are from
this work, Iron is estimated assuming the orebody is 100% sulphides.

The atomic ratios are calculated witl'tl.\__respect- to copper taking atoms

of copper as 100.

the Anaconda Caribou Mine is, (2

.

For example, the atomic ratio of lead to copper for
/207.16) x 100 / (0.7/64.54) - 88
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7 ’ 2- +
C.uls]r"eS4 + 4 FeS2 + 2H29 =5 CuFe"Szf-ZS +4H + 02 7-1
N bornite pyrite ‘ chalcopyrite
'Fe-Sz + HZO = FeS + SZ- + 2H+ +1/2 02-- : 7.2
. 2 , . .
| pyrite pyrrhotite ;. .
! .; 2_ + : . ¥
S_EgSZ + 6 HZO = Fe304 +6S ¢+ IZ‘H + 0z o 7-;3
pyfite magnetite i

' Bornité does occur in some very -copper-‘rich New Brunswick
ores (C.M. and S. de'po_sit) but is rarecg.n the deposits considered in ;:his
study. The abdence of bornite is taken z;a the mineralogical constraint
fdr definition of the ug;per limit of oxygen fugacity. Pyrrhotite-pyrite
and pyrite-magnetite ‘équilibria define the lower limit of oxygen fugacity.

.j'l'he equilibrium constants fqr reactions 7;1 ., 71-2 and 7-3 at temperatures

. of 150°, 200° and 250° are given.in Table 7-3. The equations are
plotted as functions of teméerature and fugacity of oxygen in Figs. 7-2(a)
to (d) for fixed values of mHZS' mcl.-.and pH.

The diagrams define limits of temperature and oxygen fugacity
over which the ore fluid may coexis.t at equilibrium with the assemblage
chalcopyrite-pyrite. Inspection of reactions 7-1 to 7-3 indicates that
these equilibria are dependent on two other intensive variables, pH and

activity of sulphide ion. In Figs. 7-2(a) to (d) reactions are plotted for

constant values of pH and m

, the latter parameter being related to
HS

ag= through the' reaction HZS = 2H+ + S and the appropriate activity
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in 3m Chloride Solution; pH = 3.5, logm = -2,
] HZS

'

S

Tig. 7-2(a). Temperature-pO, Stability Field of Pyrite-Chalcopyrite
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"Fig. 7-2(b). Temperature-pOp Stability Field of Pyrité-Chalcopyrite
in 3m Chloride Solution; pH = 4.5, log ml-\l g° -2,
‘ I‘ 2
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Fig. 7-2{c).
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Temperature-p0O, Stability Field of P'y:rite-chalcopyrite
in 3m Chloride Solution; pH = 3.5, logm =
, , _ . HZS
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Fig. 7-2(d). Temperature-pO, Stability Field of Pyrite-Chalcopyrite
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/

coefficients,. The values of pH and mst selected represer;?h/e limit-

ing values of these parameters considered applicable to the ore
: e

solutions, Evalugxtiori of the pH range was discusséd in 7-3-3b and

' - . L - “4 . . '. )
H,S will Ee %pnsldered in 7-3-4e 2
3 /'/ ' . '
temperature range of chalcopyrite-pyrite deposition specified, the iron 1:,@

the variation inm

-

and copper concentrations of the ore solution can be calculated. .
. N - %

9
(e) Assignment of Metal Solubilities and Molaliti.es of Hydrogen Sulph;ide
‘The equilibrium c‘oncéntrations of ifon a;nd copper if the ore
sclution may be calculated from Heigeaon's data (19@?. p. 762 and 778)
for the range of oxygeri‘fugacities and temperatures required by the .
atable coexistence of chalcopyrite and \f)yi-i'te. The reasonable assumption
must be'm.adé that base metal and iron solubiliti?s are due to chloro-
complexes. Other parameters‘v;'hi.ch must be sipecified are pH, rn'cl-

-

and .
n mHZS
. - 2+ +

.Calculated concentrations or solubility contours of Fe aq and Cua

are plotted Or.1‘ Figs. 7-2(a) to 7-2(d). Values of pH, m “and m “for
: - Cl H,S

which the solubilities apply are noted in the appropriate figure captions.
These concentrations represent the full range of copper and iron contents,
which might exist in the ore solution if equilibrium with the solid phases,
chalcopyrite and pyrite,were maintained

There is no direct method (e.g. fluid inclusions) of obtaining the

’

actual concentrations of iron and base metals in the ore solutions and

D
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.thereby charatefizi’ng'their mé‘tl;a{i conl.tents more e"xactly than allowed i
by the thermodynamic calculatmns Neve_rtheless;,‘ a consensus of
op1mon of ‘many geologlsts concerned \?i‘bh rmetallogenesis (see diﬁ.c_:us sion
by Sato, 1?\73‘).i5 that a mlmmum}‘ concentration'of 1 ppm metal is ,
required .in solution to producée an economic deppsit. The author

accepts thia premise, in generg}, and assigns a value of 0.5 ppm

coﬁper or 10-5m as the minimum copper conifent of the Bathurst ore
aélutions. As discussed in section 7-3-4c¢ the base metal concentrations
in the ore solution are considered to be in the same approximaté atomic
ratios as in_the deposits themselves and may be estimated from the
data'in Table 7-2," the atom ratios of 1nd1v1dua1 metals with respect to
copper. Thuls,qusing metal ratios averaged over the Anacor;da Brunsmck
and Heath St)eele Mines, the concentrations of iron, zinc and lead in the

ore solution corresponding to various copper cont;ants may be calculated.
The range in cﬁopper content regarded as relevant is D 5 to 5 ppm. Iron
plusj base metal contents expected in an ore solution characterized by

this 'rlange of copper are presented in Table 7-4.

The remaining variable- for whi'ch limits must be deduced is my, g

With decreasing mH S the magnetité stability field expands into the
write—chalcopynte field from the high temperature side of Figs. 7-2.

2

: -4 2+ -5
When m ig less than 10 , concentrations of Fe greater than 10 m
are impossiblé ina lsdlution in qquilibriu:m with pyrite—chalcopyrite

{not illustrated, but see Fig. 7-.2d which approaches this condition ).
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This iron concentration is much lower than that calculated as minimal
in the proposed ore solution (see Table 7~4) and consequently my o in..
. , ] 2
-4
excess of 107 must prevail. A further constraint is placed on mst

if it is required that reduced sulphur ‘for precipitation of iron and the

¢

base metals be carried by the ore solution. For an iron concentration’
-

. . -3 - . C s :
in solution of 10 >m, the minimal iron concentration in the proposed

must be approximately 107 = m to give complete

/

. precipitation. A maximum hydrogen sulphide concentration of

.ore solution, mst

-2
approximately 10 m is suggested by Figs. 7-2a and 7-2b which show

that for m_ 1072 iron solubility at temperatures less than 25 0°c

HS '
-3 o
is approximately 10 “m or less. Thus, itis concluded that the most

: -2
. likely range inm is 10

S3 o (14 -3
HpS to 10 “m if total iron solub111ty of 10 m

in the ore solution is required.

(f) Most Probable Values of the Physicochemical Parameters Governing

Chalcopyrite-Pyrite Deposition

The physicochemical environment of chalcop'yrite-pyrite deposition
is delineated by thereactim curves bornite-pyrite chalcopyrite, pyrite-
pyrrhotite and pyrite-magnetite. These reactions were ﬁotted in pOZ—

temperature coordinates for the ranges or limits of pH and m thought

H,S

to be relevant to the ore solutions under consideration. The resulting

diagrams Figs 7-2(a) to 7-2(d), define fields of coexistence o pyrite and

chalcopyrite with the ore solution.
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Table 7-4 lists various poss.ilﬁle combinaﬁons of pH and’ mHZS_ B
represented by upper and lower limits of the.s't.e parameters. The base
“metal and iron‘cofnponents of the ore solutioh are specified as discussed
above in 7-3-4e for two selected values of copper content, mcu-{-. Six
possibie groupings of indepencient variables or “mo'delq" are presented in
Table 7-4.

Concentrations of Feiz and Cﬁ:q calculated from chlorocomplex
solubility data (Helgesoﬁ., 1969) and for values of relevant variables as
s.pecifi.ed in Figs. 7-2(a) to 7-2(d) are then superimposea on the diagrams.
The models or combination of variables judged most realistic are those
for which the inferred c;op$er and iron concentrations (as listed in
Table 7-4) fall within the chalcopyritelpyrite stability field as defined in
Figs 7-2(a) to 7-2(d). |

.On this basis the most probable models are 3 and 5 represented
by Figs. 7-2(c) and 7-2(a) with ore; solu.tion temperatures of 200 and 25 0°c
respectively. These models provide the only two combinations of
wvariables for which the inferred iron and -cop'per concentrations of the
oré solutions.lie within the chalcopyi-ite-pyrite stability field, Both

’ ~
models are characterized by the same pH, iron and base metal values
and differ in terms of mH-ZS° The lower temperature model, model 3,
is preferred (see section 7-3-4a for discussion of ore solution temper-

ature). Thus it is suggested that the ore solution brine is characterized
+

by the following physicochemical parameters at the beginning of




e

s

Table 7-4. Galculated Base Metal and Iron Contents of

T

[

’ Various Hy_pothetical_Ore Solutions.

_ log m

MOdel pH | MCIL - “ st Cu' .Fe2‘+ Zn:a+ , Pb2_+
1 3.5 3. -2 -4 -2 -3 -4
z. 4.5 3 -2 -4 -2 -3 -4
3 3.5 3.1 -3 -5 -3 4 -5
4 4.5 3 -3 -5 -3 -4 -5
5 3.5 3| -2 -5 -3 -4 -5
6" 4.5 3 -3 -5 -3 -4 -5

' 1Jo, -
|
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chalcopyrite-pyrite precipitation: temperatuf‘e

2
H=3.5 logm.. .~<3, m. =107 -10°° = 10" and
pH = .. s 4 HZS =3, me T m, mFe ' » Mgy an
m = 10 -4. * These initial c:.oncﬁtions, referred to as Stage A, are

Zn

summarized in Table 7-5a. The evolution of this hypothetical ore
solution, leading to eventual precipitation of galena and sphalerite, mainly

in response to decreasing temperature, can now be considered.

7-3-5 Physicochemical Parameters Relevant to Deposition of

Galena-Sphalerite Ore

" In the discussion below the termé lower and upper ore are

used in a stratigraphic sense for the inferred origiﬁél zoning of the ore
such that the lower ore is copper-rich and-the upper ore lead-'zinc fich.

Of the three d-e_:posit; investigated, the Heath Steele B-1 and
Anaconda Caribou are charactefizéd by distinctive zoning in the
vertical stratigraphic sense. Their éopper concentrations usually
range from a maximm;n of 1% in the lower cgpper-rich ore to a
minimum of 0, 1% inthe lead-zinc rich upper ore. The i'ron concentration
‘ia gelatively cqnstant throughout the deposits. To evaluate the
changes in the ore solution resulting from preéipitaﬁon of pyrite and
chalcopyrite, the properties of the solution are considered at a
stage when approximately halﬂhe iron has been precipitated. Form-

ation of the lower half of the orebody is considered to result in

removal of approximately 90% of the copper, as well as half the iron,

200°C, po, = 10°** atm.,
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from the ore sclution. This stage of evolution is referred to as Stage ’

B (Table 7-5a) and leaves the iron a:;xd copper contents of the ore solution

-3,3 ] . . )
atm_ =10 andm_ =10 6. Allowing for a reduction in sulphide
Fe Cu :

content of the ore solution as required for precipitation of iron and

: -3 " :
copper,m decreases to approximately 10 m. The temperature is

H,S
. inferred from Fig. 7-2¢ for the relevant copper and iron contents as
noted above and is apéroximately 170°C.

The eqﬁilibria which govern the precipitatic;)n of galena and

L

sphalerite are:

2 2- :
pbet & §°°. - PbS (galena) 74
2 2- - *
zn?t 4+ 8% = znS (sphalerite) 7-5
where KPbS = an2+ . 352.. | 7.6
d = . -
an KZnS aznz-}- aSZ 7.7
The temperamrés of saturation of the ore solution with respect | \

to sphalerite and galena can be calculated for the zinc and lead concen-

" - .
trations prevailing in the initial ore solution (Stage A, Table 7-5a)

and for the sulphide concentration at Stage B. The activity of sulphide

ion is calculated from m at Stage B. ‘Constant pH over Stage A

H>S
deposition is assumed.. Using the appropriate stoichiometric ion

activity coefficients and equilibrium constants from Helgeson (1969},

* Actual sphélerite composition is (Zn, Fe)S but Bathurst

sphalerites are low in iron. -
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saturation temperatures of 135°C and 170°C are obta’in_ed for sphalerite
agd galena 'respectively. A proble_,rn with this observation is that these
minerals are often intimately inter.i:anded in manw} Bathurst area
massive sulphide deposits, suggesting nearly simultaneous saturation of
the ore solution with respect to lead and zinc. 'The calculated saturation
temperatures suggest prior precipitation of galena. A possible
explanation is that the thermodynamic data (Helgeson, 1969) are insuffi-
ciently accurate to resolve chemical behaviour where relatively small
temperature differences, in this case 35°C. are involved. Anderson (1973)
ndted that exp;rimen'tal evaluation of lead and zinc chlorocomplex

!

solubilities indicates a similax; order of solubility for both metals, -a'n
observation more compatible with actu::xl leaci;zinc distribution. Never-
' theless, if the objective is to model the gross features of metﬁl zoning,
as in this study, the thermodynamic data appear adequate. Thus, 170°C
is also the temperature of the or.e solution at the end of Stage A deposition.
Thus, galena and sphalerité are not expected to precipitate in the first
half (lower half) of the deposiﬁonal process. Rather, both minerals
should occur iﬁthe upper half of deposits as is commoﬁly the case.

The final stage, Stage C, marks the compléte precip_iﬁatiori of
copper and iron from the ore solution. Their’ résidual c':orfé:dé;xtrations
are taken as 1% of their initial concéntrations or 1()-7 and_ 10-5 m’
respectively. The corresponding temperature and pOz'.from Fig. 7-2(c)

are approximately 100°C and 10“60 atmospheres and m is reduced

H,S
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to 10°°° "m largely due to removal as pyrite in precipitation of the

remaining half of the iron. The lead and zinc contents of the ore |

-~

solution at Stage C are calculated from equaﬁons 7-6 and 7-7 using
appropriate equilibrium constants and activity coefficients from

Helgeson (1969) and sulphide ion activity app‘ropriaté to the mHzS

.2 N

at Stage G (H,S = 21+ ST) e .
The compiete cha}af.:‘térizafion of the ore solution at the
beginning, middle and end of base metal deposition, denoted as Stages

A,B and C, i8 aummarized in Table _7-5a.

7.3.6 Characterization of the Ore Solution with Respect to
Gold Content

“The concentration of gold in the ‘hypbthetical ore solution can,

! . N
in part},'be' inferred in a manner similar to that used for the base metals.
The initial concentration (Stagg A) is obtained by assuming that average
metal ratios in the deposits tbzbmselves approximate average metal
ratios of the ore solution at tht; beginning of metal precipitation. Thus,
using.the average gold to copper ratio for the three deposits in;restigated
and assigning an initial coppe:r content of 10-5rn an initial goid con-
centration of 10_9' 7m is obtained. However, the change in gold content
of the ore solution with cooling éannot I_)e calculated as was done for

lead and zinc because the relevant solute species is unkown. Instead,

changes in gold content of the ore solution are estimated from the
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Table 7-5(a) Hypothetical Model fox; an Ore Solution Relevant

to Formation of New Brunswick Massive Sﬁlphide Deposits.

.

Stage  Temp.°C = logfy , atm  pH HS Cu Fe Fb Zn Au
. N | o Te

A 200°C -44 3.5 2.7 - -5 3 .5 -4 9.7

B 170°C 49 3.5 3.0 -6 -3.3 -5 -4 .9.85

c 100°C -60 4.0 -5.0 -7 5.0 -6.5 -4.9 -10.7 .

Table 7-5(b) Ore Deposits Resulting. from prothetical

/ / . Model Described by Table 7-5(a)

o

Grams Metal Precipitated per 100 Grams of Solution

Stage S Cu Fe Pb Zn Au

- -3 -3 -3 ‘ -8
A—B 32x10 0.58x10  28x10 0 0 1.1x10
BosG . 32x1072 0.58x107 p1o”? 2 0x1073  5.6x1070 2,710

Weight Percent of Metal*
Upper = 47 0.1 42 3.0 8.3 4.0::10‘5_ :
.. Half

Lower 53 1.0 46 o : 0 1. 9x10‘5
Half

* Example calculation of weight percent lead in the uppér half of ‘the deposit:

Wt.% lead = ((10° -1076 5)m01e3 x 208 gm/mole x 100VI(S+Fe+Cu+Pb+S)

where each component of the & term is the gram equivalent of the moles
- R e Y
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- actual gold variations in drill core.

As noted in secti;n 6-3-2‘ there is a preferential association of
gold with the lead-iinc rich ore in most holes investigated: Whilg_
-this association is not regardeci as strong and cannot\be cléarly discerned
in every hole, it is quite apparent in the correlation coefficients. and
lqu gomparison of gold contents of copper-rich and l;aad-zinc ore, Using
the data from the three Brunswick No. 12 holes, the B138 hole from
Heath Steele anc'l pDH 62-9 .from‘Caribou, the\average gold content
of the stratigraphic loweszhalf of these holes (in general the cop;per-
rich portion) is approximately one-third the total gol)d content.
The end of Stage A depositio'n (A to ‘I'.S,) is, the refore ,considered
to result in precipitation of one—third- of the gold from the ore solution.
At. Sage G IOOOC, most of the remaiﬁing-gold has been préc\ipitated. .
Ninety percent precipitation is used for modelling purposes But it would
not affect the cénclusions if more complete precipitation, say 99%, were
in fact the case. The gold con;éﬁtmog the ore solution at the beginning,
middle and end of base metal deposijtion as inferred from the above
considerations are listed in Table 7-5(a). In section 7-4 the gold
con'tex_qts of the ore solution calculated by assurning various c0r;1p1ex ion

gold solutes are compared with the above estimates in an attempt to

establish the most likely solute compleiies responsible for gold trans-

'

port.
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7-3-.7 Summary of the Model

j—

The changes in the physicochemical state of the ore solution
required by thé model delineate certain changf':s in metal concentrations
during the dep.ositional. pr'ocess. The resﬁlting ore depgsit can be
' -ca].culhted by subtracting metal concentrations of Stage A and B solutions
to obtain the "rnet'al removed during deposition‘of the lowe1:' half of the
deposit (ZOOOC to 170°C), and similarly subtracting concentrations of
Stages B and C to obtain the metal contents.of the ilpper' half of thg |
" deposit (l?OOC to IOOOC). The result;ant metal contents are the atomic
ratios'of metals in either half of the deposit. They may be fecalculated
as weight percentages fof comparison with actual drill hole metal
prlofiles. Table 7-5(b) presents results'of sucha calculation gnd
represents the hypothetical ore deposit resulting~ from the model ore
solution of Table 7-5(a}.

The average grades of DDH $2-9 (Anaconda Mine) and DDH B138
(Heath Steele B-~1 orebody) are presented in .'I'ables 7-5(c) and 7-5(d)
respectively. The holé.s have been divided into a lower and upper half
-in terms of inferred stratigraphy. These average metal grades may be
compared with the hypothetical model depopit of Table 7-5(1‘:). A hig\h
degree of correspondence is not expected. \ The model cnsiders only a
two-stage depositional process apd the cumulative error .reaulting from

uncer't\\inty in the estimation of various parameters such as pH and



t

188

‘ f .
minimum copper content of the initial ore solution may be fairly large.

Nevertheless, the sense of the zoning of lead and zinc with respect to

I
-

copper is correétly predicted and, in the case of the Heath Steele .hole,
with rathér go:;d agreemenf; to the concentrations actually found in the
upper half of the:‘ hole. Neither copp;r nor gold are predicted directly
from the model although tl;x'e'go.ld concentratiop.in the Stage A ore
solution (lqﬂgf 71"n) i;ﬁ that required by the actual measured gold contents
of cores and the assumed equalif;y of the gold/copper rati’o of the ore
deposit and the initial ore solution. The gold.céntent of the lore
solution at Stages A, B and C could have been modelled ésauming gold
chlorocomplexes as the dominant species in solution. However, as
argued in section 7-4 and the 'éolubility ::'lata in Table 7-7, gold chloro- <« .
complexes provide grossly insufficient solubil;;tie;s compared with those
required by the measured gold con_tc;nt of cores and the assumed gold/
copper equivalenée of ore solution and ore deposit.

~ The mai.n purposes of the fnodel aré two-fold: firstly, to determine
whetld{erk Sato's model for Kuroko d,eposition yields reasonable physico-
chemical pararﬁeters for the ore-forming solutions of the Bathurst
stratiform deposits, a'nd secondly, to obtain the neceasary{,‘ physico-

e entiot

chemical parameters to estimate'gold solubility in the ore solution. The
gross features, at least, of the Bathurst stré.tiforrn ores seem to be

adequately modelled by Sato's approach.‘ Estimates of ithe variables

impoftant to goid transport are also regardevd as adequate. In particular,

/.

&L
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Table 7-5(c) Average Metal Grades Through Anaconda Caribou DDH 62-9

COPPER % LEAD % ZINC % - GOLD ppm
UPPER HALF 0.50 ' 0,91 4.6 1.3
LOWER HALF 0.81 0. 33 L6 0.36 -
| i

Table 7-5(d) Average Metal-Grades Through Heath Steele DDH B138 _

COPPER % LEAD % ZINC % GOLD 'ppm

UPPER HALF 0.6 3.1 6.4 -~ 0.60

LOWER HALF 1.3 i 0.2 0.5 0. 26

. e e b S

ek B e
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the fugacity of oxygen in the ore solution has a strong effect on the
solubility of gold due tg the requirement of oxidation of the native metal

to effect dissolution. The fugacity of oxygen in the ore solution model

above was restricted by requiring equilibrium with chalcopyrite and /

pyrite. At any one ternperature, ti'le range of perm?ssible oxygen

' fugazzitieé is comparatively small, . Thus, c-hanges in the inférred
molality of base metals in the mc-)del are unlikely to affect the fugacity
‘of oxygen greatly, Most other variables, E}_U.Ch as pH, temperature and
éhloride x‘nol.‘a]_fxt; ha\:re similar effects on the solubility of the base and
precious metals, a;:.suming chloride complexing for all metals,

Consequently, it is considered that the model is valid for comparison of

possible models of gold solubility by chloride and sulphide complexes,

T-4 Gold Behaviour in the Postulated Model

7-4-1 Total Gold Solubility

‘It has already been me‘ntioned that gold chlorocomplex solubility
is insufficient to accouﬁt for the averz‘lge‘ gold contents of Kuroko deposits.
From the model for the New Brunswick depoasits in Table 7-5(a) the
gold solubility can be calculated and compared w;'.th that predicted for

chlorocomplexes. Chlorocomplex solubility is due to AuCly and the

relevant equilibrium expression,

AuCly + 1/2 H,0 = Au®+ 2017 +1/40, + H'

is obtained by subtraction of the two equations in Table 4-8 giving
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‘equilibria involving the univalent gold ion (data in Table 4-8 are from -
Helgeson, 1969). Concentrations of AuCl; are calculated for

temperatures of 2000(3, 170°C and lObOC using. the appropriate pH, m.,-

and pO, values from Table ‘7-4{a)."

2 =

The palculatidns yielding the AuCli concentratiom;’ listed in
Table 7-7 indicate insufficient gold chlorocomp]:ex splub‘ility'for the
_ variables specified by the model ore solution of Table 7-5a.
The solubility of gold as a bisulphide complex, Au(HS)é, was‘

discussed in Chapter 4. It was concluded that this complex is,
f

™ i

import‘:‘ant for gold transport in hot aprings.with pH' smnear neutrality.
" However, sol\IJ.tiona witl'} pH less than 4.5 are thought to be z:l‘elevant to
formation of the New Brunswick depésita‘. For these mildly acid
. solutions the'peutral complex found in Seward's experiments (1973) must
be considered.

Due to experimental difficulties Seg;.;rard could not prove the
stoichiometry of the neutral complex but suggested the species Au(HS)O.

The formation reaction can be represented by:

Au® + 1/4 0, + HS = Au(ss)° + 1/2 H,0

with equilibrium constant, K, given as:

Sy S
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Table '{-6. Equilibrium Constants for Dissolution Reactions 192
Producing Gold Bisulphide Complexes '

- ' log K(T)

100 1s0 175 200 250
Au’+2H S+0_ = A (HS) '+H++1H 0 | ' +3#$o +o#44
2°TgYp T AN, 252 u . .
o 1 ol * * / g 4
Au +HZS+ZOZ = Au(HS) +EH20 +11.9 +9.9 +8.9 - +7.9 +6.2
] ' ] * * A
o] o .
Au +2HZS+ZOZ = Au(HZS.HS) +2H20 +12.8 +10.1 _ +8.2
Note: * Extrapolated .

{ Calculated using solubility data of Seward (1973)

Fable 7-7. Concentration of Gold Complexes in the Model Ore Solution
for conditions of Stages A,B and C of Table 7-5(a).

o Reqguired
Temp. C log m log m - log m o log m
B Mau g AuCl) B ™ 5 u(HS) g Au(H,,S- HS)
200 - 9.7 -11.8 ‘ -5.9 - 8.2
170 ~ . 9.85 -13.9 -7.1 - 8.7

100 -10.7 -,16.6 . -7.1 -10.2

PTG PR rPT e

e imma e baiadee



193

1/2
a o a
K = Au(HS) HZO i} 1.8
a, o 1/4 a
Au foz HZS
. ,i .
- T pu(s)” L 7-9
! - £ 1/4 Y | m ‘ | -
| 0, H,S  H,S

The equilibrium constant is evaluated asing the oxygen fugacity
calculated fx.'om equation 7-2 as the experiments were buffered by pyrr-
hotite -pyrite. The molalities of sulphur and gold used were those

found experimentally by Seward (1973)., The pH value used varied

between 3.5 and 4. 0 according to the conditions of Seward's experiments.

noted, however, that the effect’of pH on the pyrite-
pyrrhotiﬂil:"é '{equilib.rium (equation 7-2) and on hydrogen sulphide-bisulphide.
eguilibriurh.cancel out when cons‘idering the solubility of gold. Con-
sequeﬁtly the solubilities of neutral gold sulphide complexes in acidic
solut-ions do not vary with chaﬁge in pH. The activity coéfficient of ©
hydrogen sulphide is obtained from Gamsjager and Schindler (1969) |

and the calculated equilibrit;m constants are given in Table 7-6.

The solubility of Jgold as the Au(I‘-IS)C> complex was then calculated
from equation 7-9 for the ore golution specified by the model para-
meters given in Table 7-5(a). Tl}er ;i'esults a.re presented in Table 7-7
for temperatures of 200°c, 170°C and 100°C. 'I'hr;:,.l’m(I-IS)o complex

leads to solubilities exceeding those indicated by the observed gold
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'. contents by three orders of rné.gnitude. Thus gold_coﬁld not have
re-ached concentration levels sgfficient_for precipitation as the native
metal if solubility was due to Aﬁ(HS)O. L N

| Sabin (1971) Bu_gge.sted 'th_at(HZS.I-’I'S)- forms a stable adduct, which
might lead to fqrmation of cdmplé;ces of the type Au(HZS. HS)O, although
Seward cornr;rlents that such cornp.lexes wou1;1 not be expected to be

stable at elevated tempe;atui-es.' The formation re’action_i:nay be _‘

represented by:

A+ 2HS + 1/4 0, = Au(HZS.HS)o + 1/2 H,0 7810
 m - \ Cmer sy
where K = Au(HZS.HS) _ 7-11
ays? g 174
2” o,

Equilibrium constants for -this reaction calculated from the data used
to obtain the K Iér Au(I—IS)o are givenfor the temperature range 100 -
250°C in Table 7-6.

Calculated gold solubilities due to Au(HZS.HS) are presented in
Table 7-7 and compared with the solubili‘ties required by the observed
gold contents of the ores, DBecause of the d.ependence of the solubility
of Au(HZS. I-IS)0 on the second power of the hy-rdro_gen sulphidé con-
centration, the solubility is less than Au(I—IS)O. Howévef, it exceeds
that of the chlorocomplex; AuClé, for the relevant parameters of the
model, and p:':qvides the ‘be st agreement with the s‘olubﬂity expected

e

from the observed gold contents of the ore.
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In co-nclus‘ion, three gold complexes, AuClé. 1"m(HS)0 and
A_u(HzS. HS)O. may be important in the pH range conside;renjl relevant
for formation of thisr class of deposit. AQCI; and Au(,HS)_o give _'
too low and too higl.l ;;olubiliﬁes re-spectively. Due to the failure of
Seward's apparafus it must be recognised that the identity o{ gold
sulphide complex ion species in the mildly acid region is very poorly
eastablished, and th.ere is no direct experimental evidence to suggest
whether Au(HZS.HS)o does exist, This complex does, however, give /
gold solubility most compatible with the model postulated above.

| It has been pointed out in th:;. discussion of zinc solubilitly ti’xat
there is some disagreement between the available experimental évidence T
of Federov et al. (1970) and Helgeson's ('1969) theoretical zinc
solubilities. Helgeson's gold solubility da_tz;\ seem to this author to be
based on less reliable source data than his zinc solubilities. Itis

thus suspected that there may be 1a1"ge errors in the gold solubility data

for chlorocomplexes especially at elevated temperatures.
7-4-2  Zonation of Gold

Three properties of the postulated ore fluid may cause decreasing
solubility of gold during ore deposition. These factors are independent
of the complex involved, and include:

1. decrease in fugacity of oxygen

2. increase in pH
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3. cooling
[
" A further property, decrease in molality of hydrogen sullphide.,'
is applicable to sulphide complexes c;nly. : .

The effect of a decrease in o'xygen fugacity is a reduction in the
oxidation potential required for dissolution of native gold. The
increase in pH decreases'ch'loride'complex Qt;lbiﬁty in gyerj case of
metal chlorocomplex formation. pH also has an indirect effect on the
§olubi1ity of sulphide c'omplexes in that hydrog_e; éulphide—bisulphide
equiiibriurn is shifted toward HS with increasing pH thereby promoting
formation of the highly soluble Au(HS); complex. The effect of
cooling is appa}'ent.‘in the change of the equilibrium constants with ‘
temperature.

: To eiplaix'; the éreferential association of gold with lead and zinc
in a stratigraphically zoned deposit such as the Anaconda Caribou, the
gold must be undersatt.lratgd with respect to 1;he native meta} upon
initial exhalation of the ore fluid. At about 170°C when lead and ziﬁc
begin 120 precipitate, gold must also approach saturation. The complex -
that, as a result‘of the clzhanges of fugacity of oicygeﬁ, pH, temperé.ture
and\molality of hydr;gen sulphide has the correct change in solui::ility,
is .Au(HZS. HS). ' . | |

- It is worthy ofi. note that the calcﬁilated solubility of gold as

Au(HZS. HS) somewhat exceeds that required by the model ore solution

at.170°C, the tempe:éture of beginning of zinc-lead precipitation.
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A 70°C drop in temperature to 100°C resuilts in a decrease in gold
solubility by about one order c.nf magnitude such that the model solubility
and that attribut'a'ble’ to Au(HZS. HS) ar;e in closest agreement ;t 100°C.
It is suggested that gold may be too ‘soluble to precipitate initially’

with zinc and lead but rather precipitate toward the end of the zinc-lead
! o

depositional phase when ore solution temperatures have significantly
idecreased. Tl;g high gold concentrations within a few tens of feet of
the harging wall contact, that is alrn'ost at the end of the zinc-lead
deposition, as seen in Caribou DDH 62-9 and Brunswick DDH 12-1002,

~are possible examples of this effect.
7-5 . Association of Gold with Pyrite

In Gha'pter 6 it was noted that,although gold did not show behaviour
compatible with solid solution in any sulphide m;‘;ne'rals, it nevertheless
was concentrated in pyrite relétiv;e to other sulphide minerals. This
could be due to éurface chemistry effects during the precipitation and
diagenesis of gold. |

Zviagincev and Paulsen (1940) found that gold was preferentially
7 precipitated upon pyrite, arsenopyrite and galena as opposed
to chalcopyrite and sphalerite. The concéntra}tion of mﬁch of the gold -
on the former minerals was explained as an inlteraction bet'wéen the
mineral surjface and the‘ gold lsol which forms at the first stage of

precipitation.



CHAPTER 8

' j ~ CONCLUSIONS

1. 'fhe average gold con.tents of the Bathx.:rst district strati-
form base metal ores as inferred from analysed drill cores stronély_ .
suggest that thes.e deposi‘ts concentrate gold by factors of 1.02 to 103 ;
times the crustal ave‘rage (taken as 1 to 5pp‘6_). In general, ﬂlxe wall
rocks stratigraphically below Vthe sulphides arle sign:ldicantly enriched
in gold for distances of.fx.t‘leaf_st 100 feet. _In contrast, the palladium
content of these ores is approximately t_he same as the crustal average
and it is rinferred timat this type of base met_alideposit does not
concentrate palladium (and probably the rest of the Plati.mim group
metalt.al). |

2. Although t-he evidence is not co'mpletely consi.stent, in the
majority of holes studied, gc_)ld is strongly zoned and enriched in the
zinc-lead rich ores. No zoning of palladium was detected. Gold,
thérefofe, is considered a minor constituent of the ore solutions whose
geochemical behaviour was controlled by the same ph?siqchemical
parameters that governeci base metal transpc-)rt and_dgposi}:idnr

3., Examination of the variability of replicate analyses for both

gold and palladium indicates that most of the variability" is due to sample

198 i
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inhomogeneity rather than chemical analytical error. Itis t_entat_ively'
suggested that in the case of gold a discrete mineral phase is present,
at least'in the lead-zinc ore wh'ere- higher gold c_ontént is generally
found. |

. 4. "A survey of the literature indicates considerable evidence

>

favouring a submarine exhalative volcanic origin for the Bathurst- .

Newcastle district stratiform ores. Basedona qualitative assessment

~ of the geometry of the Bathurst camp bres and utilizi.ng a model applied

o

by Sato {1972) to Kuroko deposits, the likely temperature-density
characteristics of'the ore solution were evaluated. These considerations

led to the conclusion that on mixing with sea water the ore solution

brines maintained a coherency and sufficiently high density to sink and

-
———

aggregate or pond as discrete brine pools in submarine topographic
depressions. g

5. A Aetailed evaluation of available thermoaynamic and
experimental data suggests that in chloride-rich solutions containing
I_re’duced sulphur (MCl- =1, Mt;tallo;iibhgagubility of base metals in the
pH -te;ﬁperature 'region relevant to stratiform base metal ore
deposition is dominantly due to chlorocomplexes of zinc; lead and

1 |

6. A model to estimate limiting values of the physicochemical

copper,

"pfoperties of the Tre solution relevant to transport and deposition of

{'T iron and the base metals can be developed following the approach
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~of Sato (1973). Equiﬁbrium_‘of the ore solutiox;l with pyrite and chal-
cdpyrite is appli-cable to the Bathurst ores-as an initial condition and
prqvides,limita of the likely pOZ—temperature profile of the ore solution.
The stratigraphic zoniﬁg of the base metals can be mode~11ed by
progressive saturation of the ore solu'tioﬁ with‘various éulphide minerals
in response t§ _falling tempefature, changing oxygen fugacity and"
deére'é.sit;g reduced sﬁlﬁhur conte;lt of the ore brine. A critical
agsumgtion required is that complete precipitation of metals is effected‘
by‘ the r.educed sulphur carried by the ore fluid. An estimate of the
minimum base metal coﬁtent of the ore solution is also required.

7. From the physicochemical c‘onditions of ore déposition
inferred ffom the base metal distributio'n. a critical evaluation c_)f gold
transport' proce\saes can be developed. According to the model values |
of the important variables deduced from the base metal study, gold
chlorbcomplekes provide insufficient gold solubility whereas gold
bisulphide complexes provide too great a solubility to model the actual
go}d contents of the deposits. A neutral goid sulphide complex, Au(HZS.

HS), gitvea gold solubilitf vlyhich agrees best with the observed con-
centration and distribution of. goid in the deposits. The existence of
: a

this complex, however, "has not yet been substantiated by experimental

data.



8. Experimental data on gold solubility in mixed chloride-

sulphide solutions over the temperature range 100 to 300°C and pH
range 3 to 5 are required to provide a more secure base for thermo-

-chemical modelling of gold transport applicable to stratiform base .

metal deposits and to provide an independent evaluation of Helgeson's

(1969) theoretical data.
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