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.· ABSTRACT -
• . ' ' 

the Tul_ks Rtll Cu-Zn-(Pb) pros,pect ia a v~lcanogentc 

118S81Vie sulphide depo.sit located · tn central Newf_oundland . 

Four sulphide lenses, with a total ~nage ·of less ·. than 

11 1111 on tons , a r ~ o st e d by f e 1 ·s i. c · p y roc 1 as t l ~ and v o 1 cant. c 
. /" 

rocks of the pre-Caradoc Vic~orta Lake _ ~roup. A relattve .. 
abundance of both .fel&tc · racls .'and Zn and Pb, dtstt.ngutsh~s .. . . 
this de p o s· i t f rom t he s t r a t t. g r a ,Ph t. c ·a l~ y · e qui v a l .e n t ones o r_ 

Notre pa111e Bay. 
I ' .. -

Hydrothermally altered rhyo~ttlc~dacl~lc · pyroclastlc 

..... 
. aod volcanic rock~ outcrop in Jhe 

tuffaceous chert and iron f o rmi't l on occur· .ln the 

han,gingwall. ·- Chequerboard a. 1 1>"1. Ye ; 

sertctte and quartz overgrowths on prtmary quartz. 

phenocrysts • are charac.teri.sttc alteration features ln the 

footwall. The im111ediate stratigraphlc base of~the ' depoillt . ' 
has K- and Hg(· Pe}-rich zon~s; these zones are thought to 

have formed a~ t~e locus of hydrothermal fluid e x;h a 1 a t t o n • 

A subvolcanic tnt ruston, called the Raven rhyol~te. ls 

iomagmatlc with -the footwall rocks. It conta t ns secondary 

m.icrocli.ne (K-enrtchment) and sulphide-rich ve~~leta, 

sugg-€st1.ng that lt · played a part i.n the mtnerallstng 

proc e,ss. 

Banded sphaleri ~ e·chalcopyri~e-galena mlnerallsatton · 

1-
f o rnre r the two gene. rally oie~ Lies · •assive pyritlte; 

minerals are also · common .in the atltc.eous stockwork. 

, 
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Galena . and tennantt"te become more common toward's the 

hangingwa.ll, apparent·ly at the expense of chalcopyrite, 

while. a~senopyrite is.·s~oradtc~lly df~·tributed. Covellite, 

-bornite, digen'"ite, magnetite, llmenite and 

marcasite are minor co~pdnen~s. 

Dolom~te ·- •erici~e and sidertte Fe-chlorit.e are 

:charactiristic -mineral assemblages of the tuffaceous chert 

and the iron·. forma.tion,·, respectively. 'Pyrite is the 

d om t n a n t au 1 phi ~. 1 n t h e s e c he r t- r i c h c hem 1 c a 1 s e d :l me n t:' s • 

Tig~t to iaoc~:lnal folding, with faulitng parallel to 

the axial planes, .is the bes~·developed pha~e. (Dl) a,: the 

three d~cume~~ed deformation epi.spdes. Recumbent f o_ld 1 ng 

ls inferred to pre-date Dl since the s t r a t 't g r a p h,y i s 

ln_v.erted.~btlisa·t1.on of the 

sulphide: Jccompanied the 

more plasticaliy . deformed 

development of the s 1 

schistosity. Dl is thought to have occurred in a 

brittle-ductile re~ime 'since annealed pyrite, witb distinct 
./ 

pressure shaaows ,· both oriented subparallel to s 1 , 

typically lie adjacent· to zones of granulate'd pyrite· (fault 

zones?). 

.. -
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CHAPTER 1 

INTRODUCTION _,. 
f . 

1.1 LOCATION AND ACCESS 

Tulks Hi 11 ls·. located tn central Ne..,{oundland (N't'S 

sheet 12A/ll) at ' the northern extrelllity of 

Annieopsquotch ··Hounta·tne, between longt·tudes ~7°10' 75" and 

'H 0 13' 2S"west and lat.ttudes 48°.Ji' 20" and 48°25'00"north 

(Fig. l. 1). Access is b~ a r~cently constructed logging 

road .from, a woods camp ("-~oebucks") owned and bperRc.ed by 

Abtttbt-Price Paper and Pulp Incorporated. The camp. la 
._, 

servlced by good logging roads from Htllertown, a small 

settlement on the ahores of .Red Indian L11ke, Located at the 

southern end of highway 370. 

Road access from the woods camp to the study area may 
I I 

be restricted during ' tlmes of heavy ralnfall due to 

wash-outs, 80 that either ~alktng, muskeg trActor or 

h e 1 1 ·c o p t e, r is the only viable mea na of access. 

Alternatlveli, access mBy be had by f 108 t plane, landln.g 

~ither at the mouth ot Tulka Rlver or on the numerous lakes 

eurroun4lng the study area (~. CoBtlsan Lake), and thence 

walking to the study area. 

l. 2 SIZE OF THE STUDY AREA AND ME THOO OF INV E: ST IGAT.ION 

The area of study is roughly rectangular in ehape 

measuring approxl~ately 960m by 2640m (Hap 1). 

Outcrop ts ~oderat e on top of Tulk• H1l1 but generally 
...... 

r 
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Figure l.l: Location and acceas map for th~ 
prospect. Some o{ the place names and 
entities are referred to in Chapters l-3. 
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very poor in the heavily-wooded areas on the ~orthern 

slo~es and southwest part of the map area. Drill core is 

available, housed in a cor& shed at Buchans, some or which • ·-· 
was ~sed to construct. a cross-section o! the Tl sulphide 

lens (Hap 3). Further access to thts lens is ·via an adtt, 

drlven Ln 1980, which expo~es a section of host rock from 

. the footwall, thro~gh the mln~raltsed horizon into the 

hangingwall. Host samples were taken from the. a_dlt ( whl c h 

was mapped in detatl; Map 2) because their locstton with 
. 

respect to the mtneralL~ed pbrlzon, was accurately known • . 

Away from t~e adlt, samples. from outcrop were studied tn 

to drlll core samples because of their known 

much 
• 

of 'the eore tntersectlng the other th~ee 

lenses (Hap 1) vas often split and not always complete, 

which therefore made its use q~estionable • . 

Surface mapping was aided by cut) lines, now partly 

overgrown, and stream sections cut by two brooks draintng 

the eastern and western parts of the area. A co_ntoured, 

geologtcal map of Tulks Hill (Cooper, 1968). which located 

both the cut ltne~ and the · major outcrops, was uaed as a 

topographic map only; the geology was retnterpreted and a 

new geologic~! m~p produced (Hap 1). 

Where there ts lttt.le ·outcrop a lena shape· and/or · 

Interfingering relationahip of the rock units ia inferred, 

' for two reaeone: a) felsic volcantc-py~oclastlc rocks, 

vhich predo~tnate at Tulks Hlll, are . ltmtted in · their 

la ter'al extent and often interdigitate wlth. adjaeent 
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11.tholog1es; 
j 

and b) the do"'lnant. ~:leavag. e at Tulks Ht.ll {s 

/ 

sub~arallel to the bedding, ·r.re~ding NE-SW, · and tt ls 

p reaullled that .the roc:.k uni.ts would 
~ 

lenao1d shapes also otiented NE~SW • 

1.3 PHYSIOGRAPHY 

Two physiographic subdlvla1ona co~prlae Tulks Hlll: a 

gently rolling plateau-like· area ln the south, wlth an 

average elevation of approximately 400m, and an area of 

eloping ground ln the north, locally wtth precipitously 

vertical clllfs (30m high). Tulks lU.ver, to the north of 

Tulks Hill, la the main dral~age for the area, flow{ng east 

and emptying into Red 1ndlan Lake~ two small brooks, whi.ch 

have their source ln the pl~teau-llke area of Tulke Hlll, 
• L • 

drai.n north tnto Tulke River • 

1.4 GLACIATION 

Evidence for g~aclation is generally absen~ although 

striae, ortented 330 degrees, were noted b~ Cooper (1968). 

A till of yarylng thtckness, cons1stlng predomlnantly of . ... 
. grantte gneiss and gra~lte boulders (Cooper, 1968), man~lea 

. . 
' the lower levels of the rtver valley and fllle depresstona 

within the plateau-like area. Erratl~:a of aertclte schist 

(local?) and omaft.c rock types 8 re COIIIIDOn ln the 

plateau-like area. 

--
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1. S ' PREVIOUS WORK 

A brief report on the sulpht.de mlneralogy at Tulks 

Hlll (Ja~bohr. 1983) ls the only .published tnfo.rnu.tion that 

i1 dtiectly relevan,.t to the · present study • • · 'R.egtonal 

-geologt.eal surveys by the Nf~d Dept. of Mines and Energy 

<!.&· Kean, l917b) .tnelude brief" descrtpctons of, and 

references to, the geology of Tulka Hill, which are useful 

of the reg l o n·a 1 .s t r a t lg r a ph i c a n d s t r u c t u r a 1 < ln terrus 

setting (Chapter 3) • The moat· recent (unp!-lblished) 

detat.led work at Tulks Htll ls by g.eologtats working for~ 

' Abt.tlbi-Prt.ce ·Hlneral., Resources whose reports are 011 file 

at -the .~ain co~~any offlce ln · Buchans. 

Cooper (1968} described the petrology and 

_~at.ne..-;alt.satton at Tu Uc.a Hill and interpreted th~~ 

11lneraltsatf.on tn terms of the genetlc ·concepts of the · d~y. 

For· e)(ample, "Hydrother~al fluids appear · to. have d~posited 

the sulphide-s f.n tabular p.orous tops of acfd volcanic flows 

.on the :Oorthwest ·ltmb of the cent.tal anticline. The 

depos'it may be desert bed as exosenettc and 

ep1.genetic; "(p.2). • 

mapped ..Brown (1964), Cowa~d ,0965)', and Riley (1~57) 
;\ 

'eith.er ,all or parts . of.\ Tulka Hill. All other mapptng" 

• 
previous to Riley {1957) was p er~d by resident 

geologists · ,-of American ·s ·Cleltlng and }Ri!tin'tns Company• 

(ASARCO); t h e i r r e p o r t s a r e o n f 11 e a .t t he AS A,R C 0 o f f t c e 
.... 

ln Buchans. 

In 1961 a copper anomaly was detected ~~ the f 00 t 0 f 

(· ~ .. ---
.IJ 
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Tulks HOl after geochemtcal samplf.ng of stream waters. ln 

the following two years detat led 8 0 t 1 sampllng W8M 

under taken whf.ch deflned addttlonal copper anomali.es. 

Diamond drilling of the prospect was begun tn 196') and 

continued tnto 1964. Some of thts drill core 1 housed at 

Buchana under the supervtston of Abt.t.t.bi-:-Price ASARc·o, 

wa_s used to the present study, 

I 
l ,6 AIMS OF THIS STUDY ------

Detailed mapping of beth the surface and underground 

geology 1 as well as petrographi-c, geochellllcal and 

s t r u c t ural anal y s is of the h o s t rocks and the sulphtde 

mlneraliaation, were the prt.me objectives of the present, .. s t u d y • The a·c cum u 1 a ted d~ta are 1 used to fortDulate 

genet1.c -111odel for the TulksJ{Ul aulphtde depostt in terl'lls 

o f / ·p res en t ' day tdeas and concepts; thts tncludes 

determining the environment of depostt't'on of the footwall -
[" 0 C k 8 I t he i [ C 0 Ill P 0 8 i t l 0 0 >, 8 t Y 1 e 0 f 8 l [ e r 8 t i_ 0 R [" e l a t ~ d t 0 

eulph tde depos i. t ion, the relationshlp _o.f the hang1ngwall 

'll t h o 1 ogles t.o t he s u l ph t de depoe t t and ' the effects of 

. . 
post-mineralisation deformation. Also, an attempt t.s n:~ade 

to deter11ine the chemical and flut'd characteristtcs at the . 
t i 111 e of a·l t era t ion and s u l ph t de de p o 8 i. t 1 on. 
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CHAPTER 2 
I \ 

REGIONAL GEOLOGIC AND TECTONIC SETTING 

.2 .1 INTRODUCTION ., 
Known base metal volcanogenic massive sulphide 

de po,si ~-~ Central Volcanic Belt (CVB; 
i 

Kean ~ within the 

~-. 1981) are r~stricted to the - Lower Palaeozoic 

-- ( Cambr.!an-S.ilur io~~.n). Detailed studies of the Notre Dame 

Bay. (NDB) derosit8 has led to a greater understanding .of 
' • 

both the stratigraphy and 
'\ 

metallogeny of the Lower 

Palat!ozo1c rocks of north-central Newfoundland (Dean, 1977, 

19 7 B; Kean and Strong, 1975; Strong, 1977). 
. ,/ 

Conseque':'tly, NDB dominates the .. interpretations of t h.e 

Cambrian-Silurian strqtigraphy of cent-ral Newfoundland, and 

lt~may be · useful to summ·arise its geology and metallogeny 

before des~rl.btng the stratigraphically equivalent rocks of 

.T u l k s H 111 • 

2.2 GEOLOGY AND MINERALISATION OF NOTRE DAME BAY 

Most Qf the information below is taken from Dean 

(1978), with so:ne additibna'l information froiD Strong 

- ··· ""' 

0 

(1977). A 8 u mm 8 r y o f the Lowe r Palaeo~ o! c s t r s t t g rap h y of ' 

' ' NOB is given in Figure 2.1. 

2.2.1, BASEMENT 

The Betta Cove oph-iolite in western Notre Dame Bay is 

. t-he be8c exposed example of the presumed basement whic.h 

i' 

.. 

\ 
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"LATE ARC" VOLCIIN I CS 

FLYSCH 

( 

Mafic~fe)sic volc:nnic~, 

both subaerial and 
submarinl.' 

B~ACK SHALE (C~radocian) 

CHERT 

,;EARLY ARC" VOLCANICS 

OPHIOLITE BASEMENT· 

Hafic-intcrmcdlatc-fclHic 
flows and pyroclnstl~A . 

\ \ L,....__ _______________ _J 

9 

l 

Fi~un• 2.1: Si:mplif1ed Lower l'alaeozofc lltrntlv,r.'lphy 
of :-lotrc Dame Ray (.compiled from Dean (1978)) 

" 
• 

~ -
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numerous authors (Church and Stevena, 1 9 7 1'; Dewey and 

8 t. rd ·, 1 9 ~ 1 i Upadhyay et !l.· • 19 7 1 ) t~terpret to represent 

oceantc crust. C l o 11 e r' to the . study area, the ophiolttt.c 

occurrences of the Great Bend, Coy Pond, Pipe11tone Pond and 

· A n" n 1 e o p s q u o t c h co~aplexea (see Fig. 3.1) are also re111nant8 

of the basement ( Co 1 ma n.- S a 4 d , 1980; Colman-Sadd and 

Swinden, 1982; Dunntng and Herd, 1980) altho~Jgh the tt.rutng 

-of their emplacement t.s 11till. di-sputed (Colman-Sadd, 1980; 

Pajarl and Currte, 
~ 

1978). 6cean1c crus tat basement ts 

. thought to have floored a wlde Lower Palaeozotc ocean, 

call.ed "Iapetus., (McKerrow and Zlegler. 1972). the closure 

of whlch produced ophtolite obduction and the Appalachian 

~rogen throug~ collt.ston of the oppoains marglns (Williams, 

1979). 

· · Dunning and Krogh's (1983) U/Pb (_zircon) age 

determinations for some of these Newfoundland ophioltte 

co~plexes gtve a narrow clustertng of dates . around upper 

Lower Ordovtcian (485 Ha.) suggesting either a synchronous 

tt~e of formatlon or preferential preservation (obduction) 

~f oceanic crust formed over a relatively short time range 

(Tremadoc-Arenig). 

Sulphtde deposits wlthin ophiolite complexes typically 

have a relatively· atmple mineralogy. viz. pyr1te 1 " 

c h a 1 c o p y 1- 1 t e a ·n d m f. n o r s p h a 1 e r t.[ e , a 1 t.. h o u g h i.o 1 d a n d s 1 1 v e- r 

•ay also occur tn signH tcant quanttt1ea (Hutchinson, 

1980). Thia cst.ne-ra logy ta typica l o f th e CVB ophio l it e s, 

vt t -h - chro11t te and magnetite as 

__ , 
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---
(Colman~Sadd, 1980; · Halpas and Strong, 1974). 

2.2.2 PRE-CARADOCIAN VOLCANISM 

Conformably .overlytng the op.ht.o\1.t1.c b a a e 111 e n t I ·It r e 

volcanic and pyroclast1.c rocks (hereafter reft:rred to as · 

volcanlc(s) and pyroclastlc(a). respectively) of maflc to 

l n t e r 11e d 1 a t e composltion w t t h aasoct.ated eedt111enta. 

L o c a 11 y • f e la 1 c h or t z on s , chert ·-& n d d y \c. e rock are de 11 e 1 oped 

(Dean, I 9 7 8; Kean_ and Strong, 1 9 7 5; Harten • 1 9 7 l ; 

-
Strong, .1977; Upadhyay 1 1973; Upadhyay .!.,£ .!.!_., 1971). 

These .rocks are thoug·ht to be related . to subduction of 

Iapetus oceanl~ cruet and the early atagea · of for111atlon of 

an tsland arc system butlt upon that crust. Thls arc !olas 

centered near Wtld 8lght-Moretons Harbour (F~g. l.l) and 

p e r s t s t e d t h r o u g h t o 1 a t e 0 r d o v t c 1 a n - ~ l 1 u ~ a ~ t l m e a ('K e a n 

and Strong, 1975; Payne and Strong, 1979; St.rong 1 1973). 

A s~ratlgraphtcally ~~uivaient unlt, the Dunnage 

·Melange, ls interpreted as a ~ectonlc slump deposit nf 

etther existing lower Ordovtctan llthologlea ( -~outhwest 

port ton; Ht.bbard, 1976) formed durlng Carodoctan tt111es, or 

of 11ore exoclc and unique lithologies (north~est) for which .. 
no in-situ source terrain can b£ ldentlfled. 

Copper (-ztn.c) mtnerallsation of the Consoltdated 

Rambler mine is localised wtthln felsic horizons of the 

Paquet Harbour Group (Tuac.h, 1976) • 
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2.2.3 CARADOCIAN CHERT AND SHALE 

Fo\lo~~ng the eruption of subduction-related volcanics 

there ~as a period of quiescence marked by the deposition 

of an extensive chert and black shile sequence which 
I 

blanketed the volcanics. This lithology is interpreted by 

many· authors to s~gnal the closure of Iapetus (Dean, 19 7 8 ;, 

Dean and·Strong, 1975; Strong, 1977; Williams, 1979) and 

in most areas deposition ·lasted for the whole of the 

Caradocian epoch. In western NOB however,, only the lowest 

fosrdl zones are preserved (Nemagraptus' gracilis) due to 

the deposition of e~sterly-prograding flysch derived from 

rocks exposed in the west during Taconic (middle 

Ordovician) uplift. 

At most locations a basal red and green-black chert 

and cherty shale sequence is overlain by a 

carbonaceous shale. Abundant radiolaria within the chert 
., 

suggest that these are ·deep ·sea cherts, altttough it is 

-· possible that part of the chert is inorganic (De~n, 19~8). 

Pyritic horizons are locally developed within the 

shale which are -currently the subject of a major 

metallogen!c-geochemical investigation (Dean and Meyer·, 

1981, 1982, 1983:'1984). 

2.2.4 FLYSCH DE~OSITS 

An easterly progra~ing greywacke-conglomerate sequence 

of Upper Ordovician-lower Silurian age overlies the 

Caradocian shale. Although the sequence i~ divisible into 

-· 
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overlain by ih~ Co(~son two units, Sansom : Greywacke 

Conglomerate, the/ essentially 
I 

! 
lithofacies of the same deposltlo~al 

I 

! 
Sansom Creywacke is, 

represent different 

e p~ 'sod e. 

characterllied by 

thickly-bedded arenaceous units, - although 

argill~ceous horizons are prominent in the more we~t~rly 

localities.' Turbidite- deposition ls indicated by ocour 

cbannels, conv~lute bedaing, and slump ana intraformationAl 

breccias. 
., .· 

The Goldson Formation is. present only 'J.-n eatotern NUB, 
... 

with cor~l11ne fossils (Favosite~, Halysltes) indicating a 

Lower Silurian age. Massive, poorly-bedded donglomerates 

w 1 th plutonic, sedimenta·ry and limestone cl~sts 

characteristic, the latter su~gesting the development of a 

reef 

limy 

system in the shallowing -waters ~f the b~stn. 

shale, ~gillite and sandstone occur at -
localities. 

Minor 

~>om~ 

( 

This shallow water deposit marks the infilling of the 

"Caradoc basin" ·. and denotEi-s the ·final · degradation of the 

island arc ·system of central Newfoundland (Hibbard and 

Williams, 1979). 

On New World Island (Fig. 1 • 1 ) t h:e fJ. y s c h • bl11ck 

shale and Dunnage M~lange are suggested by HcKerrow and 

Cocks (1977) to be t'art of a single 

fill" sequence. 

"Groups" as an 
i 

They interpret 

olistostrome and 

stratigraphic "trench 

the Sansom and Goldson 

c 0 a "r 8 e - 8 r a 1 n e d axial 

• 



lt. 

channel respectively, both formed on the margin of -· th~ Nort~ Americin continent prior to the closure of 

I a_pe t us. ~ontrary to other publicat-ions (Dean, 1978; Dean . 

and Strong, 1975; Stt:ong, Williams, 1979), they 

suggest a Middle · Devonian time of closure, using both 

faunal differences and the existence of "calc-alkaline" 

volcanics (post-Carad~~ian v~lcanlcs as used here) Ln 
. 

Newfoundland, the Maritimes and Scotland as evidence. 

Williams 
. ) 

_(1979) suggests chat the Reach Fault (between New 

World Island arid the mainlana) is not the suture zone for 

the closure of Iapetus, as- suggested by McKerrow and Cocks 

(1977), but rather it represents the position of a local 

basin of deposition. 

2.2.5 POST-CARADOCIAN VOLCANISM 

A resurgence of volcanic activity in the CVB occurred 

1m111ediate.ty after the ·-deposition _. of , the chert-black 

shale-flisch sequence. It can be divided into three belts: 

a) a central belt, known as the Roberts 

Arm-Bucha~s-Chance~ort Belt, domfnated by marine 

lithologies 

b ) two b <>u n d i n g be 1 t _8 , r e f e r r e d t o a s the Springdale 
I 

Belt to _the west and the . Botwo~d Belt in the east, 

do.minated by ·subaerial deposits. 



- 15 

Arm-Buchans-Chanceport aelt: The base uf ~ach a -~~oberts 

group is marked by either 8'l) olistostrome or· maf1c-ftdstc 

volcanics. Blocks of volcanic rocks, con~lom~rate, 

greywacke and limestone set in an argillaceous ~~trix 

comprise the o~istostrome, which probably resulted from 

either . inacabilicy caused by the renewal o-f - volcanism 

(~ean, 1978), or movement on the faults b o u n tl I. n g t IH• 
. ' 

basin(s) of deposition (Arnott, 1983). 

An overlying . sedimentary unit, composed of s L.t le, 

greywacke, l_iandstone, tuff a n d c h e r t h o r 1 z u n 1:1 w 1 t h 11 J no r. 

lavas, is capped by a volcanic , assemblage of pillow 
' 

agglo~erates and tuffs. I n m o s t c a 1:0 e :s f e 1 s { c v o. 1 c a n t c s ,1 r ,. 

more abundant towar4!1s the t 0 p and locally-dcv~loped 

igni111brites suggest subaerial conditions of deposition for 

some of the younger lithologies. 

The important pqlymetallic sulphide d~postt.s at 

Buchans are h o s t e d b.): r o c k s . o f the B u c h a n s G r o u p ( T h u r 1 ow 

ll ~·· 1975) of probable middle Ordovician to early 

Silurian age (Bell and Blenkinsop, 1981; 
~ 

Bostock; l 9 7 8 ) • 

No~l.an (unpub. informacion) dtd retrieve middle Ordovl.cl.an 

conodonts fro~ a limest~ne clast of a sedimentary unlt in 

the -auchans Group but the fact that t l is a clast 

tntroduces doubt t' 0 r . i t 8 s 1 g"n t f i c a n c@ w 1 t h r e 8 p e c t t 0 t h c 

age of the Buchans Group. 

.11 
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b) Botwood and Springdale Belts: A lowermost sequence of 

alternating subaerial mafic-silicic lavas and pyroclastics, 

with interbedded red clastic sedimentary horizons, is an 

essential characteristic of each belt, A red, clastic 

~edtmentary unit overlies all lithologies of the Botwood 

Belt but occurs only in the upper parts of the Springd4le 

Group in the Springdale Belt. Ignimbritic volcanics, as 

we 11 a 8 c ross bed d.i n g , r 1 p p 1 e mark 8 and rn u d cracks · 1 n the 

clastic lithologies, testify to a shallow water environment 

of deposition. 

A marine sequence of lithologies, the Long Tickle 

FormatiOn· of the Cutwell Group (K~an, 1973), primarily 

·consisting of interfingering lavas, agglomerate. tuff and 

limestone, is· also correlated with rocks in the sybaeiial 

Springdale Belt (Dean, 1978), 

2,3 DISCUSSION OF THE LITHOLOGIC AND.HfTALLOGENIC EVOLUTION 

OF TBE CVB 

Figure 2.1 is a summary of the "typical" stratigraphic 

succession in the CVB: an ophiolite (oceanic) basement is 

overlain by two volcanic sequences, the latter being 

shale-: flysch separated 

sequen~e. 

by a monoton,ous chert-black 

At Betts Cove, Upa~hyay (1973) documented a change 

wt th a from tholeiittc ~o calc-alkaline volcanism 

conformable progression into the overlying island arc 

lithologies. Dean a~d Strong (1975) expanded this idea to 
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· propose a model~ which ts now generally accepted, of 

calc-alkaline volcanics _Q'Jer 1 y i ng '~h~lelltlc oc~anlc 

basement. The younger volcanic sequence, whlch poet-date~ 

continent-arc collision, ts and 

volcanism l.n a subduction (calc~alkaltne) or r .tft-type 
, 

environment is posstble (Arn~tt, 1983; Thurlow, 1981 a,b). 

It has been ~oted that the mtneral~gy of the sulphlde 

dep_oetts in Newfoundland changes wtth t~e composttton of 

the host rocks (Stephens et ~·, in press; Swinden and 

Thorpe, - tn prj!ss), the NOB deposits -__ (~. Ralllbler)- havlng 

less Zn and Pb'than those,deposlts tn ~entral (Tulk~ H lll) 

-. 
and southern (Strickland) Newfoundland. Thls change tn 

- - --- - m.tneralogy corresponds to a. change ln host rock coiQpos l t loh 

"-"\ 

' l 

from mafic-dominated in NOB to felsic-dominated ln central 
t 

and southern Newfoundland. Hutchinson (1980) proposed that 

the mineralogy of sulphide deposits is a reflection or 

their tectonic · envtronment: 111tnera·ltsat.ton in ophtol1.tlc 

rocks, genera~ed near spreading centres, has a relatively 

simple mineralogy (chalcopyrite-pyrite), whereas deposits 

in primitive island arcs are Cu-Zn rich. Deposits wlthln 

the mature parts of the sa~e island arc tend to be etcher 

in Zn and Pb: · a mixture of rifting and aubductlon 

volcanis~ is common tn t~ese environments, a fact noted by 

(1983) for the Kuroko ·deposits. The change 

in mineralisation from the basement into pre-Caradocian 

volcanic rocks o ~· NDB sugges~ that the ~ectonlc environment 

may be a control on the type of mineraliaattoo. 
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tmpltee that the tecto~Lc envlronm~nt at Tulks Hlll 1 which 

has a Cq-Zn (-Pb) mlne~alogy, wae do~tnat.ed by a primitive 

ace, possibly with locally-developed rtf~ing to account for 

the Pb tn the deposit. 
( -

Htneral(satlon 
.. - ·· 
in the post-Caradocian vo l~an i.e 

sequences, which is dtsttnctly polymetallic but localised 

t. n 1 t s 'Hat r t. but 1 o.n ( e g. Buchans, . Ptlleys lsl"and), is 

suggestive of a 111atut:e i ala nd arc e n .v t ron men t with 

·ass oc 1 ate d rtf t 1 n g. Both Thurlow (l9Sl a, b) and Strong 

(1973) have suggested that ,the post-Caradocian volcanic 

rocks were generated tn an island arc setting, and Arnott 

(1983)· has suggested that ~ifting• was important in 
I 

post-Ca~adoct.an tlmes. ~- ft. therefore _·seems llkely th6t th·e 
f~ -

post-Caradoc tan mtneraltaa-tion - ' was generated in a rifted, 

111ature arc. 

·' 

\ 

~ 
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The host rocks to the Tulks Hill deposit are the 

Victoria Lake Group (VLG; Kean, 1977b). It is an 

assemblage of volcanic and epiclastic rocks in central 

Newfoundland that crops out in a narrow, linear belt from 

King George IV Lake through to Grand Falls (Fig. 3.1), a 

distance of approximately 175km. Conodonts of 

Llanvirn-Llandeilo age, retrieved from a limestone horizon 

in the upper 

suggest 

portions of the VLG (Keao and Jayasioghe, 

1981), that the VLG. is correlative with 

pre-Caradocian volcanic rocks in Notre Dame Bay (Chapter 

2). Model ages for Pb isotope data obtained for the Tulks 

Hill deposit suggest an age of 400-412 Ma for the Group 

(Swinden and Thorpe, in press): this age is too young 

since the VLG is known to underlie a Caradocian-age black 

shale and the conodont age is preferred. 

The following generalised description of lithologies, 

stratigraphy and structural relationships is compiled from 

Dunning et al., (1982), Herd and Dunning (1979), Jayasinghe 

(1979), Kean (1976, 1977a, l977b, 1978, 1979) Kean and 

Jayasinghe (1980, 1981), Kean and Mercer (1978) and 

(1978). 

Merce .r 
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3.1: Area of outcrop of the Victoria LaJce Group; 
volcanic rocks predominate in the southwest, wh_e reas 
ep1clast1c _rocks_ predominate in the northeast. Some ,. 
0 f -- the place names and geographic and geologic 
entities are referred to in Chapters I-3. The 
Harbour 'Round Formation ,(see text) has a limited area 
of OUCCI'Op co 

. 
the immediate east of Red Indian Lake, 

but f 9 r reasons of sc.ale cannot be incfuded on this 
1118p ('see Kean, 19 77 8 and 197 8 for a detailed rna p of 
~he outcrop of the Harbour Round Formation). 

--
• 
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3.2 GENERAL GEOLOGY 

~ tentative correlation chart for- the various map 

areas containing ,all or portions of the VLG is shown in 

Figure ).2. Younging directions·are seldom seen and it is 

only inferred that the silicic rocks overlie the mafic: 

rocks. The dashed lines .are not t...sochrons but connect 

similar lithologies or related facies. The thickness 1>'f 

these units is difficult to det.ermine because of faulted 

contacts, poor outcrop, sttuctural com"plexi ties and 

lithological similarity between and within units. 

Two intrusive rock types are found: a) composite 

' plutons 'compritdng varible amounts of gabbro, diorite, 
.... 

granodiorite, quartz-monzonite and quartz porphyry, a·nd b) , 

medium to_ fine-grained gabbro-diorite •. Both varieties of 

plutons have elliptical or linear _outcrop patterns, 

suggesting pose- or syn-tecton.ic periods o'f intrusion 

respectively, Some of these pluton& intrude the VLG and 

at:e thought to represent the sub-s u r face f e e de r s to c he 

volcanic rocks of [he VLG (Jayasinghe, 1979; Kean. 1978; 

Kean a~d Hercer, 1978; Hercer, 1978) 

·,, 3. 3 S TRAT·I G RAPHY 

An arbitrary two-fold lithological division of the 

Group is made as follows: 

a) dominant).y marine ~lastic sediments in the 

northeast outcrop area, 

b ) d o m.i nan t 1 y v o 1 c a n 1 c- p y r o cl a s t 1 c 1 i. t h o 1 o g i e s 1 n t he 



• 

__ _). 

Figure~ 3.2: Tentative cot'relatl.on chart for the Victoria L~ke 

Group. The dashed ltnes connect similar litholoKiCs 
or related facies. See text for references used in 
compilation. 
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sout~west outcrop area. 

An approximate common boundary between these two 

I 
gToups may be dr~wn between the Lake Ambrose (east) and 

Buchans map sheet' (see Fig. 3 ·• 2) • 

\ 
).3.1 NORTHEAST OUTCROP AREA 

Slates, silts~ones. sandstones and greywackes, with 

minor· interbeds of chert, red argillite and rare basic 

·voicanics, characterise the Group_ in this area. Locally, 

conglolllefate horizons and~ minor intermediate to felsic 

flows and agglo.merafes are present (Kean and Mercer, 1978), 

A singl~ limestdhe horizon, exposed near the top of the 

sequence in the Badger map area, contains 

Llanvirn-Llan4e!Lo age conodonts (Kean and Jayasinghe, 

1980, 1981). 

Sharp erosional bases an~ tops are associated with 

full or partial Bo.uma sequence 's within the clastic 

sedimentary units. Numerous localised sedimentary 

etructures help to identify younging directions but the 

p o o r o u t c r o p a n d .r e p e t i t.i v e 1 i t h o 1 o g 1 c a 1 s i m 1 la r 1 t y h 1 n d e r s 

regional s~ratigrfphic .interpretations. 

In the Noel Pau'l)s Brook region c he VLG is 

• • 

•. progressively .metamorphosed 
't~ 

t'owards the southeast where 

phyllites, schists and gneisses replace the typical 

--·· greywacke-siltstone-chert sequence 1 n c'r e a s i n g 

proxi111!ty to a granite-gneiss t~rrane (Jayasinghe. t979). - · ---, 
A black shale, similar to that outcropping in NDB 

I 
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,. -
(C~apter 2), -overlies the VLG~in central Newfoundl~nd but 

its accurate delineation, mainly through g~ophys1cs, is 

hampered' by interbedded greywacke, siltstone and chert 

.which interfere with the geophysical ~{Rnal. Caradocian 

graptolites within the shale cqnfirm the pre-Caradoc age of 

the un~erlyin$ Victoria Lake Group. In Figure ),2 ~he 

Caradocian . black shale and the overlying 

g r e y w a c k. e- c on g l om e r a t e s e que n c e 'i s n o t l n c 1 u de d w i t h 1 n · - t he 

VLG, prinGipally · because of stratigraphic correlations with 

the Caradocian black shale and _overlying flysch deposits in 

NDB Kean and Mercer, A'~ similar, but. 

apparently unfossiliferous, black shale in the Noel Pau 1' s 

Brook region is also correlated with the Caradocian shale 

outcropping ln the Grand_Palls region. 

3.3.2 - SOUTHWEST OUTCROP AREA 

Quartz-rich silicic rocks of rhyodacite compo~ition, 

typically coarse pyroclastic breccias and crystal-Lithic 

tuffs, are the most 
\ 

COIIIIOOO lithologies, a 1 t h'o J"~ .. h-

massive flo~s and fine-grdined tuffac~~us rocks also occur 

(Kean, 1976, L977a, 1977b, L978). 

Mafic to intermediate flowa, agglom~rates and tuffS 
_..- · . 

are sporadically developed in ~ the Star Lake (east) !lnd 

Victoria Lake -areas., typically occurring as intercalations 

within the ----silicic rocks (Xean~ 1976, 1978), In the Lake 

Ambrose (west) area however, mor~ extensive 

mafic-intermediate horizons occur (Kean, 1977~). Interbeds 

r 

, .. 

'•' 

_. 
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I 

of tufface~us gr:eywacke, sandstone, siltstone and black 

shale are present~ particularly in the Vietorig Lake .area 

(Kean, 1976). Similar rock types outcrop in the ICing 

Ge~rge IV and._ Lake Ambrose (east) map areas (Kean, 1978; 

.K e a n a n d ·J a y a s 1 n g h e • 1 9 8 l ) .-

Altered maf'ic pi~low lavas are faulted against the 

~~ed basement _ (A n.n f..e o p s <t u o t c h oph io l it.e) 

~ 

Victoria Lake region. If these pillow lavas mark the base 
/ 

of the VLG it provide11 a b~sis for suggesting a tentative 

r 
_,, c or r e 1 a t 1 o n o f. t he V L G w ~ t h t h e p r e- C a r a d o c 1 a c v o 1 c a n 1 c s o f 

NOB, ie. the· mafic rock.s in the Victoria Lake area are 

equivalent to the Snooks Arm Group, ftlr example, the latter 

confo_rmably overlying the Betts Cove 'ophiolite (Chapter 2). 

3.4 STRUCTURAL STYLE OF THE VIC.TORIA-LAKE,GROUP -- --- -----·-----
All li t.hologies of the VLG, excluding some- of the 

1 n t r u a i OJl s (Kean, 1976), possess a schistosity subparallel 

. '> 
to the bed d 1 n & (II e r d and Dunn 1 n & , -1 9 7 9 ) • It strikes 

par a1le 1 t o the t r e n d of the . be 1 t ( N E- S W) and dip a s tee p 1 y 

to'the northwest. 

Rarely, distinct wa'y-up a o.d c 1 ea vage-:- be dd 1 ng 

relationships can be defined and the units young- to tile 

nort'hweet and "large-s~ale 11 tight to isoclinal folding is 
~\. --, 

1 n f.e ·r r-~-. _) K e an ~ 1.9 7 6 1 1 9 77 b; Her~ e r , 19 7 8) ~ Fa u 1 t s 

par a 11 e 1 · t o t h e be d.s 1 a s s o c i a t e d w 1 t h the probable 

isoclinal 
-1 

folding, are. thought 
p 

to be commonplace, although 
.... 

:' 
(_.J --
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it is difficult ' tci document the amount: and dtrectton of 

d 1 s p 1 ace men t ( K ea n • 1.9 7 6 ) • .. 
This deformation & t y le and the 

greenS'?hist grade of metamorphism are very typtcal of the 

VLG and serve to dtsttngulsh it from ·the overlying Bu~hans 

Group (Kean and ' Jayastnghe, 1980). 

3.5 RELATIONSHIPS OF THE VLG TO!!!]. BASEMENT, 

The VLG 18 probably correlative. wHh the 

pre-Caradocian v.olcanic.s of,NDB (Kean ~ .!..!•• 1981) whtch 
, · 

t.rupltes an oceanfc crus ts.l .asem-ent (see Chapter 2). 

Possible opht.ol.t.tt.c basement outcrops t.n .· the -Kt.ng George lV 

and Noel Paul's Brook map sheet areas. although the 

contacts are either faulted or unexposed (Jayaainghe, 1979.; 

X.ean and .Jay8singhe, Hedium-gratned gabbro. 

cumulate pyroxenite, and minor diorite occur tn the Noel 

P 8 u l ' a 8 r o o k a r e a ( F 1 g •. 3 • 2 ·) , a 1 t h o u g h t. n t e n s e d e f o nu t t o n ., 

and alteration has converted the or1.gtnal pyroxenes to 

amph1.boles (Jayaat.nehe, 1979), In the Ktng George IV map 

area sheeted dykes, pillow lavas and gabbro occur, probably 

representing the upper portions of the oceanic· ~ruatal 

• 
b 8 ·s em e-n t ( K e a n a n d J 8 y a a 1 n g h e • l 9 8 l ) • 

• The Corlllacks Lake Coa:aplex (King George IV area) · may 

represent Grenvil.le age contl"ent~l basement (Her-d and 

.Dunning. 1979). It consists of polydeformed biotite 

gne!as, guartr.lte, amphibolite, mtca.'-achlat, calc-ailtcate 
{ 

... 
•· 

---

,. 
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and a foliated granite. Garnets, pyrite and 
uni.ts 

magnetite are also sporadically developed. Multiple 

deformation patterns suggest that the complex is 

the less deformed ophiolitic material and it is 

older than 

therefore 

interpreted by Herd and Dunning (1979) to be a raft of 

Precambrian continental crust. 

Amphibolite-grade metamorphic rocks mark the base of 

the VLG in parts of the Noel Paul's Brook, Lake Ambrose 

(east) 

19 80, 

and King George IV map 

1981) but are 

areas (Kean and Jayasinghe, 

interpreted to represent 

locally-developed prograde metamorphic equivalents of VLG 

lithologies rather than basement; a lack of polyphase 

deformations disti.nguishes these rocks from the Cormacks 

Lake Complex. 

3.6 ROCKS OVERLYING THE VLG 

3.6.1 TALLY POND GROUP 

The Tally Pond Group is probably the overlying 

lithological unit in the Badger, Noel Paul's Brook, Grand 

Falls (west) and Lake Ambrose (west) map sheet areas (Fig. 

3.2). Fine-grained clastic and volcanogenic sediments, 

overlain by mafic pillow lavas, flows, and breccias, with 

intercalated felsic flows and pyroclastics, crop out in the 

type area (Lake Ambrose (west)). Laminated siltstones, r e d 

chert and shales are interbedded with the volcanics. 

Mafic to intermediate flows, breccias and tuffs with 

'interbedded siltstones and greywack hi h t · th e, w c crop ou ~n e 
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' Grand Falls (west) and N oe'l Pau 1 ' ·a B.rook , reg tons 

(Jayssi.nghe, 1979; Kean an4· Mercer; 1~78) whlch are also 

referred to as the Tally Pond Group; although Jay'\st.nghe 

(197~) does not use the term "Tally . Pond" for the units in 

the Noel . Paul's Brook. region.J the slmllartty i.n lithology 
r 

suggests .a probable equivalence wi.th those tn the type 

a rea. In the Noel Paul's Brook reston felstc rocks of the 

Tally Pond Group are lntercalated wlth the VLG suggeat . .tng 

that the base · of · the · Tally Pond Croup ls dlachronoua and 

that ·tta lowest ~embers are equivalent to· the uppermost 

portt.ons of the VLG. 

3.6.2 HARBOUR ROUND FORMATION 

Finely-laminated grey-green slltatone, red alltetone 

and chert, and mlnor mafi.c tuffaceous rocks conatltute the 

Harbour Rou~d Formation (Fig. .1. 2). It has a ltmtted 

outcrop distrlbutlon and is present only ln the Star Lake 

(east) and Lak.e Ambrose (~Jest) map areas (Kean," 1977a, 

"1978). No contact relatlonshtps are ~een with · the 

underlying VLG. Younger rocks in the Lake Ambrose (east) 

area are separated fro111 the V.LG by members of the Tally 

P on d G r o u p s u g g e s t 1 ng t h a t · t h e H a r b o u r R o u n d F o r IDa t l o n t s 

stratigraphically equtvalent to 

The southwestern extremity 

of Harbour Round FormAtion. 

c.he Tally Pond Group. n 
~f the are4 hae no outcrops ~ ' 

Instead, the Silurian(?) 

polymict Rogerson Lake conglomerate probably ove~li.es ~he 

Vlctorta Lake Group (kean, 1983; Kean and Jayaatnshe. 



- · -- 31 

1~81) sugsesting uplift . and erosion. and/or non-deposition, -· 
of post-Caradocian rotks in this area. 

3. 7 LITHOLOGICAL COHPARISON·S WITH THE ROCKS OF NOJRE DAME 

' A Caradocian black shale in both central Newfoundland 

and LIIOB suggests a connection . of .· the two areas in middle 

Ordovician Limes. Pre-Car~docian lithological sequences in 

the two areas are, however, quite different: there is a 

relative abundance of felsic pyroclastics and volcanics in 

the southern portions of the VLG which may ·, in part, be 
·:t' 

related to a difference in the basement type. It has been 

sug 8e.a ted (Colman-Sadd, 1980; Swinden, 1982; Swinden and 

Thorpe, in press) that continental crust may have played a 

aore, significant role in determining the magma type in 

central and southern Newfo_undland, the felsic magmas 

p·os ai bly being generated by crustal assimilation and/or 

palingenesis. In south central Newfoundland the Cormacks 

Lake Complex is an obvious candidate as evidence of such 

continental crust. It 

outcrops of Cormack a 

Dame Bay. 

i s in t e r e s t 1 n g to 

Lake equivalents are 

note that no 

found in Notre 
\ 

3.8 SUMMARY, ~TERPRETATION AND STYLE OF MINERALISATION IN 

THE VLG 

Two lithological facies comprise the linear: belt of 

rocks ~nown as the Victoria Lake Group: felsic volcanic 

A 

-· 
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and pyroclastic rocks predominate in the southwest whereas 

epiclastic. sedimentary· rocks outcrop in the northeast. 

Caradocla~ age graptolites within the o~erlying black shale 

c o n f i r m t h e p r e - C a r a d ~ c 1 a n a g e o f t h e V ·L G ~ n d \ e r e f o r f: 

correlate the Group with t~e pre-Caradocian volcan~c rock~ 

o f N D B ( C h a ·p t e r . 2 ) • 

Basement relationships are not clear-cut And both 

oceanic (Annieopsquotch ophiollte) and cnntint!ntal 

(Cormacks Lake Complex) crustal basement are possible; 

this separates the evolution · of the V LG from · the 

stratigraphically equivalent lithologies ' in NOB. Pb 

isotope data · (Swinden and Thorpe, in press) favour 

continental crustal involvement during magma · genesis. An 

unusual tectonic environment ia therefore r e q u l red· t o 

explain the cha~ge in volcanism to the south of NOB; on~ 

such environment · involves the trans_gression of island arc 

volcanism across a continental boundary. as s .u g g e s t e.d . by 

Swinden and Thorpe (in press; see Fig• :L3). 

Mineralisation within the VLG also reflects the change 

in both the style of magma genesis and the related volcanic 

rocks; volcanogenic massive sulphide depo~lts in central 

and sQ.uthern Newfoundland have increased proportions of Zn 

and Pb relative to CJJ 1 

r~fl,ct an increased 

(Stephens et .!.!.•, 1983; 

.. 

a feature that is thought to 

inNolvement of continental crust 

Sw1nden and Thorpe. in press). 



I 

rtgure 3.3: Island arc migration across a continental 
boundary. This tectonic interpretation has been 
suggested by Swinden and Thorpe (in press) to explain 
the abundance of felsic volcanic rocks, increased Zn 
and Pb contents of volcanogenic massive sulphide 
deposits in ientral and southern Newfoundlan~ and 
changes in Pb isotope values (redrawn). · 

. \ 
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CHAPTER 4 

THE GEOLOGY AND PETROGRAPHY Q! THE TULKS HILL ROCKS 

4.1 INTRODUCTION 

• The Tulks Rill rocks crop out tn Dunnage 

tectonostratigraphic zone of th~ Appalachians (Williams, 

197.) and more specifically within the Star Lake (east) map 

shee~ (Kean, 1978). They are part of the southwest portion 

of the VLG in which f~lsic volcanics ·and pyroclastics are 

dominant. 

4.2 GENERAL STATEMENT 

Table 4.1 compares the unlt names used in this study 

~tth those of Cooper (1968). Cooper'~ geological map is 

too generalised for the present study and was used only as 

a topograph~c and outcrop-location map. Haps of. the 

surface (revl.sed) and underground ·(riew) geology can be 

found ln the back pocket of thl.s thesis (Maps l and 2 • 

respect lvely). 

In this chapter the geology and petrography of the 

Tulka Hill rocks are described and interpreted.· The 

au 1 ph t de a of the 11 m 1 n era lise d h or 't. z I) n 11 
( see P tg. 4 , 1-) · . are 

dlscuaaed in Chapter 5 .• 

, 
4,3 ROCK D£SCR~PTIONS 

' J -
Table 4.2 summarises the- primary secondary 

/ 
•in..eralogy of the 11 . rack types th .at · crop out at Tulks . 

.. . 
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Tabl~ 4.1 Unit names used in this study 
and by Cooper (1968) 

~----------------------------~ THIS STUDY .COOPER (1968) 

Quartz crystal tuff Sericitic ,1cid volcnninl 
. Lars::e quartz c;rys-tal ·tuff 

Quartz crystal . _tu((_~• . 

Biotite quartz crystal tuff 

Rhyolitic brecci~ 

Iron fonnacion 

Iron ' formation 

Siliceous stockwork 

Black shale 

Not recognised 

Not reco~nised 

Not recognised 

Ha f ic dyke 

Quartz veins 

Porphyritic chlorltlc a r id 
vol cnn lcs 

Rlotit lc ncid vnlcnnl('fl 

tragmental acid v~lcani<H 

? Non porphyrlti<' . chl~rltlc 
acid volc.,nl<ll 

Pyritic ;lcid vnlc;udr~ 

Black slate> 

Ht• t aeon~ 1 orne r .1 t e 

Blnck chert brecrln 

Hecasiltstone hreccin 

Diabase dyke 

Quartz veins 

. ..- .--~-

\ 



IRON FORMATION 

TUFFACEOUS CHERT 

Ml~EBALISED HORIZON 

STOCKWORK ALTERATION 

• 1 FOOTWALL VOLCANICS 

? RAVEN RHYOLITE ? 

Quartz crystal tuff 
Rhyolite breccia· 
rhyolite flows 

(Black shale) 

Figure 4.1 :Tentative stratigraphy for Tulks Hill . 
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Rock type 

Q~1artz 

crystal turt 

Lane-quart:~. 

crystal 
turt 

ih ot i te-qu;1 rt z 
crystal 
tutt 

e:~n~l:.ed 

'rhyolite 

AltereJ 
r:l\ o ~ ~ te 

\' cl <! r: i c 
i;rec c t u 

Table 4.2 Summary of the primary and secondary mineralogy 
of the 11 rock types that outcrop at Tulks Hill 

PIH~lolRY SECO~f~,\RY 
ratrix Phenocrysts Phenocrysts ~atrix 

Qtz 

Ab 

Qtz 

QtJ. 

R i :\ ll4 ! ,l 
Kspar ~ ' 1 

Qn 

I 
Qtz ( 2mm) 
Ab 
Bi 
------~ -'" Ep 
~~----~~ $er;Chl 

Qtz ( 2mm) 

Chl ;Ser 

Qtz 
Chl ~Ser 

Ab -----~" Chl;Bi; Ep 
Qtz :\t 
Hem f.~----+- ~·, t 

Qt£ 
-' b ------~-'S s· ,., , . er. 1 

Bit: 1--~-~) Chl 

S.er.Curb 
Hi---+-----------~----~, !;h! 

C]tz 

Bi 
( Zrc:: ) 

l~tz 
,.\b( n 

Ab 

Qtz 

f •\b 1 -----~, Ser, Ch l 

Qt7. 
:\!'1 ' · -----~, :-;er .ep 
Ksp:1r ) Ser 

~!icrocllne 

::.e::-. M 
~ca r,b , Qt ,! 

t_•t:!. 

Se·r-c!il 
Bi 

Cor.me:'lts 

Porph) ri ti c rl1 u 1 i te 
1 ithic clists 
Gr<ide.J a 1: .te : e.!s 

Lithic clasts 

-c:ec e!'lJar :. }Lcr~c l i:1e 

surrou nas 1C! r1 c:tic 
altera ~ j.cn 

Chequer:varJ al~ite 
in ·:.atr i x 
Possl b le pn:nar\ albite 

I 

L ~ · ' rh 1 ~ .. ~:t.~ .. ~. :~ 1 ~~ ~ ra~~e:-:~~ 
--------~--------~-------------'v'_'·------~--------~--------------~ 

w 
co 



Table 4.2 (contd) 

Chloritic Chl Post-detormational 
Stock.:ork ? ? ? (Qtz) mus covite 

( Zrcn) (Serl 
Carb 
Pyt-cp-sph 

I 

Si Uceous I Qtz Fdspad?) ~ Carb,ep Qtz,ser. Oeronn3 t ion Jestroys 
stockwork Fdspar ~ ?) Qtz< ? J qtz carb,ep ori i f\ ;J 1 pa ~<H:enet ic 

pyt-cp-spb se.cpe:1ce 
(Z rcn 1 Bi Chl 

tlem l']t 

Tuttaceous Qtz Qtz Qtz-chl-;::,: t !r1 t.:h ~~llC I 

che r,r: Tu ff ser . chl II q;;1 ~; II 10 
Zrcn 

I 

I 
carh 

I (Barite n .-\b Ep.qtz I 

lron I l~t z 7.rcn Qtz Qtz-Fechl- n q ~le r ~ . IIJ ..;, r ~~ .11 ~ ite 

rormat io~J I Bi o'iopt e ,\b , Ser.ep pyt-cnrh 2 c:l lo:-1te types 
( J\b l r Ca r b'' 

I 
Bi cu Ser 

I 
Sid. 

I 
-~ 

Abbreviations Qtz . quartz Ab . Albite Kspar K-feldspar . . 
Fdspa.r . feldspar Carb . Carbonate Pyt Pyrite •I 

Zrcn . Zircon Ep . ~:pidote . . 
Bi . Biotite Sid Siderite . 
Apte . Apatite Ser St;r icite . w 
Chl . Chlorite Hem Hematite \0 . 
Cp . Chalcopyrite Sph Sphalerite 
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4.3.1 VOLCANIC ROCKS 

Even though intense deformation and hydrothermal 
.. 

alteracion hav·e transfbrmed the majority of the ~olcantc 

rocks 1.nto ."quartz-eye" sericite-schists, volca'nic feature!! 

are stll.l r-e c o g n 1 s e d • For example, virtually ·all quartz, 

fel~spar and biotite . crysLals are ~~oke~, 
..,. 

fractured and, 
\ . 

loc.a._lly, \ exhib'it graded bedding (Plate 4.1). Aluo, -coartH' 

rhyolite ~reccias are interbedded with these schists, and \ 

the quartz crystals within both the rhyolites and 

the pyroclastic units have resorption . margins :1nd/or 

hi pyramidal shapes (high temperature beta quartz) typical 

of volc~nic rocks (Plate 4.2). 

A ftne-graln~d felsic matrix is common to all. rock 

types. Albite is th-e dominant -teldspar, 

composition suggesting a secondary hydrothermal replncement 
.· 

origin (see Chapter 8 and section 4.4.2.2.1). 

' 
4 • 3 -. 1 • l Qua r t z- s e r 1 c 1 t e- c h 1 o r. i t e c r y s t e 1 t u f f 

This Ls the dominant lit h_ol o gy at Tulks Hill 

it's subgroups) occurring both as lnd1viduat 

' unite and as a matrix component ro rh~lite 
' . breccias (Hap 

l ) . Alte.ration to siliceous stockwork, with accompanying 

1 r o n s t a f. n 1 n g· , 1 s s p o r a d 1 c a l. l y d e v e 1 o p e d • 

- · A bleached, grey-white we a t he r · f. n g colour 

• A 



Pl at 4 • I Graded bed s of 
c ry st al t u ff . 
mag n ifi ca tion ). 

a l bite within 
F "el d o f v iew 

41 

the la r ge q ua rtz 
2mm x l .Smm (12x 

Pl ate 4.2: High t empe r ature ( be t a ) quartz ty p " c a l of 
v olc a n ic roc k s. Re cr y stallisation of t he 
cent r al por t" on of the cry s t al ( lapilli ) i s 
noteworthy . Seri ci te an d q u artz comp r ise the 
matr i x . Field o f v ie w 2mm x l . Smm ( 12x 
mag ni fic t " on ). 
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• 
(Plate 4 .• 3) • with locally-developed green 

patches of chloritic alteration (Plate 4.4). Quartz 
• 

phenocrysts <2 mm. ) and a prom 1 ne n t s c n 1 s t o s 1_ t Y • 

_reflecting the abundance of fine-grained t>ericl.te and 

. c h 1 or 1 t. e , are c h a r
4a c-t e T i r t 1 c f e·a t u res of the outcrop. 

Feldspar phenoc"'r>:scs; aJ.th 'ough present in thin sectl.olt~ arc 

n.o t d 1 s t inc t 1 n the hand sam p 1 e. 

Both recrys ta 11 ised anhedral, and strain-free 

b ~.P.J ram~ d a 1 qua r t z • a r e pre a en t • A 1 b i t e c r y s t a 1 s ( appro K. 

2mm in length) are both prokeo and whole, and locally huvc 

thei.r long axes o.riented subparallel to the Sl fabric 

discontinuous,. dagger-like twin!"'j...og ls <1 

• 
(Chapter 9); 

' typ1~al feature of s o.m.e · al b 1 t e c r y s t a 1 s ( P 1 a t c 4 • 5 ) • 

Chloritised biotite phenocc-ysts are s_lmilarly urie'nted and: 

locally. have a r i m· o f 1 r on ox 1 d e • A matrix of 

_..fine-grained quartz. albite and chloritised blotite . 1s 
~ 

typical. 

A lack of distinct silica banding and · heavy iron oxtd~ 

.stains • as well. as sma'ller qu~rtz phenocrysts, dtat1ngu1t;h' 

this rock from· the siliceout> stockwork and the larg~-quar,lz 

. . 
cry s t a 1 · tuff 1 res p ~ c t 1 v e 1 y • -Two sub-units are iden t if led: 

~ 

4.3.1.-l.l I.arge-Quartz Crystal tuff 

tts best development ·is ·1n the southern part of Tulks Hill 

it is 1 n t e r b e d de d w 1 t h .r h y o 1 1 t e h .r e c c 1 a s a n d 

flows(?), q·uart~ crystal tuffs and iron for111ati~n (Map 1). 

.•. 



Plat 4.3: Quar tz-s ricit e -chlor i te 
A b u n d ant quartz p he no cry sts, 
co l our a nd a pr o mi ne nt 
c har c teri stic. S h a r pe ner is 
long. 

Chl o rit i c a l ter a t i on 
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c r ys tal tuf f . 
a gre y we at hering 
sc h " s t o si t y a re 
appro x. 3 . 5 e m . 

uartz- ser ic ite-chl o ri te crys tal 
is appr ox . 33 e m . lo ng . 

w "t hi n the 
t u ff. Hamm r 
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4.5 h ot omicr o gra p h of d agge r -l ike twinning in 
s eco nda ry a lbite. Ass o cia t ed m · nera l s i nc l u de 
ca lc "te , se r~cite, r e cr ys t a l li s e d q u artz and 
g r een c hl ori te . Fi eld of vi ew O .lmm x 0 . 07 mm 
(2 5x mag ni fi cati on ). 

4 . 6 : T wo f r agme nts of arge quartz c rystal tu ff 
with in a simi lar roc k ma t r "x. Not e t h e large , 
grey c o lo u red qu r tz phe n o c ryst s wi th in t he 
s ri ci t i sed f r agments. Pe nc il is app ro x. 12 
em . lo n g an d s ali g n ed su bparallel to the Sl 
schist o sit y . 
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Gradational relationships ·with the quart~ crystal tuffs are 

common and consequently the thic~ness is difficult to 

determine. Alteration 
I 

to siliceous stockwork is variably 

' developed in the southern outcrop; the boundary between 

the altered and unaltered rock is distinct and the limits 

of the alterat.ion are easily mapped •. Similar· alteration in· 

the northern part of · Tulks Hill is less distinct a~d a 

pacchwork outcro~ pattern is produced. Included · fra~ments 

of porphyritic rhyolite and the large~quartz crystal tuff 

i t s e l { a r e l o c a 11 y d e v e 1 o p e d d. i s t i n c t i v e v a r i a t i o n s · ( P l a t e 

4 • 6 ) • 

Large, rounded, 
,. ' ., 
glassy quartz phenocrysts ( ·> 2miD.) 

distinguteh this sub-unit from the other quartz crystal 

tuffs. Most phenocrys·ts are internally s.trained but not 

recrystellised. Quartz .overgrowths on smaller(< 2 mm.) 

quartz phenocry~ts invariably contain randomly oriented 

sericite inclusions. overgrowth is in optical 

continuity with the host phenocryst and is approximately 

0.5mm. thick (Plate 4 • 7) .. Fine-grained quartz, with -
sericite-muscovite and chlorite, · comprise t .he 'matrix. A 

fabric occurs only ·when th of platy "minerals is 

greater than the quartz comp if the reverse occurs 

then the chlorite and are aligned along the quartz 

grain boundaries. 

·craded beds of randomly oriented albite and minor 

q u a r t z c r y s ·c a 1 s · ( 1 m m • diameter), in a reduced· matrix of 

fine~gTained quartz. chlorite and epidote. are locally 
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4.7 P oto mic r o g r aph s h owi ng a quar t z o v erg r o th 
on a high tem p era ture (bet a ) quart z phe n ocr ys t. 
Chlo r ite , r e c ry t allise d qu a rtz a nd 
l o ca ll y - d evel o p e d c a c " te , c om p r i se the matr · x . 
F iel d o f v iew O. l mm x 0.0 7mm (2Sx 
mag ni fic a tion ). 

4.8: Phot o m ·cro g ra h of 
mic r oc l ine in the 
rh yo it e . Tw i nnin g is 
magnif ication . 

fi ne-grained second ary 
alka l i-enr iche d Raven 

poorly de velope d . 125x 
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-
developed " (Pla~e 4,1), C011111100ly. th~ overlying unit 

conetata of finer-srained quartz, with ~inor _phenocryst 

material. Albite-rich roi p-up clasts may be - p~eseJ)L 1~ 

these overlying units. · 

E pi d o t e , z 1 r con , c a r bo-n a t e and 1 ron ox 1 de a r e common 

accessory minerals. ~ 

4. 3.1.1.2, Bio~ite-Quartz Cryetai Tuff 

A blotite~rtch unli _ls locally developed tn the northwest 

pan Hill (Map 1). It is ·thought to be. a 

hydrothermally altered, facies varlat!on of the adjacent 

lithologies, viz. rhyolite breccta, quart£ crystal ~uff 

and large-quariz crratal t~ff. Its southern _ c9~Lact is not 

exposed; however, towards the north it grades into a 

\ chlortt{c quart~ crystal - tuff. It has a minimum width of 

l 0 ill. but ita lateral extent is unknown. 

Abundant, fresh-loo.king -biotl~·e and a khaki:brown 

weathering colour diatlnguish this rock fr~m the quartz 

crystal tuff; quartz ~od albite phenocrysts however, 
- ···· 

have 

, . 
similar textural c:l)ar.actertstlc~t to the latter. Sericite 

-, occu£8 88 a 'CII&trlx component , and as a dusting to the albite 

phenocrysts. Lo.cally, the albite contatns quartz 

inclusions. Myrmekitlcally 'intergrown . plagloclas~ and 

quartz occur a~ the only lithi~ fr~gments. ' 
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f 1 · 1 i ~ ck ( 11 rhyol.;tes 11
) 

4 .3.1.2 Massive e s1c vo can c LO s _ .~ 

Any massive felsic volcanic rock at Tulks Hill is 

referred to as 

Three sub-types 

rhyolite (here and 

are identified on 

alteration: alkali-enriched, 

chloritised-sertcitised. The last 

throughout tbe thesis). 

the basis of their 

bleached and 

two sub-types are 

combined under the generalised term of "altered rhyolite". 

This subdivision is for convenience only and is not meant 

to imply that the alkali-enriched rhyolite is fresh. 

Rhyolite crops out in the northern part of Tulks Hill, 

herein named the Raven rhyolite, in both underground and 

surface exposures and as smaller outcrops (unnamed) of 

flows(?) interbedded with pyroclastic rocks in the southern 

part of the map area (Maps 1 and 2). Lithological 

characteristics a k:"e similar in the two occurrences but 

because of chemical and genetic considerations they are 

treated separately (Chapters 6 and 10). 

Aphanitic rhyolite is most common. In general, mafic 

minerals 

developed. 

and quartz and feldspa~ phenocrysts are poorly 

The matrix is fine-grained quartz and 

consequently 

eye. In all 

textural 

cases the 

features are 

lack of 

characteristic. Parts of the Raven 

strongly schistose in zones that are 

discrete faults ( h ) C apter 9 • 

invisible to the naked 

a disrinct fabric is 

rhyolite, however, are 

thought to represent 



__ , 

1.19 

. 4.~.1.2,1 Alkali-enriched rhyolite 

Hand sa~ples ~Te ~asaive and are coloured grey, orange to 
' • I • • 

off-white or pale green. Bleaching (as defined below.) is 

~tnimal although chlorite, sericite and quartz veinlets may 

·-, occur. 

Well-4evelo~ed jointtng ·and a ·wide exposure (> l 5111. ) 

the alkali7enriched portion of 
,• 

the Raven 

Po~r .surface·exposure does not - permit 

txa ·accuiate dellneati~n to the east and w~st. although 

top~graphic ·~onside~atlons suggest~ that 1ta lateral extent 

~ 
is minimal. 

Quartz p~enocryats. carbonate and/or.quar~z v.e l n,l eta , 

. 
with or without pyrite-chalcopyrite mlner~ltsation, are 

locally developed. Feldspar phenocrysts are rare. in hand 

samp} es. In thi.n section, microcline overgrows a mixed 

assemblage of sericite and/or carbonate, but is only 

visible at high magnlflcatton. Htcrocline has a clo~d7 __ 

appearance in plane polarised light and dtsttnctive 

twinning is poorly developed (Plate 4,8). 

Surface e~posures of the alkali-enriched rhyolite are 

interbedded with volcanic breccias and both virletiea of 
. ~ 

tuff. eryetal A·bundant .albite phe noc r ys .t s quart£ 

(second~ry) and a lac~ of X-feldapar ~re the only . o~vtous 

.-ineraloglcal · dtf-ferences from the alkali-enriched aa•ples 

of the Raven rh~olite~ 

·. 
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so 

4.3 .1.2 .2 Altered - rhyolite 

4.3.1.2.2.1 .Bleached rhyolite 

A creamy-white weathering colour wltb falnt l ron- s t.a tn lng.~ 

is distinctive for thls rock __ (Plate 4.9). 

deyeloped at the contac·t of the Raven r~yollte _ and lron 

' formation (Map 2). Aphanttt.c. ble'Dched rhyoltte also 

odtcrops in the west part of the map area t~ th~ ~outh of & 

~lack shale-pyrlte mineralised hortzon (Hap 1). 

Scattered calcite crystals wlthln a flne-gratned 

quartz-serlctte matrtx ls a typtcal mlneral assemblage of · 

' the bleached rhyolite (Plate 4.10). Albite ls sporadically 

developed. Samples· of bleached rhyolite from the western 

part of Tulks Hill contaln local concentrations of calcite, 

associated wtth either s·inuous zones of recrystalllsed_ 
,-

quartz or as overgrowths of the matrix. 

4.3.1.2.2.2 Chloritised-seridtised rhyolite~ 

Underground e~posures of the Raven,rhyollte show the best 

development of this rhyolite type. The colours ·of th~ h~nd 

sample depend upon the etyle.of alteration; for exa111ple, 
• 

chlorttlc alteration produces a sreen colour, 
-

altera~ion produces a pal~ wht t_e colour 

comparable to the bleached rhyolite (Plate 4.11) • . 

Commonly, unaltered portions of the Raven . _r hyo-1 tt e 

( a 1 k a 11- e n r i c he d ? ) a r e i n t e r 8 p e r 8 e d w l t h the 8 li! - h 0 r 1_z o_'n s b u t 

they are not easy to sample, 

Htneralogical~y the alteration ta defined by chlo~~ 
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Plat 4 • 9 : S 1i ght 1 y schisto se, b l ea c hed rhyol i te . Th is 
o utc rop i s to t h e wes t o f len s T3 a nd i s 
app roxim te ly a long strike f r o m the Ra v en 
r hy o it e. Hammer is a ppr ox . 33 em. lo ng. 

P late 4.10: r h yolit e a s sembl ge of 
i s 
o f 

qua rt z, serici te a nd car bo n at e. P yr ite 
sca tt ere d thr o u gh ou t t hi s sa mp le. Fie d 
view O .l mm x 0 . 0 7mm (2 5 x mag n if icati o n). 
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and sericite. occurring as elther velnlets or tndtvldual 

I'. nee~Je-like crystals wlthln a felstc ~atrtx.· Locally, 

biotite and albite phenocrysts . are p~esent. Quartz 

phenocryata. some with overgrowths, are aporadtcally 

developed. 

----· Pyrite is promtnent tn the Raven rhyollte· wltht.n 

carbonate-. chlorite- and quartz-rich v~tnleta; howe've r, 

chalcopyrite ts rarely observed. These velnleta. tn some 

case up to 50 Cillo thlc\c, are probably related to 

deformation. 

4.3.1.3 Rhyolite Breccia 

The largest outcrop of rhyolite breccia la t n the 

southeast part of Tulks Hlll, although tts boundaries are 

undefined because of a lack of o~tcrop. More typtcally l t 

occurs as smaller, isolated horizons wlth a llmited lateral 

extent (Hap 1). All breccias are matrix supported and have 

an average fragment length of 12 em; certain hortzons have 
' 

fragments up to 40 em. tn length, or rarely, 2m. ln 

length (Plate 4.12). Alteratlon effects, such ·as quartz 

veinleta and bleaching. are more pronounced tn the 

southeast outcrops. 

Weathering colours depend . upon the extent of 

hydrothermal alteration: breccias wlth a low degree of 

alteration have a grey to off.-wh1te aatrtx colour and p·ale 

yellow fragments, whereas i~tenae alteration bleaches both 
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Plat.e 4.11: Mix d se r" ci te- ch l ori te a lteration 
is approx. 

of the 

Pla t 

Ra v n 
1 n g . 

r hyo l ite . Pen c i l l 2 e m . 

4 . 12: Volca n ic 
lo n g . The 
em . long . 
s h ows the 
zo ne) a nd 
si l iceo us 

brec ci a fr ag me nt . ap pr oxima t ely 2m 
me ta l c l ip board i s approximately 25 

Th i s phot og r a p h lo o ks w e st and 
T ul ks Ri ve r Va ll ey ( possibly a f au t 

orange-colou red oxidised i ro n of the 
s t o c k work ( fa r sid e of t h e g or ge) . 



, . 

the matrlx and the edges of the 

. / 

fragmen_ta. 

$4 

Pyrite 

deposition durtng such alteration ts suggested by eKtenslve 

goethite dev~lop~ent fn the ~xtdtsed portions .. of the 

surface exposures {Plate 4.13). Extre~eralteratlon may 

deposit sll~ca and serictte/chlorlti within the fra~ments 

.of an a'ltered breccla (Plate 4 .14). 

Certain outcrops of the ~uartz crystal tuff . contain 

orange- co lou 't" 'ed • lens-sha~d. sill~eous horlzona that bear 

a superflcla~ r~semblance to the rhy6lit~ brecclas. · These 

"fragments" have lnd\sttnct outlines and typically l~ck 

quartz phenocrysts. O~idlsed 'tron w(,th-1n the ftne-gratned 

recrystallteed quart~ ma.tr"tx produces the orange col?ur. 
•, 

These hortzone could represent 
1, 

hydrothermally altered fragments. 

etther 

or more 

zones of hydroth-rmal slltctttcation. 1 

a) Fra·gm~nts: Serlcittc alceratlon of 

alb!te-oltgoclafe phenocrysts .i_i: · common; 

·aefor111ed and 

l't_kely • defo..-med 

orthoclase and. 

apart fro!\. thls, 

the phenocrysts have 8 f r~.s h appearance. Btotlte 

phenocrysts. partially altered to chlorite, accompany 

recrystallised quartz tn the pressure ahad~ws of atralned 

and fractu~ed qu~rtz ph~nocrysta. Larger blotite crystals 

occur tn association with glomtroporhyrtt1c plagioclase 

possibly ~eflecting ~ primary ~agmatl~ assoclatton. 

b) Matrix: Quart~ phenocrysts. -as well 88 clasts . shoving 

vermicular 1.ntergrowths of quartz an.d p'lagt.oclaae 
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Plate 4.13: Goet h ~te s ta i n ~ng o f a volcanic brec ci a 
ho ri zon . Fr a gments are o r~ ented s ubp ara l lel to 
th Sl s ch~ s t o s it y. Pe nci l is appr ox. 9 e m . 
long . 

P l ate 4 . 1 4 : '' Fresh '' magmatic al bi te an d se ric i t e v e"n l e t: 
a lt eration ~n a vo le n ic brec c ia f r agme nt. 
Ma tri x ~s p r ed o m~na n tly rec r y sta l l i se d qu a rt z. 

ote t he contin u o u s tw i n p l anes of the a bite 
( cf. Plate 4 . 5 ) . Field of v i ew O.lmm x 0 .0 7mm 
( 25x mag n i fi ca ti o n ). 
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(myrmek.ite), accompany iron- at a 1 ned sericite, ' ·•tAor 

chlorite and recrystallised · fine.=.g _raiued quartz in the 

' 
m'atr1x •. Chequerboard albi.t.e phenocrysts (secondary) are 

prominent. 
' · 

r.·.3 .2 ROCK TYPES RELATED TO ALTERAT.ICiN 
-.. 

I n t e n 9 e h y d r o t h e r m.a 1 a 1 t e r a t 1 o n a n d d e f o r m at 1 o n h a B 
• 

produced two rock. types, the protoltth to whtch · ts thought 

to be a tuffaceous ·-unit. 
I 

4.3.2.1 Silic:eou&· St.ockwor~ 

This distinctive rock type is ' cJeftned by abundant 

chert-lik.e _quartz, with sericite, minor chlorite and either 
I • 

o x 1 ch s e d o r fr ~ s h iu. 1 n e r a lt ~~ a t1. o n .• Surf ace e,xpoaures have" 

developed a gossan which ai,ds in locating zones of 

siliceous 9 tockwork • · A 

-, -
lack of ailtca bands 

Y.l,. 
anll/or 

extensive · minerall.sation distinguishes the host rocks fro-m 

the siliceous atoc~work~ 

S i 1 1 ceo us s t o c \t w.o r k occurs . 1 n both surfa_ce and 

underg ·r'ound exposu~!!s (Maps 1 and 2); 

. are . . typ:l.c'al 1 
although faulted _contacts are observed 

~nderground. · Grey S.Ocm thiclt) .. 
. ) -
alternate · wlth thinner (O.Scm thick.) white, 

/ 

setlcite 

( - -·~hlo-r. ite) horlzona. A rlbbed ~att~rn. produced by _ 

dlfferentlal ero 'sion and re11oval of ·•erlcite. ia a 

dl,tlnctlve cha ra~ r fat t'c: of the aurfaee eEpoaurea and t.a• 

.. 

I 

' 
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' · 

coo.tinuoue over many metres "(Plate -4.15). .... Cubia cavities -

ln the s'lliceoua horiz·ons, as. well as extensive iron 

stain~ng. suggeats_ oxidation and removal of pyr:-1te. 

_In · thin _section, fractured anhedral · ·and b i _ p y r a 1111 d a 1 

quartz phenocrysts '(.0~5Uim.), · decayed'biotit,e (0 •. 3mm.) and 

rarely; broken albite. -pherocrysts, · resemple those of the 

quart~ crystal tuffs ( P 1 a t_'_e ·. 4 • J 6 )_. Larger qua·rtz 

phenocrysts o c c u r w h e r e a _1 t e f' a t l o n h a s affected the 

large-quartz crys-t-al' tuff. 

Deformation- struc·tures, euch as polygonal and seriate 
. 

g r a i n .bound a r ie s , are COUIIIIO·n _ in the m,atr"tx quartz, 88 is' 

pressure shadow growth of secondary quartz) sericite and 

chlo -rite in the lpw strain areas of. phet\ocryats. 

Typically, · two cleavages can be identt"fted. in- the sericite 

t\9rizons (Plate 4.17), - ' 

The freshest exposures of the siliceous st-ockwork 

alteration are found un·derg.round. Here, quartz veinleta 

\oli.th pyrit~ ·.and aphalert.re a _re oriented subparallel t:o the 

atlica-sericite b~nds ·, although locally they may trans~ct 

this · banding · (Plate 4 .18). Chalcopyrite is a · lllinor _; 

cor:~~ponent wtth1n ·the stlic'eous stockwork. 
/ 

In thin aection 'the sulphide ve1.nlets are - intergrown 

with- quartz • chlorite and Kn~r .ic'b carbonate. lolithin' the 

matr'lx the pyrite _l-s _ oft~ granul ·ated whereas sphalerite is 

smeared parallel to the· ·dominant fabric. Zlrc:on-rich 

la1era are prominent ~nd · probably represe~t heavy · mineral 

layer• wi.tht.o the tuffaceous ·pro~olitb. 
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l ate 4.1 5 : s· ce ous stockw ork a l terati on . Deformation 

Pl at 

h as or i ented th e sil i ca - ser'ci t e bands 
s ubp ar a l e t o t he Sl schisto si ty. 
Diff r e nt ia l e ros on has r e mov d the s er' c ite 
to gi v e a r ibbed patte rn . Ham m r s app ro x. 
33 em. long . 

4 .16: Re cr yst all is ed qua rtz phen oc r y st 
si lic ous stoc kwo rk . Ch lor it e 
oc cup y the pressure shad o ws of the 
Seri c' te, q ua r z and goeth i te 
co mpr i se the m· tri x. Fie ld of v ew 
(1 2x magni i cat' o n ) . 

wi hin the 
and qu artz 
phe n ocr y st. 

" vein l ets" 
2 mm x l .Smm 
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P l a t · 4 .1 7 : S er ic' te p o rti o n of the s 'lic e ous s t o ckwor k 
a l teration . Tw o clea v ges a r e p r ese n t , the 
1 t er o ne ( or ·ente d NE -S W) crenu lat i ng an 
e a r l ie r fab r c ( o r i ente d NW- S E ). F " eld o f vie w 
O. l mm x 0.07mm (25 x ma g n i fi c at " o n). 

Pl at e 4. 1 8 : Pyr . te- r i ch v e inlet s cross- cut a quartz -r i ch 
band in t h e s " l i c e ou s st ockwork. Other 
v inlet s are or i en ted s u p a r alle l to t h e S l 
sc his t osi ty . Pe n ca p is a p prox . 4 e m. l ong 
a nd i s orie n te d s u bparallel t o S l . 



• 

0 

•' 

---
Peripheral parts of . the stock~ork alteration constat 

of -a mixed (not- .banded) sertcite-siltca alteratl~n 

er'oss-cut by a network of {ron• ox.tde ·vei~lets (Plate 4.19). 

It m~rks the boun~ary between the host rocks' and the banded 

siliceous stockwork type, although tt t.s not dlfferenttated 

on Hap l • 

4.3.2.2 Chloritie stockwork 

0 

This un1.t has a relatively narrow (appro~. 2m. 

thick) undergro~nd ~xposure. Its upp-er Bl).d lqwer contacts, 

bourided by the sllteeoua· stockworlt, are faulted (Map 2). · 
• U: 

">- -....._ . H a n c1 s a 11 p 1 e 8 ''. a r e g r e e n t o b 1 a c k :1 n co 1 o u ;r due to the 

dominance of chl6rlte, although green colour~d seri~lt~ ts 

locally ptomtne~t. Euhedral-anhed~al pyr~te_ and sinuous 

·chalcop'yrite y'einlet& occur tn sporadic coneen t rat tons 

( P 1 a t e 4 • 2 0 ) ~· · Q u a r t z: phenocrysts and ve1.nlets ' ·are 

gen~rally a mirier co111ponent. 

Stdertte-r~c.-~ carbonat"e SAmples i. a more 
. \ 

tak~n fro111 the , easter_n and weatern eKtremtties of _ the 'unit 
\ 

where lt 18 interbedded w'lth sericite horizons of th~ 

siliceous st~ck~ork (Plate 4.21)~ At these locations 

pyrite ·porphyrob'la.sts . (up t? 2 c111. · _ ~Jquare). in both ~he 

sericite and chlorite horizons, . are aligned su~parailel to 

tb• ·Sl schistosity (Chaptei ~). 
' ' 

The only · known .oecurren~e · of randoaly orien-ted 

museovite c _ry'stals overKroV'lng the fabric 1a c~ntalned 

I 

c 

\ 
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4.19: P er ·pheral p ortion of t h e s t ock wo r k 
al era tio n wh ere mi neralog ical b andin g is 
a bs ent. A n e twork o f g oeth it e v ei n lets 
(o r igin a lly pyrite?) cr oss-cut a mixed 
si lica-s e ricit rock. Pencil is a pp r o x. 12 
em . lo n g . 

P la te 4.20: C h loriti c stoc kw o rk alte ra ti o n . Prominen t 
pyr te por p hyr ob las ts and ch a lcopyr it e a re set 
in a fine - grai ned, gree n c oloured chl o rite 
ma t rix . S e co nd ary co vel l~t e ( blue ) s als o 
pre sent. P en c" l tip is appro x. 3 em. long. 
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4. 2 1 nter be dd ed ch l ori t i c ( blac k ) an d ser i c i t i c 
(wh i te ) a l t ratio n , Wes t A d" t . Tight to 
·so c l inal fold " n g c an be d' s cer n ed . Pyr i tic 
mineralisati on i re st ric t ed to t h e chlorit ic 
al t erati o n a nd is mos t a bu n d a n t ne a r th e 
pencil ( uppe r lef t) . P en ci l is a pp r oxA 12 e m . 
long. 

4. 22 : T ufface o u s h er t in t h ear t h A d~ t. 
Ox i d ise d mi n era li sat io n at u ppe r le f t is a 
recent feat ur e r l ated to adi t c onstr uct io n. 
Pen cil is ap p r o xi mat ely 12 e m . long . 
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..;.· 
a . 

within a aaaple ~f the chl~~tic stockwork. This feature 

' must have formed· during p_oa·t-deformat.ional metamorphism. 

--· 
A narrow (0.6• thick) minera1tsed, chlor1t1c horizon . 

fa e~posed in . the Notth Adit (Map 2) •. Its southern contaci 

ts faulted against siliceous stockwork. . Iron s.taini~g 

I . 

obscures tte northern contact but it · too le thought to be 

fa~lt~d (against tron forlllation). 

Magnesian carbonate (sideritic adjacent to . the 

mineral.t.sat1on) is .' relatively abundant in a 

quartz-ehlo~ite-museovite ~at~ix. Abundant sphalerite 

mtner~lisatton contrasts· this chloritic stockwork with the 
. . 

sphalerite-poor footwall ehloritlc stockwork and suggests a 

greater similarity to the siliceous stockwork, which has a 

relative abundance of aphale~ite. Zircon and epidote are 

mino-r co~pone n t a. 

I 
4.3.3 CHEMICAL SEDIMENTS 
I 

.' 

· .. 4.3.3.1 Tuffaceous chert 

_ _/. 
Thls rock type .occurs ln und~rground . exposures only. 

immediately t~ · the north of a ilafie . dyke (Hap 2). Its 

northern contact is · faulted against siliceous stoc~work 

while the contact with the dy\c.e is· marked by . a zo.ne of 

b r e' c c·la t t o ·n • 

· · ,-Thin (approx. 2 em.), ~htie. · sericite (-chlorite) 

hort&one alternate wi~h . ~hicker · (appro~. 10 em.), 1rey· 

·. \ ' \ 

\ 
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chert-like horizpns so that. tts physical appearan~e ls 

similar to the stltceoue stockwork (Plate 4.22). Unltlte 

the slliceous stockwork, however. 1.t lacks sphal"edte 

mineralisation and has ~ relatlve abundance of or\ented 

albite crystals. Anhedral Hg-~lch ca~bonat~ : and mlnor 

barite(?) are distinctive components; Zone11 of 

recrystallised quartz and profuse zircon mats may - "re f .l ec t . 

primary tuffaceous mate~ial, that is, phenocrysts and heavy 

mineral lag- type depostts, r e s p e c·.t t v e 1 y • Altgned 

·(bedded?), euhedral . pyrite overgrows two c leav'ases, a 

featur~ that ls interpreted to represent post-deformat~onal 

a n n ui.lt n g ( Gh a p t e·r 9 ) • . .. 

A r e 1 a t e d, r o c k t y p e , h e r e c a 1 1 e d · t h e s t. l t c e o u s a s h ; 

has two small exposures in · the East and West Adt.ts, 

adjacent to the Main Hall (Hap 2), In both cases the upper 

and lower contacii are "faulted. A.grey c9lour and a fine, 

grttty texture are · charactertsttc. H.ineralt.sation la 

limite' t~ discontinuou~ stringers of ·euhedral and granular 

pyrite, the latter type ~uggesttng possible mtcrosheartng 

along the bedding plane (Chapter 9). 

' 
A minor chloritised biottte component accompanies the 

\ 
laminations of fine-srained quartz and sericite. Samples 

fro; ·the weste~n exposu~e have a simtlar mtneral~gy but are 

~ more deformed and contain minor amounts of carbonate (Plate 

4.23). 

. . 
. . 
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4.2 3 : Ph otomic r o gra ph o f a s am ple of s ili c e ous 
ash . Bedded p yrite is fo ded w"t h t he 
s ri c t e . An arli e r f abric is we ak ly 
cr en la ted. F i e d o f vie w O .lmro x 0. 0 7 mm ( 25 x 
ma gnification ) . 

4.24: Large~ r a gge d c hl ori t e wit h i n a 
q u a rtz- s ulp h ide v ei n let o t he " r o n forma t io n 
s h owing a n omalous bl ue b iref rin g n e e . Q u ar tz , 
se r i c ite an d pyri t e compr s e the ma t rix . 
Ass o c " ated miner a l isat i o n i s fr es h. Fie l d o f 
Vi ew O.lmm x 0 . 07 rn m (2 5 x magnif ic a t i on ). 
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4.3.3.2 Iron formation 

The largeat surface exposure of the tron formatton 

(see addendum 2) tn the south-central part of Tulks Htll, 

ts bounded · by a quar"tz crystal tuff ln· the ' north and a 

rhyolite breccia horizon . 1n the south (Hap 1). Its eastern . .. 
and western term!natirna ar~ not exposed and an 

interfingering rel~cltnship is Inferred. All other 

outcrop& of it are small (less than 10m. long), ltnear~ to 

lena-shaped bodtee interbedded wtth quartz crystal tuffs. 

Iu all cases ~ontacts are coQformabl~. 

A distinctive, brown-red weathertng colour contrasts 

with the . olive 
I 

to dark green fresh surfaces. A spe~kled 

appearance to some surfaces appears \o be related to the 

oxidation of sulphide mlneraltsatton. Unltke most rocks at 

Tulks Hlll a cleavage is - rarely seen, except ln the 

finer-grained portions ·6£ the unit. 

Two type's of chlorite are · developed ln a stltceoue 

matrix: 

a) Large, ragged crystals, associated wtth velnlets of 

coarse-grained quartz, showing di~ttnctlve anomalous blue 

btrefr!ngence (Plate 4.24). Host 
'I 

cleavage trace 

orientations are perpendicular to the rock. fabrf.c. 

Sulphide inclusions are fresh. 

b) Finer-grained, lath- to. 
I) 

n.eedle-shaped matrt)( 

chlorite, olive-gteen colours tn plane 

polartaed A1aocta~ed •tneralteatlon Ia 

•· 



6 7 

Plat e 4 .25 : F~ne- gra in ed , ne e dl e - sh a ped c h o r~ t e wi t hin 
the ma tr i x o f t h e r o n f o rmat ion. A s s o c · ated 

P lat 

mineralisation 
O .l mm x 0 . 07mm 

is oxid is ed. Field of view 
( 2 5 x mag n i f "cati o n) . 

4 . 26 : Chert - si de r " te " s t r i nger s " w " thin the i ron 
G r een 

the 
formati n (u nde rg r o un d o u t c r op ) . 
c hlori t e + quar t z c o mprise the bulk 
matrix. The penci l i s approx. 1 2 em . 

o f 
lo n g. 
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oxidtsed. 
, 

Quartz phenocrysts are not prominent, although 

locally-developed zones of recrystalltsed quartz (approx. 

1.0 mm.) probably represent su~h phenocrysts subsequent~y -

deformed into a mosatc of sub-gratn boundarles. Fractured 

~ 

albite phenocrysts (<• l mm.), kinked i)tott.te, sertclte, 

l~on oxt.de -pseudomorphs of pyrtt~ and eptdote 
• 

are locally prominent components. 

Faulted · upper ~nd , lower co~tact~ are tnferred Cdr the 

underground exposures (Map 2). An oltve~green matrlx wtth 

thin stringer-like hotl~ons (< 16 em~ t_hick.) o~ grey chert• 

and orange-colour~d aldert. te-.r icn carbonate ·· ts 

charactert.stic (Plate ··4.26). These "s t' r l n g e r s "'1 
\ 

are 

continuous over a dtstan~e of .O.Sm. · :or more, and 

invariably Lermtnate as tight folds. 

thin sectiQns of samples . from t"he underground exposure .. 
contain abundant, coarse~grat.n~d, subhedral etderlte-rlch · 

't) • ' ' 

quartz, enclosed 

aasoct~~ed _ with Fe (-Hg) chlort~~ ,,nd/oc~ r 

by a tDatrix -. of qua' rtz and n:e .. dle-likel 

carbonate augens, 

sericlt• crystals (Plate 4,27). ·A crude a~lgntDent of ~he 

siderlte-rtch carbonstr ln s~mplea from the sou~herrt p~rt 

of the outcrop is less vlaible tn the north becaule 
" 

of • 
decrease ln the carbonate content. 

Roth fracture~ and whole 
.. I . . 

a 1 b t t e . c.r y at '8 1 8 • 
• 

elongated 

subparallel to def1.ne a 

northern exposures as are thln , sertctte · beds ((• -••·) 

vh-tc:.h overlle some of the .broken falO.par phenoc
1
ryst• and 

' 



Pla te 4 • 2 7 = 
ch lo rite-q ua r tz 
formation . Th e 
q u art z . F" el d 
magn i f i cati on ). 
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si derit e a u en s, with 
p ress u re sh adows , i n th e ir on 

matri x c on sis ts o f ser ic. te a nd 
o f vi ew O. lmm x 0.07mm (25x 

Pla t e 4 . 28 ·. We l - deve oped c heq u rbo ard pattern of the 
twin planes of sec on dary albi e . Qu artz , 
seri c i t e and c lo r ite compr se the matr· x . 
Calci t e and ep idote are l oc ally de v eloped 
al t e r at io n mineral s ass oc iated with the albite . 
Field of view O . lmm x 0 . 07mm (25 x 
magn i f i cati on ) . 
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lo'call·y grade into more maas~ve sericite hor~zons .,ithout 

-· .. 
any distf"rict b r'e~k. latter 1 s . · t h o u g h t to r e PJ' e s e n t 

p .-rimary gr.ading. of f 1 ne-g~ a in e d tuffaceou.s materinl. 

Apparently, the ·sericite (tuff) !..~creases at t he expense of 

the carbonate in the northerly outcrops. 

Zircon, epidote and sericite are accessory· hlnerals. 

-
4.4 INTERPRETATION ~ DISCUSSION 

4 .4 '.1 lNTRODUGTION 

Apart from the auJ._p.hide deposit 
... 

itself (Chapter 5 ) • ' 

two types of rock predominate Hill: 

vo.J,canic..,pyroclas.tic depoa ,Lts and · ·chemical sediments. 

Hiner-alo .. g1cally and .. -~hey are disti'nct: 

alterati~n within ·the v.olcan-ica 1& extensive ~oiher~ae the 

. ( 
chemical sediments contain a relatively "fresh" mineralogy. 

S 1 n c e ·s u 1 p h i d e deposition is a. hydrothermal phenomenon 
G-' ' 

~ (Hut.~hineon, 19~2), alterat.ion is' : an inherent feature so 

\ h 8 t 't he V 0 l C a n 1 C 8 ID U 8 t , b e 0 1 d e r t h 8 n the sulphides and 

chemq cal sediments, and ~e~~ are tenned. the Footwall 

Yolcan1ea. 

4.4.2 FOOTWALL VOLCANICS 

4.4.2.1 Environment: of deposition 

A felsic protolit.h to the hydrother~Dally alsered r ·ocks 

at. Tulke Hill is impli.ed ' by the fractured quartz 

phenocryets, siliceou's matrices and relatively abpndant 

-. 

... 



rhyolite breccias. Chemical data, using the 

dacite trace elements, 

for the volcanic 

Within the 

suggest a rhyolite 

rocks (Chapters 6 

tuffaceous rocks, 

to 

and 7 ) • 

graded beds 

71 

less mobile 

composition 

of albite 

crystals, 

interbeds 

as 

of 

well as 

black shale 

albite-rich rip-up clasts 

(not differentiated on 

and 

Map 

minor 

I ) , 

with indicate an aqueous environment of deposition, 

locally-developed scour currents. Since 

fractured 

phenocrysts 

deposition 

effectively 

phenocrysts are intermixed, and 

have a subparallel a11gnment, it 

by submarine debris flows 

provide fluidised flow-protection 

whole and 

the feldspar 

may suggest 

which could 

of some, but 

not all, phenocrysts 

subparallel 

and would probably align the 

phenocrysts to the flow direction. Scour 

currents wtthin these debris flows could rip-up albite 

crystals and any u n consolidated rocks over which the debris 

flow passed (~ quartz crystal tuff). This mode of 

deposition may also explain the general 

within the tuffaceous rocks --- airfall 

lack of grading 

pyroclastic rocks 

should be sorted due to differential settling in 

(Schermerhorn, 1970). Schermerhorn (1970) also 

that a submarine debris flow mechanism is the best 

seawater 

suggests 

way to 

explain 

blocks 

blocks 

the presence of isolated, sharply 

wi thin f i ner-grained tufface ·ous 

occur at Tulks Hill (Plate 4.12). 

bounded, volcanic 

material; such 

the 

A debris flow mechanism of deposition is preferred for 

rhyolite breccias since they are interbedded with the 
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tuffaceous 

flows is 

units. 

thought 

Flow-top 

to be 

brecciation of rhyolite lava 

an unlikely method of formation 

since ltthic clasts are included in the 

bedding is locally-developed. 

A debris flow origin has been 

matrix and graded 

suggested for the 

quartz-eye 

the quartz 

porphyry of the Bathurst camp 

crystal tuffs at Jerome, Ari.zona 

(Davi.es, 1980), 

(Anderson and 

Nash, 1972) and 

deposit, Australia 

the crystal tuffs at the Woodlawn Cu-Zn 

(Petersen and Lambert, 1979), all of 

which have volcanogenic massive sulphides. Initiation of 

these flows could be through caldera collapse, a process 

that may be common in mineralised felsic volcanic terranes 

(Ohmoto, 1978; Ohmoto and Takahashi, 1983; Scott, 

This topic is discussed further in Chapter 10. 

1978). 

4.4.2.2 Hydrothermal alteration 

Mineralogical, chemical and textural reconstitution 

are inherent features during hydrothermal alteration. 

Within the footwall volcanics two distinct types of 

alteration are recognised: relatively weak alteration, 

characterised by alkali-enrichment, and moderate to intense 

alteration with obliteration of the primary rock fabric 

(~ siliceous stockwork alteration). 
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, . 
4.4.2,2.1 Alkali-enrichment 

4.4.2.~L.l Secondar)l albite 

This mineral ls. ~xten!lively develop-ed - ln the tuff.tceous 

rocks aftd the matrix to the brecci~s; c h I! m L_ c a l a n ~ 1 y s e a o f 

such rocks always give high Na20 values ·,cc~apter 6). 

The ref ore • a .more . correct cer~ for these rocks w~uld be 

_q.ua r t~-ke ra tophy res (H'ughes, 1973) but ~he ' igneous 

terminology is retained because it is more informative. ·· 

Hos_t albite crystals display one 
~ 

following characteristics: a) quartz, 

cr more 

epldote 
·• 

of the 

and/or 

~alcite inclusions ; b) chequerboard twin planes ·_(Plate 

4;.28); c) · pure. composition (Chap.ter 6). All three • 

fe.atures are cha·ractet;"istic-of albite crystals Iormed by Na 

metasomat-ism of pre-existing feldspars ·(Battey, 1955); the 

presence of Ca-rich minerals(~ epldot'e) 

probably ~eflects albite replacement of a more calcic 

p 1 a g 1 0 c 1 as e ' 8 u c tt a s 0 1 i g bela s e 0 ra n d e s 1 n e • ', . .. ' 
E x p e r 1 in e n t a 1 · s t u d 1 e 8 o f h y\d r o t h e r m a 1 1 y a 1 t e r e d b a s a 1 t 8 

have produced albite at temperatures > 1~0 degrees 

c e n. t · i g r ad e ( B i s c h o f f an d D l c k s o·n , 1975; Hajash, 19 7 5 j 

Mot t 1 and H o 11 and • l 9 7 8') • A 11 of the N a -n e cess a r y for t he 

' . -formation of albite is extracted.from seawater. In these 

same experiments howevert 1t was shown th~~ seawater:rock 

ratios )10 inhibit albite formation. Assumt·ng that ·the 

experilllental ·data for basalts can be.,.applied.J.A alte~ed 

f e.l s i c r o c k s , and · c f c d u t' s e t h a t t h e a 1 b 1 t e -a t ~ u 1 k s H f. l l 

18 hy~rothen11al·- "(a-s is suggested by its pure ~o111position; 

• 
I 
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Cha,pter 8), it sugg~Pts that. low sea-vater':rock ratios -(~J.O) 

oha racte doed t·ho:e~-·~ di .,,;, from the mlneraliutlon_. 

A 1 s o 1 t h e t e m p e r a t u ~ e qi()o r_ Ill a t 1. o n . o t a 1 b 1 t e 1 a n d t he r e f ~ r e 

the · cemperature of the hyd~othermal f~uid, must have been 
• 

greater iha~ .150 degrees centigrade. 
' 

Rosenbauer et al. 

(1983) showed· that albitisation occurs only wh~n H+ ions 

are present in thi hydrothe·rmal sol~tion; the presence of 

alblte----rn the Tulks Hill rock's ·-suggests that the fluid 

contained H+ ions. l!l'tiirectly, this also suggests that the 

hydrothermal fluid was probably a variation of . aeawater 

since base fixing (removal of Mg !.!..£•, -and the formation of 

smectites vith re l,ea s e 

solution) can be beat accomplished if 

the fluid composition (Rosjnbauer 
( . . 

of H+ "ions. will' also generation 

of Hlf- ions to the 
.. t . 

s;awater -~ominates 

et ~·, 1983). The 

lead t "o base ·metal 

le~cning. mobilisation-and transportation (Bischoff et ~·, 

1981). 

In sericite occurs as a dusting of 

al,bite. Aa· shown in Figure 4.2 sericite formation reflects 

a lower Na+/H+ ratio than that need~d for albite fo~mation. 

A 1 ow,e r ratio could result frqm albite formation when Na 

· .. ~was· re.,oved from the solution. Note also that albite and 
• <I .,. . -- - .. 

serlcit~ can coexist simply by varying the H+ ton ratio: 

an increase in the H+._ ion activ~ty can result ·from ba-se 

fixing, as de~cribed abGve. 

Sec o n d u y a 1 b i t e ~ s a a soc 1 at e d w 1. t h c h 1 o r 1 t e , a e t: i c 1_ t e. 

and sulphide aineral1sat1on · ~hie~ ~ay indicate a genetic 

-
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4 • 2 r; A c t i v 1 t y , d 1 a g r a m _ 1 n t h e " y s t em 
K20-Na20-Al203-S102-HC1 at J60°C and 1 . kbar (adapted 
frot\_Urabe ,and S,cott (l983), after Helgeson ~ al., . 
( 1 9 7 ~ ) ) '-. . L 1 n e s 0 1 a n d 0 2 m a r k t he p r o'b a b l e o u ~ 
11 m.i c. s o 'f the flu 1 d compos 1 t 1 on . d u r l n g a 1 t e rat 1 ~ o l [ 
the footwall pyroclastics -based on the ab.ernce of 
kaolinite (A) and K-feldapad, and . the loca-t 
development of paragonite. Line II is a'fl averaRP 

fluid c~mpos1tion · for alteration of the footwall 
pyro-elastics. Line _ C-D repreli.ents the change in 
fluid composition from ~he alkali-enriched portion of 
the Raven diyolite (C) to the altered portion (D); 

---------------,-----~::-.----=--r'""~-=-------=-----:::--::~--.--":i----:o~c. c:u-r· 8 t - a n y' N a+ I H + r a l i o of · 1 e s s 

than Joo 0 c. Point E !a t,t\e speculated fluid 

, 

~ -

composition during stockwork alteiatlonA-

• 
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., . 

. -- - ~----------­----
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link of Na-metasomatism with at ph.ase _ of 

hydrothermal alteration and 

least o 
II 

s~;~lph!de _ deposition. 

Quartz-keratophyrea outcrop in the footwall of : 
i 

-Pyrite deposita (Schermerhorn, 1910). the Stekenjokk~Levt 

• deposit of .the Scandinavian 
I· . . 

Caledonides (Stephens, lq82) 

Brttioh Columbia j urabe ~ !!o 

albitisation is 1 a tommon 

the Seneca deposit', 

i983) suggesting that 
_,.__... t 

l 

accompaniment to sulphide deposition in some are~s. 

4.4.2.2.1.2 Set6ndary microcline 
/ ._,_ ... 

I 
The Raven rhyolite is thought to .be tempo r a 11 y a 1'\d 

. I 
- spatially related to the footwall volcani~s, not only · 

becau~e of trace element simiLarities ' (Chapter -- 6), but 

because it has suffered alteration. ' 
Ho~o~ever, 1 t e 

alkali-enrichment is typically sericite - -or, locally, . 
secondary m~crocline, rather -than albite, and· consequently 

it is sepa~ated from the footwall volcanics. -
·-rn t h e no r t h e r n--. p 'o.,.r t 1 o n s · o f t he R a v e n r h y: o 1 1 t e , w h e c e 

~ . 
, I 

chloritic alteration and bieaching are min1~al, microcline 

predominates over sericite, and locally, i ,t . overgrows . a 

mixed asse~bla~e of serici~e and carbonate. This suggests 

tha~ K+ io~' activity in the flui ·d(s) became-,-dominant ln the 

northern ~~ction( after a period of time when H+ and COJ-­

fons dominated the fluid(s) composition (Meye~ and Hemley, · 
I 

1961; Rose . and Burt, · 1979; see line c-o in f~g. 4.2). 

It is suggested that the inicial period of hydration and 

carbonation ' of the Rajen rhyolite correlates ~ith a period 
I 

-

-
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of Na-enri~hment in the tuffs~ whereas microcline g~owth 

reflects .a later phase of alte~ation dominanted by 

K-add l t ion· • in a 111snner ·a.imilar to the . K-additio_n in the 
' ( . 

{lfts . . · · . . 
~enri~h111ent ~t t~e Raven rhyolite may indicate 

genetic, linlt with the siliceous · stockwrlt\ whtch' also_ has a 

high K conl::ent, and it is conceivable that the Raven 

rhyolite is analogous· to either-the "white rhyolite ~~~a 

dome·~u ·~-f Kuroko deposit~ (Sa~o. ~) or t ·he sub-volcanic 

intrusion~ ihat are commonly associa~ed with Precambrian 

sulphide deposits (Campbell-~ al.. ·1981; Franklin and 

thorpe, l982). It 'is i!)tereating to note that -carbonate -

6hlorlte- quar~z- sulphide veinleta are relativell·common 

--
in t.he Raven rhy~lite; this, may be evidence in support of 

a genetic conne~tion with sulphide deposition and 

hydrothermal ~lteration. 

4.4.2.2.2 Zones of incense alteration J 
I 

:EKtreme alteration of the felsic footwall volcanics is 
. 

typified by the e il"!C.eous and chlcritic stockwork 

a 1 t e r ·a t 1 on. In both cases shattered quartz phenocrysts and 

quartz pseudomorphs of feldspar (silice~us stockwork only) 

suggest a _crystal tuff protolith: a high permeability and 

_mineral · surface. area probably aided in-c-reased fluid-ulineral . 

re~ctiona within the tuffac~ous rock. 

( 

--
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4 • 4 .2.2.2.1 Siliceous Stockwork 

Within the East Adit (Map 2), the quartz-sericite stockwork 

alteration 

increase 

evidence 

in 

grades into a 

the number of 

of the genetic 

massive pyrite bed through an 

pyritic horizons, providing 

link of alteration and 

mineralisation (Plate 4.29). Since the sulphides 

accumulated on the seafloor (Hutchinson, 1982) the 

stockwork alteration must also have formed close to the 

seawater rock interface so that the stockwork alteration 

marks a zone of hydrothermal fluid expulsion and intense 

alteration where chemical change and mineral reaction are 

maximised. Similar alteration rock types are recognised at 

most Precambrian and Phanerozoic (Kuro k o) deposits: for 

example, River in and Hodgson (1980) noted that the 

Millen bach pipe has both sericite alteration and localised 

zones of silicification; Shirozu (1974) discusses a 

sericite-quartz zone of alteration surrounding Keiko ore in 

Kuroko deposits. 

At 

suggests 

Tulks 

that 

Hill 

the 

the presence of carbonate 

chemical conditions during alteration 

were slightly alkaline. Since seawater is typically 

alkaline this feature adds strength to the suggestion of 

formation close to the seawater - rock interface. 

4 • 4 .2.2.2.2 Chlorite Stockwork 

This rock , composed of Mg-rich chlorite, is restricted to 

areas of siliceous stockwork and sulphide mineralisation 
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Plate 4 . 29: Min e ra l i se d layers wi t hin t h e " l iceou_ 
s oc k wo r k (r i ght ) increase t owards the 
h gingwa l l ( lef t) a nd event ally grade nto a 
ma ss ive pyri t e bed. Si e o us ash i s faulted 
aga inst t he mi neralisat i on . Hammer length i s 
ap prox. 33 em. 
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(MaP 2) implying a genetic link with mineralisation. 

Recent experimental work by Mottl (1983) has shown that 

Mg-chlorites can form in hydrothermal e:tvironments when 

seawater dominates the fluid, the required Mg being 

extracted from the seawater (Chapter 8 ) • Thus, the 

location of a Mg-rich chlorite horizon in the footwall of 

the sulphide deposit is compatible with the alteration 

zones forming at or close to the seawater rock inter .face. 

Chlorite formation probably post-dates albitisation as 

suggested by the lack of albite within this rock type. A 

possible reaction to explain the absence of albite is given 

below: 
2NaA1Si 3o8 + 5FeS 2 + 2.H+ + 

+ 2Na+ + 101-ll s 
2 

(Froese, 1981) 

+ + 

Chloritic alteration is as common in volcanogenic 

massive sulphide deposits as siliceous stockwork alteration 

<3· Roberts and Reardon, 1978) typically defining a pipe 

shape (Franklin et a 1. , 1981; Sangster, 1972). At Tulks 

Hill, however, deformation has reoriented the alteration 

zone into an elongate horizon trending subparallel to the 

Sl foliation (Chapter 9). 

4 -4.2.2.3 Other evidence for alteration 

Mineralogical evidence of alteration is dispersed 

throughout the footwall volcanics: sericite and chlorite 

occur in all rock types and locally become dominant 
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·quart~ crystal tuff). The va.riatton in composition of the 

· C~lortte within dlfferent rocks ar. Tulke Hill, and its 

~&ignif tco::ance t.n teems of hydrother~al alteration, is 

d l s'c u s s e d 1 n Chapter B • 
\ 

• ' J 
, Quartt t>v~rgrow~hs on ph en o c r y .s t s ( p·h en o b 1 a s t s ) e. re 

l 

sporadically developed;_ in all cases, sericite cryst.als 

are randomly oriented within the overgrowth but· are absent 

• 
from the host c·ryetal~ This associatio~ with t h e 

hydrothermal ser:l.clte, a~ , . well :·as their augen texture, 

aug-ges t s · that the ·overgrowth· is a pre-deformation~! 
~ . 

phenomenom and is not a metamorphic. feature. (cf. Berge 

( 1981 ) and Hopwood (1976)). It is thought to have formed 

d u r l n g hydro t h~ rma 1 a 1 t era t 1 on through deposit ion of quartz 

fro 111 (1. silica-saturated brine • An ldentlca~ ' feature is .. 
dlilcussed by Fr11ter (t983) for th.e Golden s;rove Cu-Zn 

dep.oet t in 'Western Australia. Overgrowths on quartz 

ph e n o c r y s t s w 1 ,t h i n t h e R a v e n rhyolite suggests that the 

rhyolite suffered ·a 8111l1lar phase of hydrothermal 
f. 

alteration, .!lind it ti poaaible that the intrusion of the 

Raven rhyolite was eynchr'on.ous wit 'h · the deposition of t h e . 
fo~wall volcanics. Of cours _e, this i111plies that the Raven 

r h y o ll t. e l s a n i n t e g r a f p a r t · ·o f t h e m 1 n e t a 11 s i n 8 e v e n t ( s ) • 

Orange·-coloured zones of · ~ilic1ficat1on within the • 
quartz. cryataf tuffs, now deforat.ed into lens_ ah.spes, as 

Yelt aa•diffuse tdsea to aom.e rhyolite breccia clasts. are 

o taken ·aa ev-idence of qua~t.z deposition and hydrother111al 

Alteration during the passa8e of a hydrothe~mal fluid 

. . 
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.. 
through the volcanic pile. 

4 .4.3 CHEMICAL SEDIMENTS' 

A tufface_pus chert and an Iron formation, whleh, hy 

analogy with Kuroko deposits (Kalo~eropoul~t" and. Sl:ott, 

1983), 111ust overlie the mineralisation, are exa111ples of 

• che'mtcal sediments formed as preclplt~tte .... froiD the 

hydrothermal solut1on. Slightly alkaline ('onditlona durin~ , 
depositiQn and/or alteration la sJggested by the pre,.encl' 

of carbonate in both. rock types. The ~pat la.l relatto~ship 

of t h e s e c h e r t - r.i c h rocks. to c h e 111 1 n e r a I I s e d h ;, r 1 z o n 

suggests a h y d roth erma 1 or 1 gin for ·the chert:' tJllfcn 

supersa~uration wi'th in the hydrother'llla 1 f Iuld, Cilu!lcd ·•by 

mixing of the brine with ·cold seawater. I& invoked 

e.x p 1 a l n s t 11 c a r e t e n t i on. ( a n d no t d 1 s p e r s 1 on ) A t t h ~ s L t e , 
of m 1 n era 11 sat 1 on ( R 1m s t t 'd t and 8 arne a , I ~ B U) • 

4.4 .3.1 Tuffaceous Chel:'t 

Quiescent conditions during deposition 1s ~;uggt!sted hy 

a relative rDaterlal: 111inor sericite ,_ lack of volcanic 

horizons (2-3cm thick), !which are thought to be tuff, .lllnd ll 

few p h·e no c r y s t s 0 are the · only evidence of volcanic 

activity. · T.he thickness of the ituf faceoua chert at 

Hill (Hap 2) far exceeds the thlcknes·s of the Kur-oko 

t u f (a~· eo us c he r t s ( 2 0- 3 0 em; Kalogeropoul.ts and Scott, 

1983), which 111ay suggest overthickenlng of the horizon 
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. \ 
durtng deformatlon (Chapter 9). 

Yangtngwall a 1 t e ·r a t i o n 1. s r e 1 a t t v e 1 y minor, when 

compared to the footwall volcanics, and manifests itself as 

dolo111ttlc carbonate and chl,ortte, mtnerals productng 

relatlvely htgh MgO values tn the whole rock chemical 

analysis (Chapter 6). M g- e n ~c h me n t t s relattvely c:om·llrtn\ 

tn the hangtngwall of the Kuroko depos.tts (Urabe, 1978) 

hydrothermal' flu{ds 

after depoattlon of -the chert, Such a 111echanism .1.s likely . ... 

at. Tulka· Htll, probably with !!ltxtng -- of the hydrothermal 

snlutil'on wlth seawater to produce the alkaltne condtttons 

,• 
• • f o"'t c a r bon a t e de p o e l t t o n • Recent theoret teal ~odelllng of 

sulphtde depost~ton and ~aragenesta, these late fluids 

typtcally . have high terapera~ures 0300 degrees centtgrade); 

at such temperatures tuffaceous beds vtthtn the chert, 

constettng of K clay mtnerals, could be conve'rted to 

sertctte. 

A tuffaceous chert, termed the Key tuff t t e , outcrops 

'tn t~e hangtngwall of depoatta at MAttagara't Lak.e, Queb~~ 

(Roberts, 1975), Its ~anded appear::ance ts identical to the 

tuffaceoua chert at Tulks Hill. 

4.4.3.~ Iron Formation 

An abundance of tron-rtch ~tnerala, spectftcally 

slder1.te-rlch carbpnate and _Fe (-Hg) chlorlte, in a 

'C'ecrystalllsed quartz aatrtx _(chert), te interpreted aa a 

• 



85 

ID l xed sil(cate-carbonate fac:tes of an \ron fon•atton, 

analogous to certatn 1.ron formatlons 11t the R.ctthurst C&lllp 

(Sa1.f, 1983). 

W he the r 0 r ~-t the II {de r f. t e- r { C h C a!' b 0 n 8 t e t S prtmary 

or meta=orpbtc t& dtfftcult to pr~~e on textura~ gro~nd~ 

alone,_ slnce any carbonate ts suscepttble to solutlon and 

mobtlt. satton durtng deformation (Ramdohr• 1969): th~ 

lsocltnal- foldtng at Tulks H tll (Chapter 9) would ha~e 

realtgned the carbonate subparallel to the schtstoiltyi a • 
\ 

mechantsm that Ita y h a v e b e e n r e s p a n s l b 1 e f o r t h e p r o d u c .t l o n 

of a "pseudo-augen" textu-re. However, atnce \ron-rlc.h \ . 
. mtnerals are restricted to the tron for111atlon l t 

that prtmary Fe-Ca-Hg -rtch mlneralQ were present wtthtn 

t' hls rock. 

4.5 BRIEF SUMMARY AND STRATIGRAPHIC SUCCESSION 

\ Structural complexttl.es at Tullc.e ltlll ar~ a hlnderenc·e 

to the establi.shment of an .. unequtvocal stratlgraphy _. 

Howe"er. by analogy with other 111lnlng camps the apsttA1 and 

temporal re l a t l on a h t. p a of the Tulks Htl1 t' o c k s c "' n. he 

detenatned. Also. senettc aaodela for volcanogenic -lllasetve 

eulphtde depoatca are useful for deter111t·ntng both the cauH 

and probable t'elaclve t l m t ng of alteratlon, wh l th 

lndtrectly, a l s o , h e 1 p fl t o e 8 t a b 1 1. 8 h t h e p-o s 8 t b 1 e 8 e q u e n c e 

of depoattion. Flgure 4.1 ls construct~d ua\ng theee ltnu 

of reasoning. 

•. 
Na-enrlchment tn the faoc·,ull volcantcs 11eparatea th~ .. 
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• 
from the reqaining rock types. Extre~e alteration of the 

volc.antc.a (stockwork) la localiaeq at the base of the 

minerallaed hortzon which lmpl!ea a genetic ltnk of the 

etockwork to the ~lneralfslng eve~t(s). K-enrichment- in 

the Rat-en rhyoltte ta similar to the siliceous stockwork 

which $uggesta not only a gen~ttc link to the mineralising 

event(a~, but slag that Intrusion predates alteration and 

tt ls probably coaagmatic with the 

f o o twa 11 ~ -' v o 1 c a n t c s ) • Sulphide veinlets withln th-e 

• alkal t-enrtched portion of the Raven _rhyolite support the 

latter contention. r't ts &peculated that the rhyo;lite ts 

comparable to the lava domes - and subvolcanlc intrusions--· 

(aills) asaoctated wf.th othe.r volcanogenic massive sulphtde 

deJ'OAlts. 

The tuffac_eo~s chHt and. tile iron formation have both 

a rel·attvely fresh mineralogy and a low aulphlde content, 

which separates them fro~ the r em a t n t ng r o cIt types. 
( 

Contacts are faulted, but by analogy with other deposita 

they are thought to post-date the matn mineralising event. 

Volcantc rocks Interbedded with the distal portions of the 

iron· formatlon (see M.ap 1} 1 as well as phenocrysts within 

the tuffaceous chert, auggeat that e~ploalve volcanism ~td 

not cease comp.letely dl.lrtng the depostt.lon of the chemtcal 

Thus, the sulphide 

deposit, since tt CQntatna no.obvlous evtdence of explosive 

volcantc activity, ~•• deposited durlnt a brief hiatus in 

volcanlaa. 
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Pyrite constitutes at least 7-0 % of the total sulphide 

conte/ at 

in 1 n'e ra li/ed 

Tulks Hill. It occurs as massive lenseB ~t the 

horizon (Plate Ll) and as disse~Jnattons 

withln all rock types. 0 x 1 d at l on to go e t h 1 t e is c om111 on 1 n 

the surface outcrops (Plate S.2). Sphalerite is the 111ost 

abundant economic mineral ·. and 1s rei~rlcted to thP 
~ 

mineralised horizon and ·the underlying atockwork 

alteration. Chalcopyrite and galena are present in roughly 

'equal amounts, the former decreasing at the expense of 

' . galena towards the . chemical sediments (hanglngwall). 

A·rsenopyrite, tennantite, bornite, covellite and digenite 

are variably distributed accessory 'sulphide allnerals.·· 
A 

Jambohr (1983) identified electrum (av. t18% Au) and-'mlnor . 

amounts of marcasite, magnetite and ilmentite. Cubanite(7) 

may also be present (Cooper, 1968). 

The following description of the 
i ' ~ 

sulphide .: allnel'alogy 
• 

and textures la based oc aa~plea taken fcom i the Tl Lena 

( M,ap 
' 

2), aa well 

cross-cutting 'T3 

a.e DDHs T60 

lens (Map 3). 

and T90, .the latter 

Composition~! variatlone 

and implications are discussed in Chapter B. I 
i 

' 

; 
! , 

, 
, 

I 

! 



P l at.e S.J 

Pla t e 5 .2: 

Mass" v p y r " t e at th 
Bl u e-blac k miner al i s 
Pencil is appr ox. 12 e m . 

mine ral is 
proba b l y 
l o ng. 

Variably deve oped o x i d ised p y ri t e 

d 
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hor · z on. 
ove l lite . 

wi t hi n the 
s ilice o us s tockwork a lt er a t "o n. Oxi d ation 
ranges from complete pseu d omorp h s ( right) t. o 
rim al t erat "o n (c e nt r e ). F i e ld o£ v i ew 2mm x 
l . S mm ( 1 2x magnif " ca t i on ). 
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5.2 PYRITE 

Two pyrite types are tdentUted~ . a) massive lenses. 

and b) vetnlete and disseminations . wtthln the re•alntng 

rock types. 

5,2.1 Massive pyrite 
r 

I f the p y r 1 t e content e )t c e ~ s ~ 0 1 o•f t n e · i- oc k ~ t l s 

ter111ed massive. This effectively restricts 111asstve pyrlte 

to the underground outcrop_e (Map 2), although small ( < · 3111 

ln length) bedded pyrite horlzons occur ln the quartz 

crystal tuff to the south of the ~ineraltsed hortzon. 

Two subtypes are dtfferenttated tn underground 

outcrop: ( 1 ) r e 1 a '-tv e 1 y . f l n e- g .r a t n e d wtth prominent 

c1 011 e 1 y- spaced jot n t s 1 and (2) relatively co_arse-gratned 

w t t h no j o {_n t e. Both types 11ay occur tn the sa11e outcrop..,-- _ ... 

the boundary ' between them betng _sharp (Plate S.J). 

5.2.2 Veinlet and d'isae•inated pyrite 

Pyrite within ve1.nlet8 typ~cally ta euhedral and 

coexists with quartz, t.ron-rt.ch chlortte and 1 locally, 

tron-rlch carbonate, In the stltceoua stockwork, where 

such velnlets are heat developed. they contatn aphalerlte 
) 

and serlcite • . These"~tnleta 11.ay· croas-eut the elltceoua 

)ands (Plate 4.18). 

·1)tsse•1nated pyrite ts either euhedral or fractured 

and broken. Preeaure ahadowa associated wt.th euhedral 

pyrite •~gge•t that annealtns, to produce the euhedral 
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Plate 5.4: 
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Sharp contact between recrystall~sed pyrit e 
(beneath pen), interpr e ted to be a fault zone, 
and we l l-jointed pyr~t e (to the l eft of pen) ~n 
the E ast Ad it. Folding has isolated a 
"fragmen t " o f cblor~tic alteration in the 
recrystallised pyrite. Siliceous stockwork 
alteration outcrops to the right o f the 
mineralisation. Pen is approx. 12 em. lon g . 

Euhedral pyrite 
Quartz-chlorite 
with the pyri te 

overgrows the Sl schistosity. 
pressur e shadows associated 

a re orient ed subparallel to the 
Sl schistosity 
shape. Field 

and locally have a sinuous 
of view 2mm x l.Smm (12x 

magnification ). 
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post-dates the deformation (Plate 5.4). In these 

instances pressure fringes of chlorite, sericite and/or 

quartz are well-developed subparallel to the schistosity 

(Plate 5.4). Granular, or crushed, pyrite typically occurs 

in zones adjacent to the euhedral pyrite suggesting a 

period of faulting after euhedral pyrite growth. 

5.3 SPHALERITE 

Sphalerite is restricted to the siliceous stockwork 

and massive zones within the mineralised horizons (Map 2). 

In the former case, it ~s associated either with ·veinlets 

of pyrite (see above) or in thicker, milky-coloured quartz 

veins cross-cutting the stockwork banding. The latter are 

thought to be deformation-induced (Chapter 9)~ 

Relatively thick beds of sphalerite are shown on Map 

2 t where sphalerite comprises at least 50 % of the rock 

(Plate 5.5). In hand sample, the sphalerite is brown to 

deep red and is locally banded (bedded?) due to alternating 

pyrite (-chalcopyrite) horizons. Flexuring of some banded 

mineralisation is not uncommon. A honey-brown or pale 

yellow colour is distinctive when viewed with transm:ltted 

light, the latter possibly reflecting its low Fe content 

(Chapter 8). 

Invariably, sphalerite is interstitial to any pyrite 

although ::lt may occur as bleb-like inclusions within pyrite 

and chalcopyrite. 

Porphyroblastesis 
\ 

This is thought to result from pyrite 

and chalcopyrite mobilisation, 
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Plate 5 • 5 : Bed of massive 
s to ckwork 
f aulted. 

sphaler~t e bounded by 
(South Adit). Right-hand 

Hammer is approx. 33 em. 

Pl ate 5.6: 

siliceous 
contact is 
long. 

Inc l usio ns of chalcopyrite (gold e n ye llow) 
and galena (white) in sphalerit e ( g rey). 
Sphal er it e is also included within pyr ite (pale 
ye llow). S~licate minerals are dark g rey . 
F i e ld of view O.lmm x 0.07mm (2 5 x 
magnification). 
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-respeccively (Chapter g), Locally, chalcopyri~e And gAlena 

occur as inclusions ~(thin ~phalerite (Plate s.&). In 

samples of the siU~eous stockwork that · have II h lgh 

matr1x:sulph1de content the sphalerite' is oriented 

subparallel to the fabric. 

5.4 CHALCOPYRITE 

Chalcopyrite is most abundant in the chlorttlc ... 
stock~ork, alt_hough minor amounts are sporadically 

distributed in the siliceous stockwork and the footwall 

p-or t ·i on s of the massive mineralisation. [t d 'ecrenses in 

abundance within the 111ineralised horizon towards the 

contact with c:he tuffaceous chert, that is, towards the 

hangingwall. Centimetre-thick. vein lets of chalcopyrite, 

quartz and tarbonate occur in the alkali-enrl'ched portLon 

of the Raven rhyortte. 

: Invariably, chalcopyrite · forms selvages to pyrite. 

Millimetre-size recrystall!sation zones within masu ~ve 

pyrite often•host mobilised c~alcopyr!te (Plate 5,7), as do 

fractures within individual pyrlte crystals (Plate 5.8). 

Locally, chalcopyrite is associated 11lth pyrrhoti,te 

. ( P.la t e 5 • 8 ) , which is a unique mineral assoclatlon ln the 

T3 lens at Tulks Hill. Pyrrhotite ts a minor mineral and 

rarely occurs in any other association, and therefore does 

not per~it the use of sphalerite as a geobarometer • 

. ;. I 
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Plate 5 .7 Fra c tured an d gr a nulated pyri te (pale yell ow ) 
h ost mobil i sed cl a lcopyrite ( g ol den yellow ) . 
S phal er ite ( gr ey) a nd silicate min er a ls ( da r k 
grey) are a lso p r es ent. F ield o f vi e w O .lmm x 
0 . 07mm (2 5x magnif ication). 

P la te 5.8: Chalcopy rit e ( g ol d en yel lo w ) fil ls a fra c ture 
in th pyrite (yellow). P yrr l otite ( pink ) is 
associated with the chalcopyr it e only (centre 

f th e ph ot o grap h). Dark g r ey t o b l a c k mi n eral 
is sil"c a t e ga n gue. 125 x ma g n i f i ca ti o n. 
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S.S GALENA 

He g _a 8 cop 1 c g a len a is · ide n t i t 1 e d only 1 n all. m p l.e 8 taken 

from the hangingwall or d~stal portions (lens T3b un Mip )~ · 

hori'zon. Locally, thin (< ·Of the min\ralised 

wisp-like galena 1s visible ln sampl~e of bahded 

sphalerite-pyrite. H i c r o s c o p t c o c c u t r e ii c e s · a r e found In 

some massive pyrite and sphalerite-rich samples. However, 

it is rare, if not absent, in siliceous stockwork. 

Quartz veins cross-cutting the Sl schistosity contain m(nor 

galena, tyv•cally with ankerit1c(7) carbon~te, in the 

Ha1n Hall fault zon~ (Map 2.). 

Galena, llke ch;ilcopyr1te and sphalerite, occurs as · nn 

lnterst1al mineral to pyrite, although in sa11ples f·rom the 

hangingwalt <he pyrtte component ts reduce~ and galena I A 

1nters.tttial to sphalerite (Plate S.6). It may occur a" ........ 
distinct bleb-like inclusions in pyr~te but more commonly 

Lt . is interstlal to ·the three maln eulphlde minerals. The 

la'tt.er may completely aurr·ound the g11lena to produce 

. sieved texture (Plate S.6). 

5.6 TENNANTITE ·(Fshlore Group) 

This · mineral, which has a complex ~ineralogy (Chapter 

8 ) • 1 a on 1 y 1 dent i f 1 e d 1 n d r ill core· a a.m p 1 e a of the d 1 s t a 1 

portions of the 1111nerat1aed hor1%on. It. ·con t 8 1 n 8 

inclusions of chalcopyrite, but is surrounded by.salena. 

The difference in polishing hardness between selena and 

tennantlte, a• well as ita brown to pink colour, aid in the 
0 

~. 



identification of 

Unlike most 

tennantite. 

tennantites, which 
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undergo brittle 

deformation 

cataclastic 

inhomogeneous 

(Ramdohr, 1969), this sample shows no signs of 

deformation (unetched), reflecting the 

style of deformation at Tulks Hill (Chapter 

9). Its matrix position therefore, is thought to be 

primary suggesting a "late" time of formation relative to 

the other sulphide minerals. 

5.7 ARSENOPYRITE 

This mineral is scattered throughout the mineralised 

horizon, without any consistency to its location. It has a 

f r a c t u r e d ,. b r i t t 1 e a p p e a r a n c e i n polished section, often 

occurring as 11 islands 11 within the more plastically deformed 

sulphides (chalcopyrite, galena and sphalerite). 

5.8 MINOR SULPHIDE MINERALS 

Pyrrhotite, bornite, covell.i te and 

polybasite-pearceite(?) occur in accessory amounts. The 

latter mineral pair is intergrown with coarse chalcopyrite, 

but is too fine-grained to be analysed with the electron 

microprobe. 

Bornite may be present as a primary mineral associated 

With chalcopyrite in the main sulphide assemblage. Both 

bornite and covellite occur as relatively coarse crystals 

associated with chalcopyrite in quartz-vein boudins within 

the Sl schistosity (Chapter 9), strongly suggesting that 



j 
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their presence is pre-deformational (Plate ~.9). Some of 

the covellite-and bornite however, is found on th~ rims and 

in cracks of chalcopyrite and pyrite, suggestiJ form11t1on 

d u r 1_ n g we a t h e. r t n g a n d I o r s u p e r g e .n e a 1 t. e r a t 1 o n • 

5,9 INTERPRETATION AND DISCUSSION 
,..; 

The sulphide 11ineral-ogy at Tulks .Hill ls domlnat~d by 

massive pyrite but it also has significant accumulations of 

' sphalerite, chalcopyrite and galena. Aasumlo& that tht! 

loca 1 stratigraphy of Tulks Hill is correct, tt}er~ ls A 

m 1 n e r a 1 o g 1 c a 1 -~ on 1 n g of t h e d e p o s i t ,- b o t h vertically and, 

laterally, fz;om a chalcopyrite-rich footwall through 

• sphalerite-rich horizons into a g a 1 en ar- t e n nan i: i t e- r 1 c h 

'horizon (the lateral distal portions ·i>f the T3 l~n!J ls 

repeated by iso£:lina_l f~olding, as shown in Hap J). This ls 

the typ·i~al se~uence o.mineral deposition in volcanogt'n'lc 

massive sulphide deposits (Large, 1977) which is borne olil; 

further by the systPmatic decrease t n t he mo 1 e % reS 

content of aphalerites with incr-easing proxtmity of the 
.. 

- hangingwall (Chapter 8)a This sequenti·al deposition of 

thought to reflect fheir de~ased solubility sulphides is 

in the hydrotherul fluid (Pb)Cu>2n; Barnes and Czamanske, 

1967) probably caused by a simple tuperature drop (Solom'on 

--and • Walshe, 1979). Four mechanisms at"e comEDonly proposed 

fo.r chis temperature drop: ·.a) mixiog with cold (ae,a)water; 

decompression .(throttling); c) heat loa a 

through conta"ct with che wall rocks; d) boiling (Skinner, 



98 

Pla te S.Y: Borni t e ( v i o let ), c ha lc o pyr i te (yellow) and 
mi n or c ov el l ite (bl u e) in a quartz- ve i n bou din. 
P en c ap is a p pr ox. 3 e m . lo ng. 

Plate 5.1 0 : Equilibriu m 
massive py r· te 
of annea l ing . 
s lp hides a r 
Deformatio n h a s 
yellow ) a l o n g 
magn i fication . 

t ri p le juncti on d e v e l ope d in 
( y ello w ), pro b ably as a result 
S i l ic at e s an d u ni d e n tified 
inclu de d wi t h in the pyri t e. 

mob i i s e d c h a l c op yri t e ( golde n 
py r · t e gra i n boundar ie s. 1 25 x 
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• 
1979). Hectiantsm (c) ta unlikely tD •erloualy affect the 

f 1 u t d t e 11 p e r a t u r e be c a u 11 a · r a t e a a· f he " t c a n d u c t l on a r e t o o 

slow. Either of the three other 111echanl11ms (or .a 

comblnation)\.could preclpltat-e the sulphtdea-. Carbonntc:-

within the silt.ceoua s tockwor\r. suggest II that botltng 

proQ,ably occurred (Holland and Hal1.111.n. 1979) although the 

severe Ce depletton in the alllceoua stockwork, aa ··ell aa 

the Hg chlorltes wtthtn the stockwork., 

tnteractton and therefore probable coollng by mlxtng (Graf •. 

19 7 7; Hot t 1 , I 9 8 ~ ) • 

Epigenetic mtneralls~tlon.occur ,a as pyrtte·aphaler{tt" 

vetnlets 'wtthtn the stliceous stockwork. 

" 
A lt h·o ugh t h e s e 

veinleta are subparallel to the Sl /schtstoslty l t ta 

thought that they orlgtnally deftned a network of velnleta 

wtthtn the siliceous atocl(worlc., ae 

occur renee a of su lph} de ·vel n 1 e t 1t 

alltceous horizons ~Plate -4.18). 

· comparable to the kelko ore zone 

Japanese Kuroko deposita .(Sato, 1977) 

minerallaation has 
·t> 

feeder zone· for 

been lnterpn~te.d 

the hydrother•al 

shown by the .local 

croas-cutttng the 
-..... 

Thts feature 1.8 

(undeformed) of the 

~here the eplgenetlc 
\ 

.t ~rep r e .a en t a f o s s l l 

fluids, lmmedlately 

' ,' beneath the seawater-rock .tnterface and '·, the area of 

" 
sulphide deposition. The locatton of sl•llar eplgenettc 

mtnarallsatton at Tulka H lll. beneath the 

au 1 phi de 1111 n e. r a lis at ton ,• a a w e'l L a • the c r o-a 1- c u t t t n 1 

relationship of s ·o111e sulphlde velnleta suggests that the 

siliceous stockwork •arks a (defor•ecS) fee_der zone fol' the 

I 



--

' . 

100 

mineralising hydrothermal fl~id. 

All sulphide textures are thought t,o reflect either 

deformation, lletamQrphism or a combination of the two.· 

Ann~aled pyrite, aa well as pyrlte porphyrdblasta within 

the stockwork. and the tuffaceous chert, probably reflect 

growth durtng higher metamorphic temperatures. Such: growth 

would explain the numerous inclusions of silicate matrix 

and lower te11perature sulphides (~. 
,.) . galen a) w 1 thin py r 1 t e 

(Plate L6): because d£ ita · high form energ' (cralg and 

Vaughan, 1981; 
~ 

Stanton, 19 7 2) pyrite will always - ..... 

recryatalllse as euhedra when growing in free space or ·when 

agatnst minerals of a lower for111 energy <.!..!.• s 1.1 1 cates) • 

r .f free apace is not available, then the pyrite cr"ystals 

tmplnge upon each other at Interfacial - "angles of 120 

degrees, as shown in Plate 5.10. Metamorph .tc overgrowth of 

chalcopyrite by apha.ler_tte, and vtc_e-versa, ls a probable 

explanation of the lnclualona in theee m.inerala; 

exaolutt.on
1 
ill not thought to be an appropriate mecl}anlsm 

for such a vas t a 11 o u n t ~ f b 1 e b-11 k e t n c 1 us 1 on a ( Barton , 

L978; Wiggin& and Craig, f980). Wide %.ones (approx. "l~a.) 

of recryatalllsed pyrite, without a joint sya tell, and. 

lllcro-.-cale fault' ;r;ones ot granulated pyrite-araenopyrtte, 
~ 

both trending a\bparallel to the Sl schistosity, define 

of britcle d~or111atton (Plate S.J). Such de~ormatton 

post-date annealing (Chapter 9). It is- possible that 

these f"ault &ones ~epresent primary porosity within the 

aass.lve pyrite: according t~ Atk~nson (1975) P?re spaces 
• 

, , 

- ·· 

./ 

I 
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within a defor•ing rock act 88 zon1s of stress relief. 

Consequently, highly p~roua pyrite would suffer the ravas..es 

of deformation more than adjacent horizons of massive 

pyrite, ie. it may act as a fault zone, Elo n gat~ pyrite 

~ithin these zones may · have grown by a process of fluid or . I 

stress assisted diffusion, the porosity ot the layer atding 

t he f 1 u 1 d m o v e IDe n t ( A t k i n son ,· 1 9 7 S ) • 

Plastic deforroat ion features of chalcopyrite, 

sphalerite and galena, are comm.on 4t Tulks Hill; a~tringers 

occupying-

s u b p a r a 1 1 e tj t o 

area~ of 

the tJ/rain is lower 

the "Sl 0 f. mineralisation are 
! ' 

typically 

aligned 

schistosity, py r d: e 

recrystalllsatio~ (cleavage) where 

(Plate S.ll)._ Polished • s e c t i o n s · o ~ t h e 1'e c 1 e a v a g e · z: o n e s 

contain granulated sulphides "flo(!ting'' in the plastically 

deformed sulphide.e (!:.i• c h a l 'c o"p y r i t e ) • 

Experimental work by Kelly and Clarke (l97S) 

dec.ermined that chalcopyrite will not "flow" until at least 

I 00 ° C, at which tlme polysynthetic deformation twlnM 

develop, leading t 0 a. loss of 

f~ilure enabling plastic -flow. At · the pressures and 

temperatures of greenschist facies metamorphism (approx, 3 

kbar and 300-S00°C) ductility the required mode of 

deforma.tion. I 

. Although such factors as grain size, strain rate and 

im~urities 'affect the relative timing of plastic 

d-eformation tn sulphides, a crude ranking of stre-ngth is 

possible: at the te&perature• aod pressures of greenschist 
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Pla te 5 . 11 : Clea v age deve lopment w~ t h in t he mass v 
pyr i te ( y ell ow) ca uses g ranulat ion . Mo b 'li s ed 
c ha lcopyr i te ( g ol d e n yel l o w ) oc c u p ie s the se low 
strain ar eas . F ie l d o f v iew O.l mm x 0.07mm 
(2 5x magn i ficati on). 
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facies •etamorphis• sphalerite> chalcopyrite > pyrrhottte 

> galena. Under stmil~r condtttons pyrite vlll defor• 

cataclasttcally (Atkinson, 197~). 

.· 
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'CHAPT!R 6 

PETROCHEMISTRY 

6.1 INTRODUCTION J 

~ ---- ~ >·-S 1 x t. y f 1 v e sam p 1 e a were an a 1 y s e d for m a j o r a o d. f race 

elements 
~ 

to determine the 

rocks. At least one 

analyse~. The an&lytica·l 

chemistry of 

from each 

tech!l1ques, 

ac«;uracy are given in A?endix II. 

Hydrothermal al~eratioD is extensive in 

the Tulk.s Hill 

rock type was 

pre~ision and 

the footwall 

' 
rocks and the primary mineralogy and rock ·kextures are 

usually absent; ~his precludes the use of a modal 

classification- for t'he rocks. 'Only the chemical sediments. 

which 8tratigraphically overlie the mineralisation. can be 

termed "fre.sh" because their deposition post-dated the main --alteration event(s). 

Host of the footwall rocks are waterlain pyroclastic 

deposl.ts which therefore introduces a high risk for 

alteration and the incorporation of "anomalous" material 

for example, heavy mineral 

This precludes their use in 

lag-type deposits (zircon). 

petrogenetic studies • . ~he 

chemistry of the massive felsic volcanic rocks however. can 

be used to approximate the primary rock-type because they 

should be relatively free~ from such effects. 

Five natura! groupings are used for easier comparison 

of the chemical characteristics. These are : 

, 
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l) rhyolite: a) alkali-enriched rhyolite 

p) altered rhyolite 

2 ) p y roc la 11 t i c-s 

.3) chemical sediments 

4) stockwork al~era~ion 

5) mineralised horizons 

This chapter is divided into l the first 

section describes the major and tr·ace elemeint contents 
' 

within each group, the second sect~on d!sc~sses and 

interprets these data in terms of the primary a~ secondary 

mineralogy and the possible chemical environment, and the 

third section uses the less mobile trace elements to 

discriminate the possible primary rock type. 

6.2 MAJOR AND TRACE ELEMENT CHEMISTRY 

Tables giving mean, standard deviation, .and minimum 

and maximum values for each oxide in eac.h group are 

contained within this chapter. Since 

hydrothermal , alteration are beat appreciated ~hen the . LOI 

is given, the datA are not normalised to a volatile-free 

basis. Complete lists of the data can be found in Appendix 

I • 

6.2.1 RHYOLITE 
I .. 

Two rhyolite types are 

physical appearanc.~ and 

dtfferentiated by the 1 r 

chemistry: one 18 

fresh-look.ing .and alltal1-enric¥d, and .the eecol'ld type ia 
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(including 
altered 

alkali-enrichment. 

bleached) with no significant 

Both may occur within the same unit, 

tor example the Raven rhyolite (Map 2), or as isolated 

rr ences within the tuffaceous rocks (see Map 1). occu . 

6.2.1.1 Alkali-enriched rhyolite 

Most of the samples are taken from the Raven rhyolite 

(Table 6 • 1 ) • Unfortunately there is only one suitable 

surface outcrop of alkali-enriched rhyolite. 

Major elements: Contrasting Na20 and K20 contents produce 

two subtypes corresponding to surface (Na-rich) and Raven 

(K-rich) rhyolite analyses (Fig. 6.1E). Total alkali 

contents, however, are similar. 

Silica content varies between 67.8 and 81.3 wt.% (Fig. 

6.2E) with respective Al203 values of 15.5 and 9.24 wt.%. 

In general, Al203 decreases with increasing Si02 content. 

A ternary plot of CaO Fe203 MgO shows that CaO 

is enriched relative to the other two oxides (Fig. 6.3E). 

Absolute values for CaO range from 0. 1 to 6.25 wt.%, 

Whereas MgO and Fe203 are never greater than 1.87 and 1.89 

wt.% respectively. 

!race elements: Lead, Tb, U , V , N i and Cr show only a 

limited variation between 0.1 and 11 ppm; the latter two 

elelllents · 1nvariably are absent. Zinc is always greater 



Table 6.1 

s !02 

Ti0
2 

,, 12 l) 

Fe
2
o

3 

MnO 

M-:O 

LaO 

Na 2o 

K
2
o 

P205 

LOI 

t'b 
Th 
II 
Rh 
<ir 
y 

Zr 
Nl> 
Zn 
Cu 
Nl 
La 
Ba 
v 
Ce 
<:r 
Ga 

Summary of the major and trace element 
chemistry of the alkali-enriched rh olites 

Me an ::O i l Min N a x No. 

7 5 . 2 1 • 7 7 67 . 80 8 1 . J 8 

(). 1 l •.1 . 0 7 . 4 • 2 8 

I I. 4 ? 2 . 09 9 . 6 7 1 5 . so 8 

I. 29 0 . ) 8 .78 I .89 8 

0 .1)(> c . (l 'j . • () 1 o. 16 8 

0 .80 . 48 o . I. B 7 8 

I • 7 <.J 1. 98 o. 10 6 . 2'i 8 

0. 92 I • 4(> 0 .07 4 . 44 R 

4.46 I. 9- 0 .9 " 6.97 8 

0 . 02 0 . 02 0 . 0 1 o.o 'J 6 

).09 1. 96 0. 7 6 7. 19 8 

6 II 7 
7 2 3 )(\ 7 
4 2 2 8 7 
9 I ') 9 61 R 

4 2 3 4 I 11 8 8 
66 1 4 4 ) 'i 8 

14 5 39 I I- 233 8 
6 2 2 9 8 
0 9 48 8 

14 2 16 8 
0 () .., 

' 7 2 l, 12 7 
677 2'> 7 2l• I 1110 8 

2 2 8 6 
l 7 6 9 26 8 
0 0 0 I 
9 2 7 13 8 
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FJgur~ 6,1: NalO vs. 1<20 diagram for t'he 6 rock 
identified at Tulks - Hill, 

/ 

\. ---

A: Pyroclas.t!cs 
B: Sflic,aus litockwork 
C: Min~raliaed horizon 
D: Ch_emtc.al sediment 's 
E:_~lkali-enrlched .rhyolite 

/ F: Altered rhyolite 

groups 
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.. 

' . 

for the six 
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rock gr.oups 
A-Y·as 1-n Figure ~.1. 
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1'1gurt- 6.): CaO : f'e203 HgO plot for the- six rock groups 
Identified at Tulks Hill. A-F as in figure 6,1. 
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than Cu. the· former ranging from 21 to 48 ppm whereas the 

latter has a restricted range from 10 to 16 pplll. Barium 

ranges fro• 241 to 1110 ppm. 

6,2,1.2 Altered rhyolite 

' 

Two of the ten samples are from surface outcrops; the. 

remainder are ·from t.he Raven rhyolite tTable 6. 2) • 

Ser!citic and/or chloritic ilteration is common to man~ . 

samples. Sulphide mlcro-veinlets are intimately related to 
intense alteration zones and, for this reason. W'ere not 

removed prior to the chemical analysis. 

Major elements: Total alkalis range from 3.23 to 5.68 

wt.%, alth~ugh sample 12NA-82 contains only 1.23 wt.% 

combined alkalis. A higher Na20 : K20 ratio for the surface 

samples differentiates them from the Raven rhyot!te 

samples, which have lower Na20:K20 ratios (Fig. 6.I'F). 

Their Na20:K20 ratio" is similar to the alkali-enriched 

rhyolite surface samples (Fig. 6.1E). 
; 

Siltca content ~anges from 44 wt.t (l2NA-82) t 0 84. 2 

wt •. % (Fig. 6.2F), although the 11ode is bet'W'een 64 and 80 • 

wt.~. Alumina decreases from 17.3 to _9.24 wt.% with 

increasing 5102 content. 

Ferric i~on oxide and . HgO contents have a positive 

" linear ;relationship" (Fig. 6,4 F). The highes.t Fe203 and 

H~O contents { 15.82 and 14.2 5 wt ,% , • respectively) are 



Table 6.2 

~ 

:; i02 

Ti0 2 

Al
2

o3 

re 2o3 

MnO 

M~O 

C30 

Na
2

o 

1<20 

p 2°5 

L.OI 

Ph 
Th 
u 
Rh 
Sr 
y 

Zr 
Nb 
Zn 
Cu 
Nl 
La 
Ba 
v 
r.e 
Cr 
Ga 

l 

Summary of the major and trace element 
chemistry of the altered rhyolite 

LTERED RIIYOL l 'fE 

~le an - I) Min Max No. 

70. 7 7 1 I. l l 44 . 0( St • . 2 10 

0 .1 ) Li . () 7 0 .06 0.27 10 

1 2 . 5 7 2 . 98 9. 2 4 17. ]0 10 

3 . 6 '> t • • 19 0 .81 I 'j . 82 

0 . 06 0 . 05 0 . 0 1 0 .1) 9 

J . 9 l.. .n7 0 . 20 14. 25 10 

I. .oo I. 0 . 05 .64 10 

2 . l 5 • I 0 . 09 5 . 5 R 10 

• 2 7 I .91 0 . I 0 r .19 10 

0 . 06 0. 05 . ()) o . 12 8 

3 .46 2 .1 5 . 8 4 6 .98 10 

7 l . 12 ') 
4 I 2 8 
4 1 I I 8 

29 19 6 ';8 9 
38 I 7 I ') 70 10 
48 18 I 7 iS 10 

126 4 6 38 2 2 10 
4 2 8 10 

77 I I 2 1 366 9 
I 5 2 12 19 10 

') 2 'i 5 5 
() 1 12 9 

I I <>2 1725 2 7 520 1 to 
36 )0 I 12 ) A 
7'> I I 4 1 I( I 

0 0 0 (\ 

12 4 7 20 Ill 
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~·igur. e 6.4: Fe203 vs. Mgo diagram. for 
idenot.ified at Tulks Hill. 
Note the change in Fe203 
(Mineralised horizon) 

the 
A-F 

sea~ 

··' 

six rock groups 
a ·s in Figure 6.1. 
for Figure \ 6,1C 
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asBociated with sampl~ 12NA-82 (chloritieed rhyolite); 

m o s t v a l ..s e s f a 1 1 w 1 t h i n t he r a n g ' e 0 • 3 to 5.03 wt.%. A 

ternary plot ·,of GaO : Fe203 HgO shows that the latter 

cwo oxides &[e enriched relative to GaO (Fig. 6 , 3 F ) • wh i c h 

ia in marked contras~ to the alkali-enriched rhyolite. 

Trace elements: Lead, Th, U, Ni and Cr show a l1111ited 

range of abundance from 0 to 12 ppm, which is similar to 

the alkali-enriched rhyolite; V however, varies between 0 

and 123 ppm. Zinc values range from 0 to 91 · ppm, although 
• 

a higher value (366 ppm) is associated w~th sample 12NA-82. 

(44 w t.% ' s 102) • Copper is restricted in its abundance, 

with values between 13 and 19 ppm, which is similar to the 

copper range in the alkali-enriched rhyolite. Barium has a 

wide range of values with a minimum of 27 ppm and a maximum 

of 5201 ppm. 

6,2.2 PYROCLASTICS 

Three distinct mappable units. the large-quartz 

crystal tuff 'and quartz crystal tuff, are 

here co~bined to form one group. Eight samples "Were 

analysed (Table 6.3). 

Major Eleaents: Total alkalis in 5 samples never exceed 

5,62 ·· wt,%, and Na20 18 more abundant than K20. The 

remaining three sa~ples, 82-l2A, -12B and -12C are from th• 

'biotite tuff and have . higher total alkali contents (5.67, 

\ 
\ 



Table 6.3 

Si0 2 

Ti02 

At
2
o

3 

Fe
2

o3 

HnU 

M)?O 

CaO 

Na 0 

1<20 

Pl05 

LOI 

Pb 
Th 

Rb 
.r 
y 
Zr 
Nb 
Zn 
Cu 
Ni 
I. a 
8a 
v 
Ce 
Cr 
C.: a 

Sunnnary of the major and trace element 
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~.62 and 7~36 wt,% respectively) and higher K20:Na20 ratios 

< rt g. 6.1A). 

Minimum and maximum silica contents of 71.0 and 79.6 

wt,% · are +ecolllp&nied by Al203 values of 12.~ and 9.85 wt.%, 

re8pectively (Fig. 6.2A). In general, an increase 1n 

Fe203 content is 111stched by increasing HgO, ·the former 

ranging fro~ 1.68 to 4.63 we.% while the latter ranges from 

0.57 to 2.11 wt.% (Pig. 6.4A). All samples contain less 

than 0.64 wr.% CaO. (Fig, 6.3A). 

Trace Elements: Lead , T h, U , N 1 and C r a 11 fa 11.. bel ow the 

detection limit of analysis, which probably reflects both 

their primary felsic nature and hydrothermal leachin~ 

within these · porous rocks. Vanadium is sporadically 

distributed, ranging from 0 to 192 ppm. Zinc values are 

greater t har, Cu In all but one sample (82-l), with a 

'minimum v'alue of 13 ppm and a maximum o{ 213 ppm. Copper 

varies b'etween 0 and 17 ppm. Barium has af maxi mum value 

(Sl2 ppm) in sample 82~12C; the other two biotite tuffs 

(samples 82-lZA and - 1 2 8) also have higher (> •300 ppmj Ba 

contents than the other pyroclastics. 

. ' 
6.2.3 SlLlCEOUS STOCKWORK 

Of the fifteen sa-Plea analysed, ten were · frora 

underground outcrop, the ~emainder from surface outcrops 

(Table 6.4). 
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Summary of the major and trace element 
chemistry of the siliceous stockwork 
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i 
Hajor Elements: Tot~l alkalis typically r7nge betwe~n 3.48 

and ~.09 wt.% although two aa~ples, T63-tl and ~2-8, have 

low values of 0.81 and 1.55 wt.~. respec .tiv~ly. Samples 
i 

82-Alb and 9HH-82 ha've high to."tal alkali: contents of ·.10.9 

and 7.01 we.%, respectively •. In all cases:, ·except sample 

I 
8 2-:81 a • K 2 0 is h 1gb e r 1 t h;..i n N a 2 0 ( F i g. 

Silica content varies from 36.9 
~ 

6.1B). 

co 86.2 wt.%, the 

-lower silica value• coriespondlng io higher Al20l contents 

( Fl B. 6.28) • . F~20J and MgO shov no correlation, the 

fo(mer ranging up ·co 19.82 wt.%'while the latter has a 

·maximum· v a 1 u e of 5 • I 8 w t • % ( F i g • 6 • 4 B ) • C a 0 con t en t s a r e 

negl1gible (Fig. 6.38). 

Trace Elements~ Lead contents vary from 0 to 2188 ppm. 

V, Ni, u. and Cr have restricted value~ up to a 

maximum of 24 

than 100 ppm; 

(17030 ppm). 

ppm. Nine samples have 
1/11" 

z in'c · contents less 

sample 9HH-82 has . the greatest zinc content 

In general, Cu values are higher than Zn, the 

maximum Cu content (1285 ppm) being found in sample 3SA-82. 

HoBt Bs values range fFom 7SO to 1350 ppm, although two 

samples, T63-81 and 82-BlA~ have lower value~ of 207 and • 
241 ppm respectively. Sample 9MH-82 contatns 2646 ppm Ba. 

c 

6.2.4 MINERALISED HORIZONS 

Six heavily mineralised samples were analysed; one 

an a 1 y a is w a a discarded because ···; of 1 t a h! g h tot a 1 ( r·a b 1 e 

6.5). 

' l 
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Summary of the major and trace element 
chemistry of the mineralised horizon 
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MaJor Elements: Total alkalis in all but one sample are 

-
leSS 

than 0.5 wt.%; sample 2WA-82 however, contains 2.42 

% combined total alkalis and K20 >> Na20 
"'t • 

(Fig. 6.1G). 

Three samples have an average Si02 content of 11.95 wt.% 

but sample 2WA-82 contains 54.3 wt.% silica (Fig. 6.2C). 

All Al203 values are < 10 wt.%. Fe203 varies from 19.38 to 

4 7.15 wt.%, and shows no consistent relationship to the MgO 

content; the latt.er varies from 0.46 to 8.89 wt.% (Fig. 

6.4C). GaO contents are less than 1.17 wt.% (Fig. 6.3C). 

Combined metal contents (Pb + Zn + Cu) vary from 0.06 

to 24.3 w t.%. In all cases Zn is the dominant metal; 

three samples (SES-82, 2WA-82, 10WA-82) have Pb > Cu. 

Trace Elements: Thorium, U, and v range up to 48 ppm 

although sample SES-82 contains 149 ppm Th. Nickel and Cr 

are absent. Barium contents range from 51 to 649 ppm. 

6.2.5 CHEMICAL SEDIMENTS 

Six tuffaceous cherts from underground outcrop and 5 

iron formation samples from surface outcrops (Table 6.6) 

were analysed. 

MaJor Elements Total alkali contents in both chemical 

sediments vary between 1 • 7 8 and 7.71 wt.% with roughly 

equal amounts of Na20 and K20 (Fig. 6.1D). 

Silica values range from 50.6 to 82.9 wt.% (Fig. 
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Summary of the major and trace element 
chemistry of the chemical sediments 
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6.20) with Al203 values of 2 1 • 4 and "'t • % • 

respectively. Both Fe203 and HgO are variable, ranging 

from 2.52 to .11.4 and 0.84 to 10.75 wt.%, respe-ctively. 

Cao values are ty.pically less than 1.0 wt.%-(Fig, 6.3D), 

although sample 82-14 has a higher value of 2 .• 74 wt.%. 

Trace Elements: Thorium, U, Ni, · Cr and V never exceed 

values of 71 pp11, except for V in sample 82-14 (585 J>Pm); 

Pb contents how~ver, range up to 138 ppm. Typically, the 

.~c content Is· st ''"' twice that of C•, the forme< 

\.._ . rjging from 53 to 303 ppm and the latter from'S to 37 l'pm. 

Ba'riull content in the tuffaceous chert _'is }'Jigh (range 2812 

to 11299- ppm) although one sample (19HH-82) c (n t a i.n s . o n 1 y 

64 ppm; the iron for111ation has a maximum Ba content of 558 

ppm. 

6.3 INTERPRETATION AND DISCUs.s.ul.N • 
6 ~ ]. 1 I N T R 0 D U C T I 0 N r 

No fresh rocks crop out at Tulks Hill (Fig. 6.5) and 

.co n s·e que n t 1 y the chemistry described above reflects the 

style of hydrotherma-l alteration and. to a ~ertain excen,t; 

their original coJDpoaition. ·· Three alteration styles . are 

identified on chemical and pe~rographi~ evidence: a) K 

,enrichment, b) Na enrichment, and c) Fe203 and HgO 

enrichment. .. 
Although th4! chemical sediments are not igneous r.ocks 

.. they do contain an igneous-derived component (tuff). Since 

·,_--"" 
I 

( 

~-

' ..) l 
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Figure 6, 5 "Igneous· spectrum" diagram from 

Hughes (1973). Less than 16% of t'he ~:~ampll·.~ 
plot within the field of fresh igneouH 
rocks (even these samples may hr 
altered but fortuitously plot in the 
igneous spectrum field). Symbol~ as ~ 
Figure 6.1. · 
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the composition of the volcanic rocJt a erup.t.)d after 

sulphide deposition c an c hang e a b rf p t 1 y ( ~. f.n the 

. Bathurst camp; Whitehead and Goodfellow, 1978) 1t ls of 

interest to see w h e t h e'r t h e tuffaceous layers l n the 

chemical sediments record a similar change at Tulks Hill •. 

Consequently, the ·chemical ~edlments are dl~cussed with the 

volcanic rocks., 

6.3.2 ALKALI METASOMATISM 

Three subgroups are defin~d. based on 
.. 

their 1<20 and 

Na20 c'ontents (Fig. 6 • 6) : 

a) High K20:Na20 ratios distinguish the . stltceoua 

stockwork, mineralised horizoni and the ·alkali-enriched 

portion of the Raven rhyolite, 

b) Low K20:Na20 ratios characterise the pyroclastics 

and the interbedded (surface) alkali-~nric~ed rhyolite, 

c) Intermediate K20:~a20 ratios distinguhh the 

altered rhyolite and chemical sediments 

Sericite and/or mi~rocllne (Raven rhyolite) ' secondary 

overgrowths .account for the high K20 content i!'l aubMroup 

.(a), whereas Na20 enrichulent in subgroup (b) reflects 

abundant secondary albite. A mixture of aerlcite and 

albite (secondary and primary?) produces the variable 

'· Na20:K20 ratio in the altered rhyolite and chemical 

sediments. 

' .. 



Figure 6.6: Log Na20 vs. log K20 _dta&ram. Three hroad_graups 
are ldenttf1ed: K ·enr1chaent characterises the 
mineralis~d hortzon, alkall•enr!ched rhyolite (Raven 
rhyolite only) and the siliceous stockwork, whereas 
Na enrtc&m~nt characterises the pyroclastic units and 
the surface outcrop 'of alkali-enriched rhyolite (this 
analysis plots within the pyroclastic untta ~!eld). 
The altered · rhyolite (filled squares) and the 
che•tcal sedtaenta have variable amounts of Na20 and 
K20 ana plot on both sides ,of the K20 •. Na20 line. 
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6.3.2.1 K enrichment 

Potaeeiu~ enrich~ent appears to be genetically rel~ted to 

sulphide deposition, as suggeared by the high K20:Na20 

ratio of the siliceous stockwork and minerall~ed horizons. 

Cutrenc theories of sulphide de~osition sugg~st that 

metal precipitation occurred at or near the seawater-rock 

interface (Hutchinson, 1982; ·Ohmoto and Skinner, 1983). 

This interface le thought to mark a criticat zone of 

chemical reaction.between the hot, acid, saline tluids and 

the cold, s11$htly alkaline .seawater (Skinner, 1979). The 

restriction of K enrichment to only the siliceous stockwork 

and the mineralised horizons,· two genetically related ro~k 

types (Chapter 4), suggests their formation close to the 

seawater-rock· interface where fluid mixing pro"duced 

conditions favourable to serici~e formation and consequent 

" d u·m p 1 n g " of potassium. The importance o.f the 

seawater-rock interface is shown by the lack of k 

enrichment zones in other rock types.· K-feldspar 

destruction is usually given as the source of X. in the 

fluid (Riverin and Hodga.on, l980) and this is probably the . . • 

mechanism of K enrichment in c:he hydrothermal fluid at 

Tulks Hill. since ~he altered footwall rocks ~re thought to 

have had a rhyolitic composition (section 6.4). 

Potaa·stu• enrichaent is common in the foot"'all of 

Archaen Cu-Zn volcanogenic massive sulphide ~posits. for 

exampte, the Hillenbech deposit, Louvem deposit, Mattagam1 

·', 



Lake, Sturgeon Lake And the numerous deposits in the 

Flin-Flon - Snow Lake ~rea (Koo and Mossman, 197~; River in 

and Hodgson, 1980; .Roberts and Reardon, 1978; ! Sangster 

and Scott, 1976: Spitz and Darling, 197~ Walford and 

Franklin, 198 2) • The Japanese Kurok.o deposltu also have 
·' 

-K-enrichment surrounding the footwall sllice~uy or' (Jzawa 

et ~·. 1978). 

Potassium enr~chment in the Raven rhyolite ~ay imply 

that 1 t is genetically linked wlth the mineralising 

eplsode(s) (also see Chapters 4 and 10). 

6.3.2.2 Na enrichment 

This a{fects rock types that are presently _ more distant 

from the mineralisation. All pyroclast!c rocks and the 

surface rhyolite contain pure albite (local l y 

chequerboard), ' have high Na20:K20 ratios and lRck primary 

f'e-Mg minerals. Theae _features typify quartz-keratophyres 

and - are taken a~ evidence of alterati~n with accompanying 

Na wetasoma~ism (Schermerhorn, 1973; S-.m i t h a n d J a c k s_ o n , 

1974). Quartz-keratophyre& form low-grade 

metamorphism and alkali metasomatism of pre-existing felsic 

rocks _ (Hughea, 1973). 

Na enrichment adjacent to the K enrichment z.one 

(siliceous stockwork) at Tulks Hill is anomalous ln 

comparison to most other volcanogenic massive sulphide 

deposits: N a de p 1 e t 1 on 1 s we 11 documented by Date ll a 1 • 

--
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(1983) and Haahiguchi et al. (1983}, for certain ' Japanese . ,. 
Kuroko-type deposits, and by Wy nni! (1983}, for the 

Strickland deposit ln s~uthern N~wfoundland. Hashigtu:hi et 

a l. (1983) defined a Na depletion zon~ that ranged in 

areal extent from 10m to lOOOm distant from th~ ore zone; 

1 t is . conceivable. that either a restricted Na depletion 

zone at Tulks Hill was overlooked during the present study, 

or that it was faulted out during later deformation so that 

the Na enrichment zone was juxtaposed against K enrichment 

(see Chapter 9 for the structural style at Tulks Hill). 

However, . accordi~g to · Date and Watanabe (1979) th! Na 

depletion z.one is equivalent to the chlorite-sericite 

alteration zone, and a i nee the bulk of the footwall 

pyroclastic rocks at Tulka Hill fall into this category Na 

depletion should be evident. This is not the case 
'\ 

suggesting that Na enrichment within ~he footwall rocks is 

anomalous. A possible implication is that the chequerboard 

albite formed durin~ later. regional meta~orphism, .although 

the association with sulphide velnlets would be difficult 

to explain in this case. 

Footwall sodium enri~hment !! documented at the 

Anderson ·Lake -deposit (Walford and Franklin, 1982·)." where 

it occurs beneath a K-enr1ched :r.one and . passes, ,'• its 

lower leve la, into a wider area of Na-depletion (as 

documented above), and at the Uwamuki deposit in Japan and 

the Seneca and Corbet deposita of Canada (Urabe et ~·· 

1983). 
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6.3.2.3 Soda-potash relationships 

A comparison of the fulks Hill volcanics with average 

values for felsic roeka (Tabl~ 6.7; Le Maitre, 1976) shows 
' 

~hat extensive Na:K ~etas6mactsm. and probably K removal, 

must have ' occurred since the Tulks Htlt rhyolitt>s have g 

lower total alkali content, but a higher Na~K ratio. 

Widespread Na enrLchment,. but restricted are/ls of K 

enrichment (siliceous stock~ork and mineralLeed hori~ons), 

suggest tha't the chemical : en-vironme.nt was, in ,gen~ral, 

f avou ra bte to Na deposition.' liowever, total · ·alkali 

contents within the contrasting subgroups are similar 

" suggesting slka(i redistribution, rather than addition, 

during alteration • . It is possible therefore, that Na and K 

enrichment formed virtually simultaneously, although tn 
~ 

dlfferent areas, possibly as a result of a variation in pH 

within the volcanic pile. (Fig. 4.2): an increas.e l n the 

Na+/H+ and K+/H+ ratio within the fluid would allow the 

formation of both albLte and muscovite. Slnce mu~covtte is 

\ 
stable within the stockwork a~d albite 18 ~table withln the 

footwall 

activity 

increase 

volcanics ~~ implies an increase in H+ 

towards the seawater-rock interface. 

could result from chlorlt1aat1on within 

lon 

' This 

the 

stockwork since Mg-chlorlte formation is acco•panted by 

base fixin& end H+ !on release (Rosenbauer et ~·, 1983), 
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7 Avera g e major element compositions for three felsic 
bl e 6 • : ( a volcanic rocks from Le Maitre, 1976). 

Rhyolite Rhyodacite Dacite 

Si02 
72.82 65.55 65.01 

Ti02 
0.28 0.60 0.58 

A!2o3 
13.27 15.04 15.91 

Fe2o3 
1.48 2.13 2.43 

FeO 1.11 2~03 2.30 

MnO 0.06 0.09 0.09 

MgO 0.39 2.09 1.78 

CaO 1.14 3.62 4.32 

Na
2
o 3.55 3.67 3.79 

K2o 4.30 3.00 2.17 

H 0+ 
2 1.10 1.09 0.91 

-H2o 0.31 0.42 0.28 

¥2°5 0.07 0.25 0.15 

co
2 0.08 0.21 0.06 
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6.3.2.4 !! content and alkali metasomatism 

' In high potash rock-ty~es · a positive linear relationship 

exists between K and Rb bec}!U'Se of 
. 

thei~ comparabre 

geo~hemical characteristics (Fig. 6.7). Alteration of t~ 

rhyolite (sericitisation, chloritis.fltion ~·) decreat~es 

the 'K:Rb ratio, suggesting K-depletion during~ hydrotherma1 

alteration which may simply reflect sericite format~on. 

6.3.3 MgO AND T~AL Fe DISTRIBUTION 
\ 

S~me sa~ples at Tulks Hill have MgO and/or total Fe 

contents that are comparable to basalts <ti· • 12NA-82) • 

these samples are basalts the'n 'other oxides, such 11s Tiu2. 
. I 

should display a certain amount of geochemical coherency. 

""' The scatte£ in F~gures 6.8 and ~.8a· shows that thla is not 

the case. Also, the low values of Ni and Cr, all ~elow th~ 

detection limits of ·~he XRF 

w~ 
machine-. are not· corapatlble 

./ 
a magmatic origin for the HgO. , This impltes th11t the 

MgO has been enriched by secondary P!oce~ses • . figure 6.9 

suggests that / the· MgO content may be r.elated to 

hydration/carbonation (chlorite/dolomite formation) rat~er 

than primary magmatic processes. In addition, petrographic 

and trace element data, ·as used in section 6.•, auggea.t 8 

felsic, rather ~han a mafic. protolith for these rocks 

prior to alterati~n: sample 12NA-82 is an altered portion 

of the Raven rhyolite. 

Fresh, magmatic, Fe-Hg minerals are· absent 
~ 

f'ror:~~ the 

• 

. , , 
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. t'iJ!urt: b.]: K20 vs. Rb diagram for t;he six rocl( groups 
identifi~d at: Tulks Hi.ll; In ·all cases, a positive 
lin~ar relactonsh~p eK1sts. A-F as.. in Figur-e 6.1. 
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Figure b.8: MgO VII, T1U2 diagran~, ~ lack of geochuical 
coh~rency between these two oxides BuKgests that HgO 
hat' be.en enriched by secondary processes. A-F ·as in 
Figure b.L. 

~/-- .. 
I 

.. 

•· 

j · .. 



1 4 1 

05 

• 
~ 
\ , 

ll 10:. 0 9 

0 

0 5 

• • 
•• i' 

• • 
0 6 I ' 



fe2U~ vs. 1102 diagram. A-F as.in Fiiure b.l. 

) 



0 

0 

" lO · !I \. 0 110 

E 

80 

.. . 
• • • 

14 3 

.. . 
._.._ .... .._ ____ ...... ._ ___ ~ .... ____ __. 

a 20 <0 ;;o eo 

0 5 

<, 

0 . 

c l O 40 60 8 0 

.. 
• 

0 20 60 BO 



( 

r 
I' 

( 

l 

. 
r'igure 6.9: .Mgo va, LOI. The moderately positive linear 

~elationship between these two oxides suggests that 

HsO was enriched by hydration ond I or 'r.··· 

-T 

..... 



'0 

,. 

G 

·o I~ 0 " 

10 

0 

15 

0 

0 

... 
• . . 

0 

• 

• 

• 
• • • 

145 

0 

lO 

20 

• 

• 



-- •, 

146 

Tulks Hill rocks. Perv~sive chlorite alteration. with or 

without epidote,- suggests · replace111ent of pre-existing 

Ca-Fe-Mg •inerals. Although this mineralogy ta unknown, 
• 

biotite, fayalitie olivine and orthopyroxene are likely 

c.andidatea (Carmichael .!_E. .!l.•, 1974). Data for the mineral 

chemistry of the chlorites ~Chapter 8) pro~e that the~ are 

Hg- and/or . Fe-rich and thus, the chemi~al compositi~n and 

variation of a chlorite in an altered rock would vary the 

total Fe _and HsO . contents for that rock. Samples of the 

altered rhyolite (Table 6.2) or the footwall pyroclastics 

(Table 6.3) are good examples of this: similar rock types 

have different amounts of total Fe and MgO because 

of their va~lable chloritic alteration. According to Mottl 

(l98l), the variation in the chlorite chemistry, and 

consequent total Fe and MgO enrichment/de~letion, reflects 

the passage of hydrothermal fluids~ route to or from the 

s e a w 4 t e r- r o c k 1 n t e r f a c e • T h e a p p l 1 c a t i on o f M o t t 1 ' s (1, 8 3 ) 

ideas to the chlorite chemistry at lulks Hill is discussed 

further in Chapter 8. ,, 
· Disseminate~ . pyrite also increases the . total Fa 

conteni which expiaLna the high values for samples from the 

alJiceou~ stockwork and mineralised hotizon. 

6.3.4 C~O DISTRIBUTION 

Both rhyolite types (alkali-enriched and altered) are 

• en r l c h e d 1 n - C"a 0 ; .1 ow C a 0 r e f l e c t s t he 1 4 c k. o f c a 1 c i, t e i n 

the re_-aining -groups (Fig. 6.3). 
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Calcite precipitation ~ best effected ~y boiling of a 

C02-... rich · hydrother111al fluid (Holland and Malinin, 1979). 

' However, in most cases its for~ation is also dependant upon 

the partial C02 pressure of the fluld, H+ metasomatism with 

the wall-rock (which· affects the fluid pH), and possibly 

fluid mixing and NaCl content (H~lland and Malinin, 1979). 

In a felsic volcanic pile, . such as at Tulk~ Hill, 

clinopyroxene and/or plagioclase destruction could provide 

Ca ions to the so~ution or, alternatively, there could be 

an "extraneous source for the cat~tum. 
l 

This ~ould lead to 

precipitation of calcite if that fluid was C02-rich. Th.is 

appears to be the case with the rhyolites. 

Two possibilities explain the lack of calcite within 

the pyroclastic l~tholog1es; l) . primary Ca minerals· were 

absent, · thus eliminating a Ca supply (unlikely) or, 2) 

' primary Ca ~inerals were ~estroyed 'but cal~lte was not 

pre c 1 p i 't ate d because · of 1 o a p ll r o p r 1 at e. c he 1111 c a 1 con d 1 t 1 on s 

(ie. fluids too acid). 

A corollary of (2) is that the . hydrothermal fluids 

~ithin the rhyolites probabiy had a lower H+ .ion activity 

and/or ·NaCl cont~nt : an increase in both of these 

parameters would prohibit calcite precipitation (Holland 

and Malin1n, 1979). Sericite and albite formation ln the 

foot~all occurs when the H+ ion activity ia increased (see 

Fi~ this would favour calcite dissolution and day 

ex~la ~n t~e absence of cal c ite in the footwall volcanics. 

Pervasive l oss of CaO within the alteration pipe at 
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the Hillenbach deposit (Riverin• and Hodgson, 1980) and 

Hattabi deposit (Franklin~ ~- 1 1977) is Ai~llar to that 

'observed at Tulks Hill, yet is ~pposite to that observed at 

the Hattagaml Lake deposit (_Roberts and Reardon, 1978), 

where high CaO and carbonate contents are characteristic. 

Thle difference in alteration chemistry within simflar 

types of sulphide deposit~ suggests local, ratner than 

regional, chemical c~ntrols on carbo~ate deposition: the 

localisation of calcite within the rhyolite at Tulks·Hill 

is evidence of this. 

6.3.5 BARrUM DISTRIBUTION 

Barite ore"":'horizons, •up to several metres thick, are 

• typical of the black ore, hang1ngwall portions of Kuroko 

deposits (Sato, 1977). At . the lwami mine a barite-rich 

stockwork alteration zone is present (Hukaiyama ~ ~ •• 

1974). 
' . 
Thurlow (1981 a) iden't 1fied microscopic barite 

within the matrix - of the ore hori~on dacite tuffs at 

Bucha~s. and in fractures within plagiocla~e, amphibole and 

quartz. phenocrysts, Thus, barite is a com•on mineral in 

volcanogenic •assive sulphide deposits, 
I 

in both footwall 

and )angingwall locations, and is probably an jntrinsic ~ -

characteristic of th~ . hydrocher~al environment of sulphide 

deposition (Holland and Hallnin; 1979). Bariu~ is present 

in all rock-types at Tulks Hill but shows a wide variation 

in abundance between the sajor grou'ps. 'rwo arbitrary 

sub-groups are defined: 

• 
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. 1) Altered i~yollte, siliceous stockwork and cheat cal 

sedi111ents. Mean Ba )• 11 50 ppm; maximum Ba content: 

range 5201 - 11299 ppm. 

2) Pyroclastic roc'k.a, alkali-enriched rhyolite and 

mineralised horizons. He an Ba <• 1150 ppm; maxlmum Ba 
'I 

content: range 284 - 1110 ppm. 

From these data it 
• is 

horizon is Ba-poo.r, yet 

apparent that the sulphide 

the immediate footwall and 

hangingwall are relatively Ba-rich. Ba depletion at the 

mineralised horizon must be controlled by the conditions 

during sulphide deposition: the reduced environme~~ during 

sulphide precipitation may have prohibited barite formation 

allowing Ba to be dispersed in seawater (Hanor, 1979). 

Since barite is absent (apparently) . ln the other two rock 

types . Ba must be stabilised by another mechanism: one 

method of Ba enrichment is as an exchange ion withln the 

interlayer lattice of K-mica (Hanor, 1979). and slnce 

sericite is abundant within the s~qc~ork alt~ration and 

the chemical sediments it ~ay be a - possible mechanism of Ba 

enric't,'ment. . Se·ricite i-s a minor compo~ent of the gangue 

mtneralogy of · the "mas.sive sulphides which would explain the 

low Ba values. 

According to Ohmoto and Lasaga (1982), sulphatea are 

stable in 8 reducing environment if, l) the tempe·rature . it1 

below 250 degree~ centigrade and if, 2) there ~aa · enough 
. . \ 

oxygen. to precipitate sulphatea prior to the onset of 

red~cing conditione. This is because the reaction 

-



\ 
\ 

, 

I • 

(_ .. 

!SO 

2 02(g) +HZS(aq)~ S04(--) +2H(+) 

will proceed to the left oaly at 
·~ 

very · slow · rates; this 

sllo~~ sulphate metasta6111ty in a reduced environment. 

Since solpMatea are absen~ at Tulks Hill 1 t implies that 

either the temperature _ was g re·a t e r than .250 . degrees 

centigrade and/or the environment was reduced. It 1 8 

suggested that both the high temperature (>250 degrees 

centigrade; Chapter 10) and the reduced environment during 
I 

sulphi~e deposition influenced B\ distribution by not 

allowing barite t~ precipitate so that Ba either 

substituted for K within sericite, or was disp~rsed in 

seawater. 

.6,3.6 BASE M~TAL DISTRIBUilON 

Figure 6.10 · outlines the baae ~etal distribdtion in 

the Tulks Hill rocks. 
I 

Arbitrary divisions ·are shown to 

highlight the dominance of one or more of the base metals • . 

Zinc is- -common to all rock groups, being relatively 

more ab~ndent in th~ footwall volcanics, iron formation and 

8 s~liceo~s stockwork alteration samples. Six siliceous 

stockwork aamples · are re~atively Cu ~~~h. ~nd surprisingly, 

one sample ts rich in Pb. Cu ) Zn+Pb characterises t tle . 

mineralised horizon. All three base metals oc~ur in 

roug~l' aqual aaounts ~~~ the tuffaceous chert • .. 



Cu 

X MINERALISED HORIZON 

I STOCKWORK ALTERATION 

+ CHEMICAL SEDIME NTS 

I 
0 PYRO CLASTICS 

Pb 
·~ 

Figure 6.10 Cu : Vb : Zn rat io diagram for 
the 6 rock groups identif ied at Tulks Hill . 



. -

i 
; 

1( 

I 

6.4 PR lHAaY RQCR CHEMISTRY 

b. 4 .• 1 l NTRODU CT ION 

In any environment of 

ele11ent •ability• is. a 

... 
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• 

hydrothermal altera·t.lo~.! major 

'hindrance. to rodt classificat..ion. 

For. ':!x.ample, at ~Tulle's H_ill the K20 co~tent wi.th.in· simila-r 

·· . tock · types 1s comparahle to potash trachytes or banakite& 

/ 

' 

"' (fig. 6.11 ) ·, yet p~trographic. data (Ghapter' 4) do not 

support a n . o r i g fn a 1 111 a g m a t i c 

c.ompoai t4.on, suggeating that 

•• 
)(20 

Thllil . t:.her1!f.OJ;"e malr,ea Ew~ rt' s 

cause for ·their high K 

addition has occurred.:. 

(1979) 'rode. classification 

for· tr~ Tu 1 k a Hi'll rocks. To overcome this 

trace 'Zle}ent·s are used (~. ·zr, Nb, Y) because 

1 na p_pr 0 p r ~.ate. 

-. 

their mobi.lity is more restr_icted which allows a te~tati~e 
. '- ·,. 
.claasificati~ 

. ( ' . 
volc11.nic · fresh 

of metavolcanic rocks 

' Diacrimil"'.ation 

by comparison With 

diagra111s,. which 

outline· fields for fresh rode. types with known crace 
.· 

element: conte~nts, are used fo-r this purpose (g. Pea rc'e · 
'-

and Cann, 1973; Winches-ter and Floyd, 19.77).· 

. Recel)t papers concerne·d w.1t-h the classification of 

' eetavolcantc . rocks have concentrated on those with mafic 

affinlt~ea (,!;.&• Gale and Pearce, 1982') because, ·unlU:e 

felai.c ... ' rodr.s, they are geochemically less variable, due· td 

t he 1 a c k. o.f abundant 1 ate- 8 t a 8 e . 111.1 n e ['a l8 • 8 u c h as zircon, 

UB { ng tra.ce elem-ent _contents of met.afela1c ·r.ocks 

are fe.., (~. Dudu!!. ai. • 1983; .Hiil and Thomas, 1C.l83; .. 
Kay, 1982 0 Taylor _!.!_ !...!•• 1981) . even though 'Winchester and 

Floyd ft971) have
1 

published d1scrialinat1on diagra11a 
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Figure 6.H: K20 vs. S102 diagram (after Ewart • . l979). Note 

-· 

the extreme· variability . of these oxides within the 
same rock g.roup. / 
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applicable C:.O these rocks (up to, an4 including, 

greenschist grade), S t 'nc e only felsic' rocks outcrop &t 

Tulks . Hill ' the dlscrllllin~tlon diagra111s of Winchester 11nd 

Floyd (1977) are used below. 

---
6.4 .2 Zr/T-102 VS. Nb/Y 

Winchester and_Fl-oyd (1977) dete.rmined that th~- tract> 

element content of co111mon mafl~ ·to felsic· rocks Y8rled 

according to their ' extent of . d1fferent1atton or alkalinity: 

the Zr/T102 ratio was discovered to be a good illeasure of 

differentt'ation while Nb/Y varied with allc.all.nlty. 

The majority of ~ampl~·s for every group at Tulks Hill, 

excluding the che1111cal se-diments, are sub-alkaline and havt! 

trac~ elemen~ ~haract~ri&tlcs that are comparable to 

rhyolice-rhyodacite-da~ite; the latter two rock-types are 

more c 0mmo~ (Fig 6;12). One' pyroclastic sample plots 

within the trach.y.te fi'el,d (Fig~ 6,12A) . a~d thre~t stockwork 

alteration &~mples have alkalic a!flaities, plotting within 

. ' 
the commend1te - panteller1te and trachyandeslte fields (Fig, 

6.12!). · Four . samples from the chemical sediments plot 

· w.ithin Fhe andesite and/or basalt fields wh!ch suggests 

' . 
that the volcanic activity underwent -a compoeltton.Bl change 

after 

time. 

sulphide deposition, · becomlng m~re intermediate with 

' ,, 

-



fo'igure b.l:l.": Zr/Ti02 vs. 
Floyd, 1977). 
rhyolite-dacite 
discua.sion. 

/ 

\ 

Nb/Y. diagram (from Winchester and 
Host samples plot wich1n che 

field. See text for further 

A: Pyroclastics 
B: Siliceous stockwork 
C: Chemical sediments 
_D: Alkali-enriched rhyolite 
E: Alter~d rhyolite ---

, .... 1, 
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6.4.3 Ga vs. zr/TiOJ. 

According to ~incheater ~nd Floyd (1977); Ga is an 

indicator of rock alkalinity; in this respect it . is 

similar to the Nb/Y ratio. Host samples plot wit'hin · the 

rhyolite-rhyodacite-dacite fields (Fig 6.13). However. 5 

stockwork alt~ratlon samples plot withi'n the panteller 1 te 

and phonolite-trachyte fields. 

The above data (sections 6·.4 ~-2/3) reinforce t .he 

petrographic e~ldence by sugge~tlng that · the majority ·of 

the rocks at Tulks Hill are feis!c, and p~~bably had a 

calc-alkaline, rhyodacitic chemistry prior to hya~othermal . 
alteration. The occurrence of alltaltc rocks- ·at Tulk.s Hill 

is ~ot aubst~n(iated by petrographic studies; only samples 

o( stockwork ~Iteration appear to have ~finite alkalic 

chemistry t,hey are thought· 

chemical environment where alkali 

0 form in an extreme 
..> 

enrichment is common 

(sericite is abundant). Such an environment is thought to 

have mobilised those elements that are normally thought to 

be iaUDObile, g. Ga. Nb and/or Y. -F{!rther 1 these samples / -

have rela~ively high Pb contents which may have inftueneed 
I 

the 4etection of Ga since the peaks for Pb interfere with 

Ga ~iving erroneous readings for Ga. 

6.4.4 Zr VS. Tj.Q2. 

Pearce (1980) devised this diagram to illustrate the 

tectonic settings of different (not necessarily felsic) 

_) 

t 
J 
" 

• 
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Figure 6.13; Ga vs. Zr/Ti02 diagram (from Winchester end 
Floyd, 1977). Hast samples plot within the 
rhyolite-dacite field, See tex-t fur dis.cu ·stl!on 
concerning, "alkalic" rock types. - A-1> as in Figucc 
6.11. 
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rock t y p e s < F i g 6 • 1 4 ') • ' All igneous rocks plot w'it.h1n the 

"arc lava" field, as do oth~r dacitic pyroclastics of the 

Victoria Lake. Group (Dunning, 1984). However, the 

dif~rent Zr and TiOJ contents for the Tulks Hill (elsie 

rocks suggests a different magma batch. possibly more 

fracti'Onated) than those rocks analyyed by 
.. 

Dunning (1984) ·irt the Victoria Lake area. 

f"'1. •. 

• 



figure 6.14: Zr va. T102 diagra~ (from_ 
samples plot within _or ~lose to 
A-D ~s 1~ Figure b.ll. Shaded 
Dunning (1984) for other samples 
Group. 
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CHAPT~R 7 

R4RE EARTH ELEMENTS 

7.1 INTRODUCTION 

The rare eart~a are a geochemically coherent gToup of 

trace elements - whose predictable behaviour ls ofteo . used to 
I 

eluc~dare the .processes of magma genesis (Hanson, l'H8). 

Certain rare earth elements ( REE) are preferen~ially 

inco~porated into particula~ rock-forming - miner~ls (Fig. 

7 • 1 ) ; for example 

zircon, garnet and 

and particularly 

~ 
th\ heavy REE (HRE-E) are co~centr a ted in 

- , \ . 
amph\bole, wherea~ the light REE (LREE), 

. -/ . 

europiu& (E~), are enriche~ r'elat~ve to 

che HREE in feldspar. 
/ 

Consequently, the REE abund&rice an d 
I 

variation (paetern) for a fresh igneous rock dep~nds upon 

ita minera~ogy, which in turn Teflects the large-scale· 

processes of partial melting, fractional cryatal l isatton 

and/or assimilation of country rocks (tl_. Cameron and 

" 
Hanson, 1982; Hanson. 1978, 1980). 

Each REE value is nor111alised to the corresponding 

value in chondrite, the latter assumed to represent 

primitive terrestrial material IIi th primordial REE. 

abundances (Haskin =.;_ !1.·• 1966). A. flat REE pattern and 

low total abundances a~ characteristic of chondrites; . 

igneous ~processes, such as those discussed ~b~ve, variably 

fractionate the REE to give diffeTent absolute values in 

different rock typ~a depending on tbe ~~nerala involved in 

fractionation. Freab felsic volcanic rocks typically have ,. 
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• flat to aega~e~ .. slopu, LREE enrich•ent and a negative Eu 

anoaaly. -
Hydrothermal alteration may have a . profound effect on 

t be primary REE distribution: partial or complete 

d ~ at r u ~ t '1 o n o f m a g m a t 1 c m 1 n e r a 1 s r e 1 e a s e s v a r 1 a b 1 e am o u n t s 

of RR! 11 to form com,Plexes with . chloride, fluoride, 

carbonate or sulphate lone within the hydrothermal fluid 

( f .lynn and Burnham, 1978; ,Hanson, 1978; Haskin ll .!...!.•, 

1966; . Taylor and Fryer, 1983). Chloride preferentially· 

leaches LR.E! (La-Sm) whereas C03- and F- leaeh BREE (Gd-Lu) 

(Collerson and Fryer, 1978; Taylor and Fryer, 1982; ' 
., 

Taylor ~ .!.!.•, 1981). Consequently. altered igneous rocks, 
"-r " 

such a.a : thoae at Tulka Hill, may show a uriety of REi 

patterns dependent upon the extent of mineral breakdown and 

the relative act 'tvity of the anionic species (F·, · co:f, Cl) 

in the fluid. Fluid inclusiona and ~ secondary 

milletalo&y are used in conjunction with the REE pattern to 

the 

- r"''" 

identify relative importance of the &~tonic species 
. · ~.· 

during alteration (Taylor and Pryer, 1980. 1982). 

A a a r e f e r e n c e • a n d 1 n p a r t f o Y c om p a r L B (j!.n , a f 1 e 1 d o f -- - -
REB patt~rne for ee~en ore- be.arin~ felaic vol~anicroeks is 

0 . 

ahown (fro• Campbell .!..!..!..!·, 1982"'). The location of the 
. 

seven •••plea that comp~iee the f i e l.d is gi v en i n t he 

C.Jlp.tLon to Figure 7,2. 
. . ~ --- • • 

--

J 
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7.2 :REE ABUNDANCES AND ASSOCIATED. ELEMENT TRENDS 

· E. x c e p t where s h o v n • the 

\ . 
obtained after normalising 

aba~ute values 

to the chondrite 

168 

. .., 
are_ thoae 

' value• of· 

Taylor and Corton (1977): Complete REB 

in Appendix I • REE values listed below 
• 

analyaea ar~ llated 

(~ 345 .'45 in the 

---alkali-enriched rhyolite) are enrichment factors . above 

chondr.itet listed_a.a ppm. 

7.2.1 RHYOLITE 

All samples vere~from t~e Raven ~hyolite. Four hadj 

relatively fresh physical appearance, 'but a 

analysis showed them to be K-enriched. Five were bleached, 

chloritised and/or _partially sericitlsed. 

7 .2.1.1 Alkali-enriched rh")'oli_te. __ ., • 

Moderate LREE enrichment characterises_ all samples 

(Fig. 7.2). Total REE contents in the four samples range 

from 345.45 to 280.1 -3. -La varies between 79.05 and 44.62 . 

- I 
while Y~ vari~s between 31.75 and 18.29. -:Note that the 

' 
lower La content corresponds to the highest Yb content to 

produce the flattest pattern (sample Z4NA-82). -

A conailltent increase' in the K/Rb · ratio cor/t!!epond• to 
.· 

a d e c r e a s e i n t h e . R E E p a t t e _r n a 1 o p e ( F ~ g • 7 • 3) ~ 

- .. 

. .-

. 
h 
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0 

7.2: REE variations within sa~ples of the 
alkali-enriched rhyolite. The shaded area 
enco~passea 7 REE analyaea of ore-bearing felsic 
volcanic rocks from different ~ining camps: 

Ka~ ~otia, Ontario 
South Bay, Ontario 
Kidd Cr~ek, Ontario 
Sturgeon Lake, Ontario 
Hatagam1 1 _Quebec 
Golden Grove, Western Australia 
Kuroko, Japan 

Source of data is Campbell et al. (1982) except 
for HatagaiDi, Quebe,c (MacGeeha.n andHacLeao. 1980). 

-

Figure 7.3: -Ratioed ,co11p6ilenta _plotted as a function of l.RRE 
depletion in 4 .. saaaples of alk:al1-enr1rthed Raven' 
rhyoll te. Only the K/Rb . ratio abowa a consistent 
increase with LRE! depletion. 

' ) 
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7 • 2 • l • 2 - A lt e red .!_by o l1 t e • 

. ' 

Least and most altered ·typea are identified (Fig. 

7 .4) i aamplea 11 NA- and 20l'!.A::112 are 11ore eericitlaed and 

chloritiaed compared to the _remainiog eamplea. 

Flat RBE patterne dietinguish th..,~ -most altered samples 

fro111 the least altered ones ·(l7NA-, 18NA-, 20NA-82), the 

. 
lat!::er ehowing modera -te: negative slopes similar to the 

alkali-enriched rhyolite. Eu depletion anomalies are lees 

pronounced _in the most altered _samples. Also, averaged 

tote·l REE abun~ees decrease from 340.66 - for the least 

altered samples, to -'136.6 for the lfost altered ones. 

Averaged ;total LREf and total HREE contents decrease 

raapectLvely from 2l6.48 to 60.98 and 107.3 to 62.32 with 

J • 

_Not e __ _ t;hat. tt)e __ d_i_f_f e_re_nc.e t n tota..J.------ --1 

LREE betve~he le'~st and _the •osc 

greater than Ln the total HRER. 

altered samples -is 111uch 

' . ~·~ 
~- ' ·; 

Higher ratios Qf - Ba/sr, Ba/Na, Rb/Sr an~ perhap_a.--~ K/Rb 
.-:~ --, . . ., 

ace characteriet1c in th'e most ~ltere~d s~)~p-les; higher 

Na/Sr characterises the least altered samp~es (Fig. 7.5). 

7.2.2 SILICEOUS STOCKWORK 

Tva aroupa. ~ach con~iating -of three samples, can be 

identified by tbei 'f REE concentrations and aesoclat~d 

patteroa. 

) 

, 
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F 1 g u r e 7 • 4 s R E E v a r 1 a t 1 o n.s v 1 t h 1 n sam p -1 e ~ J a 1 t I! red r h y o 1 i t e • 
Two groups are ide-ntified cllrreapondtng to least 
altered (17NA-, 18NA- and 20NA-82) and moat altered 

· tY-Pe s , The 1 e a • t a 1 t e r e d a am p 1 e s c o 111 p a r e ('a v o u r a b 1 y 
with tke alkall-enrithed rhyonte. Sou•ces for th_e l shtded field are given in Figure 7.2. , 

Figure J .5: katioed components plotted to show .their vartatlon 
with respect to alteration 1o 5 altered rhyolite 
sa•plt!B. LREE abundances lncreaee tova~d• the rtaht, 
g. f rom sam p 1 e 2'0 N A- 8 2 to 1 8 W A -lt-2 • 

-. .. 

·' ,· 
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( . 

Group ,l!l_: Three auples, froa widely : •• I. •. lo<H.iono, 

have similar patterns ~d . abundancea ahowln~ced lu 

depletion ano111alias aod negative alopes (Fig •. 7.6)". Total 

REE concentrations range from 287.34 to 176.18 with La 

varying between 72.73 end 40.14. Yb r~ngea from 19.3 to 

10~3. Eu varies between 10.84 and 9.18.· 

' 
- - ·increasing Si02 and depletion of Al203 accompaniea a 

Trace element contents in the three 

_sample& are similar except for the base metals; the sa111ple 
- I . 

with the highest metal content ( P b + Z n + C u) has a h lg he r. 

' 
total ~EE (sample 14EN-82). 

\ 

Group, ffi: -Flat to positive slopes, diverse LREE contents. 

ranging , from 9 9 • 17 to 17.53. · but al11ilar HR!E 

concentrations, varying from -59.06 co 49.83 . charac~erise 

the three remai~lng siliceous stockwork alteration sample& 

-(Fig. 7 • 7 ) • Samples 2SA- and 4NA-82 have total RBE 

contents of 154.82 and 175~52 respectively; -- sample JSA-8-2 

has a _ reduced total REB _content of 8 7. OS because of 

extrelll_ely low valuee for the LREE s.., Eu is depleted f.n 

saJD.ple .4NA-82-- only. 

• 
LREE depletion in sample 3SA-82 18 acco•paoied by • 

lover 5102 ~ontent. but higher Al203 and Fe203 conten~•· 

Trace element contents are similar in all three aamplea 

except . fQr - Ba and the base •etala: a high metal content· 

J 



figure 

-

7.6: REE variation within three~amples- of siliceous 
·stoeltwork (Group .a). Source~· £X the shaded area are 
given in Figure 7.2. 

Figure 7.7: RE~ variations in three samples of eillceou~ 
~toc:kvork (Croup b), Compared to Figure 7.6 theee 
·sa1111ples have lower .LREEs but sligh.tly---higher HREE 
abundances. S~urces for the shad~d Jleld are given 
in Figure 7.2. · 

, 

---· 
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" (av. Pb+Zn+.Cu, 11)~ - ppm) b.ut relatively low Ba (av. 1054 

ppm) characcerisee samples 25~-82 and 3SA-82; co n.v e r a e 1 y • 

asmple 4NA-82 has e~treme Ba enrichment (~393 ppm) but low 

base metals (54 ppm). 
•' ' 

7.2.3 HINERALISBD HORIZONS 

Two heavily mineralised samples 
( 

and on.:: 111illeralised 

chlorite-schist have been analysed (Fig. 7 • 8) • Flat fl[ 

' "' 
slightly negaclv~ slopes are chsracteriatic; only sample 

lOioiA-82, which has combined base metals in excess of 70 

wt.%, · contains a Eu enrichment ~nomaly, which may be a 

reflection of the relative lack of albite as a gangue to 

the mineralisation (see Fig. 7 • 1 ) • 

• 
Total REE concentrations range from 187.76 to _:ft_l.Jll__....... 

~ ./ 
La v a r 1 e s be t. ween 4 6 • 3 5 _. a n d 6 • 1 4 , w hi 1 e Y b l'.tl n,g €s f rom l 6 • 3 

to 14.37. An average value for the LREE is 57,94 whereas 

the averaged KREE concentration is .28.45 producing an 

averaged enrichm.ent factor of 2 for ~he LREEs. "' 

Total REE depletion with in~reasing mineralisation is 

ac~o111panied by a decrease in S~02, Al203, K20 and Ba, and 

increases ln LOI, Rb, Zr .· and Th. Ho'!"ever, the trace 

element results for sample lOWA-8 2 may be spurious because 

of the poor calibratioo (XRF) for sa•ples with a Wign 

aulphlde . content• 

v1~v~d vlth caution. 

so -ctrat-· the absolute val,ues should be 
I 

~ -----

~-

/ 

• 



8 REE variations for three mineralised samples. re 7. : 
samples SES and IOWA are heavily mineralised and have 
lower total REE abundances than the mineralised 
chloritic stockwork (2WA). Sources for the shaded 
area are given in Figure 7.2. 

7.9: REE variations for a sample of biotite tuff and 
tuffaceous chert. Also shown is a REE pattern for an 
average of 10 analyses of oxide-rich samples from the 
New Brunswick mining camp (source: Graf, 1977). 
Gratis (1977) data are normalised to the values of 
Taylor and Gorton (1977). 
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7.2.4 TUFFACEOUS CHERT, 

Total LREE and HRE-E abundances are similar whlch 

produces a flat . patfern with no &:u ano11aly, similar to 

·e.ertain mineralised samples (Fig. 7 • 9) • Total REF. 

• 
abundance of llJ+.49 'is within the r.ange for the ~aineral'iaed 

horizons. 

"' 7 ,) INTERPRETATION AND DISCUSSION 

I n a r e c en t p a p e r , C Sl1l p·b e 11 ~ a 1 • 

that the REE con~entrationa for ore-bearing fels1.~ vol~Anic. 

rocks differ from barren felsic volcanic rocks because of A -· 
different genetic history. According ta thi!! authors, low~r 

RE:E abundances. flat patterns and distinct l!:u ,., depletion 

anomalies characterise ore-'bea .ri~g felsic volcanic rocka, , 
whereas steeper slopes and no Eu ano111aly diatlnguish barren 

rocks. A 

immoblllty 

on-bearing 
...,; 

critical argum~t 

during alce>racion. 

fel,;ic volcanic 

in their tht>ory is RI::E 

Their data for 

rock.Fi are plotted on Pigurea 

7,2 through to 7.9. (excluding Figs. 7.3 and 7.5). 

Taylor and Fryer (1980, 1982, 1983) and Graf (1977) 

have suggested that B.EE mobility during hydrother11al 

alteration is r:e a 1. Spectt'lcal).y, Cl- lone within 

111oeralis!ng solution are capable of complexlng· LRBI:: while 

C 0 3.:: a n d F- 1 o n a co~Uplex RREE. A necesaary require111ent 

therefore. is that mineral destruction releasee R!Ea to the 

solution. Selective lllob111Fiatton o! tREE or HR!!, 

depending upon the characteriatic• of the 
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I~ 

~-
.. >~ 

ution. wf.ll alter the prtmary, magm6ttc st8nature. 

. Tht;. following section discusses and t'n t e r p r e t s the 

ulke Hill REI!: data with reapec·t to the above ideaa.-_...,.he 
' \ '­

en~ichGent and depletion.are used 

the LREE in samples. llNA-82 

relatively; for 

and 20NA-82 are 

depleted . relative to the remaining rhyolites. 
- ,/-

7 .3.1 Rt!YOLITES 

Both rhyo~1te types have similar REE abundances and 

are dhcussed together. 
' ' 

All aaeplee have virt~lly identical HREE abundances. 

The ', LR.!E are equally enr\ched ln all but two samples 

(liN_A-, 20NA-82) ---- severe LREE depletion in the latter 

'ta accompanied by a loss of 'the characteristic Eu de(Hetion 

anomaly. Apart from the LREE of these two sallples. the R.EE 

plots for !:"he- Tulks Rtll .rhyolf.tt"s fAll wtthln the 

"ore-bearing felsic vol~anic fteld" of Campbell et al. 

(1982). 

Both a teep . an'd eha llo\1 slope e._. with or without Eu 

occur tn the two rhyolite types. and 

since the ealllples are fro11 .the same intru•1ve body the data 

auagut that REB mobiil.sation durtng _alteration of the 

.. rhyolite ta real. LREE depletion in aam.plea llNA- and 

20NA-82 ~robably rl!ftectl th4!ir 111obtlteation by Cl-l"tch 

brtnu • whereaa HR.!! "•tabtliaatton'" ••Y reflect the 

presence of unaltered 'atrcon: 

c:oncaatrate HRII!:a (Hanson, 1978) 

thts •tneral ia known to 

1• 
0 

preaent in All 



182 

samples. 

7 • 3·: 2 SILICEOUS STOCKWORK, MINERALISED HORIZON AND 

TUFFACEOUS CHERT 

The three groups are discussed ·together because of 

their presumed genetic link with the hydrothermal fluid and 

sulphide deposition. 

The protolith to the siliceous stockwork alteration is 

thcught to have been ~ ["hyolite tuff and as such should 

have similar RI!:E concentrations to • rhyolite tf the REE111 

are immobile. LREE concentrations within the siliceous 

stockwork however, are highly varinble, which is unlikely 

to reflect pdmary mag_matic processes. Rather, Lt suggeats 

LREE complexing with chloride ions in the solution during 

alteration (Taylor and Fryer, 1982). 

Unlike the siliceous S'tockyork, the mineraltsed 

horizons and tuffaceous chert do not have protoliths 

because they are chemical precipitates. As such, their RI::E 

concentration should reflect tha~ of the hydrother•al fluid 

(Graf, l977). Similar REE patterns and abundance• far the 

tuffaceous chert and. tlie 111inerali11ed horizon illlply • 

similar origin (~ hydrothermal fluidL The oxide-rich 

samples (chemical studied by Graf (l<J77) have 

relatively low REE ~bundances and p o s. 1 t 1 v e Eu ano11alle1 

(see Fig. 7.9), the latter reflecting the Pb-rich nature 

of the dtstal portions of the .lllneralisation: 

destructian releases Pb and Eu to the •ineral1ain8 •olutlon 



183 

to produce the eDrichaent in the chemical The 

REf. data. for the che•ic:al sed{me~t~ (llllneralised horizo'n 

and tuffaceous chert) at· Tulks Hill are conGistent ¥1 th 

Graf's (1977) model, particularly the Eu enrichment anomaly 

in the Pb-enriched sample (lOWA-82): an average REE 

analysis for the o~:ide-ricn hon formations analys~d by 

Graf (1977) is shown on Figure 7.9 fo[ _ _ comparison. --- The 

lower total REEa ln the mineralised horiEon and the 

tuffaceous chert, compared to the rhyolite and the 

ailtceous atock~ork. is also consistent with Grafrs (1977) 

model. 

Virtually identical HREE concentrations in all three 

groupe probably reflects the primary %1rcon distribution 

{Han • on • 1 9 7 8 ) • at n c_e a 11 groups have a imila r Z r contents 

(Table - 7.1). K~logeropouloa and Scott (1983) suggest that 

the clastic (volcanic) component of the tetsuaeldei 

horllons in the hangingwall of Kuroko deposits may have 

controlled the REE in the coexisting chemical (chert) 

layers through a "che111ical homogenisation" process Juring 

later hydrother~al alteration. At Tulka Hill, the 

similarity of the tr~ce 'element data in both the stockwork 

and the tuffaceous chert suggests that such a process 
. 

probably operated at Tulka Hill during hydrothermal 

altfratloo. 

Seavatel'-interaction during alteration ia suggested by 

• 
the lov Ce content · of sample 3SA-82: Ce anomalie.a are 

characteriatic of aa•plea fro~ ophiolitic suite• that have 



" 

Table 7.1; Mean Zr contents !or the Tulks'Hill rock groupa. 

All groups have similar Zr abundances which ~y explain 
the similar HREE contents in the rocks, 

• 

/ 

184 
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uncfe rgone aea floor al te_ra t ion/11e taaorph1811 (.!.J.• Heming and · 

R.ankin, 1979; Ludden and ThQ~apaon, 1978; Masuda and 
' -

Naaasawa, 1976; Men&ies ~!!·• 1977). Such alteration by 

aeavater-do~ainat~d flulda would re~ove · Ce to the solution 

a 1 n c e C e · 1 e • t r o n g 1 y d e p 1 e t e d 1. n s~ a w a t e r ( G r a f , 1 9 7 7 ) ~- C e 

depletion aiao occurs during veath~ring (Ronov et ~ •• 
• 

1~77) but - thh ia not th~ught to have occurred at Tulke 

Htll atnce the aaap~ea ahov no effects of weathering and 

therefore the Ce anomaly .ts probably a primary feature (.!!_. 

seawater interaction). 

·7.3.3 SULPHIDE PRECIPITAT~ON AND REE CO~CENTRATIONS 

. l 
Froa the RBE pattern• in the above three groups tc is 

apparent that substantial aulphlde deposition is 

accomp•nled by decrease& tn the "- LR!E only (~. 3SA-82). A. 

poasible relationship e~iata between the t~o phenomena: 

• 
aetal ions are thouaht to bE! tranaportE!d as chloride 

coaplexea and under high s-- ~ond1tions these complexes 

break dovn to pr~cipitate as 1ulphtd~a. Thi1 prectpttation 

release• Cl ione to the eolution (Barnes, l979; Skinner, 

1979) 

H eC 1- (a q) + R 2 S (a q ) HeS + 2R+ + 2Cl-

· whteh •ay acavense. and re•o••· LR.8Es. Increaatna the 

pH. throuah auch •echanl••• •s fluid botltng or •txlng vtth 

aore alkaline aolutiona (.!J.• 
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precipitation (Barnes, 1979) and unger alkaline eondittona 
. 

carbonate, and therefore HREEa, are atabiliaed, Carbonate . . 
vi thin the stockwork altera~io~ and tha tuffaceous chert 

strongly suggests that the pH was increased at the 

seawater-rock interface; this \JOul.d permit l!lulphide 

deposition and Cl- ion release. Thus, at least one 

con t r o 11 1 n g , fa c t o r f o r L R BE de p 1 e t ion a t T u 1 k a H ill i a the· 

extent of aulphide precipitation. 

7.4 SUMMARY 

· REE concentrations within the altered felsic volcanic 
:.. 

ronk.o · and the chemical sediments are thought to reflect n 

combination of hydr<j_thermal and mag111atic processes. For 

example, LREE depletion in the stockwork probably reflects 

selective leaching of these elements by 8 fluid rich in c~ 

ions. The HREE distribution however, probably reflecta the 
' -

p r 1m 8 r y z: 1 r c. o n d 1 e t r i b u t 1 o n 1 n b o t h t h e v o 1 c a n 1 c r:: o c k. a· a n d ) 

the younger tuffa~~ous cherts. 

kEE mobilisation 

Kuro\c.o deposits is 
.. 

they say "the postore 

the preore 

rare earth 

alteration" 

aamplee, 

eleiDent 
I 

(p.l29). 

during alteration associated with 
. r:.•,. 

implied by t -u,dae ~ .!1.• ( 1983) when 

group ia gen rally leaa alter~d than 

auggel!lting that the flatneaa of the 

pattern la no·t an artifact of 

It .1• apparent that \ &!.f. a.oblliaatlon 

during alteration 1a a nor~al phenomenon. 
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REMISTRY 

8.1 INTKODUCTION 

Sulphides, silica tea and carbonates· were analysed 

the elec~ron microprobe. Coaplece analyses and 

analytic~! techniques are given ln Appendices I and II. 

8.2 SILICATES AND CARBONATES 

8.2.1 CHLOitiTE 

Fourteen samples ha!e been analysed to determ~ if 

r e ;,p e."c t · t o t h e r {< t y p e 

to mtneralisati6n. At 

the Fe/Fe+Hg ratio varies wi~h 

and/or the loeatf.OQ in relation 

least two points were analysed ln each sample. 
'. 

Chemical 
I 

formulae were calculated on the basi~ 'of 28 oxygen atoms, 
I 

and the ~olecular proportions o f H g a n d Fe we r e • u 1!-e\ t o 

determtne the Fe/Fe+Hg ratio. 

Host chlorite& have similar optical properties showing 

lit order grey colours or ano•alous green birefringence. 

Certain aamplea contain ~hlorites that have a violet 

birefrln&ence but theae are not extensively developed. 

Locally. the chlorltea exhibit a pale green pleochroia~. 

Chlorite& with a dlsttncctve (anomaloua) blue colour (PPL) 

occur in aulphtde+quartz-rich veinleta within the t r.on 

foraa-tion. 
' ' ~ . 

In the 1ame •a•ple the •atrlx chlorite& have a 

srean colour but _ .--there t.a no correlation between the 

clUference in the optical properties and a difference ln 
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the chemical compositfon: the matr~ chlorite• have a 

virtually identical chemiatry to the veinlet chloritea~ 
·· ...... 

This is the reverse to Wynne (1983) who found ~ c~rrelatlon 

between the chemical co~osition of the chlorltes and their 

optical properties. 

Table 8,1 summarises the variation in the Fe!Fe+Mg 

ratio and lists the rock type analysed. The ratio for each 

sample is an average of the total number of chlorlte · 

analyses for that particular sample; Four group.!_are 

defined: ratios occur {n RampleA of massive 

mineralisation, whereas · the highest ratios (that 11> • 

Fe- rich) OQcur in sample 82-13, the 1 ron formation. 

Intermediate values distinguish the chloritieed portions of 

the quartz crystal tuff and 3 mineralised samples, the 

latter having a weak to well-developed foliation of the 

sulphides. Using the criteria of Hey (1954), the chlorite& 
I 

range from ripidol1te (iron formation) through to 

clinochlore, . with only one sample plotting &fl dlabrtntite 

(Fig. 8 • 1 ) • It is obvioua from this diagram thAt the 

mineralised samples (squares) plot in the Mg- and St-itch 

(Al-poor) part of the diagram defining a crude trend from 

least mineralised to most mineralised. A aJIIl.i.-l.-1lr trend of 

Hg enrichment in the chloritea with increaain& 

~ineralisation 1• highlighted on a molecular proportion• 

diagram 8,T). Figure 8,1 shows that the Tulks Htll • 

chloritea are more ~luminous than th~ Ruch:na chloritea and 

only overlap the Buchana ore zone chlorltea {Henley end 

) 

'' 
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Table 8.1 : Summary -of che variation in· Fe/Fe+Hg ratio 
· · · "t.rHh resp~c t to the rock type analysed. 

---

Hg-rich•• Fe-Mg** 

0 - 0.3 0.3 - 0.7 

LOW MED HIGH 

6NA-82 82-30 l)Wa-82* 82-1.3 
lOWA-82 a2-cs 1;48..:.81 It 

T52-81 82-Cl6 lOES-82• 
T74-81 SES-82 
TS3-81 

-.. 

• Foliated ~lphide• . 
••Calculate from the Fe/Fe+Mg ratlo of 

the formu a ions 

~-

... 

.. 

\... 
' I 

( 
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Figure 8.1: Chlorites classified according to the criteria of 

Hey (1954). A crude trend is defined by a decrease 
in the Fe/Fe+H& rAtio with increAslnr, ~;ulphlde 
content. Also shown-are the compositional fields for 
chlorites from the Buch~ns rocks (Henley and 
Thornley, 1981). See F'igure 8.2 for an explanation 
of the symbols. 

• 
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figure 8,2: Chlorite compositions plotted on s portion of 
Al-Mg-Fe system molecular proportion diagrAm. 
shown are the fielda for the Buchans chlorlt~~ 
Henley and Thornley, 19~1). 
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Thornley, 1981) when St:Al substitut'i.on is ignored.' An 

interesting feature shown by both di&grarD~ l& the 

intermeaiate positions of chlorites in sampl~s dit>tsnt f{om 

the mineralisation (crosses), separating two clustere 

c h 1 o r i t e a n a 1 y s_ e 8 f o r h e a v i 1 y m 1 n e r a 1 1 8 e d ~amp lea, 

aberration in the trend of decreasing Fe content 

chlorites with increasing proximity to the mineral! 

hori~ons is explained below. 

These data indicate that Hg-enrichment disti!'guiahe-a 

\ 

the mineralised horizon from the remaining rock typee, with 

the s-amples from the West Adit (Hap 2) being more Mg-rich. 

This feature is characteristic of both Precambrian and 

Phanerozoic (Kuroko type) deposits (Petersl!n and Lambert, 

1979; Riverin, 1977; Roberts and Reardon, 1978; Shlrozu, 

1974, 1978 a,b). At the Sececa a n d C o r be t de p o s 1 t' s 

(Canada) the Fe/Fe+Hg ratio increases with increasing r 

diataqce fro111 the.depoait, from 0.282 to 0.510 and 0.35 to 

0.59 respeec.!vely (Urabe ~ .!.!_., 1983). 

Fe-Hg chlor1tea within some mineralised sample& are 

of the m~raliaed samples unusual because· the majority 

contain chlorite& that are Hg-ri~h. It is suggested that 

f"~e, higher 

"' me t~mo r p hie 

Fe content of 

re-equilib'ration 

thea e chlorite& reflects 

with pyrite, 

.. • localised !n a fault zone (these aamplea have a weak. to 

we 11-d eve loped fabric). Alternatively, a form of 

desulfidat!on during the mineralising event could have 

conve~ted the .Hg chloritea to Fe-Hg chloritea: 
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(Hg) chlorite&+ FeS2 _____.(Pe,Hg) chlorite&+ 2~S) 
-- .. . 

Thia mechanism haa been proposed by Bachinski (1976), 

Kalogeropouloe and Scott (1983) and Yokes (1970) to explain , 

"atypical" c.hloritea within a Hg rich zone and ls uued · here 

to explain the shift in chemical composition of the "ore 

zoneu chlorites at Tu~k.a Hill. 

Hot t l ( 198 3 ) dlacuaaes the variation in chemical 

c om p o a 1 t 1 o a o f u p e r i me n t a 11 y• p r: o d u c e d c h l o r 1 t e a 1 n b a sa l t s 

and ·compare!S his dat·a with the observed chlorite 

form·~d- in altere~ basalts at mid-'-ocean ridges. 

chemistry 

In essence, 

the majo·r controlling factor of the chlorite c.hemistr.y . is 
) 

the se-awater/rock ma11s ratio (S~/R); higher rat'!os (up to 

50:1) allow lower ratios 

(less than 10:1) favour the formation of Fe-rich chlorites. 

Apparently, all of the Kg can be extracted frolll seawater 

and ' it nat necessay to have primary Mg minerals 1n 

felsic rocks. D~eper levels of a hydrothermal syatem have 

a lower SW/R ratio, as well as lese Mg because of reactio~s 

involving Mg uptake at shallower levels, and conseq-uently. 

Fe chlorite& predominate in the deep.er levels of the 

Hill, Hg .... ?"!~r1.te~ hydrothermal ~ystem. At · 'I'u llr.s 

occur at t:he mineralised horizon or in the immediate 

footwall whereas 1 ron chlor1tes predominate within the 

footwall felaic volcanics (ignoring the "atyp1cal 11 

chloritea). Thla auagesta that a high SW/R ratio 

characterise a the footwall to the sulphide depoeit• which 
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is compatible with the chlorite stockwork r~presenting • 
deformed palaeofeeder vent, However, according to Mottl 

(1963), Hg chlorite& are produced at the sites of downward 

fluid " flow, w_hich is the reverse to the model proposed for 

sulphide geDesis (Hutchinson, 1982), a difference that 

difficult to reconcile, 
I 

It has been suggested (Urabe et .!..!_., 1983) that 

chlorit!c alteration, which commonly occurs at the baae of 

many sulphide deposita, is not truly hydrollu~naal: 

seawater within the pore spaces of brecciated tvffaceous 

rocks produce a Mg chlorite assemblage by ion exchang~ with 

sea~o~ater (.s.!_. Hotel, 1983); this assemblage itt not 

necessarily related to hydrot'hermal activity. Once a 

hydrothermal system develops, a sericite-dominant 

as a e 111 b 1 age 1 a produced at the l o c a t 1 on of flu ld dtsch11rge 

• b.Y a p r o c e s s o f o u t w a r d r e p 1 a c e m e n t o f t h e a l r e a d y. f o r m e d 

chlorite. In this manner a ser1ctt~-dom1nanc assemblage, 

surrounded by 8 chlorit1c alteration zone, is proauced. 

Urabe et al. (1983) suggested this mechanism of 

replacem,ent because they observed fhJlt ch1orit.e did not 

occur within ·the ore, and concluded that the chlorite wa• 
\ 

in d!sequilibhum vich the hydrothermal flutd and hence 

must have formed through &·Oil e other procese. Since 

chlorite is ~ gangue mineral to the mineralilat1on at Tul~1 

Hill the hydrother•al· solution been in 

equilibrium witb the fluid (ie. the reverse to the Uwamu~i 

d~poait). Although the chlorite at Tulk• 
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hydrothermal the method of ou~ward replacement may be the 

beat explanation of the ·alteration zoning si nee ser1c1t1c 

replacement of chlorite is locally observed. 

8.2.2 SERIC~ 

THirty-nine sericite analyses are listed in Appendix 

I • 1.& little variation in the chemistry, although 

HgO and FeO are preae~t in a1gn1f1cant .quantitiu, varying 

from 0.72 to 2.74 wt.I snd 0,53 to 6.04 wt.%. respectively. 

Two samples. 81-74 and 82-JO, contain 2.71 and 1.25 wt.% 

Naio respectively, probably ~ubs'titut1ng for K2~, ~hich haa 

a lower value in this sample. 

textura l.lY. the sericite occurs either in scaly 

aggregates, which locally become coarse enough to warrant 

the t~rm muscovit~. or as finer grains aligned subparallel 

. - ·- to the S 1 f .abric • Some .samples contain &reen coloured 

sericite (PPL) that shows weak pleochroism, Typically the 

birefringence of sericite i~ upper second order, 

Sericite formation in volcanogenic massive. sulphide- · 

deposits is as common as chlorite formation although, as at 
"'l 

Tulke Hill, the zone of sericite formation tends to be more 

widespread. Hydrolysis oe K-feldspar is 8 COIDIDOOly 

seneration of K for the solution propoaed •echaniae~f 

(Meyer and Hemley. 1967) with sericite formation in the 

footwall occurring by a aethod of outward replace~ent of 

already for•ed chlorite. This 1• thought to the 

aechan1•• of •erieite for•ati9n at Tulks Hill, at least 

I 

./ 
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within the ailiceoua stockwork, atnce partial eertcite 

repiacement of chlorite ia seen ln some aamplea. 

Froese (1981) has shown th~t sertclte may have 

restricted cond.ttlona of formation: at• 300 degreea 

centigrade, which ia approximately the temperature of 

sulphide deposition at Tulka Hill (see Chapter lO) eerlclte 

is stable at a pH of 4.41 · ot leas (under apecltf.ed 
\ 

coSTditlona; see Chapter 10). Since eerlclte la abundant 

tn the footwall of lhe Tulks Htll depostt a maximum pH of 

approximately 4.41 ls probable durf.ng sulphide deposition. 

8.2.3 BIOTITE 

Three analyses of bi,..ottt .e wf.thln on~ sample fro111 the 

biotite tuff are-· Hated in Ap,p~adlx I. All analyaea are 

Fe-rich but show a slf.ght variation to K20 content. 

According to Be.ane (1974) 1 ,igneous btotltea have 

molecular Hs/Pe ratios of< 1, wher .eas hydro the r111al 

bioti.tea of porphyry systems have ratios > l . -5 • rl the 

hydrother~al eystems associated ~lth porphyry copper and 

volcanogent~ massive sulphide deposita can ~e equated, then 

the T~lks Rill biotite& ere tgneoua since the Mg/Pa ratlo 

1 s. < 1 • H o we v e r • a e c o n d a r y a 1 b 1 t e 1 a f o u o d I. n t h e b i o t l t e 

tuff wh1~h suggests that the rock has been hydrother•all1 , 
'altered. Preservation of •aamatlc blotlte ie unlikely 

d~ring hydrothermal ~lceration so that the lov HJ/Fe ratio 

probably reflects an earlier (pre-biotite) develop•ent of 
~ 

an Fe-rich •ineral (chlorite?). This •ioeral eoul4 have 
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e~ted •• • preiuraor to the biotite that ia preaent in the 

tuffj the biotite would for• during later K •etaao•atis•. 

8,2.4 FELDSPAR 

Electron 
•") 

felJepara 

microprobe analyses of the _Tulks Hill 

Indicate no variation in the Ab-An content: all 

are pure albite vith only a 1% (maxillull) difference from 

the core to the rim (Appendix 1). This purity is unlikely 

to result from magmatic proceasea (Carmichael~~·· 1974) 

although a ~~tamorphic or hydrothermal origin ta possible. 

In the. absence of a regional survey of the VLG, which may 

show that albite ia a common •ineral (!e. it is 

!lletamorphic), it is suggested that the albtte is 

hydrothermal. 

Feldspar alteration to aluminosilicates (epidote, 

I aericite-chlortte) ls variably developed and may be caused 

by the same hydrothermal fluid event(s) responsible for the 

albitiaatioo, 

A paucity of calctua-rieh •1nerals in most alt.ered 

•••~ea (except carbonate-rich onea) euggests that feldspar 

c~•poaitiona more calcic than oligoclase did not exist 

prior to alterati~n. aupporting a rhyolite-rhyodacite 
~ 

co•poeition for the rock• (Chapter 6). 

8.2.5 CARBONATE 

The •~erase carbonate •ineraloay for four aaaplea is 
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Ca 

••• 

T96! I ·------10ES-82 

T96-11.b 

6 NA- 8 2 

Fe+ Mn 

8.3: Ca Mg (Fe+Mn) cation proportion diagram to 
show the · · compositional variation of the Tulks Hill 
carbonates. Dolomitic carbonates tend to occur in 
the hangingwall. 
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r 
Of the four cationa present, Cs++ is dominant. Three 

•••plea fro• distal (hangingwall) locations (with respect 

to the ~1nerait.at1on) have a similar degree of 

Hs-enrichment. The remaining sample is enriched in ·Mn and 

Fe ao that the combined wt,% of Mn and Fe exceeds Hg, 

Since sulphide mineralisation is com~on to all samples 

with carbonate. it is assumed that alkaline conditions 

prevailed during a part _of aul~hide deposition, and that 

\ ~ the carbonate te hydrothermal. Alkaline conditions could 

result from mixing with seawater and/or boiling of the 

fluid to precipitate calcite (Chapter 6). 

8.3 SULPHIDES 

8.3.1 SPHAL!RITE 

< Seventeen ~~alyaes are liaced in Appendix 1. No 

appreci•~le content of minor elements (Cd, Sn) was found, 

but Fe:Zn substitution produces a variation in the mole % 

res. 

Fisure 8.4 is a histogram ~f the mole % FeS within the 

aphalerite:; aphaleritea in the footwall samples have the 

highest mole% res (5.9) whereas sphalerites in the samples 

taken from the hangingwall have a lower mole% FeS (2.71). 

Th11 ia attributed to a reduction in the FeS activity 

· cvaugbao and Cra~g, 1978; Barto~ and Skinner, 1979) either 

by precipitatio~·of the ae•ociated sulphides, ~r1ncipally 

pyrite, or by a decrease in the sulphur fugacity (Fig. 

8.5). Tbe •ole t PeS of aphaler1tes fro~ Kuroko de~osits 



Figure 8.4: Histogram of the mole% P'eS in the Tullr.s Hlll 
sphalerite&. Jhe two groupa correspond rAughly to 
footwall and hangtngwall aphalertte compoalttona. 

Figure 8.5: Sphalerite composition in equilibrium with iron 
aulphldee in the FeS-Z S ayatem (after Barton and 
Toulm!n, 1966). The fi urea 0- 7.5 represent 
preaaurea in kbara "for a lerlte compoa!t1ona in 
e q u 1 U b r 1 u 11. with pyrrh-otite ( A) or p y r 1t e ( 8) • The 
lower te~perature relationships (< 250 C) are fro~ 
Scott and Kiesin (1973). 

• 
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'e x h 1 b 1 t a a 1 J1 1 a r t r e n d ( K a j 1. w s r a , 1970; U r a be, 1 9 7 4 ) • 

Sphalerite in equilibrium with pyrrhotite typically 

has at lease 20 ~ole % FeS (Scott and Barnes, 1971), At 

Tulka Hill, the sphalerite has a maximuna mole% FeS of 5.9 

suggesting equilibration with pyrite rather than ~yrrhotlte 

(Fig 8 • .5); whether this equilibration primary 

(depositional) secondary (metamo~phlc) is not known. 

However, the apparent systematic decrease tn mole % FeS of 
) 

sphalerites with increasing proximity to the . hangingwal l 

suggests that it is primary; and that the effects of 
-. 

metamorphic re-equ!libration may have been negligible, or 

at least are not evidenc. It is interesting to note thllt 

sph.alerites sampled from the Atlantis II Deep had the 

lowest mole % FeS if they precipitated last whereas the 

highest mole % FeS occurs in the earliest precipitated 

a ph ale r 1 t e s (j> o t to r f and Barn e a , 1 9 8 3 ) _• This compositional 

trend ·with time 1s apparent in the sphalerite& of the Tulks 

• 
Hill deposit (assuming the stratigraphy is correct) end it 

strengthens the suggestion that the variation ln mole % PeS 

at Tulks Hill is primary. 

8.3.2 TENNANTITe 

This mineral ls an end-~emher of the solid solution 

series known as the Pahlore Group. · A complex mineralogy 11 

suggested by the presence of Cu, As. Fe. Sb, Zn. and Ag (in 

~ecreaa1ng order of abuQdance), the latter·flve eleaente 

substituting for c~pper (Ramdohr. 1969). 
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Assay data for the mineralised hori&OQ8 show 1,5 % Ag 

in . TJ lena (unpublished .f.nforaaation • ASARCO and 

Abtttbl-Pr!ce Mineral Reso~rcea). These data prove ~hat 

some ot the silver ia contained within the tennantite. 
\ 

Thia is different to the Casapalca (Wu and Petersen, 1977) 

and 8uchans (Strong, 
. . 

1981) deposlts where the silver ls 

found in tetrahedrtte. 

8.3.3 GALENA 

Bismuth and etlver are co~mon minor ele~ents tn 

galena, although their contents rarely exceed 0,8% and 

0.26% respectively. A single galena from the chlorite 

schist however, has exceptional values of 2.68% Bl and 

1.021 Ag, suggesting that slgnlflcant silver may be . 
J 

contained within the galena as vell as tennanttte. 

8.3.4 CHALCOPYRITE 

Zinc substitution for Cu in the chalcopyri~e latttce 
) 

produce• a alight variation in the ZoS content. 

8.3.5 'PYRITE AND ARSENOPYRITE 

Pyrite and arsenopyrite wer@ analysed for the minor 

eleaenta Co, lH, Cu, Zn,. Cd, and Sn; both minerals are 

pure PeS2 and FeAaS reapectively. 

\ 
'1.. 
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CHAPTER 9 

STRUCTURE 

1 INTRODUCTION 9. 

All rock types at Tulks Hill are variably deformed, 

boundary the effects ranging from microscopic grain 

recrystallisation to megascopic fault displacement. Three 

deformation phases ( D 1 , D2, DJ) are identified at Tulks 

Hill, one of which (Dl) is concordant w .i th the regional 

structural grain of the CVB. For this reason, it is 

referred to as the "regional fabric". The remaining 2 

deformation phases appear to be locally developed 

phenomena. 

9.2 CLEAVAGES 

Cleavages (Sl to S3) are taken as indirect evidence of 

folding (Fl to F3) because fold closures are rarely 

identified. Their dip and direction, measured to the 

nearest 5 degrees, are plotted as poles to cleavage planes 

and contoured on stereographic projections (Figs. 

and 9.4). 

9.1, 9.3 

9.2.1 FIRST DEFORMATION (Dl; REGIONAL FABRIC) 

A penetrative schistose fabric is best developed in 

the pyroclastic rocks. It has an average dip of 78/NNW 

{Fig. 9.1) and is defined by sericite, chlorite and, 

locally, quartz stringers. Where quartz phenocrysts were 
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i&ure 9 • 1 : Contoured stereographic projectioo for the poles 
to Sl cleavage planes. Most planes dip steeply to 
the north. Dl age fault planes are also marked. 
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abundant the fabrtc is dtarupted by quart& augen. Volcan tc 

bre-ccia fragments have undergone moderate flattening vitht.n 

the Sl cleavage (Plate 9.1). 
( 

Quartz-seric_ite alternatlons that charactertae the 

atliceous stockwork aod the chemtc'-.1 se.dlments al~o trend 
- - ) 

subparallel to the 51 fabrtc. The rhyolites lack abundant 

micaceous minerals and consequently have a 111aeslve 

appearance. 

• 
9.2.1.1 Dl related structures 

8 ·o u d 1 nag e e t r u c t u r e a w t t h t n t h e S 1 c 1 e a v a g e , .aa well 

as locally-developed zones of pyrite granu'latton and 

recryatallieation, are attributed to Dl. 

(a) Boudl.ns: Boudins are developed on every scale 

a thtn-aecti-on to an outcrop. Two mode a of 

o~c.urrence however. are more common: 1) milky-coloured 

vein quartz boudins. usually contaf.ning chalcopyrite, 

covellite, bornite and/or sphalerite, occurring as isolated 

11 poda" or semi-continuous veins wlthin the S 1 e leavage 

(Plate 9.2), and 2) large-scale "chocolate-block" boudina 

(Wegmann, 1932) of maas1ve pyrite and/or aillceoua 

stock.~o,J:k; the 'atcer are approximately 2•.x 2•. X ?11, 

and a~ only 1den.t1fied in the East Adic (Hap 2). ,., 
I 

_.,.-- Bou~tna develop vhere there ia a coapetence cont raa t 

be C"Weeo rock types 1o zooea of extension (Hobb• '.!! !!•, 

1976). ta--- between either: 



Plate 9 .1: Iso l ated vo lc an ic 
o r · e n ted sub p ar all el t o 

br eccia 
th e Sl cl 

fragme n t 
a v ag e . 
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i s 

Plate 9. 2: Quartz - vein bou din s within th e Sl c leavage 
co n ta i ning c h alco p yrite (y ell ow). T wo boudi n s 
on eith r side o f the p en c ap a re sep rated b y 
a piece of co u t ry rock (siliceou s stockwork ). 
Sl cleavage pla n s ar e perpend"cu la r to t he th e 
p l ane of t h e pho t o gr a ph . 
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' 
~ 

quartz and the hoat rock., or a1llceoue atoci.vor~ I aaaelve 

pyrtttte and the enveloplns chlortte-aerlcite bortzona. 

The vein quartz boudlna are thought to develop by 

p r ogre a 8 i v e rot at 1 on of quart z- f 1. 11 e d f r a c t u r e_a : to o r l e n t 

thea subparallel to the Sl cl.eavase through solutlon, 

aobil1sat1on and re-depoaltlon, &8 shown tn Figure 9.2 and 

S Plate 9.3. So-called "chocolate block." boudtns are locally 

developed and are evidence of equal extension ln two 

directions, subparallel to the fold axta, durt~g foldt.ng 

(Hobbs et ~-, 1976). Thelr orientation and vertical 

nature to the East Adlt suggests that they represent the 

li111ba of a fold that has an axial plane trending rou~hly 

east-west (Kap 2). 

{b) Pyrite granulation: Mm- slze granulation zonee 

occur within the massive pyrite typically oriented 

subparallel to SI. For this reaaon they are thought to be 

features of Dl. ' Locally. remobiltaed 

second generation cov&l.lite ft.t"l these zones, the latter 

, producing mineral banding (Plate 9.4). 

9.2.2 SECOND DEFORMATION (02) 

A weaker, conjugate cleavage, •lightly oblique to Sl, 

strikes approximately WNW-ESE ( ig. 9.3) •• Tvo ave~age dip 

direction• are identified! approxiaately 72/SSW and 

42/NNE, -vith 11 atrong developaeot of 

outcrop. this cleavaJe appear• •• a .,..,. 

tha latter. In 

fracture 



Figure 9.2: Three stage developm.ent of .s quartz.-vetn boudtn •. 
A fraeture, originally oriented perpendicular to a· 
weak fabric, is progressively defor111ed into 
subparallel orientation lfith the cleavage by a 
proceaa of solution and re-deposition of qDartz 
during aheartns along the developing cleavage. The 
interlllediate stage corresponds to that seen in Plate 
9.3 although the photograph is reversed ao that the 
1enee of shear ie different to that shown in thie 
figure. 

\ • 

) 
'· 



r------------------------------------------------------------------------. 

EARLY STAGE 

-~~--
. " 

Develop:ng 

c.leovage 

·,------
' -

Quartz 
ve1n 

I NT!:RMEDIATE STAG~ 

Fault !ng parolle_l_ 

to cleavage ------

rotates vein ;=::=::::::.= 

FINAL STAGE 

mobil1sed sulphides 

N 
1-' 
N 



Plat e 9.3 

Plat e 9 .4 

Q u art z vein under goi ng pr o gr es s ive 
to wa rd s a pa r al le l orie nta t i on 
c leavage . T hi s stage corresponds 
int e rmed iat e s tage of Figure 9.4. 

2l3 

r ot a tion 
wit h the 

to the 

Mil li me tre-s i z e zone s of gr anu l a t" on w i h " n 
the mas sive py rite ar e or" ente d su b pa ra ll el to 
t h e S l sc hi st os~ ty a nd a c t as ch a nn e s f or 
s u perge n e / w e at h e ri ng f l u ds, t h e l at t e r 
d epositing s econd a ry c ove l lite to produ ce a 
mi n eral ba n d i ng . Pe n c il s a ppr ox. 1 2 em . 
long. 
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l Ure 9.3: Contoured stereographic project i on for the poles 
to S2 cleavage planes. A conjugate pair is developed 
With moderate to steep dips to the NNE and SSW, 
respectively 
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9.5 The 5 2 c l ea v a g at Tul k s H "ll is a s paced 
fractur c l ea vag e. It i s pa rall e to the a rrow 
o n the c om p a ss. Th e Sl cleav age l ies paralle l 
t o the l ea t he r handl of the c omp ass . T h e 
c ompas s i s a pp rox. 5 ern. square. 
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cleavag~ with no mineralogical definition (Plate q,5), 

This cleavage clearly cross cuts Sl but 'its relationship .. 
with S3 was not observed. 

9.2.2.1 02 
,. 

relatea structures 

A diamond-shaped rodding effect and a mineral 

lineation · are characteristic features of S2/Sl 

intersections. 

9.2.3 THIRD DEFORHA~,ON (03) 

Kink bands, a fo~m of asymmetric fol4, define the 

final observable deformation phase (Plate 9.6 and Fig, 

9.4). ·Locally, conjugate sets are developed. Only rarely 

is an S3 cleavage developed, invariably as a pressure 

solution feature. An axial p~ane trace for the asymmetric 

folds. ~s defined by the intersection of the short and long 

(Sl) limbsj an average pf'unge of the hinge line of the 

folds is 8~/175 although the plunge may vary between 

steeply dipping to the north and steeply dipping to the 

south. 

At Tulks Hill ~·echelon shear zones~ formed by the 

reorientation of the Sl cleavage, trend subparallel to the 

S3 klnk bands and are interp~eted to be evidence of l 
\ 

duct'ility· during either OJ or Dl (Ramsay. 1980). Thh ~ 

structure is shown in Plate 9.7. (~ 



217 

Poles to s 3 cleavage 
planes. 

77 readings 

i &ure9.4: Contoured stereographic projection 
to S3 cleavage planes. Two dip 
identified, the east dipping cleavage 
the stronger. 
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[] . t.-8 

~ 8-12 

for the poles 
directions are 
tending to be 



P la t e 9 .. 6 

Plat e 9.7 

218 

Reverse ki nks in ~ron-stained q u art z-seri c " te 
c ry s tal tu ff . P neil is a p prox. 1 2 ern. lo ng. 

D3 ( ? ) ductil e s hea r zo n e r e o r ient s the (' 1 

cleavage . Sl clea v age lie s p arall el to the 
leather hand l e o f t h e c o mpa s s wh e t:" ea s th s hear 
z o ne s p a ral le l to t .h e a r ro w o n t h e com pass . 
Compass is appr o x. 5 e m . square . 
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9.3 FAULTS AND JOINTS 

9.3.1 FAULTING 

Discrete ~aults associated with Dl and D3 are 

relatively abundant, s.l though- the am o u n t and _ d 1 r e c t ion ' of 
' 

displacement on these faults is difficult to document, . as 

are displacements on faults within the Victoria Lake Group 

in general (Kean, 1977). . The estimated lengths of the 

fault planes vary from a few microns to several tens of 

metre~ and in all cases their attitude is subparallel to 

th~ fabric aaso~iated with elther Dl or D3. D2 faults are 

not recognised, 

9.3.1 .1 Dl faults 

Underground outcrop provides the best exposure of 

these f.au-1 t s. They can be' found in every lithology, 

-including the mineralisation, although they are less well 

developed in the massive portions_ of the rhyolite. 

Displacement of 

v.einleta, which are 

the limbs of mm-size chlorite / ---------../ 
isoclinally folded and have axial 

planea subparallel to the regional fabric (Sl cleavage), is 

ta~ec as evidence of faulting parallel to Sl (Plate 9.8). 

' ·~sonaequently, th1A faulting is interpreted to be Dl in age 

(although it 1 s possible that the movement along tbese 

faulta post-dated 01). Any faults with a similar attitude 

are t e"l'ae d D l faulta; thus, cones of recrystalliaat1on 

within the aaaaive pyrite that trend subparallel to Sl are 

\ 
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Fa u l ·t ed l i mb s of ti ght to i.s o clinally f o lded 
chl ori te v ei n lets w 'thin t h e si l c a- s ri c i t:e 
6 o ckwork a~te r at 'on o f th e S ou t h Ad it. Pe nc i l 

s appr o x 'm ate y 6 em. lo ng. 

Tigh t to 
within t . h 
the si ic 
wide. 

i s oclinall y fol ded quar t z v ei nlets 
ch l or't e- s e r i.c it e alter a ti on z o ne o f 

ous stoc kw o rk. P en is ap pr ox . 1 e m. 
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Dl fa,.ult" that deetr.o,y p~e-deforaational(?) jointing (Plate 

LJ). Si•1larly, the numer.oua faults 111 the Hatn Ball, 

identified ., by profu8e quar.t;t veins. have an Sl trend and 

are therefore probably Dl in age (Map 2). 

9.3.1.2 DJ faults 

DJ age faults are inferred from surface topographic 

depreutons tha.t. ~roas-~ut the sr foliation but trend 

the 03 kink' band cleavage. Locally, 

d t. • p lac eae n t 's of ·- 50111 on these fa u 1 t s can be 1 n fer red ( e e e 

aou t~r~n portiQn of Hap 1) .­

' 

9.3.2 JOINTING 

Abeence of slickensides, quartz veins and large-sc·al_e 

dtsplace~ent ch~racterises joints. In -- the surface 

outcrop•. moat maJor joints trend subparallel to the D3 

cleavage and faults and are rherefore interpreted to be D-3 

tn age, Joints· are not marked on Hap t. 

9. 4 MICIOSTRUCTU RES 

No pd.•ary atructurea (eg. perlitic cracks in 

volcanic _r'ocka) are identified and all microatructures are 

·thought to be deforaat1on-indu~ed. 

---· 9.4 .1 GRAIN POLYGONlSATlON 

Doaaina of va_ryins grain ai_ze and 
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in quartz phenocrysts represent strain removal throuah 

grain polygonisation (Bell and Etheridge, 1973). Some 

phenocrysts within the same thin section either show 'no 

: g r. a 1 n p o 1 y g on 1 sa t 1 o n o r unduloae extinction, suggesting 

that high 8 train occurred in dis~rete zones. 

9.4.2 ANNEilLlNG 

Euhe<iral pyrite crystals overgrow the penetrative Sl 

fabric in some rock typea, particularly the tuffaceou11 

chert.. ·. W 1 t h 1 n the m a s e 1 v e pyrite, 120 degree triple 

june_; ions are relatively common and are also thought to 

have formed during ·annealing (Place 5.10). Similarly, 

pyrir.e porhyroblaata within the S 1 foliation probably 

reflect high temperature annealing. ln most. thin aect:f:ona 

8 later stage of brittle deformatioDc -ts suggested by 

granulation of the annealed pyrite edges. 

9.4.3 PRESSURE SHADOWS 

Well-developed pressure fr1nges 1 elongated aubparallel 

to the Sl cleavage 1 form in the lower strain area• of 

p y r·i t. e cry s t a 1 a and qua r t z ph en ocr y· s t s ( P late 5. 4). They 

consist of chlorite, sericite and/or quartz fibrea, and 

locally have a sinuous shape. 

9.4. 4 CATACLASIS 

Pyrite and arsenopyrite c.ryatala within 

111in e r a 11 e a t 1 on -·a r e f r a c. t u r e d , • auggesting 

the mas11ve 

a period of 
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brt.ttle deformation (Dl?) • The fracture• often act aa a 

host to the mob111aed. -plastically deformed sulphides s_u.ch 

as chalcopyrite-· galena and sphalerite (Pla~e -5~8). 

9.5 INTERPR!TATION AND DISCUSSION 

9.5.1 FIRST DEPORHATION ---
Tight to tsoclinally folded chlorite- veinlets \olithin 

~--

the ailtceoua stockwork have a.n axial plane cleavage that 
- ' I • -

...,. · 1eJaubparallel t.o the Sl ~leavage at Tulka Rill, suggesting 

L---c<'at these veinlecs were folded dur.ing Dl and· that Dl vaa a 

phase of tight t:o isoclinal folding "(Plate-9~8). Nu11eroua 

other examples of isoclinal folcia, all of which hav·e their 

axial planes subparallel to Sl, occur in most of the Tulks 

81.11 rocks: the carbonate-chert stringers in the iron 
...-< 

formation are tightly folded • as arl! quartz: vetnlets vi thin 

~ ---· 
the atl:,ceoua stoclc.work (·Prate~9.9). In the~e cases the 

lt111bs are 40 compressed that '-there is !itt~~ ~n~r-limb 
~.~ 

aatertal visible. Tight folding of 

a e r 1 c i t e- qua rc z- a u 1 p·h t. d e 

chert is also COIIIIIOD 

hori2ons within the ·tufft~ous 

(Plate 9.10) and a crosa-aection of 

the IIi n e r a lis e d h or h on ( T 3 ) ( F 1 g .9 • 5 ) a h o • a t h a t both t he 

minaralieed horizon and the chlorite atockvork are repeated 

J 
u li11ba of a large-acale _right to !eocUnal fold._ 

Dl folds are non-c1llndrical since both upright and, 

lataral closing ia qb•erv,!-~ta. the fold .,J"X•• 
both vert.tcal and borilr:ont:~ (.!_A. Pla}. 9.11). Both 

thaaa fold types have allial planes eub~lel to Sl. 

are 

of 

In 

-' 
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Pla t e ~.1 0 : T~g ht to isoclina lly folded tu f face ous beds 
wit h~ n ehe t uff a ceous ch er t. A weak 
crenul a t ~ on cl ea va ge ~s d e v e l op e d s u bpa ra ll e l 
to t h e a x~a l pl an e of th e f ol d. Note th at the 
c he rt hori z o n hosts t he p y rite mineral ~sat~on . 

Fiel d o f v iew O .lmm x 0~07 mm (2 5 x 
mag n ~f~ c at~ on). 
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Figure ~.5: Diaarammatlc croaa-sectlon of the Tl · (a+b) 
aulphide 4lena at Tulk.a Hill. An earlier stage of 
reculllbeot folding (DO) 1a deformed by !Aer- · ttght to 
1eocl1nal foldins (Dl). DO inverted f~ stratigraphy 
but Dl produced the do•inant cleavage. The 
atneralieed horizon outcrops at deeper · levels tovarda 
the eouth (aee section 9.5.4 for a further 
ezplanation). SO and Sl represent the cleavages 
aaao~iated with the reculllbent · folds (inferred) and 
the tight to 1eoel1n&l folds respectively. 

... 

' 

.. 

.. _,. 
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Plate 9 . 11 : Folde d p yr ite b ed c l o se s t o the west. The 
axial pl ane i.s ve rt ica l. T his pyr ite bed is 
expose d i n th e ro of o f the Eas t Adit. Pen c ·r 
is ap prox . 7 e m . l o n g. 
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the ~est Adit the s i 1 i c= & a a to c k "'o r lc. c: on t a,i n s 111 u 1 t 1 p 1 e . 
folds with axial planes oriented East-West. These folds 

are probably minor folds associated with majo~. folds. If 

) 
this is true. then the major folds must have their fold"\. 

axes oriented East-West~ (as suggested by the chocolate 

block boudinage effect in the East Adit; Fig. 9. 6) • 

Annealed massive pyrite,· as well 88 individual 

euhed ral pyr t te crystals that overgrow the Sl fabric, 

suggest,that higher temperatures post-dated the\development 

of Sl (Stanton, 1964); these features are visible on. the 

scale of a thin section and in hand aampl~. Such static 

_annealing could have been associated with either of the 

three deformation phases but the preferential alignment of 

the euhedral pyrite crystals within the Sl fabric, as well 

aa discrete zones of granulated pyrite trending Qubparallel 

to Sl , strongly suggests that annealing occurred either 

during the final stages or shortly after 01. A period of 

brittle deformation must therefore have post-dated the 

annealing in order to account for the granulated pyrite. 

Again it is possible that the brittle deformation could 

have occurred during any of the three deformation phases 

---since the plane of diaplace11ent is subparallel to Sl it 

ia th&ught that the granulation occurred shortly. after Dl. 

I t i 8 a p p a rent ) h a t the 8 t r u e.t u r a 1 event. ace 0 II pan y 1 n I ' ._.. 

01 'fere coaple%; that this !a ,the caee 18 indicated by the 

close association of brittle (faultin&. recryualliaed 
..... 
quartz) aod ductif(preoouro ahadova) defor~ation v1~hlo 
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Structural relationships 

seen in East Adit 

E~(=Extension 
C =Compression 

Figure 9. 6 Diagranunatic vie'" of the "chocolate-block''' 
boudinage effect seen in the East Adit. Such 
a relationship suggests a fold axis trending 
east-\Jest. 

N 
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the same th 1'} section. Such an 

inhomogenous deformation at low temperatures and low strain 

rates (Kerrlch and Allison. 1978). 

9.5.2 SECOND DEFORHAIION 

F2 foLd closures ~re not abundant at Tulks Hill {aee 

Plate 9.12) which, according to Hobbs ~ !l• (1976). ia 

usually the case with conjuga·"te cleavages. A spaced 

fracture cleavage often post-dates tighc to isoclinal 

folding (Hobbs~!..!·, 1976) which is . further evidence, 

albeit indirect, that the first phase of folding waa 

isoclinal. Since the S2 cleavag~ trends subparallel to Sl 

it is possible that it did not for~ by a separate 

deforiDation event but represents the last stages of 01. 

Indeed lt is possible that all of the phase~ of deformation .~ 

are part of one period of . cont1nuous deformation. 

9.S.3 THIRD DEFORMATION 

Experimental evidence suggests that klnktng develop• 
. , 

in layered rocks that hn~e contrasting mechanical 
\ . 

pr;perties (Paterson and Weiss, 1966). At · Tulks Hill, the 

alternations of quartz a~d sericite within the quart~ 

crystal tuff could produce this contrast; theee 

alternations could be primary bedding differences o~ a 

mineral banding formed by ~lneral segregation dur1ng Dl 

folding~ tn a manner similar to that described by Cosgrove 

(1976). Asymmetric. folding during OJ probably developed in 
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P o ss i b l e F2 £o ld closure with an axial plane 
s ubpara llel to the leath e r h a ndle o f 
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response to 5 10 % sho~tenins parallel to the Sl 

foliation (Hobbs et !!· • 1976). 

9.5.4 ~AS THERE AN EARLIER DEFORMATION AT TULKS HILL? 

Various lines of ~easoning suggest that recumb~nt 

folding (DO) may have preceeded t.socltnei folding '(Dl) at 

Tulks Hill: 

1. The repetition of the . distal , po~tlon of the T3 

sulphide lens (as T3b which ts richer tn galena 

sphalerite - tennantite) suggests that t h e au 1 p h 1. d e lena 

has been isocllnally folded 

2. Stockwork alteration. which marks the stratigraphic 

base of the mineraltsation, outcrops to the ao~th of the T3 
~ 

lens but to the north of T3b. This suggests that the two 

lenses structurally face towards each other. 

3. The geometry of both sulphtde lenses suggests that 

they close upwards. If this is so then the tuffaceous 

chert. which is younger thAn the -:Jneraltaation, liel!l 

structurally beneat~ - the mtneraltaation. One of three 

mechaniSIIIII could invert the stratigraphy: 

folding post-dating a period of isoclinal foldina. or 

2) recuabent folding followed by 1eocl1nal folding, or 

3) repetition by thrust faulting followed by taoelinal 

folding. 

Of the three •echants•s optlon (1) ia thought to be 

the least likely. Evidence for thrust faultloa pr(or to 

1 t · C&llDOt be 

J,.,, 
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discounted •. the simplest method of srre.tlgraphy 

iover•1on and the generation of a strong schistosity is 

optioo . that it, 1aoc11nal folding post-dating 
\ 

recu~bent folding. It is interesting to note that 

recumbent and isoclinal folding have been proposed for the 

deformation in those groups that are stratigraphically 

equivalent .to the Victoria Lake Group, although the 

relative timing of the fDld styles has yet ta ' be resolved:· 

Swlnden (Bale . D' Espoir Group; 1982) prefers isoclina l 

folding followed by recumbent folding, whereas Chorlt~n (La 

Poile Group; 1980) prefers the reverse, The latter 1~ in 

keeping with the author~ pref~rence for Tulka Hill. 

A s t r u c t u r a 1 c r o s a- s e'c. t i on ( F i 8 , 9 • 5 ) of the Tul~s 

Hill de-posit (T3 lens) shows t)le relat .ion's·bip bet.wee·n 

recumbent folds (FO) and · lat~r l~oclinal folde · (Fl). This 

diagram is a sketch and is not meant to portray exact 

structural relationships: it is an attempt to explain the 

stratigraphic facing of the mineralised horizon. It 

appears that the sulphide horizon is repeated about an 

tantiformal syncline of 01 age. The iron f~rmation that 

outcrops on the surface at Tulks Hill is thought to be a 

dhtal equivalent (relatively speaking) ·of the iron 

formation identified in the adit and hence is pinched out 

at this location. Also it !a assumed that the iron 

·foraation 1& either younger than., · ···or-- is a lateral 

equivalent of. the tuffaceous chert and they are shown as 

interdigitated units of "chemical sedi•ent". 

--
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It appears that the complex atructural relatlon•hipa 

/ 
at Tu~ks Hill can be reconciled, in · a generallaed v.ty, ·_by 

suggesting an initial phase of recu~bent folding to invert 

the stratigraphy (DO), followed by supeit~posed tight to 

isoclinal folding (Dl); the latter would account for the 

overthickening and repetition of many of the rock types at 
(' 

Tu 1 ks Hi 11 (.!_&: the tuffa<eous £hert). This fold geometry 

may also explain the localised occurrence of siliceous / 

stockwork in the footwall, minor bedded pyrite horiions 

within the quartz crystal tuff and the local development of 

Mg-rich chloritic alteration in areas · distant from the 

.! mineralisation ( no t e - t-h a t the trace of the mineralised 

horizon in this "model" woul.d have 8 shallow aub~aurface 

outcrop co.- the south of the mineralisatlon). 

If the large ' scale aspects · of 'this model are true. lt 

suggests that the mlneralised hori~oft progresses to ~eeper 

levels with increasing distance to the ~outh. ~hua, if any 

further sulphide sccumulationa exist 

deposition on a si~gle stratigraphic horizon) they would be 

found at depth. 

It should 'be noted ho~o~ever, that this model does not 

aolve.all of the stratigraphic problema at TulKs Hill: the 

spatial geometry of the Raven rhyolite with respect to the 

DO and/or Dl folds (and the tootvall volcen1c•) la 

difficult to evaluate (see Fig. 9.~) •. 
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9.6 SUMMARY • 

. Although detailed microstructural and othll!r studies 

could stili be done, th~ee phases of defor•atio~ (Ol-03), 
. 

with aeaoctated faulting (FI-F3), c.an he rec.ogalaed at 

Tullta Hill. Dl tti the taoat important deformation event and 

ia characterteed by tight to isoclinal folding. Mineral 

relat~onahipa auggea ta tha~· .regional( 1) meti:uaorphi&m, which 

la thought to have produced annealed textures, probably 

occurred after or during the later stages of Dl: 

Fold style Isoclinal- Conjugate Kink 

Dl 02 03 
-·· 

--.-? 

The effects of 0.2 and D3 are minilllal, the former bein$ 

c.haracteriled by a spaced conjugate cleavage and the latter 

-&y · Itt n k band •. 

Discrete fault &ones associated with 01 are thought to 

have produced recrystalliaee pyrite. Recrystalliaed quartz 

pheoocryats, as well. as ·' preaaure shadow development 

aubparallel to Sl, are als.o thought to be Dl eff~t·a.~ 

The three cleavage~ at Tulk.s Hill suggest two distinct 

dt'rectionl of c.o111preesion during deformation: one 

b 
direc:t.ton, oriented roughly north-:south. was aaa6c.i.ated 

c:> 
with Dl and D2, whereas. the second ·direction, oriented 

parallel to the Sl and. S2 foliations • produce~r the kink 
~ 

band cl•avagee aaeociated with 03. 
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Structural · atudtes ln eour.hweat Newfoundland 

deflned three _tec:.tonic events (Wtlton. 198)). Dl produc:.ed 

a do1111nant northeast atrlk.1ng planar fabrtc t"at -t.a ax\al 

planar to lsoclinal folda. T h 1 B f o 1 d a t yl e t • ·8 la t 1 a r t o 

D'identified at Tulka H.ill. If t.hla at.111ilarlty t.. real 

then the earlieat deforaation at Tulka Ht.ll (eltciudt.na the 
I 

inf~rred recumbeat fold:ng) muht be younger than Htddle 

Devonian, as suggested by rad1ometrfc dates of deformed 

plutons in southwest Newfoundland (Wtlton, 1983).· 

.. --
.. :- . 

-·-
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CHAPTER 10 

GENETIC HODEL 

10.1 INTaODUCTlON 

This c:hapter ayothesi~ea, and in part summaris~s, • the 

preceedin& six chapters to produce a genetic model: it 

will ettelllpt to explain the · al.gntficance of the geology, 

the alteration mineralogy, their inter-relationship w1.th 

mineralisation and the effects of later deformation. 

10,2 FOOTWALL ROCKS 
-... _ 

T he f o o twa 1.1 roc \c. a to t he T u l k. a B i 11 d e p o s 1 t a r e 

c·omposed of three l_ithofacies of quart% ~cfystal tuff, 

coarse volcanic breccias and minor lava flows. 

Hydrothermal alteration ls extensive aod primary textures 

and mineralogies are usually absent. However, .a 

rhyolite-dacite composition ia suggested by both trace .. 
element data (Zr. Y, Tl02) and petrographic studies. 

Mic:roecopic graded beds of albite and cryetal..,_rich 

' rip-up claata are locally-developed vithln the . quat tz 
\ 

' cryatal tuffs, as are interbeds of black ·h)U.J:~th , 
feature• indicate chat the 

.__/ 

tuffs • and therefore the 
-

footw~ll rocks, were deposited in a eub•arine environaellC • 

A lack of internal atratiflcation within the cryatal · tuffs, 

t~eir wide areal extent (Map l) and the presence of 

holated. large volc~nfc block.a vithto finer-grained tuffs 

(Plate 4.12), are ta\en aa · evidence for their depositio~ as 
. ~ · ~ 

-



' 
s u bm a r l n e ash f 1 o v s. W e 1 d e d t e x t u r e a , t y p' 1 c a l o f a u b • e r 1 .e l 

aab flow•, are absent, although w1ap-11ke aericife horiaona 

may be' altered, felsic volcanl.c glass. lt ia probable that 

the interb~dded volcanic breccias, which are co•parable to 

the "mill rock" of Sangster (1972), had a similar •ode of 

deposition, repre.aentlng coarser fractions of the aoh flow. 

A au~-volcanic intrusion in the northern part uf Tulka 

Hill, called the Raven rhyoll.te, has an identical trace 

element chemistry to the footwall volcanic:s a-nd therefore 

is thought to be co-lllaglllatic with them. _ Unfortunately, no 

contact relationships with the footwall rocks are exposed 

and it can only be ioferred that the rhyolite intrudes the 

tuffaceous rocks. Assulllll"'g this to be t.he case, then the 

Raven rhyolite w-ould be equivalent to the "white rhyolite 

lava domes" of Kuroko deposits (Hashiguchi, 1983; 

1977) or the sub-volcanic 1ntrus1on6 associated with aany 

Archaean Cu-Zn deposits (Franlc.lin!!. .!.!.• • 1981). Bleaching 

and aaineralisation of parts ~f the Raven rhyolite auggeat 

that it did play an integral part in the aineraliaing 

process. No yenecontemporaneoua brecciation of either the 

host' rode. or the ore can be attributed to rhyolit~ 

int ruston, unlike the rhyolite do~e aaaociated with the 

Uch1nota1 deposit in Japan (Haahiguch1_ ~983) 0 auggeatint a 

passive role for the Raven rhyolite during m1ntral1t\lt1on. 

Thus • prior to aineralisation and hydrother11al 

alteration. Tulks Kil~ wa~ blanketed · by aubaarine ash flpva 

' and intruded by the laven rhyolite. elLher aa a doae or •• 

/ 
·-

• ·:.l ' 
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10.3 ALTERATION 

A hydrothermal ayatea developed after the depoaitlon 

of the aah-flow tuffs. Two styles ancL .lntensltles of 

alteration are recognised. both of which appear to relate 

to alkali dominance tn the hydrotheraal fluid(a). 

· chequerboard albite. with calcite and/or epidote 

t.ncluaion•. la coa11on in the footwall rocks and suggests 

replaceaent of preexleting (probably · magmatic) feldspar 

(Battey, 1955). In .the a.baence. of a regional geochemical 

aurvey 1 which •l&ht highlight Na lll.etasomatislD as being 

typical for the Victoria Lake Group, it t.s suggeeted tl'!at 

the albtte 18 hydrothermal (•a opposed to metamorphic). If 

thla !a true then migration of the hydrotheraal fluid(s) 

the volcantc p:lle vould either "reconstitute" 

magmatic albite and reaove Ca, or exchange K for ~a during 

albiti~ation of aagaatic K-!eldapar. Thia would produce a 

cheaically pure albite and relaaae K, and some Ca • . to the 

fluid. 

The a~teratlori asaaabla.ga sericite-albite ia common in 

the footwall - rocks, elther 1111 discrete minerals or as a 

slight aericite du.lting of albite. The coexistence of tbe 

two •loeral• reflects the variation in ~+, Na+ and B+ ton 

activity ln the ·aolution. as ehowa in Figure 4.2. 

the •t.~pleet vay to vary th@ I+. Na+ and H+ ion eontent 

- tbe fluid 11 tbrouah alteration. For e~a•ple. albitisation 

~' . ,. 
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of magmatic K-feld~par would release and con_centrate K+ 

ions in the solution and so increase the chances ot 

sericite formatioo. lt seems reasonable to ausseet that 

the ~hemical evolution of · the an 

ade~uate way to explain the coexl~te~~e of Na (albite) and 

K (sericite) minerals. 

Other alteration effects within the footwall rocks 

include the development of scaly sericite mats. Fe-Hs 

chlorite. as Hell as quartr. overgrowths on primary -quartz 

phenocrysts. 

For a hydrothermal fluid to flow through a rock at 

least two requirement& must be satisfied: 1) the rock 

should be permeable. aod 2) a geothermal gradient is needed 

to provide/ the impetus for fluid movement. At Tulk.s Hill, 

the tuffackous rocks in the footwall would be an adequate 

\ 
permeable (medium. Recent theoretical modelling of fossil 

hydrotherll systems associate'd wit _h Kuroko-type depositA 

has show that the heat generated during cooling of a lava · 

I 
dome is;not sufficient to support the relatively long-lived 

' ( 
hydrot~ermal systems necessary for sulphide deposita 

I . 

(Cathl'\, 1977; Otuaoto, 19'78; Oh.moto et .!1_ •• 1983). 

Thereto\. ·the Raven rhyolite is excluded as a po•sible 

loc~lise~ heat source. Most workers prefer a beat source 

generated \b~ the c:ooling of a sub-volcanic intrusion. the 

lat-ter typically at a depth of 2-4 k.ms. b~loli the fcu•ll 

seawater-rock - interface. lt probably is not a co1nc1denc~ 

that such intrusions are common lo the foot~all of 
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' volcanogent,c 111aaaive sulphide. depoeite (Franla'.lin !...£. .!..!.•, 

1981). At Tulk.a Hill, the Costigan Lake Intrusion 

(1nforaal), · lo~ated appro~. 6 k••· to the south of the 

aineraliaation, ia a likel~ can~ldate as a localised heat 

aource. It ia posaible that th1s intrusion vas the source 

of the ash-flow tuffs that outcrop at Tulks Hill, · their 

eruption caused by a process akin to caldera collapse. 

Such a process . would have created a fractured, and 

therefori permeable, environment which should have ena~led 

eaaier •i&ration of hydrothermal fluids. 

An intensely altered rock, known as stockwork 

alteration, reflects a concentration of hydroth,rmal ·fluid 

flov immediately beneath tbe sulphide deposit. The .t~oro 

lithofacies' that are identified (siliceous and chloritic 

atockwork ) are genetically linked with the mineralisation 

because of 1) gradational contacts of the s ·iliceous 

stockwork with a bed of massive pyrite ln the East Ad it 

(Hap l)j 2) Hg chlorite& in the chlorite atockwor~ and as 

a saugue mineral to the sulphide m1nerallsat1oo; and 

3) high background coun~a for base metals in stockwork 

alteration aamplea. For these reason~, and becauee ~~e~ 

rock. outcrops only at the stratigr·aphic·_. base of the 

1ulphide hori2on, it 1a interpreted to mar~ the foaa1l . 

feeder for the hY-drothermal fl~ida. 

Similar pbenocryat textures · and trace ele111ent 

cheaiatry. a& well as &radationa·l contacts with the lesa 
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altere& footwall rocks, auggeat that the e todtwork 

alteration had a rhyolitic tuff •• a protol1th. 

Both Na20 and CaO are depleted wtthtn . the stockwork 

whtch ta in marked contrast to the enrichment of th••• 

·oxides in the footwall volcanics and Raven rhyolite~ . 

respectively. Conversely, K20 and HgO are enriched tn the 

stockwork.. Ae a c~,neequence of the enrichment I depletlon 

of these oxides aerictte and chlorite are dominant but 

albite is absent. Quartz pseudomorphs after feld•par 

suggest its destruction, possibly by the follovtns 

+ (Ye
5
Al)Si

3
Al0

10
(0H)

8 
+ 2Na +.lOH

2
S + 3Si02 + 5/2 02 

(Froese, 1981) . 

Pyrite iw pres~rved in the stock.work. aus&estins that 

it was in ex~esa during ilbite destruction (see reaction 

above). Pyrite, sphalerite and/or chalcopyrite vetnlet• tn 

tha stockwork are relics of fluid ehannelw~ys in a foaail 

feeder pipe (now deformeA). 

10.4 SULPHIDE DEPOSITION 

Hase1ve beds of pyrite aad sphalerite •ine·rali•ation ' 

overlie the ~ockwork alteration zone, ~ ~hey overlie 

the feeder "p~pe". Their •aeaiva nature suggeeta that th• 

seawater depth vas sreat enough to preve~~ preaature fluid 

boiling ~nd consequent foraatioo of vein-type depo•1te in 

the au bsurf ace (JUdge, 19 7 3). Caldera co llap• e ·~Y hav • 
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rapidly deprea•ed the palaeo- aeawater-rock interface to a 

areat enouah depth to p~event such boiling, an hypothesis 

offered by Ohmoto ~ al. (1981) to explain the elnk.ing of 

the Rokuroko d1atr1et immediately prior to mineralisation, 

A reduc~d environment surrounding the hydrothermal 

fluid vent ia auggeated by the absence of barite and oxide 

mtnerala (~ magnetite). Sulphide precipitation probably 

ocurred through a co•bioation of a simple temperature drop 

and a pH increaae upon mixing with seawater •. Ce-depletlon 

in some eamplea and Mg-rich chlorite& in the gangue suggest 

~eawater interaction. Fluid boiling may have 1 aide..d-

dest~lllsat1on of the metal-chloride co~plexes in favour 

of metal-sulphide complexes since Kn-rlch carbonate, which 

pre~lpltatea when the. fluid boils (Holland and Hallnin, 

1979), is found ·within some samples of eiliceoua stoc~ork 

alteration. 

A parasenetlc sequence of sulphide depositlon cannot 

be determined at Tulks Hill because of remobilisation 

and/or annealing d.uring l'ater .periods of deformation . 

&owever, a crude, megaacopic, tonation ot the dep~slt, from 

a Cu-rich footwall through a zinc horizon (T3 lens) into a 
.; 

(TJb only) hang~ngvall, can be lden~i~ied, the 

sequ~ntial prec1~1tation probably reflecting the decreasing 

· te•p.rature and/or pH gradient away fro• tbe feeder. A 

' 
deer~aae in the •ole I . FeS tn ap~aleiita with 

) 
increasing 

j 
proz_;t•lty ~o tbe hangina-vall .•irrora the 11!neral zonation, 

~ua~eltiaa a decreaao in !52 with in~reaaina distance from 
' 

.. 
• 'L. 
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the dlscharae si~e (Scott and Barnes. 1971). 

Precipitation of the sulphtdes durtng a htatua in 

explot>lve volcanic activtty is •uggeet~d by the lack ot 

coarse volcantc det~itus. Also, there la no evidence at 

mechanical reworking .of the sulphides which not only 

suggests that the environment of depoai ton was relatively 

stable (cf. Buchan&), but that the 

s u 1 p h i d e a 1 a p r ! 11 a r y • T h i ·a , 1 m p 11 e s a u 1 ph l d e 
. ' I 

at ton 

• . l 

immediately. above the feeder, and ' lt ls speculate t the 

hydrothermal fluid was simllar to the Type 

described by Sato (1972) 1 as illua~rated ln Flgure 10.1. 

Type 2b fluids are initially less dense than seawater and 

initially plume upwards, mix with seawater and increase 

their density to eventually collaps~ back onto the 

discharge zone. This r e au 1 t a 1 n a r 1e 1 a t t v e a b u n d a n c e o f 

sulphides close to the feeder. The limited lateral extent 

of ~be che111ical sedtmenta, overlying the mtnerallsatton; 

may reflect pooding of the sulphides into a depression 

(Point A) rather than exhalation from ·a seafloor "high" (a• 

suggested by Satoj 8 e e Fig., ·1 0 • 1 ) • 

Gangue ~tnerals are similar to those in the footwall 

rocks: aertclte, chlorite and quartz are dominant, 

al~'lbtte and carbonate are locally developed. 

lO.S CHEMICA~ SEDIMENTS 

· Renewed voleaoi.c. activity coincided the 

deposition of the tuffaceous chert 



Piaure 10.1: A} TOP The four types of hydrother~al solutio~ and 
their probable behaviour upon disc)arge lnto a 
a'ub•arlne envirooaent, defloed accordin.g to their 
tnttial te•perature and aal1n1ty relationships (see B 
betoli). After Sato (1972). Type l:~ity of the 
hydrothermal aolution is alw!Y• ar~ter th~n seawater 
•nd the solution . will . flow .~vnslo e to eolfi:eet 1.n a 
atrat1f1ed brine _pool. Type ,a: h~drothe_rmal 
solution 1s initially denser than seawater· (point b 
tn Fig. lO,lB) ._and becomes -even •ore _deoae upon 
mlxin& with seawater so that solution · initially 
pluaea upwards but eventually mo~es downslope. Type 
2bs aee tezt. 'Iype 3: hydrothet"'lt6-i solution is 
always lese dense than seawater and plumes upwards so 
that aulphidea are dispersed. 

B) BOTTOM the f~ur patterns of density change 
to the Mix1ng of a hydrothermal solution 
seawater. The Tulk.s Hill fluid 18 thought to 
been similar to a Type lib fluid. 

'- -
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~hlch overlie the •lnerallaatlon, as suggested bi th~ thin 

(< 2 em;) bed• of t~ff (now &erictte and/~r ch~orite). 
Pyrite ia the only aulphide identified which implies either 

that the b~lk of the metal ln the fluid was precipitated at 

the atneraliaed horizon or, the physico-chemical conditione 

during depostion of the chemical sediment& were not 

conducive to sphalerite, galena and/or chalcopyrite 

precipitation. Since 

abundance ot quartz the 

both chemical 

-hydro the nul 

sediments have an 

fluid was probably 

silica eaturaie&. Simple cooling of the solution, upon 

mixing with seawater, would precipitate amorphous silica 

(Alexander et ..!...!•, 1954; Rimatt.dt .and Barnes, 1980) and 

inereaae the pH to allow carbonate deposition. 

A Mn-enrichaent ch.aracteriaes the dolomitic ca~bonate 

of the chemical sediments at Tulka Bill. Manganos1der1te 

is common in the chert capping of the mineral!satioa of the. 

Atlantis II Deep (Backer, l975). This indirectly suggests 

hydrothermal precipitation of carbonate at T~lks Rill. 

Such pre~ipitat!o~ ·~ould o~cur at the same time as the 

chert. or more likely, by a process of "hydrothermal 

The latter would be equivalent to the 

fluid-leakage mechen!~• proposed by Japa~ese geologists to· 

explatn,the hanglngwall alteration in aome Kuroko deposita. 

These •••• fluida probably altered K-rich volcanic detritus 

v1th1n the chert to produce the aericite. 

The iron f~raat1on'ts thought- to be the youngest rock 

type identified at Tulka Rill. Its wider outcrop 1 co~pared 
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to the tuffaceous chert. suggests a spatia~ and temporal 
. ' 

widening of the area of quartz d~posltton as the 

hydrothermal fluid characterlstf.ee expanded- into the 

seawater. 

10.6 ~H~MICAt(coNDITIONS DURING SULPHIDE DEPOSITION 
....... 

10.6.1 INTRODUCTION 

Mineral stability diagra~~ are uae~ to estimate some 

of the solutio~ parameters duriQ& . aulphlde deposition. The 

mineral relationships on these diagrams will reflect both 

the accuracy of the thermodynamic data and the 

physico-chemical conditions chosen for their construction. · • 

For example. temperature. sulphur fugacity and/or the 

activity of certain components K+ . ions) can be 

• 
specified (or assumed) to show how the -stability of certain 

minerals varies aa a function of f02 and pH 

' 
(see Fig. 

10.5. for example). Since a hydrothermal system 

dynamic, the physico-chemical conditions are c~ntlnuo~aly 

c. h a n g 1 n g d u r i n g? l t e r a t 1 on a n d s u 1 p h 1 d e d e p o s 1 t 1 o n· s o t h a t 

the mineral stability diagrams reflect _only one inataric~ \n 

tlme when the chosen physico-che~ical conditione were 

coincident. Also, when using these diagrama to interpret 

the mode of deposltloc one that 

post-depositional · cha nge·a, auc:h •• and 

111etamorphism, have not aignlflcantly altered the primary 

Conalderlng these approxlmati~na and 

asau111ptionil it is obvious "that ___ the solution parataeterl can 

--
..... . ··- --
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~e · only a rough ap~roxlmation • 

10.6 • 2 TEMPERATURE AND SU LPI:I.UR FU(;AC ITY DURING SULPHIDE 

DEPOSITON 

The required. mlneral aase11bla~es needed for certain 
· . 

. geothermollletrlc techniques are · absent so that the method- of 

Kaj~~~ra ( 1970), which' u_ses the Ag content of electr.um ' and 

-- · the mole% PeS Qf sp.halerite. is used to es~imate botl'i the r .. . ,, 

I 

temperature aod the a·ulphur fuga~ity at the time of 

aulphid~ deposition. , · 

At Tulk~ Hill. the mole % FeS of sphalerit~ varies 

fr.o11 5.9 to 2.71 and -6n ave~age va1.ue for the Ag content of 

electru11· is 32% (Jambohr, 1983).· tJaing tQ.ese data (F.t:g. 

10.2) the· result.a are as _f'oll'owe: 

Hole X PeS 

Sulphur fugacity: 

Teaperature: 

.>.9 

10(-8) to ·10(-10) 

3 5 s c. to 2 8 o c· 

Using Figure 10;3 the act!~.ity (or fugacity) of S2, at 

an average te1Dperature of 300 degrees centigrade and within 

the . range of)•p.halerite compo.~lt~~ns at Tulk.s . Bill, varies · 

between 10 (-9.S) and 10 (-8.5) vh!ch is in good agreeme'nt 
~ ' 

vi tb the f ugac: 1 t-y by · the ·method of 

K.aji~ara (1970). Figure 10,3 · alao shows that the r ·ange in 

:' eul'pbur fuaac'ity at 300 degreu cell~igra .de is v1th1n the 

pyrite Held, only, and • 1 nc:e tbe •ole % feS ' in the 
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F 1 g u r e l 0 • 2 : T e m p e 17 a t u r e- f S 2 d 1 a g r a 111. o f e e l e c t e d c om p o n e n t a o f 

Figure 

) 
( 

Kuroko ores used to establish the eaaperature of 
sulphide precipitation at Tul\c.s Hill. ,....-Sol!d lines 
mineral phase boundaries; d a~ed ·lines 
1so-aet1vi ty-~ c.urves of FeS in aphalerf. t.e: 1 -.-4 
m o 1 e ·x F e S i., 2 • - 2 • S m o 1 e % Fe s ; 3 ,- - 0 • 4 m o 1 e I 
FeS; 4 • -o.lS mole% FeS. Dotted,!inea • .,elec-trum 
tarnish curves: a -. -ss "'!t,% A&i{_ b • -3~ wt._~% Ag; 
c -·-22 wt.X 'Kg. (F,rom Kajhtara,.l'hlQ)-..:__~--...._ __ 

,/ 
/ 

\ J 
\. 

l 1., '· 
10.3 :_ Tempenfture-aS2-c.o111position diagr1m for the 

system Fe -zn. -s, showing the e~poeition of 
s ~ h a 1 e r 1 t e 1 n e_q u 1li b r 1 u m w 1 t h an 1 ron /be a r 1 n g phase. · 
Sp'halerite isopleth& within th-e pyrrho.ite and pyri~ 
fields 4tre from Scott and Barnes (197,i) and Barton· 
and. _Toulaaia (1966) respectively. hdrawn fro11 Barton 

·and Sk.inoer (1979). · ' !D 
Tbe raaae in aS2 i• show,D by the light ahadin ; 

• a~ 300 C (the averase te•peruure of -•u-iphi e 
deposition at Tulks Hill) the aS2 h shown, by th~ 
~.e a v y shad in a • . - L 1 n e , 1 • - 2'. 71 .~ • o 1 e - % F e S _:p{ 
sph•lerite; ~ine 2 .• ""5.9 m(lle I t<.es in. sphaler_ite. 

-
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. sphalerite .is in·terpreted to be primary .• it strengthens the 

sug~~~oni 

T u 1 k a -';u'l...l .. 
that priQary pyrrhotite vaa not precipitated at 

U r a be a n d S c o t t { 1 9 8 3 ) , u s 1 n g paragonite, carbonate 

and - sulphur isotope geotheraometers, eBtimated the 

temperature of ore deposition at the South Bay l11ne• 

Qntario to be 300 degrees centigrade. Since this 

temperature is approximately the _temperature of ore 

formation at Tulk.a . Hill their log a02 - log aS2 can be 

used to independently confirm the estimate of the aulpbu~ 

\ . 
activity at Tulks Hill (Fig. : L0.4). · Baaed on the absence 

--

of pyrrhotite and the local ~~velopment of the 88 aemb la ge~· 

bornite-pyrite (Chapter S) the fS2 proba~ly ranged from a 

111inimum o.f 10 (-11) to a malllmum _of 10 ( -7). Tbia r--ange 

ag·rees 'Well with ihe fS2 values determined using Figures 

·10.2 and 10.3 and · implies.; that 300 degre1u centigrade la a 

reasonably accurate temperature for deposition of 

mine~alisation at Tulks Hill, 

The reduction in temperature (50 degrees); sulphur 

fugacity and mo~e X FeS of sphalerite at Tulk.a Hill, 

corresponds to an increased proximity ~f the hangingwall. 

It ia likely that this reduction was caused by coofi.ng of 

the redueed, acidic mineral11iog aolution by mixing- (a-nd/or 

b o i 1 i ng) . v 1 t h a e a vat e r. 't.tUJ. vould precipitate the aetal1, 

oxygenate th·e aolutio~il (and there.by reduce the sulphur 

activity), permit c~rb~nate precipitation and lower the PeS 

.content of sphalerite; 

--
0 -

_t -
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' AICti.Yity of 0 .oo 1 • Redrawn from Urabe 
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the current models of s~lphide genesis (~ Hutchinson, 

1982). 

10.6.3 OXYGEN FUGACITY 

At 300 degrees eentigrade 1 and when the log fS2 varies 

between 10 (-11) and 10 (-7) 1 the upper limit of the oxygen 

fuaacity is marked · by the absence of anglesite (approx. io 

(-28); Fig. 10.4) while its lower limit is marked by the 

abse~ce of pyrrhotite (approx. 10 (-34)). The absence of 

gypsu~ at Tulks Hill further ,constrains the upper limit of 

the oxygen fuga~ity· to between approx. 10 (-30) when the 

fS2 • 10 (-11) and approx. 10 ; (-31) when fS2 - 10 (-7). 

10.6.4 ACIDITY-ALKALINITY 

Fi~ure 1'0.5 -(Froese, 1981) shows the stabili'ty fields 

of sphalerite and cbal~opyri~e and some silicate minerals 

(under· ~pecific conditions) in pll - log f02 space. A lao 

shown is the maximum pH limit of sericite stability under 

these conditions. The temperature deerease that causes 

aul~hide prec1p1tat1on (Skinner, 1979) will be accompanied 

by an increase in the fluid pH and f02, et'ther through 

fluid - boiling (loss of volatile co•ponent), vall rock 

reaction and/or •!zing with a~kaline seawater. With chis 

in aind a line of 1ncreaalng pS-f02 .(1-Y) is drawn- on 

Figure 10.5, ita location reflecting both the mineralogy of 

the depoait and the esti•ated f02. Experimental studies 

abo~ that ebalcopyr!t~ precipifatea"at l~wer f02 and pH 



Figure 10. ~: Log f02 - pH diagralll showing the stability of 
various stU.cates and sulphidea at 30'0 c J .~ctlvity of 
sulphur . 10 (-2) and mNa·c l • 3. 0. Superiapoeed 
(line A) is the stability of sericite, by the 
hydrolysls of K-feldspar, when the activity of 
K+ • 0.5 (Froese, 1981). 
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veluea than . sphalerite (under - the conditions epec1!1ed) 

when Cn and Zn are dissolved in e~~al concentrations in the 

solution (Barnes, 1975; aee ~ig. 10.~). Since sphalerite 

mineralisation overlies chalcopyrite ' •1Deraliaation at 

Tulk.s Hill it suggee ts that the ~onat!on 

reflects the zonatto~ · ln pH-f02 shown by the line X-Y. 

It shoutd be noted that the line X-Y ceflac:.ts. a 

spatial zonation only: recent work concernins the 

Kuroko-type deposita (Eldridge. _!:.! .!..!• • ' 1983) auggesta that 

chalcopyrite precipitate~ after sph~lerite. R~pid cooling 

of the solution at the seawater-rock interface causes 

immediate ·pre c i p 1 tat ion and deposition of the lower 

temperature sulphides- (galena-sphAlerite) to form a 

"sulphide blanket" whi.ch produces .an insulating effect.· 
I 

The result ts that higher te~per~~ur~a predominate beneath 

the earlie.r precipitat~d sulphides which permits only 

chalco p y r 1 t e de p o a 1 t 1 o n:• 

In Figure 10.5 the field for chlorite stability 

overlaps the fields of stability for chalcopyrite and 

sphalerite. Since sphalerite is absent from the 

Mg-chlorite stockwork at 1ulka Hill it can b~ asaum~~ that 

their stab(lity fields did not overlap. 1 poaaib.fe 

explanation 1~ that either t~e high Mg content of the 

chloritee restricted the stability of chlorite to lower 

pH-f02 values (Proeae, 1981) or, the •olu-tion cont.ained 

lower Zn concentrations so that the apbalerite field vae 

reatr1cted to higher pB va~uee. (under the condition• 
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epec1fied). Since a Zn concentration of 6 pp• is thought 

to be the minimum required ~or sulphide precipitation 

(Barne•, 1979), and the fact that present..:day 

hydrothermal ayatems have a much greater abundance of . Zn 

(~ 540 pp~ Zn in the Salton Sea brines; Weissberg et 

al., 1979) the former explanation " is preferred. Thus, the . 
chlorite stability field probably lies to the lower pH side 

of the Cu solution-chalcopyrite boundary . This suggests 

that a low pH prevai"led during the (ormation of the 

chlorite schist and chalcopyrite deposition (even at a 

minimu~ solution concentration of 6 ppm) whereas sphalerite 

precipitation · probably occured at near neutral or only 
• 

elightly acidic conditions . 

The upper limit to the pH ia marked by the virtual 

abaence of hydrothermal albite within the stockwork 

alteration and the mineralisation. At the lowest possible . 

f02 (10 (-34.5)), under the conditione · epecified~ albite 

would be stable only at a pH> 7.8 suggesting that a fluid 

pH ) 7.8 vas rarely attained. 

Froese (l98l) determined that sericite formation at 

3oo degrees centigrade • . typically from the hydrolysis of 

K~feld•par, occurs when the fluid pU is hisher than 4.41 

and the k+ ion c6neentratlon in the solution is 0.5 (Fig. 

l0.5). The asseablage sphalerite-ee~lcite ~s stable in the 

a1l1eeoue atockvork •uggesting their coeval formation. 

~ 
Accordin& ~o Pi&ure 10.~ hovever. aphaler~te precipitation 

1• raat~icted to h1aber pB values th&Q that of sericite. 

\ 
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1) the 

conditions at Tulks Hill differed ·from those assumed by 

Froese (198~) to calculate the stability of muscovite (~ 

different activity K+) 80 that it actually forme over a 

much wider r~nge, or at least at higher pH · value•, or 

2) the Zn concentration in the solution waa much higher 

than 6 ppm, which may have !induced earlier apha"lerite 

precipitation. 

A combination of 

only because most 

tho two r .. ,. n ,', •• .. . p toba ble. not 

presentJday hydrothermal solutions 

contain> 6 ppm Zn (see above), but beeause the assemblage 

sericite-chalcopyrite is only locally developed implying a 

higher pH for the formation of aerlcite (approx, 

10.6.5 SUMMARY OF THE CHEMICAL CONDITIONS DURING ALTERATION 

AND SULPHIDE ' DEPOSITION 

Mineral s ta hili ty diagrams, conatru.ued from 

~hermodynam1c data, have been used to estimate the solution 

characteristics during sulphide precipttat1on. Althouah 

these diagrams simplify conditions aoqevhat, to reduce the 

number of variables to a manageable · quantity, they do 

provide one 11.eana of qualitively evaluating the 

significance of the sulphi,ea and aillcatee · ~ith ~eapeet to 

phyaical environment. Table 10.1 h a 

summary of the conditions for the Tulke Hill depoalt. 

'\ 
\ 
I 
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Table 10.1: Summary of the physico~hemical conditions during 
hydrother.al alteration and sulphide deposition. In all 
c.aaee t.he upp.er and lo~o~er limits represent the maximums 
deteX"!!lined by tbe various methods described 1.n the text, 

J -.- ·-

I ../' 

s fugacity 0 fugacity Temp. fc) pH mole X FeS 

Hax Hal( · 

~ 10 ( - ·1 1 ) 10 ( .:3 0 ) 280 -7.8 2 • 7 1 

-5.5 
.,. 

10 ( -7) 10 (-34.5) 355 -4.0 5.90 

-

... 
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10.7 FLUID PLOW~ COMPOSITION 

10.7.1 PLUID:ROCK RAT~O-

According to Mottl 

·-
162 

(1983) the 

~hlorlte+quartz develops at aeawater:roclt ratio• > 50 

whereas chlor1te+quartz+alb1te occurs between JS and ~b the 

·• 
implication being that albite wtll only form at lower SW/R 

J 
ratios. ~!nee albite 1\ absent fro~ the chlori~e stockwork 

this roclc. piobably represents a~ area of high fluid 

flow, which is cOGpatible with its interpretation as ~eing 

a fosgil .feeder vent, whereas albite in the remainder of 

the footwall rocks suggests a ...lower fluid _._.r.Aek. ratio 

(deeper areas of t~e system?). 

10.7.2 FLUID COMP051TION 

It is gen~rilly accepted that seawater La the 4ominant 

component of t~e hydrothermal solution during massive 

sulphide · deposit~on (Hutchinson, 1982; Ohmoto and Skinner, 

198J; Spooner and Bray, 1977) although argu~ente tor s 

"I) 

lll&g-t~~atic componen-t ha~ecently been propoaed (Urab~ et 

.al. , 198 3.; :Bryndzia ~ !l•• · 1983). lt is probable that 

seawater was a dominant co~pooent of the hydrother~al fl~!d 

at Tulks Hill since Hg-chlorite, Hg-carboRate and 

Ce-depletion anomal!.ea. all llU88~. 1l t aeav~te~ inter~ctlon 

(Heming and Rankin, 1979; Hottl, 198j'). 

;From the alteration ~lneralogy in the f oo twa 11 

volcanics it 1s evident that l+, Na+. and Hg++ were 

' fluid, the latter two ian• 

( 
·c. 

· ~ 

\ 
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probably being d'eri ved fro11 s .eawater (Mottl 1983: 

ll.osenbauer rt ~. 1 1983) The [ content would .. ~ - probably 

r~flell-t Na+:K+ . ioa· exchange during alblt .lsation of magma_tte 

ftidapar. Rho d oe r o ~ 1-t e- r 1 c h . c a r ~ o n a t ~ _., t t h l n t h e' e t. 11 c a o u • 

stocltwor, k alteration and t"ron formatlol'l not · ortll .v_ suggeata 
• ' 'I 

the _presence of · Mn++ but also a high COJ-- ton act,tvtty 

near the sea. w a t. ~ r- rock. 1 n t e r fa c: e. 

/ _ 
REE abundances for sample• from the R.av.en rhyollte and 

-th~ stliceoue a t,o c k w o r k.. can be eicpla t ned by Cl- ion 
~ 

complextng and te.achi ng of LREE, and po -aalbly . CO)--

complexing and stabiliaatton of HRR& durt.ng alteration 

(Taylor- and Fryer, 1982, 1980, 1983); . these tons-must have 

been .-prominent ir'l the fluid, the Cl- possibly complextn& . 
with, and t}lerefore transpo.rting, the meta~a (B~ rnea, 

1979). · 

Sf. nee the sulphides are precipltatea from the 
' I 

hy_drot.hermal fluid thet.r ~t.neralogy is 11 . . dlreet eol\eequence 

of the · f luJ~ composi.tion: Fe • Cu • Zn, Pb, Aa, Sb, Ag 

Au •u;~ /ave been carried in solution, 

i 

and \ 
.I 

predominant'ly • •• ,_cl--' 
·. / 

complex\s, but probably ala o aa -aqueous specie a of 

Se, etc~-'..!_arne& 1 1979). 
-........ -- ~ 

Te, 

r:i 10.7.3 KETAL S~~~ 
A . eourcy// for/ the 111etals -~1th1n the .,-olur:l ·o~ 1~-

difficult to dete,m1ne: current theories are divide4 

between a 11.agcaatic •)urce (.!A!_ Sawk.ine and _!tovalik, 1981; 

Urabe et .!.!·, 198 ) and a leachin& proceea aa the fluld 

I 

/~ 

---

\ 
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traveraea the footwall votcanic pile (,.Hutchinson, 1982~ 

Stephens et al., 1983). \rn the absence of any definitive 
t 

evidence (~ isotope data) a co111bination of the two 

· 111echaniams 1 s p r o p o sed · f o r the. s o u r c e o f t he · me t a la a t 
' ---------

Tulks Hill. . Perhap-s the Costigan Lalce Intrusion (informal) 

was.,.· the source of .the magmatic component. Within the 

footvall volc.antcs Cu and Zn could be released to the 

- . 
solution by alteration of intermediate-mafic. rode~, through 

the destruction of pyroxenes and amphibolea, whereas Pb 

c. o u 1 d b,; 1 e a c h e d f r o m f e 111 i c r 'o c k s t h r o u g h t h e b r e a k d ow n o f 

K-feldapar a_rid mica. During the leaching process therefore 

mane-intermediate rocks must have ·acted as the metal 
... ~ 

source since Cu and Zn minerals occur at· Tulk.s Hill. Such 

--rock types are aba.ent from the study a.cea but occur in 

other parts of the Victoria Lake Group. This would s~ggest 

that either the hydrothermal system had a large capture 

area for the metals. much larger than the study area at 

present • or there was a significant input of metals from a 

magmatic source. 
<~, 

10,8 DEFO RHAT ION 

Roth volcanic and hydrothermal a.ct:ivity ceased with 

the deposition ofo the iron , fotmation. The next 

recosnlsable geolQgic:al event is la rge;-scal.e 
. ""' 

recumbent 

folding (DO; .infer red) followed by ~a oc linal folding'_ ~ 

develo.pment of a prom'!.nent schistosity (Sl). 
I 

and the 
f':, 

Faulting witt\, the recuabenc folding cannot. be 

--



_, 

. - ' 

identified_presumably 
- --..... __ 

because of ~he intensity of the later 

deformation (unlike in the Bathurst area, Van S t.aa 1 and 
I. 

ae-sJtiated ~with Williams (in press)). Faults Dl however, 

are extens!v' although their relative 111otion is unknown. 

The a.ge --of Dl at Tulks Hill is thought to be Taconic, 

primarily because the overlying..._ Bu-chan.!. Group 

(Ordovtcian~Slluria~ age) is relatively undeformed which 

implies a pre-Acadian (pre-Ordovician·-Silurian) time of - . 
deformation fqr the.Victoria Lake Group. It is possible 

that the t.wo periods ·of later deformation (02 ..and 03) are 

Acadian deformation features since they are weakly 

~ 
d e y e 1 o p e d ( 1 e • s i m i 1 a r t o t h e ·B u c h a n a G r o u p ) • lndee'd,, if 

the Tulks River Fault to -the north of Tulks lUll (thought 

to be of Dl age) is a splay of the Cape Ray fault, as l'B 

suggested by ita trend and spatial relationship to known [ 
, ' 

splays (!A!_ Lloyd a River Fault), later movements on th-e 
• 

·Taconic-.age fault .are -possible since movement on th~ 

Ray Fault is thought to be Acadian (Wilton, 198 3). 

10.9: SUMMARY AND CONCLUSIONS !Q! THE GENESIS OF THE TULKS 
~-

HILL MASSIVE SULPHIDE DEPOSIT __ h 

The following is a a·u m~na r y- of. the more important 

geological, geochemical and structural featuree of the 

Tulks Hill sulphide deposit (13 lens) 1 and the 
-} 

i~ferred from these f~atures.t 

1) The footwall rocks are predominantly 

conclusion• 

volcanic, 

, 
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COIU1eting of rhyodaeitic (~) •~baarine ash-flow tuffs, 

with interbedded rtyolit·es.(s.l.) aud black. shale (minor). 

A aub-volcante intrusion in the northern part of Tul~a 

Hill. known as th~· Raven rhyolite, ia cc-magm~t1c with the 

volca.n1c rocks and is thought -to be a sill or a dome 

.feature. Caldera collapae, with subsequent emptying of a 

crystal-rich portion of a magma chamber, ia thought to be 

the most lik.~ mechanism for the generation of both the 

crystal tuffs and the Rave~ _ rhyol1te, the latt~r probably 

as a reaut:gent do111e • 

2) Two styles and inten~itiea of hydrothermal alteration 

oblit.erate the primary mineralogy . and textures of the 

footwall volcanic rocks. Chequarboard albite, apd 

consequent enrichment of Na20, is a diattngu1sh1ng- feature 

of all footwall 1rocks, excluding the stockwork alteration 

and the Raven thyol ~te, The latter tvo rock types ~av~ 

high KZO values because of the development of sericite and 

a e c on d a r y 111 1 c r o c li n e , r·e a p e e t 1 v e 1 y • S u 1 p h 1 d e v e 1 n 1 e t a a n d 

K enrichment in the Raven rhyolite - . . 
eugsest tha~ its · 

alteration was synchronous with t-he 1111neral#etng 

ephode(a). 

A st~ckvork alteration at the atrat(grapbic ba~e of 

the sulphide deposit 111arka a fossil feeder zon~ for the 

hydrothermal lluida. Loss of Na20 and CaO 1~ .favour of K~O 

( a • • e r 1 c i _t e ) and M 8 0 ( a 11 e h 1 or 1 t e>, as we 11 a s a r a 111 if y 1 n g 

network of pyrite-sphalerite vetnlets, ar~ . charaeteriatlc. 

' 
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'A facies of the same intense alteration, knovn as the 

c.hlorite stockwork, consists of Mg chlorite "1 t h 

cbalcopy~ite and pyrite mineralisation. Thh mineralogy is 

compatible with tWe stockwork forming in a region of 

fluid flow, close_.,t~ the seawater-rock. interface. 

3) Massive pyrite and aphalerJte were precipitated at 

high 

the 

site of hydrothermal fluid expulsion, probab~y within a 

depression on the seafloor, in a relatively a table 

envj.r.onment (brecciated sulphides are absent). A 

te~peratu!e of 300 degrees centigrade is probable for th~ ·• 

hydrothermal· fluid during alteration and sulphide 

deposition. 

Seawater is thought,to have destabilised t h e. me t a 1 

chloride 
' 

~omplexee in favo~r of metal aulphlde complexes 

but it "is not known if seawater cOIDprlsed the bulk of the 

hyd ro·the rma l fluid in gene_ra 1./ 
A . ~rude mineralogical/zoning ,is evident, from a 

chalcopyrite base through -a sphalerite horizon 1nto a 

galena-tennantite rich peripheral,. zone. A ayatema.c-te -decrease in the ~ole % ~eS of sphalerite mirrora ~hla crude 
.; -

zoning implying that it is primary. However, a detalled 

p a rage n e t .Lc a e que n c. e of a u 1 ph i d e . d e p o a 1 t i on -1 s d l f f 1 c u l t t o 

-establish because of post-mi~eraliaation · defor•at1on and 

metamo~phis111. --
' 

4 ) A t u f f a ceo u.s c he r t and an 1 ron formation overlie the 
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sulphides, th_eir chert-rich - nature suggestiolt ·both silica 

•eturation and "lle.tal." depletion of the fluid. lloth rocks 

contain pyrite and - fi~e-grainea volcanic detritus (~uff), 

~he mine~aliaAtio~ tendiig to be res~ricFed to the cher~y 

bed a. Alkaline conditione are . suggested by the ~bundance 

· of dolomitic carbonate_ in both rocks. 
~. 

Siderite and iron 

c h 1 or 1 t e are d 1 s t 1 n c t 1 v e •1 n era 1 s 1 n the 1 ron form a t 1 o _!G .. . 

the carb-tnra-te occurring in ehert-ricb stringers· in a 

chlorite matrix. 

5\!epositlon of the iron .formation marked the end of 

_!!y.drothermal and. volcanic activity. Recumbent folding 

(inferred), vhlch ~~verted th~t~atig.ra;hy· , is the next 

recognisable geological event. · This period of defoll»ation 

... 
ia thought to predate tight to isoclinal folding· at Tullc.a 

Hill, although both periods of de.formation are -thought to. 

. ) 

--

A a t r n n g . ac.h.ia t o a..i..t...y-----d.e.v.e.l.o p e d d " r.i ~.-------- --1 

tlght~o isoclinal foldJng, and the mineralised horizon was 

repeated towatda the nototh, (t'a8 lens T3b). Faults -subparallel to thi& schistosity are recognised in -both the 

hoaf roc~a and the mineralisation, ranging · from aeasurable 

d isplaee11eota 1-rc-· the surface outcrops ' ro microscopic 

granulation of pyrite. Pressure shadows and granulated 

pyrite are interpreted aa Dl features, their coexistence 

auaaeating tl\at defor•atioo was 

brittle and . a ductile regime; 

be either· Dl or D3 in age 

',. .. 

r 

t ran • i t i 'on a 1 between ~ · 

en echelon shear zones may 

... _ .. -
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Two episodes of weaker deforaation' (both Acadian7) ••y 
control the disposition of the other aulphld& lenae1 •t 

Tulka RJ.ll. 

1.. 

6) Th~ Tulks R~ll Cu-Zn (-Pb) vol~anogentc massive sulphide. 

deposit sho..n many similarities to both Archaen and 
~ 

Phan~rozoic (Kurolr.o-type) · 'deposits. Theae s1m1lar1ties 
'I 

_include a ' ' s1Liceous/chlorit1c stockwork, mineralogical 

zoning Jlf 
. ~ 

possible 

the sulphides, 

rhyolH~ dome 

overlying chellli<:al eed.illleys a .nd a 

I sill tn 'the footwall'. 

c~~taln features differentiate the Tulks Hill depo•t from -

. b~~h the Achae~n Land the Kuroko types: albite 1 ·.with 

co~sequent enrich~ent in Na20~ in most of the footwall 

roc~a is notable, as is the absence of thick barite I 
/ 

gy~aum depos1~s (k~roko type) · arid the relatl~e abundance of 

/ 
1alena when compared to the Archaen deposits. It seems 

/~' . "---=,.......-' reesoaab--l-e-+&-----B-tt-g-ge-s·t. - --t-hat·- --the -- -Tu lk s H·ill deposit is 

transitional these two ,;end-member a" • 
... 

at l 'ea e t a a ·between 

far as th.e similarities and contrasts disc!-l_ssed a_b_2.Y.f are 

.concerned. 
# 

....... ____ _ 

I -- --• .. -

-

-
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5ES-fl2 ) ( I .S-R 2 2 \h \- Rl I fl\.IA-R2 

S i O-, 12.40 12.611 " 4.10 II .6 

' T ·in- 0. )('I o. 1 n 11.111 
i\1 20) 4.3P. I) .')') R. 8f\ I .71 

,.. ,oJ 32 .()(, I,) .RO I<). ]A I 7 · '• 9 
Fe O 

0 . ?(, 11. ') .( 2 () . () 
2.8 2 F\.89 O .t. () <1 . 90 
0 .79 0 • I I .(19 1.) . 0 7 

0.0'• . 09 0.02 

0 ·'· 2 2 . 1 0 .29 
0 . 0) () J)l, n .to O.(H 

22.1'18 21l.Rfl ) rt .BR 17.f>2 
T TAL 7f>.lR 9H.74 96.6) 49.78 
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Nb 7 .00 2 .0() 
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TABLE A2 
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Cd 2 . 82 10.88 2.12 ti.IO ~.I~ I <1. 9t> 
Dy 2.)9 1,)7 2.68 8. !io ). 1 '\ 9. bil 
[r 2.68 l2. ~~ ).46 16.10 2 . 41 ll. ~ 1 

Yb 3. <16 19.02 'lo. 2Q 2).:01 J. J) I 7 .9c. 

~ T,. )'l~ld ' 0.4) O.l.l> O.t.l 

• Mo .... tla«d to th• valu•• of Ta ylor and Corten 11977) !>.) 

'-D 
(J\ 

,.. 



TABLE A2 (contd) 

Ml!\I:::R,\L.hi::Ii HOIHLGN Ti\BLE t\2 

Sam!']! ~ i-': 
SES-R2 .•. l O!·lA -IU ., 

I PPM CIWNUR.IT£ PPM CliO~ORli£ ?PM CHDNDRHE 

ba 14 . 60 46. 3) 4.)3 t t- .39 I. 93 &.t" 
I 

Ce 21 . CIQ 33 •. BJ 1. 70 o.~1 l.iiS ] r. ; 
''I 

~d 13 . 8) ~3 .I 9 3.Ji -), ()j ~ . lO ] • 12 
Sr;J J. 73 18,Qh t.UJ .l .l ! ,_ , 7: ) .6? 
Eu I. 4.!. t</.90 (} . 19 ;..r.! i} , j l 7. tJ 
r;r,j ).~" 11 . 1H 1. 4 7 ) , ,~9 I ,. 1 . . 1. ~) 

D) :! .i'i 8. ~'1 t. ~6 l. . ~ l1 l. l J J . 07 
I 

F.r t. llv 9. 35 1. ~b 1. ~!~ •-' . ila Eo . C2 
Yb 2 . 911 tl.. . 3i 1. 33 6.Jil I. , I b . ) t'\ 

Tm yl el J 0 . )1 {). 42 o ... 2 

I 
nrFF!\CW~'S CHERr o Wl't n r·J r r 

$.~mP. •le L""~lf- ,>l: 
·i ~p,! e 2'}~\ r\-;2 

PP}I Cli~DII£TE PPH CHO~WIHTE 

La 6. 21 I q . il LJ I~ . 7 7 ~D . ~) 

Ce 12. 7tl t 'i,!'l; re 1!. ;:o .J() . Of l 

Nd 7 .J 1 I Z. lt. ~d ~~ . li 3/ . lif 
Sm 2.66 u . .> 1 ~m 7. )2 li .17 
Eu 0. 71' uO. !i h :; .... I .I] 15 . )5 
Gd 3. ~ ~ L:! • lo t., I Cd i .aa l Q. fl i 
Oy 3.) 1 10 .11 oy o. )/, IQ , )2 
Er 1.il.s IJ . !I r: r '-'• : ..: ~1 . J_. 
Yb 'L 51 If . 28 Yb 5.36 28 . j 5 

Tm )'ield 0 .42 --:·m ~ie l d D • .-9 

* Normali sed to t he values of iny l tH and !;one~n ( 1977) 



!!....""P.!! '!f• 

82-JO vt. 1. 0.02 
fono, -

82-)0 lrt. % 0.04 
ton~. -

82-'.l() wt. ~ 0.01 
to .... -

82-0 wt . % -
for-. -

8 2-<5 vt . 'l! -
f ora. -

82-n wt. t 0.04 
tons. -

82-<S vt . ~ 0.01 

\ forat, -
82-<:S .. t. ~ ,0.01 

for.. -
82-<:16 wt. % O.ll 

for•. -
82-<:16 Vt. " -

ton. -
112-<: f 6 vt. .. 0.03 

fona. -

<· 

TABLE Al Chlorit~croprobe analyses 

ctn.oun 

~T5~ Q~rtz Crv~t• l Tuf( 

!'I~ Al St It Ca Tt Cr 

19. )9 22.22 26.87 ~-02 - ~ 0.01 
5.656 5.40-' 5.348 - - - -

19.11 22 • .3& 27 .0, - o.os - -s. 74 s. )2 } . '6 - - - -
18.80 22.73 27.36 - 0.02 - -
~-6~6 5. 404 5.H6 - - - -

g .. ar t-a Crv.c•l 'Tuff 

19.21 21 .61 26.12 - - - -
5.964 ~.192 5.412 - .- - -

20.62 21.42 27.}6 - 0 .01 - -
1> .216 5.124 5.488 - - - -

21.21 22.22 26.0~ 0.01 - - -6.412 5.292 ~-26, - - - -
21.69 21.89 27.81 0.02 0.01 - 0.02 
6. )8, 5.096 s .'-88 - - - -

20,H 21.&6 26. 12 0.01 0.02 - -
6.216 5.292 s. ).1.8 - - - -

ll. 41 l2.'l )2.28 2.83 0.02 0,01 -
l-~~6 5.6 6. 776 O.H6 ~ - -

20. 18 21.6) 26.89 0.0) - - 0.02 
6.104 5.18 ~.4)2 - - - ' -

20. 34 21.57 27.87 0.0) 0.02 - 0.02 
6.0i6 S.096 }.60 . - - -

T.ULE A) 

!trt 
~ 

o.n 
O.ll2 

0.~9 

. o.oa.:. 

o.so 
0.08' 

o.n 
0 .028 

0.21 
0.028 

0.20 
-

o. 2~ 
-

0.2} 
-

0.25. 
-

: 

O.lb 
-

o. )2 

-

r~ 

18 . 4} 
):)6 

1S.9j 
). t92 
0 

)8.)6 
).08. 

... 
17.90 

).108 

l7 .91 
).02.; 

17.80 
2.996 

17.82 
2. 912 

1•7. 70 
3.024 

11.44 
. 1.9tl8 

18.90 
). 192 

17.91 
2. 991> 

~· 
0.01 

-
-
-

O.Ol 
-

0.01 
-
--
--
-
-
-
-

0.04 
-
--

0.0) 

-

Total 

117. }l 
u.a:; 
1111 .1 ) 

19.79 

17 . 80 
19.74 

liS. \0 
19.8~ 

~~~. }4 

19.38 

87.)) 
19.911 

89. )0 
19.88 

86 . 32 
~9.94 

t l.1l 
18 .76 

87.80 
19.91 

88.1S 
19.91 

.. -1' .. 



- -- -·· .. -------------- ---------:------- ----- - -----

TABLE A3 (contd) 
.. 

!11nnalls"d lloril<-n u.&u .1) 

~.a ~· !'Is ~~ St r. (;J Tl Cr_ ~ r. :'\{ Toto! 

T48-IH :.t. l 0.02 17 . S7 21. S9 25.S~ 0.01 - 0.02 0 .02 0. 74 22 . 4'J ~ 0.0) 88.01 

f ''"" . - S.432 .s. 264 ~.29b - - - - 0.111 ).892 - 20.02 

148-81 v t. lt - 17. 78 21.87 U.29 - - o.o~ - 0. 78 n.n - 81. )0 
fora. - 5.488 5. 348 5.2b4 - - - - o. 112 3.78 - 19.9' 

T48-8l vt. 1 0 . 0~ 17. )1 2! . 37 2S.51 ().04 0.01 0.04 0.02 0.78 22.01 0.0) sa.u 
foe~~ . - S.J2 ' · ~32 ~.260 - - - - 0.1 12 ).808 - 1'J.9~ -

T/>8-81 Vt. 1 0.05 17 .48 2}..77 26.29 - 0.01 0 .0~ - O.S4 21.11 0.04 88.31 
fogo. - 5. )48 3. 264 ~ - 404 - - - - 0.1 4 ).7~2 - 19.91 

H:s.-az V(. l - 2l.9 21.8 25.71 0.01 0.01 0.02 - 0.}2 17 . 88 0.09 87 .93 

fo.-. . - 6.606 5. 208 S.20S - - - - 0 . 08~ ) .02~ - 20 .13 

H5-81 "'t • t - 2Z. H 21.52 2S.S8 - - 0.0) - o.ss 16.87 - 86.64 
fona. - 6 . 748 S.l8 ). 2)6 - - - - ().08:. · l.&at. - 20.1) 

~fs-82 v t , % - 21.4S 21 . 77 26.89 0.02 0.01 - - 0.6 16.66 - 87.4 
ro ..... - 6 . 44 ). 18 s. 4 )2 - - - - 0.08' 2.80 ·' - 19 . 94 

5£S-82 wt , .. 0.03 1}. IS 21.39 Z6.66 - - 0 .05 - 0.5) !6.16~ - 8). 9 7 
to ..... - 6.:.:. 5. 152 5. 4 )2 - - - - - 2. 772 - u.aa 

l~ES-82 vt. ~ - 19.4) 20.4} 26 . 45 - 0.01 ().CZ - o. 77 20.87 o.OJ 87.'J8 

f or:a. - ).936 4.92' s ·'· l2 - -· - - 0.! 12 ).5~4 - 1() .1)2 

f-4 ots-s1 
. 

( 
v t. ~ 0.01 18. sq 20 . 7J 2 ~ .80 - 0.01 O.O.S Q - 0. 79 20.~8 0.01 87 .?8 

( <'01. - s. ?b8 ~.012 ~.~811 - - " - O.lU l.!>O - 19 .88 

l0FS· 82 \tt. ~ 0.01 19.91 11.89 27.21 - 0.01 - - 0.8! 20-~1 0.0) 90. )9 

to.-.. - ~-8a ~.1:;. ~-~0~ - ~ - - o. 112 ).Ub - 19. 94 

1 ots~sz vt . . 0.02 lS.b) 21 .)() 2~.49 - - 0.0) 0.02 0.8) 21. )I 0.01 87.!1) 

for.t - s. j;, ~-~8 ~.2!>4 - - - - 0.1~ ).696 - 20 . 1 

lOES-8~ wt. t - 19.S8 ~0.~9 25 . 8~ 0.01 0.01 0.0) - 0.6~ 20.14 0.0) II>. 79 

f<>T"'I . - 6.0~8 5.012 S.l76 - - - - 0.1! 2 '·50 - 20.1 

10£5-8.2 \tt . l - u. as 21.:!0 2S .6b - - 0.0) - 0.?0 Z2.09 0.0 ~ 87.S9 

fora. - ).516 ~ -~08 ).)~ - - - - 0.112 3. ll.lo - 19.99 



TABLF. 1\J {contd ) 

~li n~ rdL lst!'d JfQr L~"t ' " ( '("1 'll •t. 1i ' TAIH.i .\3 

Sa::o;Jl~ Na Ng i\1 Si K ca T1 cr Nn Fe Nl I 1u tal 

T/!.-81 WL .,. - 20.22 22.10 25.69 0.01 0.02 0.01 0.02 0.99 16.65 - 8').70 
forQ. - 6. 216 5.376 5.29~ - - - - 0.168 2.884 - 19.9~ 

T7!.-81 we. " - 2.3.!.1 20.85 27.~5 0.01 - 0.03 - 0.20 10.65 - 82.60 
forn. - 7.196 5.068 5.6)6 - - - - 0.0~8 1.82 - 19.77 

T74-d1 wt. ~I 

" - 23.73 21.86 27.60 - - 0.02 0.01 0.67 14.38 - 88.26 
form. - 6.972 5.096 5.432 - - - - 0.112 2.352 - I 

I 
19.~6 

6~i:\-82 wt. ' 0.01 2 ... !.,8 20.80 28.34 - 0.02 - - 0.2) 1).07 0.01 86.95 I 

form. ~ 7. 224 
I 

4.844 5.628 - - - - o.ozs 2.156 - 19.88 

fi-:M- 82 lOt. ' .• - 2:. . il~ 20.~!. 27.f.O 0.01 0.02 0.02 0.02 0.20 12.!.6 0.05 85 .. 63 
form. - 7. : .. 18 .!..84.:. 5.544 - - - - 0.0~3 2.10 - 19.':) ~ 

b:\;'\-82 Wt. 0 , 0!: 2!. .1\3 20. 71 26. 79 - 0.01 0.02 0.01 0.18 13.23 - 85. ()1 
form. - . ' 1 ~.9~1\ 5. !.0!. -f ....... - - - O.C:23 2.24 - 2d.\b2 

6:->,\- 1!2 •,.•t. .. - 2 3. s 21.17 26.56 0.02 - 0.12 12.86 - 8!1 . 56 - -
I ··.,rn . - ., 1 ~ r' ). 09h 1. 4 3? - - - - - 2. 181. - 19.96 J . - "~ 

h-:\,\-8~ Wt. z - 25.~) 20.52 28. 3.:. - .., 0.01 - 0.14 12.82 - 87 .Di 
f orrr:. - i . .:.4!l r.. 78~ S.f> - - - - - 2.128 - 19 . '9P. 

6:\/1-R2 ~·t. 
., - 2 .. :. 27 20.00 27.10 0.01 - 0.03 - 0.1; 12.57 0.01 8t< . l 6 

form. - 7. 42 :..816 .. .., ) 
).J .. - - - - - 2.156 - 19 .911 

Olemi eal Sedi:Den t .s 

~2-13 f.tt't. i' - U . JO 21.39 25.9 :. ::>.02 - 0.01 - 0.1:. 30. J3 0.04 89.57 
forn. - Loo8 5. 32 s.:.6 - - - - - s. 3:.8 ~ !9.R2 

82-l J Wt. " - Jl ,h5 21. :.0 26.30 \}. 01 - - 0.16 30.13 - 89.ob ~ 

forr.1. - 3. 64 5. 292 5. '516 - - - - - 5.29:!. - 19.77 



' - -- ---- -------- ------------------------

TABLE A3 (contd) 

Che111lol Sedllll('nts (~) TA~Lt A) 

SAla:P.U S.a ~I! AI Sl K C.a 11 Cr !In h S1 T.:>t.al 

~n-11 ..-(. t 0.()) 11.26 20.61 l$.64 0.04 0.02 - - o.u 30.::>3 - 88.':12 
fora. - 3.S84 S.Z08 5.488 - - - - - 5.488 - 1~.79 

Tll0-82 vt. t 0.01 19.8~ 19.00 26.6S 0.02 - 0.02 0.01 0.11 20.98 0.02 86. 7! 
fona. - 6.181· 4.669 !>.SS7 o.ot. - - - 0.018 3.66 - 20.1 

~ 

TllO-tU vt. l 0.04 2).) 24.8S )9.52 0.07 0.01 0.11 - 0.09 1).4~ o.os l1 ).49 . fo.-.. o.m S.417 4.S70 6.168 0.014 - 0.009 - 0.009 3. )20 0.004 19.~2 

Tll(}-82 vt. l 0.03 18.6~ U.9) n.ss 0.01 - 0.03 0.0? o.~ 2).8 0.08 88.12 
fora. - S.6~7 4.81) 5.649 - - - •( O.OOo 3.7lb 0.012 19.913 

Tll0•82 V(, l 0.09 19. 9) l7. so ~9-61 0.02 - 0.0:. - o.o~ 2!.67 o.os 88.9) 
fono. 0.029 6.0)~ 4.178 S.997 - - - - - 3-667 - 19.692 

i 



TABLE A4 Sericite mi~roprobe analyses 

. SERIClT£ 

guuu Ct'~ at .a 1 Tuff 

~ 

~.1.1 Na "" Al St I( c.. Tl CT 

IU-1 Vt~':. o.u 1.&1 )0. ~) ~-ll 8.~ 1 - 0.07 0.•'1 
ror•· 0.048 O.)b ~.448 6.Q8:. t. i(.)'. - - -

12-l wt .~ 0.17 1.10 :n .18 1.7.29 9.7~ - 0.0} 1) .(\J 

roroo. 0.04) o.Zte ~.147 b.!.(.\2 l.b8<' - O.L'CII -
82-1 wt.~ o.n I. 71 )0.42 ~.88 ~-~~ • Q.t't> o ... '.:. . tore . O.ObC. 0.)4~ 4.898 o. ~!I I. C"'ll - 0.c'H (1 • .-.. ~ 

' 
8 2-1 vt .•• o.tt> I, ~7 2~ . !>4 4).c.7 ' a.es - (),(', -

For .. . 0 .044 O.lH "· ~Qb ... Ed~ t.ne.. - 0.<'1} -
82-1 lrt. \ 0.17 I ; ~] 19.49 1.8.411 <j. 21\ - o . .;J 0.0~ 

for•. 0.04) o. )'10 ~.l\7 b. ~82 '.b ... ') - o.~tt> -
L•rs• guert 1 Cr vatel lull 

S2-JO wt..•. o.eo 0. Sb )6.0) o;.;:.tv 7.(11 - 0.02 -
ror ... 0.1lb o.o% ).928 1 ·''''8 I .~86 - - -

12-lO ttlt·.e:. 1.2~ 0.40 )b.Ol 1.0 . ~ = 8.(1~ - 0. ,)) -
fona. o. 336 o.on b.\44 b. 7 .. <. 1.488 ~ - -

aJ-Jo wt. ~. o.s~ o.n )b.l8 4Q • .:.) ?.~Q - (\,('1 0.02 
rona. 0.211:1 o.oq~ b.OO b.'l~ I , )b8 - - -

&lotl~e Tufl 

82-llc we,.~ o.o~ I.~~ 27.68 ~ 1, 7~ 9.) ~ O.C'2 (\,('\ -
For ... - 0.4(18 4.8l2 7.1.:<4 \.8 - - t- • 

.... . . ' • 
----· ---- - -- ~---·p-~-----~~ ---·--- ---

.. f.\lii...E M 

Mn Fe 

o.(\z 2.bQ 

- 0.)10 

o.o~ l .~! 

O.c'08 o. ]'k_\ 

0.(\L } .~ = 
Q,(l()l. o.) ll 

- 2.1Hi 

- o. )l~ 

t).,'t> ~. ~·., 
o. ,,~,~ o.:ll 7 

- O.QQ 

- O~~,"Hlo 

- (.',QQ 

- \). 12 

0.0) I. l~l 

- 0.12 

O.l1 b.C.8 
,j,,\~1, u. ;Ql 

. 

St 

-_, 

-
-
-
-

(1.,'1 

-
. 
- .. 

"''·'') -
o.,,~ 

-
,,,,,1 
-

0.<''> 
-

Total 

9{\,1 ~ 
1<..88 

q: .~ ... 
I). 7 ~; 

Ql.Q\.' 

} l. ~! 

~~~-"~ 
'D.olll 

q~ .,'; 
\) . ., .. ~ 

~~-"' 
1~ . \V 

QJ,)Y 

' " -~ 
9S.~o 
\C..18 

9) .Q7 
I ). <! l c. 

.... 
0 
N 



TABLE A4 (contd) 

I 
SERICITE ( ~ l)Ot 'd.) 

I 

Biotite Tuff (cont' d) 

~ple Na M~ J\ l Si K Ca 
I 

82- 12c wt. ~; 0.04 I. 81. 29. 57 )0 . 70 9 , 1)1. -
form. - 0.384 4,%a 7. 214 1. 63~ -

82- 12c wt. ~ 0 .06 2 . l~2 28 . 20 50 . zn 9. 4\.l -
forr.~. - O. l.32 l. . 82!. 7 , _,} 

· ~ ' - I. 723 -

82- l2c 
I 

wt . ', 0.?5 2. <18 27 .08 !.4 . 80 9 .3l' -
form. 0 . 072 o.ii72 I. . 8~!. Q, 792 l.R -

82-12c l.'t . ·, 0 .09 I. 79 n . ;' 48.79 i.) . ) ,, 0.02 
Forrr. . - o. JS/. t. . S.t.iS 1. ~:.s 1.8 -

guarc z Crvstal Tun 

~?-c lh wt . .. .., ) . 
,, • '- J 

. : ... 
1 • 1,.. )! . .'. ! .',1) , !-Q 7. 87 -

Forrr .. O . C7~ o. 33b s.s. 6 . 913 I. j !2 -

I 
l~l - 74 :ot t . "I 2. i' I 0 .97 ZY. ln ~'- 8 . )I 6.b7 o.ot. 

f'orm. o. ':'2) 0.! 99 4 . i'i2 6. 7!3 I . 178 11 . 00'-

rii - i t. Wt. c. 3d I. 32 33. 1' s i .oi s . o~ -
Form. 0 .091 o. 2S3 ) . OJ~ b . )~ 7 I. i''l -

82-BI(al wt. •: o. 2l\ 1.7 5 31. 13 4/l .64 9, ·I~ -
Form. C.OSI 0. 378 5. 32 ') j . 0.~9 1.686 -

.P-Jl ll .t I :M t . ~ O.J I I. 7) ) 1. I. } sc .42 9. 51 -
Form. O. OS4 0. :.172 5. 2bS l . 17J I. i' ~) -

Ti Cr ~n 

Q.O'i 0 .03 0 . ()2 
- - -

0 . L'!. - O.C2 

- - -

O. l)!Jt 0 .0) (1 . (1 !'. 

n.nlt. - -

o.o' - u.ot 
- - -

0.05 - o.ot . 
- - -

0. 01 - 1) , ;)3 

- - -
IJ . I}~ - -
u.ul•J - -

tL 0i o.c2 -
0 . 02 1 - -

0.01 - o.o.:. 
u . u~ ' - u. u..:Oi 

TABLE :\4 

Fe 

). 02 
0.6 

!'. . tl(! 

0 . j.; t; 

Q , !)j 

I.I 2R 

) , J, 
0 . &~ .. 

' . ' .. ....... 
IL l~ 

o . Q~ 

D. j(lO 

0 . 9:! 
o . ._:qg 

I. 9 ) 

o. 234 

t. 6B 
J . L I)) 

Ni 

0.06 
-

ll. ll2 

-

-
-

-
-

~ . o :.j 

-

O.M 
-

0 ,05 I 

o.ooJ 

-
-

-
-

'!"otal 

9b.3 7 
I ~ .81 

"-4 . <J 1 
1~ . 3S 

93 .&7 
n .JI 

"J . •1 
t •• 92 

~D • . .: 

I . :il 

il "' . l d 
11. 10 1 

~~r; . st. 

11 . 5-" '· 

Q~ . 81 
! li . r . 

C! 5. ! 
lt. . d_ 

I 

I 

w 
0 
w 



. ' \_ 
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TABU: A4 (contd) 

. 
URI!;:tii (~) t.UU A4 . 

~ru Crvsul Iyff (~} 

~I· "• · "a AI St I( c. Tt Cr !'trl rt Ill Tout 
82-DI(•I VI:. T. o. 2'1 2.M lO.o4· 40.70 10.18 - <>.OS o.ol 0,('4 2. 2~ o.o~ ~4a 7,! 

roTftl. 0.01& 0.447 5.l09 7. I 79 t.dH - 0.01~ - 0 .()Q) o. 27 o,oo> 14 .'170 

- . ... "tnlr&llud H~t L.ton 

T48-8t Wta~ 0.9CI 0.82 ' J2.78 .. ~.02 9;12 - 0.2) - 0 .(II 2.01 - 91.0'1 
forro • . 0.233 0.1118 ~ .8)tl ~.84 1. 1 )f. . - - - - 0.]1. - I\. I Cl . 

T48-81 wt. ~. 0.&6 o. 78 32.2t, 4).44 ~- )4 - o. !a 0.\11 (1.01 1.11 - ~Q. J! 
forro. 0,21, 0.168 5.904 6.71,4. •. a'l~ - 0.014 - - 0.1111• - I S.lf> 

T48-Sl .0_~:.'1; 0.60 0.91, n.<n 46.n 9.H - 0 . . !8 - 0.04 I, St> (1,\'S Q) .9~ 
(•JJ.d•l tor .... 0 •. 1611 0.192 LlS'. (>,Oil t. 's~ - !'a •'!!,. 

I 
- - ,\,IQ} . I 'J\J .... 

I 5tS-81 "l. ~ 0.80 t. tJ 3i. )6 ~).~4 <1,.:.9 . 0.1 I ~ O.<'o t.O<l - ~~-~~\ 

' 

. ro .... 0.24 0.2!14 5 .952 6. }1,4 I. 872 
.• - - - - o.t9l - I S. )<. 

J1 .sa 
.. ' 

~l:)b )!S-$2 wt.'1. 0.81 1.09 '-b.)~ Q,,,) - (\.4 1 0.1>2 0.04 l.bo o.v<. 
..-·ror .... 0.216" o. 2' ~.b4 6 .<1 ~' 1.718 - ('. "''::. - - ().19! - 1 S.t\:.6 • 

IOVA-&2 vc.."! O.Ho 0.88 }1, }I t,7. '.! 8 a .. 'I> - o. 24 .0.04 o.ot O.b7 0.<'1 ~-lb 
Form. 0.144 0.192 ).711 1) . 888 1.8 - - - - 0,()90 - I \,01,6 

IOW.-\-82 \It .t 0.~1 0.96 n.oo 4~. 51 (j. )<I - O.l S ~ o.o1 0.88 v.l'3 9V.'b 
rorm. 0.144 o. 211> ~.as !).88il l.<l N - - - ll.O*b - ... I ~.046 

IO'o/A-82 vt.'t ' )I. S2 "-~0 6.!\1, - O.J) '>.">1 8l . lO 
0-4" l. 20 - 0.21 - ,_ 14.90 For•, o. \1 (). 2<>4 ).1)6 7 .(\08 I.: l - - - - 0.072 . 

. • 



TABI.E A4 (contd) 

Sf.!UCITE (cont'd) 

~lineral i sed !lo rizon (c('nt'd) 

SampJ!. Na ~lg Al Si K Ca 

1 WA-nl wt., l'. 66 0 .67 33.86 47.61 9. i8 -
Form. o . 1~s o. 144 ) .832 6.96 1. 82~ -

1)\IIA-82 1~t. ll , 1Jl o. 77 )f. , 27 4i .~0 9. 2> -
Fcrm. o . ~l~ O. lo8 Ll:l8 6.d88 I. 701. -

I 3WA-n~ ~·t . 0 . iO O.bb 33 , {.7 t.s .ns 9. i(' -
Fon. iJ . ~ 9~ :! .! 4l. ) . 73o 7. •I1H I. R -

13i.'A-~2 ;-'t . 0.99 l). 'j !, ) ... ~6 46 .<lC «l . o~ -
f'orm. 0 . 26 .. 0.096 1. 1152 o.81JI. l. o8 -

l )Wr\-t!2 ... t. o .• L o.o:. 3 ... ~a t.i.3) 8. 9) -
Form. o . • :. 0. 12 ) .88 6. q1o 1. 631 -

TfJtl -~ J-Ill 'Jt. ·. 1>. 2R I. 7q )l' . f.Q 48.15 8. 50 c. I 
Form. ,~ . ~ - - .., _ . , ~ '" 1. 3C~ , . u. J('( ... i • .. .. - ' . .;. _ .. -

TOO--l -d~ 'Xt I 0 . 2 ~ 1. i R 29. 74 48 . ) .'! 3. iO -
FOT'1' , 1) , 1.] 7_ 0 , l.f't!; 5.2/l 7. 2Ytl l. o)6 -

T~t)-21-81 •.ot. ' · ... 2 I. ~6 31. s. '-4. • ' . , .. 8 . ~6 0.01 
I f'orm . ~~ . 12 o. ))h j . !k•t &.'i!2 1. ~e.~ -
T~.'- 21 -82 wt. o. :9 I. 9o 30. 29 r.i . !.o 9. 17 0 .01 

for::t . il.on 0.432 b. l2 7. 176 l. 7)2 -
I 

Ti Cr Mn 

o. lb - 0.03 
- - -

0. '33 - 0 .05 

- - -

o. !0 - 0 .0 1 

- - -

0.18 - (\ .02 

- - -

e. 1 i - -
- - -

(). 20 Q, (1Q J ,('t) 

- - -

o. )) CI .Oi -
- - -

0 . 1~ C. l3 \i 1 

- - -

C. IO 0 . ('!. 0 .06 
- - -

TABLE A4 

fe Ni 

1.03 -
o. 12 -
1.30 -
I) . J .. _ -

1.68 -
\' . l1f>.1 -

l. bl -
0 .1 92 -
(. ] -
0 •., ~; • 1 -
) ,Il l -
1 • '"o -

o. 1' I -
o.or. -
! . I t -
l~ . 1:. J. -

c. ~o 0.01 
I, 1° 0 -

Tct.tl 

ll ). 9• 
11. l .. a 

9t. . ! ~ 
I ~ . ' -. 

If- . 3-J 
I j , ~ a 

Q. - -
!. > 

l ) . ·d 

ti ' · - -
I ~ . 

fl• • ~ 

I .. .; . 
,.;u . :J _ 

~ • "J 

II .B 
I : . ..: ~-· 

" . ~ Q 
: .... ~"'J 

w 
0 
\J1 
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TABLE. A5 

atOTrn: 
: 

I lot lte T10tf 

~ 
ICI Ita At 

~· . 
~. o:b'Z ,. vt.t- ' ·,~ 16.78 

( . Porw~. • - l. l.f>2 

12-}1., .. ~.% 0.01 e.~~ 1~.40 

ro.-.. - 1.02 \.524 
12-lle wt.t - 1.27 .42 

For., - 0.996 ~~~!6 

f ,...._ - .. }. 

Biotite microprobe analyses 

51 

U.~l 
2.916 

)) • .)0 
2.8)2 

H.7l 
,VH6 

1: 

4. )0 
0.44 

7.62 
0.816 

8.01 
0.828 

' \ 
\ 

c. 

0,14 
-

o.os 
-

0.07 -

T"BI.[ ~} 

'1'1 Cr 'ltn 

0.30 - 0.1(, 
0.048 - -
O.ll 0~01 0.1) 
0.048 . -
0.~9 - 0,18 
0.048 - -

r. lH 

2).71 0.0} . 1.62 -
2' .(>~ -
1.74 -

24.82 -
1.69~ -

Tot.l 

89.)4 
1.1~ 

19.82 
1,,92 

•z.u 
7.968 

( 

l 

\ 



TABLE A6 : 

,...,. r[U'"'~ru 

Uot It• Tuff 

~ •• ... I 

12-12~ wt.Z ll.41 ... 19.88 •r.n 
(c<>ro) ror-a.~ 1).97~../ - !.OJ: 2.9 )b 

12-llb W\.1 11.~0 . 17 .• 8} ~9.1 ~ 
( .... 1_!...,.) , ..... o.ttz - 0.9!1 l.Oil 

u-tn' "' .1 12.16 - 11.9• 69.00 ,, I (ua~ Porw. 1.027 - 0.972 l.OI 

12-1211 "' .( 10.80 . 18. )9 u.:o 
(,.,c)... Por.. 0,9)~ - 0.9~) 1.011 .. • 
U-1:~ .... t 12.)7 - ll.)u )0.1) 
(4.d , .... 1 .0)4 - 0.94.! }.0)0 

_..-J ' 82-lh .. , . ' 10 . )11 - ae. )) u.n 
(rl•l ro.-. 0.,., - o . •~• ). ~ )) 

82-1 !a. "' .t II . H o . o~ 19 _,,, & r . 61 
(corol ro.w. 0 . 99) - o .... ).002 

82•111> "~ .1 
l t ~ ·· . Jt . OI. U . l9 

1•-cl rara. 0-·~· - ./),,;) ).011 

II-III> W(,l II .• o (1.()2 18. '9 U,().t. 

'\ ' I 
(ria) to ..... 1.011.) - 0.977 ).11011 

' 
., 

B!-l!c ·~-~ 1).2) 0.02 18.}9 ~' . !l 
(co .. ) ro"'. o.t~ - ~-~~~ 1 .04.:! 

~ 
ez-1~c .. , .1 I~.: r - ta.u 70.67 

~- I 1 rl•l rora. l.l118 . ~-~~~ . ).(',. 

•~-l~c .... t II -•I 0,0) 11.9() H . J' 
(care} for.. o.uz o.oo: 0.9&0 l.~09 

l!'•l::c: ... ,.1 II ,41 - "·') '~>• . H 
Ina) rona. 1.010 - o.us J .(1()1, 

·~-· :c .... 1: .... , &), ·,.! ~~ - ~ , . IV . i1 
(N>rol Porw .. O.Ho - (\~·~· ).n41 

·~-l!.c wt .. : • ll.h - (9.1) t>a. -. 
l<l•l ro,... 1.":'1 - t'. te~ 1. ~·: ~ 

~:-1 :c ., .: ll. .• - ~ .\): I ~.1 ~ ~·.I~ ... '"'"lh I.· I - , •• 1111) J. • ; • 

feldspar microprobe 

~ 

0.0~ 

-
0.02 
-

o.o, 
o.oo: 

O.Otl 
-

o.oa 
0.00) 

(\ . ~~ 

v.oo: 

o.o. 
o.oo: 

O.OJ 
0.00} 

o. II 
. 0.009 

-

0.10 
o.oo~ 

~.07 

o.~o: 

o.;: 
0.01 r 

• .o~ 
n.oo: 

O.N 
0.0~1 

~ -~S 

c• .<·. : 

'-~I 
,._ .. 

\ .r 

C• TL 

0,01 -- .< 
- -- . 

O.Otl . 
- -

0.09 -- . 
0.01 ' . 
o.ooz . 
D.u. -
O.r><' I -
0." -
0.00\ -
0.10 -
0.00) -
0.18 -
0 • .) ~ 7 -
0.14 0.01 
~-01 -
0.04 -
0 .. '01 -
0.11 -
0.('0) -
o.~s 
O.Nll -
~- •J -. -
~-ll 
~- .i"-:'~ -
.... : . I 

-
analyses 

1 
tA&lt ._\C:I 

" c. ~ft Po I T~~:H•l 

- - . o.o. .. . 04 

- - - - ···~ - 'o.o~ - 98,U 

~ 
. . . ._., 

. 0.01 0.04 0.0• 100 . ) 

- - - . ).01 

- o.oz - 0.0) ,,_ .. , 
- - . - ··'' 

0.0! ~ • . I 0.02 - 101.22 
- - - - s.o .. . . 

0.01 0.0( O.Ol - '' ·'z - - - - • • • lO 

('\ J · ~ - 0~0) - QS .11 
. - - - 4 ,"7 

O. t:lt 0.01 0 . 11'- - .... , . 0.001 0.001 - • ,910 . 
- n.n1 - - .,,_~) 

. - - - '-~ 

. 0.0) o.ot - ... H 
- - O.OOl - •.h 

. 0.01 o.o• 0 . 01 101.U, . - . - ~ · " 
- 0 . ~': 0.10 - ~.JI) 

- - n.oo1 . .. , .. 
- - :>.Ol .,_,. 

- . . - s ,1)1)4 

'-
. 

IOO . l 
I ; 

~ .o: - -
- . - -

4 ·'" , -- - - "-'~ - . . s ,I"<Y· 

. .. - - . ,. .. ' I .; • ,7} 

. . - I s., ; ~ I 
\J 
0 
~ 
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.. -· _ .... 
< •• 
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0 
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'I 
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I I 
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0 
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-
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0 .. 
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• I 
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~ 
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~ 
• I 
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o I 

I t 
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I I 

0 
0 

I I 

:: ~ .. . .. 

"' "!, 
0 
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C!l 
0 

0 . ' 0 

' I 

~I 
0 

.. 
0 
'I 

0 

. .. ... ..... 
0~ .. 
N 

"!I 
0 

I I 

~ . ' 0 

I I 

~ .. 
0 

"' 0 
• I 

0 

I I 

I' 

~. 
0 

I o 

I I 

' ' 

8 
'I 

0 

~ . 
0 

I I 

.. .. .. 
l 
E 
.3 

~. 
" 

0 . ' 0 

I I 

0 
'I 

0 

"!' 
0 

·-~-= .... ... 

I I 

~. 
0 

.. 
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.: e 
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u 
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:::~ 
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o I 
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I t 

I I 

~ 
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o I 
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~0 

... t 
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0 
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0 
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0 

'' 
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0 

-I 

0 

~~ 
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c 

If • t 
0 
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I I 
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~ e 
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.. 
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TABLE A6 (con.td) 

~{~\ 
c \ 

1AIIU ... 

ll<l ~ Al $1 ~ Ca 11 - ~ 
lCI 

·1- 11(4 ) wt .l ll.h Z0-41 11,,] o.o. D.O. o.oz \ 1\!1.:<> ·-· 1.01& 1.00 1 •• ,1 o.oo1 o.oo: ' .Ill: , 
~ t.l-IICa) ...... II.,. "·'' • 7!.17 0,04 0.0) 0.0~ IOl.lt 

p~,_ o.na o.•rt J.021 0.00\ •.n, 
ll-ll( o) we.-~ 10.1!6 lt.H 1).6t O.Ol O.D' 10) ... ,_ 0 • .,1 o.•~ ),0'!,6 0,001 0.001 4,171 

U-tl<•l .... , • . i6 "·" 
,,,., 0.0) 0.03 IOl.H , ..... 0.110 O.tM 1.oa 0.0()1 . .. )) 

111Mrallu4 llo r hoft 

,. .... , vc.'l 11.94 11.11 )0.0) o.ot 0.1. .o.u (),1)&' 101.~ ·--· 1.00 o.tn ),OH 4.9 .... 

l4HI wt;,l 11.14 0.02 Jt.Ol 61.'14 0.01 o.Ob -· 0.0} 0.10 n.e: ..... O.t6 0.9 .. ).001 4.9)2 

T4HI vt,l 11.0) 18 .4S 69.2) 0.02 O,l, O. II )00.01 ..... 1.ou. 0.9)2 ] .014 ~ .,., : 

,ts-1 1 vt . l 12.00 "·" 10,&2 0.0, o.lt 0.01 O.ll 0.0) !OZ.) , , ..... o.nz o.,z 3.01~ ~.•a 

n .s-e1 vt.J. 11.19 "·" 12.11 0.0 4 o.H O,ll 104,H 

PMW, o.~ 0., .. 1.008 0.001 ..... 
SU_.l vc,.l lt .U 19 •• 2 611 .19 (),0) (),,, 0.0) 0.0~ o.oa IQI\.H 

ro". 1.00 I.O<>a 2.976 0.24 s.ooa 

T60..21 "'·' lJ.OI ll.•• ~>a.•l 0.0! 0,10 0.04 n .H 
r ot"W. .. 1.020 o. t n ).016 ).00 

T&~!l vt.1: ll.U " . z• 11.n --. n.o~o 0.21 o.o! 0.0) IOl.U ,. ... o.tzt o.tu }.0)2 ... :, 
-r.o-11 vt.l 1).91 II . U U.1S 0.0) 0.1~ 0,0) 0,01 o.~) 0.07 ... ,. 

, .... • 1.016 o.Hl ),016 •.tn 

o-1ul S• clt .. r.c 

I &!-I) wt.1 11.<'1 , •• 711 11.1~ 0.()4 o.o& O.ll 104.ll 

fo,... O.t76 0.976 l.OI(> 4,q,. 

u~tl vt'.J 11.~9 19. ~- 7Z . : • 0.(17 0.04 0 .oz o.ot 0.10 10) •• ) 

ron .. (), 944 0.964 }.0}2 4 .944 

~=-n v t.1 11.)7 0.01 l9.H "·" 0.(14 o.o: 0.01 ~.OJ 0.(14 10). '-' 

Ton . o,•/14 0.9~~ \.0~9 4 .91: 

I_.) 
1-" 
0 
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TABLE A7 

CAR!OSAH 

l11n.r•lhed Hor i zon 

~P.!! N• "" AI Sl 

IOE~-82 wt.\ - 12 .tb - o.ot. 
for ... - 0 . 8!lj - -

IOES-82 vt. \ 0-08 12.n - -
forco . O.o.>O!> 0.80 ~ - -

6NA-8: ~-·· o,,,, 19.7! 0.0") o .• n 
'or ... - 1. :!.2) - -

tiNA-81 wt .... o.u! 20. ~· - -
' 

for•. - I.?D - -
t>HA-8~ wt • ·~ - 19.13: - -

For .... - 1 • ~ Z7 - -
!>114·82 \II!' It.·. "' . \' ! 1Q.'-l< - (' .... ~.. 

f('ITI'8, - 1. .' 1\ - -
l'~t-· t I wt. '• - ~ 1 • 7:. - ~" .. \"w 

ror<O. - I . :oo - - • 
TOo-11 wt. •. ~-t'l z ~ _, .. $ - "' •\'<> 

f"Ot'lli. - l . )o,- - -
f'lc.-11 wt. •. ".,_, .. ,_ 21.Z l. - C' . C'~ 

Fo ...... - I.Jn - -
t9b-Ho& vt. •• "'"'.\\1 11 , ,, I . '-'· lb 

fo~ ... - l. )~(\ - "' · t.'\"'0 

T%-1~~ vt..'. ~ .l!.bl' - -
fore. - I.)~ - -

~-\41 'tift. ·. l' .... ') 10 . .. d r.H c .. ,, ... 
F0r1111. - ' l.~H '-'.O.! i ,'. Ul.') 

f 

Carbonate microprobe analyses 

t.UL£ A7 

I( c. Tl CT Kn ;.,.~· rr 

o.ot 30.29 - - S.H ~-16 

- 1.~8~ - - o. J21 o. )~ l , 

- 18.1~ 0.01 0.04 8.69 8. 72 

- !.t.)l - - 0.3~ 
'-· 

0.)4~ 

- )J. <' v - o .... '! 2.!>'- ~-'' 
- I. '" ; c, - - 0.(\'1) 0.16" 

C'.O\ )).l'& 0.01 o.v'- 2 .n \. ")<(~ 

- I ,48~ - - 0.07~ 0.1"! 

- )l. )0 - :) 2.~~ \. <.9 

- 1 .-8\ - o ... "\ o.~d 

r.ot l). l b - - 2.)() ~-b\ 

- 1 .4<1; - - 0 .... '8:. t:. l'l~ 

- )\. H' l'.('l :'1 .. ,1') ) .9d ). "); 

- t.:.ll ~ - c.' !9 C.ll; 

"·''' )~ -~~~ - o. ~'.~ 1. )Q 2.~ ... 
- 1 - ~01 - - 0.('8'- c.c-~8 

C>.(ll lh~~ - - 2.9~ l.l: 
. I. ~~3 - - ('._;H 0.111 

- 3~. ~: - . ., . v.-.. 2.<1) ).4<1 

- 1.~.;· - - C.O~Q '::'.!!? 

"-'1 )~.~~~ - - l. jb c. ~ ~> 
~ I. ~:.o - - 0.,)76 ~ .):..: 

- ) I.; I - c -~1 1.<19 ... )1 

- 1.-b- - - 0 .('72 1. I i) 

"' 
O.(l~ 

-
--

l ' .\)) 

-
o.o~ 

-
., .. · ) 

-
--

l) •• _:; 

-
• .. • ')C.. 

-
O.C) 

-

--
-
-
--

Tot• I 

fl(\ ,1)7 

2. '18' 

H.'ll 
2.'l94 

()) · •'(' 
2.qe1 

til. 11 
1.'l8g 

61.)4 
],QIJ~ 

b<'-~'1 

1-'l'l\ 

~ 
~ ... 1.') 

2.0<11 

'~. '~ 
L<~.,e • . 

o:. J (. 

'. '"~ 
64. 0~ 

2.9<11 

:.&. 19 
2.<.;) 

• 

'"'-

,. 
l 
• 



312 

., 

TABLE A8 Arsenopyrite microprobe analyses 

TA.,BLE A9 l'yrite microprobe analyses 

-'Uf.NilPYRITE TA!ILE All 

WPJJI !I ,. c .. ~~~ f.u Zn -· C<l ~n Tout 
~rS-112 wtl 211,11'1 H.'n 0,0) n,J2 47,0, 10~ ,(!) 

ra,... o.~'IA 1.019 0,004 (',91.1 ],01)() 
us-n v1S 21.00 l1.U 0.07 0.011 u.o1 0.09 4). 711 0,112 106.69 

Po no. 0.996 I ,027 (1.9~9 - 2,992 

T&0-21 wt1 20.21 )7,21 0,()8 ·0.02 0.21 4~.1>1 0.01 0.02 104, )7 

Pnr•. n,'l"' !,OJ9 o,Q04 1],004 (',91,? . 1.000 
TM>-21 wtl li,U )t..6• 0.02 0,04 0.07 I),)J 4 s .45 0,1)(, 101.9~ 

,Gr•. I,O)J 1.016 0,001! 0.'141 2.996 
Tft0-21 vtl , l.ll J7.H o.os 0.03 .4 ~ ,)') o.o~ C).O) 104,4) 

for•. I ,021 I ,019 1',914 2.9'111 

PYRITE TAJU.K A~ 

!!.!!.!rJ.! s Ff Cn !-It r.ll '" h. ·<-d Sn Tot A I 

\r.So-12 wtE ~I.)) 411,1tft o.os - o.o~ o.oi 1),1)) 0.01 o.ol 1110.21 
For•• 1.941 I .II~ S - - - - - - - 2.996 

~r.S-112 wtt ~1.19 U.'ll 0,07 - - - 0.06 - 0.0) 99.27 
'o'•· 1.9 .. 1.041 - - - - - - - 2.996 .. 

~r.~--2 "'t H ,0) 47,)11 . o.os 0,1)) 0.01 0.01 o, l2 - - 9~.R2 
forw. 1.9~1 1,0)9 - - - - 0.04 - - 2.99f> 

lOWA-82 wll ~0.49 U.02 0,02 - o.oJ n.M 0.02 - 0,0) ?(),118 
For •• l,91t9 J,O)l - - - - . - - ).DOll 

l0WA-R2 vt1 ~1.27 4111.2.1 - 0,07 0,01 . o.o) o.o~ 0..02 q' ,74 
Fora. 1.\1) 1.02) - - . . - - - 2.99() 

1061CA-~2 wll 5J,M 411,117 0.04 - 0.02 - 0,0) 0.01 - IOO.RI rar., l.tu 1.05~ - - - - !. - - l.OOO . 
T9fl-ll lilt ~1.11 47.1111 0.04 0.01 0,[0 0.14 0,0) - - 100,}) 

Fot•• 1.91tl !,OH - - - - - - - 1.'19~ T96-ll wtl ~.~) 411.811 0.07 O,OR 0,09 0,16 0,02 ''n,02 o.nt 99,Q7· ,(),.., 1.926 I ,Of,l. - - - 0.04 - - - 2.9911 

--
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TABLE AlO Sphalerite microprobe analyses 

S ~IIAI).I( 1 It f-\!Lf. AIO 

~P.!!, ~ rt r.o HI (u 7.n "" r.d !\., Tol~l 

~r.s-112 wt% l2.9~ L~l o.o~ 0.04 'I. II ~~ ,07 0,011 n,2'l 0,02 102,09 

rt\r ..... I .Hl 0.09 'I :-1}(1~ l • 1.2~ ll,(l(l~ 2.'1~f> 

H.S-82 wtl ll.H ].48 
" 

o.n~ ~~. 17 0,1111 1), 21 111 I , \) 

'For• a 1,6f>~ O,O'J 1.'• 41 o.nn4 ),no 
~r.s.-82 "t1 ll.'lb 1.)0 0.01 M,f,q o.o• 11.1) 'l'l. 1~ 

for•• l.4'l~ 0.01>6 1.1fd 2.<1~~ 

~~S-R2 wt% )0.~8 Z.RO 0.06 64.Jl 0.09 0.11 n.o~ 'lK.~H 

tnr•. I .414 o.oa I·"'' 11,1)4\.1, 2.9'llt 

Sf.s-112 wrl li.Ol l.n o.o• o.o~ 0,01 ill,\~ - 1\,)4 t\,112 91. l ~ 
~ 

ror ... 1.4f>~ 0.0? I.U~ - 2.9~b 

~~S-112 wd )1,611 ),411 o.n~ 1),04 1.4,,1 11,11) II,IR 0,1)2 '19.?6 

t-'01"'-• I,HJ 0,09 I.U~ - 0,1104 2,9'll. 

IOUA-112 ~rt 32.41 )."\ o.o~ • 0.0~ 0.09 b4, )R O,fll 0.14 ll.02 1041,1>4 

t'ar •• 1 ,41>9 o.o~ 1.414 1.'1'12 

IO~A-82 vt1 ]2,72 1.79 0.05 0.04 Ill•. 2 I O,ll 11,(12 ltltl, 94 

ror•. l .417 0.0'18 I ,4 22 2,'1')~ 

10\.IA-82 vtl }I .~2 4.00 ~). 2~ (I ,1)2 "·'" o.••• 9'l,IJ<j 

For ... 1.461 0.105 I ,414 - 0.111)4 - l ,0114 

10\oiA-112 wt% 11.61 4.0~ 0.01 0.01 "L·~\ - O.lt. II .1)2 911.~2 

P'or•. 1.4)0 0.(1'14 -·.: 1.4 7} - fJ .110~ },ll(l() 

'Ibll-21 wLl JZ.K2 2.2V 0.01 tt .... (J.~J I<KI,Jil 

form. 1.,~2 O.U\9 1 .41.\ - tl.,(l(l.4 1.1101) 

TI>0-21 lit% 31 ,h) I .II 7 0.10 fJI>.'lO 11,11 fi,Oh lOll, )0 

ror .. ; \.44S O.OSI 0.004 I • ~1\0 - ).1100 

TVb-13 wt1 )0. 30 2.111 0,04 11,07 ~4.21 O,fl/1 0,0( 91>.'7~ 
for,.. 1.441 o.os~ I .'>110 - 2,qqf1 

T9b-ll 11tl ]0.09 J.JO 0.()4 11.04 b). )M II, )IJ '}),\~ 

for to. ),426 0.09 I, 41'.11 - t).l\111.. 1,1Jorl 
n~-11 ... t:r ll. II l,U Q,l)) ll.O) ~~-~~~ U,04 11.17 11.02 9'l.42 

F"orl'lllt I.Ul O,Oio.tl. 1' ,4HH & 1),(101, 1.011() 

T911-l) 01tt )0.6~ 2.07 ~'>.4~ 11,2A o.o~ 911.49 
·ron.. 1 .61ft o.os~ I. ~114 (),0114 1 ,I)() I) 

.... 
" 

.( 

! 
I 
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TABLE All Chalcopyr 1 te microprobe analyses 

l:JIAl.COI'YRI n; TAIIt.~ All 

~:'!.!..! ~ , .. Cn .'II r:u 7. n .... r.tl Sft Total 

T41\.-lll .. ll: ll.H 30.~7 o .n~ 0.06 n_,., .: 0.0) 0.02 91.1\1 
For•. I.~~ I I,Ol~' I.UOO l.9'l1, 

T411-lll IJit 11.119 10.' I o.o~ 0.07 JJ.M o. '14 11,01 0.01 0,0) 9~.A2 

'or•• 1.92~ l.ll~~ I ,0011 0.<•12 - 4,000 

H:s-82 wt% )4.()(\ ll. ~2 1).112 o.o~ n.'l) 0.'-) ll.OJ 0,()1 100.1) 

'o'"• 1.9H l.llH 0,4114 0.01 - 3.99~ 

.,r!l-112 wt! 12.17 10.611 0.()2 D.42 0,01 n.oJ ' 97.04 
Par• 1.9U I ,04 7 I.OO.tc 0.0414 - 4.004 

!UWA-112 .,r:z )1.17 111.01 U.OJ ll.D 0,17 ll,UII n.Ob 92.11) 
rora. •·'"1 J,lllt() o.nn4 l .04) 0.004 - 4,0f\O 

10\/A-112 ut! )0.?0 211.14 24.10 2.90 11.02 0,02 o.os 91 .24 
Par•• 1.9H J .02l I). 'I )4 o.o~ - 4.000 

6HA•Ill wtl 12-H )U,UN o.nz l).O~ 0,11 [),'18 0.04 9S.b6 
for,.. I .~4) I .041 I ,004 O.<)(J4 • 4.000 

Tf>f)- 21 "'' )1,911 211.'10 o.o~ ().04 )1.01 0.14 0,()1 0 .I (I Q4.14 
,o,... 1.9H I.OICI I .1120 11.01)4 - l.9ql. 

TI>O-ll wtt )2 .1>8 )0.01 u.o2 U.O) )).~l 0.23 - 0.12 96. 7~ · 
Par•. .. ,... 1.027 I .012 0,008 - o.oot 4,000 

T9b-l) wt! 11.70 29 .)R O.nt> 32. ~ ~· . l. ~I 0.02 o.os 0.0) 9 ~ .11 
for•. 1 ,qze. 1:on I. 000 n.oH - ).~91. 

T96~1 J WI% 30.112 211.41 o.o~ 0.04 l2.Jl 0.10 - 0.06 92.41 
For•• 1.910 1.02) I.OH O.OORL l.-~IJI> 

T'll.-ll wt% 32. ~() 2ft,}~ o.os (),Q} )].42 0.1~ - U.OI 0.04 IJ4.Sft 
ror•- .... 71 0,9118 I .021 0.004 - ).991> 

' 
( 
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TABLE Al2 Galena microprobe analyses 

~ TAIILt: .1.11 

S~10ph "' l'b ~· All. !'h 4u Tot•l 

148-81 wtl 14.61> RO,hP. ~-~~~ I .01 (1.0& 99 .Oil 
For•. 1.0~ I o.M~ 0.011 o.on 2.000 

~t!>-82 wtE ]4 .6) 79,111 0.29 1\,(\}L o.nA 9~ .911 
·ror>~. 1,0111 0.'114 0 ,0()4 2 ,00(1 

Sts-82 wtZ ]4,61 ~~.10 0.21 0.01 O,IJ~ 0,16 1011,14 
ror•. 1.0~1 o.·H~ 1),()04 2 .uno 

~£s-8l wd 14 .1>4 8).41, o.n (1.11 11.01 911,71 
For•. l .0~9 o,qH (),(If)~ I) ,(1!14 1.1104 

: ~ES•82 .,,z. 14.11 III,.H o.n II, II !~.111 101. 11> 
ror•. 1.0)1 O,'Hd 0.004 0,004 l.ouo 

IOWA-82 wtE 14. )6 B'l.bq O,Oh o.o~ 11.111 l/l4. II 
for11. I .016 0.9~0 1.9QI'I 

' 
IOIIA-112 wtZ. 11.1~ 1111.1 J O,H 11.02 IU2.0) 

For to. 0.991 !.OfiO 0.004 ... I .9~6 
IOIIA·82 ~o~tZ U,lll llfi.IO O,lq 11,414 o.t~ 11:\, ~') 

ror•. l ,020 o.Hl 0,00~ 0,(1114 2.110(1 
IOWA-82 vtl 11.11~ 86.1.~ 11.]4 0,111 0,01 Ill I ,Ill 

For•• 1.012 0.~8(1 U.CII14 0,()()4 :.. 2,1100 
lOIIA-82 wtl 14.H 91. ss O.H n.o7 (1,14 1011.\11 

For• I ,004 0.9811 0,004 1.996 
'I OIIA-82 vtl 1Cn 90,11 0,21 0.09 O.h4 n.111 10,.111 

Por". I .o ll 1').9~0 o .no& 0,/)/)4 2 .()()() 

rn-111 wrt l4.H A7 .1,4 6.1'1 O.H n.o6 0 .('14 : l 01. 14 
For•• I .1120 O,?b~ 1),(1()1\ 0,004 1.'191) 

"Tn~st wri 14,)) 87.1) 0.~11 0.20 11.04 ]112.911 
For .... 1.02g n.9~9 rlo,OOJ'I 1),1•0~ 2 .0(10 

Ul-81 Vti 11.70 91 ,02 0,1,) 0,14 11.0~ 10~.\1 
For• .. 0.980 I .0011 0,01)11 0 .1~1~ 2 ,1)00 

nl-81 .. c: u.n R4, '13 o.~~ 0.111 o.o~ 0,11 l0Lfl2 
for•. 1.004 0.984 O.OOA (1,0()4 2.MO 

'TI>Cl-21 wtl I J.\9 117.79 0.49 0,11 o,o? 102.1)] 
ror•. 0,996 0,996 1),11(}4 Cl.U04 2.0110 

7&0-21 wd 14.1) 117 ·' s • 0,17 (),()') o.ou 101.90 
_.) Por-. I ,(120 0,917 1.'1?6 

tt.0-21 wtl l ).119 
"'. )9 o. \4 0,11 0,01 n.Ol 101.98 

F'or•• t.ooe 0,9110 0.008 0 .1104 
lj~rh 

1.000 T{>0-2f wti 14.~2 11).42 0,11.4R 0.04 1),1)1> 911,\7 
ror ... 1 .n~\ II,~ Jll. () ,IJ/14 1.991) 

Tll(l-21 ~o~t% ]4,. 16 87,79 0.20 0,02 I). 1)4 101,21 
rnr•. ),020 0.971 0,01\4 2.000 
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TABLE A12 (contd) 

TABLE A13 Tennaotf.Je microprobe analyses 

CAL~.liiA (rolll 'd) 

'4eW ~ ~h ~I ~ ~b Au ·Tolt i I 
T'l6-tl w1% 14, }6 ""·"~ 0.60 0,1 ?" 0.0~ 104.0(11 

For•• 1.016 0.91) 0,1}(11\ 0,004 2.UOO 

nt .. lt vt! u.4~ 11&.44 0,61\ o.o~ 0.~ 0,()9 101.61 

Jot•• 1,111\ 0.9~1 0,006 1,996 

T'l6·11 wtl ,, .14 '"·64 0.4~ 0.19 0.04 99.1>1• 

ror• .. l.on 0.949 1).004 0,004 1.9911 
T'lf>-11 W(l I ).98 87.1) O,fl) 0.1 f> 0.01 o.Oi 102. S8 

Fora .. I .0011 0.980 (),()()A 0 . 1)04 2.000 ' 
196-ll ,.t! 14.9 1 ""'. 14 0.~ ' 0.2~ 0.0~ 102.)) 

for•• I .061 0,9111 o. Ill 0.0114 1.9911 

716-11 wtl 14.118 111.11. 0.71 0.17 0.04 102.JS 
ror•. I ,CJI ~ . D.91 J 0.0011 o.uo• 2 ,IJ(IIl 

T9fta-ll .. tt )4,)2 
"" .20 0 .1>6 0.21> 0.0) 10) .~II 

Po••· 1.1116 l).~h'l 0,01111 0,004 1.996 

T'lb-11 wtl U,lO RA.1 .9 0."\9 0,14 0.04 o.nt. 10).4 J 

For•· ],016 0.%9 n,OOII 0.004 1.991> 

n~>-tu .. ~x l).b6 8L~l 0.02 0.20 o.n 99.t.l 

'or•. 1,012 n.~RO O,OC)4 n,OIJ4 1.001 · 

T9&-IU wt% 14. ~· 1\1. 2~ o.l l O.O'l 0.011 102.1 '> 
ror.•. 1.on 0,9':-J l.9CJf. 

T~l.-141 wtl l ),R1 111,14 0,11 0.01 O.lb 0.16 101 ·' l 
FQr•• I ,0011 0.91!4 1,9'12 

T1:NNA!ITI Tr TULI:. AI) , 
C0111biNHion of z c.tlhrat lona ; ( u.apl• 1'91>-ll} 

5 Ph Bl 
.. 

lib I Toul AR Au 

.. tz 24, ,, - - 1.10 1>.10 - 11.1'1 

~ f• . Co Nl Cu 7.n .... Cd Sn Tot~ L 
•tl 11>.41\ S.~l - - 41),09 l .R9 11.9~ O,IIS l).(f2 92.01 

Ca.biMt I on I 
, 

-
s• ,~ C:u 7.n ' ... ,_ Sl> .... r.d Sn Total 

U.4l S.B 40,09 1.8'J 1.10 6.) !1.9~ o.o~ 0.02 9R.l6 

•A .. erau "' t~ 2 c•llbr•rlnn• 

• • 
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APPENDIX II 

~~~z~;~CAL TECHNIQUES USED'.!!! THIS STUDY 

Al!.l: SAMPLE COLLECTION AND PREPARATION 
t .. 

Sa111plea were collected fJ om each rock type that 

outcrops at Tulks Hill. Those from f he· ad i 't -were 

relatively fresh and requtred minimal pre-crushing 
. . 

preparation. Surface rock Bamplea however, needed trimming 

with a trim saw to temove ox~iaed portions. 

AII.2: MAJOR AND TRACE ELEMENT WHOLE ROCK ANALYSIS 

A jaw-crusher was used to reduce the samples to rock 

chips. These rock ships were pulPerieed at -200 mesh in a 

tungsten carbide puck mill for 3 minutes. Between Bs!Dples 

the jaw crusher was cleaned with a pl~stic brush and the 

I 
J Q 

finer dust removed using a compressed air hose. The puck 

mill and rings were thoroughly cleane_d with dlstil_led water 
.,. 

or ethyl alcohol. and dried with a compressed ~ir hose. -. , 

Powders were stored in labelled -glass jars until use. 

MAJOR.ELEHENTS: Determinations wet~ made with A d4g1t1eed 

Perkin-Elmer (model 370) ';1 atomic abaorption 

spectrophotometer, ua1ng the flame technique (Analyat: Mra 
. . 

G.Andrevs). The sample preparation followed tha method of 

Langmhyr and Paus (1968). The limite of precieion are 

11ste.d helow in Table Al (from- Kay, 1982) uelng 4 teat ruoa 

of a granitic rock standard (G-1). 
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Precision of AAS analysis (n•4) ---
Ele•ent .Publiwhed ~fue* X 
8102 69.11 ' 69 .. 70 
Al203 15 .40 
Pe203 ' 2 • 6 5 
HgO 0. 76 
CaO 1 .-94 

4. 07 Na20 
/> l20 4. 51 

Ti02 0. 50 
HnO 0.03 

Sr standard deviation 
X: mean 
*: Flanag_an 1970 

15 ~ l 0 
2.60 
0.80 
2.00 
4.30 
4.56 
0.50 
0.03 

s R_ange (•in-max) 
0.57 68.2-69.96 
0.24 14.75-15.6 
0.02 2.64-2.7 4 
0.05 0.75-0.82 
0.10 1.92-2.14 
0.02 4.07-4.21 

.. 
0 .o 2 4 .•.? 0'- 4 • 57 
o .a 1 0.47-0.51 . 
o.oo ,r. --------- /) ! . 

Loss on 1gn1 .tion waa determined by weighing ar. amount 

of · sample . in a porcelain cruci~le. heating to a 1000 
............... . 
\ r-. . . 

deage-ea centigrade for 2. hours. 'tranafering to a desaicacor ... . 
../. 

when cool aod re-weigh{ng to de~rmine the percent volatile 

lou.· Gloves were worn during the re-weighing process in 

ord~r to mini.m!se moisture addition • 

. TRACE ELEMENTS: The elt!men.ts Pb. Th 1 U 1 · Rb,· St, Y, Zr, Nb • 

. zn, ·cu, Ni, La, Ba, V, Ce 1. Cr, and. Ga were determined,by a 

Phi_Hpe 14 50 fully automated X-"t ay fluorescence 

epectro11eter eq u i _p ped with epeccr~meter/detector, X-ray 

generator. RP mini-computer 1 

input\.out,put and · an automatic 

-- ..... 
' computer' · 

feedi~y 
" 

controlled 

'· ' of preaaed 
' .. ' / 

/~-'\ ~~le~s _. The 

' .,.&vder' and 
"-.i 

la'tter are rude .by weighing o~ lOg 

mechanlcall.'y 11ixing with l-1.5g 

of rock 

phenyl 

foraaldeh;rde ther•al binding a&ent (Onion Carbide Phenolic 

Jtuin 1 •ater1al . TR-16~33) in a Sp.eJt-K111 abak.er. The 
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powde .~ .. llli ·X is pressed into a diac using a Het:zog hydraulic 

press at a pressure of 300 tons p.s.1., for bO second•, 

followed by baiting at 200 degrees centiarade for 7-10 

lll~nutea. Sulphide-rich sam p 1 e s tend t o b 11 a t. e r on b•ld n 8 

whtch ••Y render them uselesa for analysis • . D. Press 

prepared the analytli.cal calibration programs. USGS 

standard G-1 was used as a aon1 tor. Analyses are 

considered accurat-e .to within )o ppm for moat elemeota, and 

10-25 ppm for Ba, Sr and V . .. Precision is within 10 ppm. 

Zn, Cu and Ph are less pre'cise a~ higher abundances in the . 
...... ... 

' mineralised samples. Also, secondary ·Pb p~aks interfere 

with Ga to give .erroneously high values for this particular 

" ~'tt!,!,..--~ 
\ 

RARE EARTH ELEME,TS: A suite of .underground rod: samples 

f r o Ill t be £ o o t ~ a 1\1 t h r o u g h · t o t h e h a n g 1 n g ""a 11 w e r e a n a 1 y a e _d 

for REE using .a \thin-film X-ray ·fluorescence technique 

after Eby (1972)\as modified by fryer (1977). Analy_tical 

' · 
errors are given b'y F r y e r ( 1 9 7 7 ) • REF.. plots ~o~ere 

norlDalised to t ·he chondr1te valu~e of Taylor and Gorton 

(1977. ). 

AII.J: ELECTRON MICROPROBE ANALYSIS 

Sulphides, silicate's and car))on,ates were analy•ed 

using a fully au.toruated JtOL AxA.-SOA electron probe 

mic~oanalyser · with Xr1eael ~rol through ~a PDP-11 

/ 
computer. A.oalyeee were· performed under the operating 
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.._..·~<Htditione of l5Kv accele~ating vottage. a beam current of 

-0.21-0.23 microamp• and a beam dla•eter of approximately 1 

micron. Drift of the beam wu checlted and corr~cted 

periodically. Counts were made for 30 seconds or un.i1l 

30,000 1 whichever came first and corrected using tne "MAGIC 

f' correction. program -(sulphides) or the Alpha Ben~';-Albee 

matrix (silicates and carbonates). Calihrations were made 

1 
/ 
:-"'"' 

using the appropriate standard materials for either the 

sulphideri or-the silicates: 

I 
. l) Clinopyroxene (F-CPX): Na, Hg 1 Al, Si, K. c·a, T1, 

Cr, Hn, F~, N1. This calibrat1.on was used tQ analyse 

, felda)ar, biotite, sericite-. chlorite and carbonate 

2) G a 1 e na (PBS- C H) : -Pb i s • Bi, Ag, Sb, Au. This 

calibration vaa uaed to analyse galena 

'-, 

J) Sphalerite (SP20C.2STD): s' Fe. Co, N!• Cu, zn. 

As. Cd, Sn. This calibration was used to analyse 
......... 

sphalerite, chalcopyrite. arsenopyrite, 
/ 

1 tennantite and 

... 

! 

~-· '-,, __ __/ 
pyrite. 

'"' 
I • 
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Addeodum 1-

A rec~nt publtcatton by Nowlan and Thurlow ( 1984) 

suggests that the Suehacs Group &Ad ita correlattves are 

pre-Caradocian tn age. Conodonts of lateat Arenig - early 
.., 

Llanvirn age were ,retrieved froc. a limestone claat wlthln a 

polylithic breccia untt of the Buchan& Group. Although an 
( 

ln-aitu source for the limestone claet ha• not been 

discovered. a local ortgin is favoured because the 

remaining clasts within the breecta are considered to have 

a local ortgin. If this age for the Ruchans , Group la 
) . 

model a! Dean and Strong {\97 ,~) for correct the relltonal 

the_ evolution of the CVB ie in need of revision. Nowlan 

and Thurlow suggest that the Buchans Group La a cort"el'attve 

of the Victoria Lake Group that now. liea structurally · above 

the Vlctorta Lake Group due southeasterly dlrected 

thrusting. Thls correlatton impltes that stgntflcaot 

mtnerali.sat1on in the CV B ' ia reatrtcted to the 

pre-Caradocian phase of volcania~, and the mlneraltsatlon 

at Tulka Hill is of a st11tlat: age to the IDlneralislltlon at 

8uchans. 

REFERHNCE 

Nowlan 1 G • S • and..-Thurlow 1 J. G. I 1984: Middle Ordovician 

conodonts fro• the Buchana Group. central Newfoundland, and 

their significance for' reglbnal ·stratigraphy of the Central 

• 
Volcanic Belt: Can. Jour. Earth Set.. • vol. 2 1 • 

" 

.· 
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Addendum 2 

Iron formation: In this thesis the definition of an 

iron formation is a rock that has both a cherty matrix and 

a relative abundance of iron-bearing minerals, for example, 

iron chlorite (as opposed to magnesium chlorite), iron-rich 

carbonate and pyrite. These minerals are thought to be the 

metamorphosed equivalents (greenschist facies) of iron-rich 

sedimentary/diagenetic minerals (~ vermiculite). In 

this respect therefore, the iron formation at Tulks Hill is 

compatible with the iron formation definition of Bates 

Jackson (1980; Glossary of Geology). However, 

and 

the 

chemical analyses of this rock do not appear to justify the 

term iron formation since the iron content of the 3 samples 

analysed (82-13, -14, -35; 

"required" 15% (as suggested 

Jackson, 1980). Because of 

Table A1) is less than 

in the definition of Bates 

sampling difficulties many 

the 

and 

of 

the thicker orange-coloured lenses of carbonate-chert (the 

so-called "stringers" in Chapter 4) could not be properly 

sampled. 

components 

Therefore the 

that comprise 

analysis is deficient in 

these lenses which will bias 

the 

the 

chemical analyses towards lower CaO, Fe203, 

values since siderite-rich carbonate and 

MgO and S i. 02 

excluded from the analysis. Since 

chemical studies are dependent upon the 

quartz 

petrographic 

sample size 

are 

and 

(and 

the quality of sampling) the term iron formation may appear 

inaccurate based on the 

this thesis the term 

chemistry and the 

iron formation 

mineralogy. 

is based on 

In 

the 
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aegaseopie •lneralogy rather than the petrography and the 

chemistry; the relative abundance of the carbonate-cnert 

lenses sug8e&t& that this is a earbonate-stltcate faciee of 

an iron formation (although the c~emtcal analysis ••y not 

suggest this). 

ReFERENCE 

Bates, R.·L. ~nd Jackson, J.A., 1980: Glossary of Geology 2nd 

edition. Publisher: Amertc.an Geological Insti.tute, Falls 

Church. Virginia. 

' 
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