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. - ' ABSTRACT

. . . -

Y

Lower C&rboniferous‘felsic,-éxplnsivg,‘5ubmarfne:
volcanism ‘took place at Aljustrel \izeating the ores of one

of the princlpal mining centres of e Iberian Pyrite

\

Belt. Some 250 Mt of massive sulphide oré.ocnur near the .
top of several hundred metres of pyrocféSﬁic volcanics
whidh'overly a sediment covered continental bdsement.

Rstrographic, mineral chemical, whole rock geochemlcal

and oxpgen isotope investigat10n of the Aqustrel volcanic
rocks remote from minerallzation shows -that their presant

quar;z-keratophyric (felsic spilitic) composi;ions result

ifrom wideépread interaction with gea water, at high ‘
'ywater/rock ratios and temperatures ranging 0-3000C. Opaque
mineraiogy and textures’show tnat lron was oxidized in
rocks n;ar the'spa ffBor,and leached.from neeper rocks;

o with Ieg@ﬁing_ofltranﬁifion métais."ﬂésber; and cherts '
:presenf above'the voléanﬂbs’may.hhvevforhedigoncomiténtly,
,through chemica{ precipitation of srllca, fnrmi?g'an,'
,impermeable cover. |  ”5,” B ‘.' o ) :“ . |

. - - ‘ -
Investigation of Feitais ore zone rocks suggests. that' -
are formation took placé largely 1n open'space, through
almost lsqthermal mixing of sulphur and’ metal rich- waters;.
AThere s cleaT evidence for silida and sulphide

preclpitation'in a‘feeder,stpckwork~ Cherts.@nd phylliti% '

séediments covering the ore, show clear evidence of | ~..




\ ' ‘ ‘A': N -
' o e e -
A mineralization and‘reApction by 1nteraction with the bre ' ‘
s M e

—— 4 N N s

oo forming fluids. Deformation of such rocks'indlcates that
. - . A

such minerallzatio//predated regioﬁal metamorphism. The
~presence of a cap rock is also suggested by. temperature
-profiles from. exygen isotope systematics. Thus the Feltais

e ' 9 <
.. orebody was not exNalative sensu strictoj but formed
R e ' .o
beneath a thin impe{yeable cap which' in fact miay have beeh

A

-

floated off onrising\fluids.

R R . - -

© ', - The oreffbrMIng.process postdate?/gea water alteration
- of volcanics and involved a'second.stage convective system

s . . ' { L
with lower ‘water/rock ratitos perhaps sith a contribution

from metamorphic fluids. o \\;’/// Lo 1~-

TheeAl Justrel tectonic-thermal setting 1s clearly one

which involves the ideal set of variables.pioducing-giant

- deposits, orders of magnitude larger than those typicel of

’ L

ophiolites.

B . .
P . R
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\eventuafly modifies’

INTRODUCTION

x

{Jv

‘ass of deposits have

1981).

H

' Genetic models for this

e a

-varied widcly through tlme, b ,'currentlyimost authqrs

rphiclgodel whereby'éonveétJve

)

favodr 3, hydrbthernal meta

circulaf&d@ of sea. witer through permeable footwall rocks,

'driven with h@at from/below (maqma chambers, 1ntrusions)

P

5€ea water into a hot” reduced, acidic,

‘\

mineralized bri e which ‘upon return flow to the ocean and

£

given approgyﬁate oondi?ions at the site of discharqe, may

N -




T, v I .
lead to the fast'and”obncehtrated precipitation of metal

sulphides (Spooner. and _Fyfe, 1973; Ohmoto and Rye, 1974;
%
Solomon, 1976; Heaton, dhd Sheppard, T977--Andrews and Fyfe,.

]976;'Hutchinson et ala! 1980) " The model was recently

- Coi confirmed by spectacular findings of hot’ springs issuing

- mineralized brines at mid ocean ridges and precipitating ’
. & >
sulphides-upon contact with sea water (Ballard and t%assleih

, 1979; Francheteau £ a1, 1979 Corliss et‘u., 1979; RISE

- ‘ Progect Group, 19 0) o i - o , "\:*'

Convincing as the/éea water convective model ‘may be
PRl 4(\‘5»'-
for the genesis of massive sulphide deposits;‘seVeeai
"~ .aspects of importance are, not yet properl) elucidated. LT

-
.o M
.

Some of.these are as followss
(a) The ability of - sea mater to leach metals from»
permeated lithologies has been proven mainly on

- . [

experimehtal saline water --‘rock interactlon investigations

. ~

(E111s, 1968; Bischoff and’Dilckson, 1975; Hajash, 1975;
.'Seyfriéd and Bischoff, i977;-Mottl and Holland,%i?iS; Mottl.;
et al., 1979; Hajash and Archer, 1980) and in somer -
eiaminations pf naturally altered'rocks, not directly ’
related with ‘known massive sulphide deposits (SlqvaldsSOn,
1959 Wedepohl, 1278y Keays and-Scott, 1976, Humphris and

,lThompson,.1978a,b; Munha and Kerrich, 1980). To the best.
of our knpeledge‘the only study where the sburce.rock‘for--

the .metals of an actual massive sulphide deposit was

identifdied is the.recent article by MacGeehan and,ﬁacLean




X

(1980) on the Garon Lake mfning area of the Canadian

Abitibi Belt, wnere‘systematicglinear decreases- of the

abundances of, several transition metaLs.with increasing
silica contents ln voléanic'rocks from-basalt to rhyolite

are interpreted as’ illustrating leaching by sea water

(b) Sea water co vection_through germeab}e volcanic

.
- . & »

rocks ds often pointsd'asWthe most plausible mechanism

L
N . “
* ln, .

conducive to#masslve sulphidz generation, but the* actual

T
\

hydrodynamig constraints to the process are stldom
analysed A notable exception.is Spoone?‘s (1977) thorough
analysis of the conditions oftdepositTOﬂ UT the Cyprus

massive sulphide deposit§ (see also Taylor, 1974).

»

- (c) Despite ekcellent'and cohclusiye studies on
preseﬁt day sub,sea.fLOOT-h§dgothermal\activity wnicn.prove

that sea water convection through‘oceanic rocks takes place

1in evolving GelLular regimes, as.the thermal regimes change

(Lister, 1972; Anderson and Skilbeck, 1981), very little

e . ) . S

research has beenYMirected tonards understanding the ~ R

evolution of convective ore forming'processés (Andrews and ‘

Fyfe, 1976; Hutchinson et al.,’1980)

I

(d) Massive sulphide deposits throughout the world are’

£

often reported to be accompanied by intense foq;nall ‘Mg-

metasomatism;’ Mg 1is an,abundant element in sea water, but 7 -

experimental studies invariably indicate that Mg is almost

"quantitatively transferred from the fluid to the rocks,ip

the'early stages of interaction, therefore predlddind.Mg
. . '

y )

©

i e e ek



v . >
;
’ d » B
, . o
.
.

transport into the environmentl of ore deposition. Recent
- hybothesis (CosEa; 19é0;;Hutch.nson et “al.; 1980) explain
. S Mg metasomatism Wch an ore zong shallow cifculation system
. which would provide an adequate supply ‘of unmodified sea

.water (rich in- Mg) to tﬁf footwall rocks in the area of

E minerali}ing fluid ascent. In tHe course Qf.the present

study,an alternative possibility became plausible, namely
; ' ° ,
that at least in some_gases footwall Mg enrichment may

predate mineralization, i the. context of evolution of the’

Fe _sea water convective regimes as mentioned in (c).

.

(e) After’ihé rénhaissance of's ngenetic models for

t&psslve sulphide generation in the late, fifties (Oftedhal,
1958) it became generally accepted that massive sulphide
deposition takes place on the sea floar, in direct contact
with the water o#‘more or less restricted basins, despite . -

— \ ) Lo
the careful w%rds of most authors admitting formation "at

\ )
r just below khe sea water - rock interface"- (Large,

( o 1977). Hanging ‘wall rock alteration” is‘often present above

]
)

6mgéslve_gulghid}e\deposits; sometimes with striking -

r

development such ?s at Sullivan, B.C., Canada (Either et

al., 1976),.andkaﬁove the Kuroko.deposits of‘Japan (I{ima,

1972), where hanging wall rock alteration extends for
4hund%eds of metres above the porebodles, with formation of
alteration assemblages that include ﬂminor'mineralizat{oh

scattered throagh the clay alteration zones...in the form

of veinlets, dissemfnations, and small massive lenses of




N

~

s" (Lambert and

ly\,,h

rl

‘pyrite with or without the other ore minera

[

. Sato, 1574). Sucﬁ_hané}ng yall rock alteration must .
sighify that ore ;glateq hydrothermal‘activity'persisted

. after deppgition &f fke éltered;hanginqlwéll racksz These
7fact§ reduire interprétation in terms of ore precipitation

mechanisms and in terms oﬁ\bydrotherma1~f1uid pathways.
N

q

~

* '~ v The Aljustrel area of South Portugal contains

L2

extremely larde massive sulphiae deposits, included 1n,h321

- * rocks depicting clear signs of having been affected by the

4

ﬁlneraliiihg agent(s).. ‘klso,rthe Alfustrel area is .
excelléntly geologically mapped (Schermerhorn 5;d Stanton,
1969; Fre}re d;Andrade and Schermerhorn, 1971) and well
exposed, not' only at the suréace; bﬁt_prinéibally, '
uﬁdeﬁgrodnd, throug% extensive mine workings and %umerohs

el
grillholes.

]
.

oo Aljusfrél is one of tﬁe lérgest.méssibe sulphide
miﬁing centres in the wéyld, with éexgrai orequles with
coqbined reserves of.neafly 2?0 million tonnes (Carvalho et
al., 1976b), and it is one of the ﬁést 1mpoT£ant mi;?s ln
the Iber;an Pyrite.Bglt, Western EQropgfs mest prominent
stock of base @gtéls, with glob%i reserves beyoha "000
million tonnés ‘before modern mining started (Strauss.e£
al., 1977). co h

litfis hoped (and believed) that some of the

conclusions of the present study may -be of Interest to

] - . ’,

7
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CHAPTER 2

“y
-

. N ‘ |
THE . IBERIAN-PYRITE BELT AND TTS-ORE DEPOSITS = - . °

g . LN 4
¥2:1 \Geologx and Tectonic evolution of the South Portugud!e )

"Zone with emphakis on its middle sector, the Iberian
» : . -« .

-

. . .
- N »

. Pyrite Belt
\The Iberid# waite Belt is a heterogeneous set of
Paleozuic terrains that occurs alcng an arcuate NW-SE area

about 250 kms Iong and 30 to 60 km wide.extendinq from

near the Aﬂdantic Oceah.in'South Portugal to Seville in

¢

Southwest Spain (Fig. 2. 1}, and constitutes the

4

intermediate sub zqae of the South Portuquese zone of the

.

Iberiqn segment of.the HerCynian Fold Be]t (Lotze, 1945;~

The South




. " d ) N :
C e . . R g
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Fighre 2.1. Da]eoqeographm and teCtomc units in the Iberish
" . ; '.’ _" *‘-h'ﬁ

-Massiv’ (after R1be1ro et als e 19.79‘)’ The/*ber'tan‘
Dymte Belt 1s uhe 1ntermed1ate subzor. ,,oi* he

4’,- .

“South Por’cuauese Zone. B
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Devonian and Carboniferous of SW Ireland and England, to
the Rhenohercynian Zone and to the Moravio Silesian Zone of

tthe Hercyni\an Orogen (Cogne, 1976, Ribeiro et al., 1979;

/’*\\égliveira et al., 1972). The strongly arcuate belt defined

’ -

by the above constitutes the External Hercynian Belt,
intérnally bounded by a major thrust beyond thch the
Internal Hercynian Belt lies. Towards "the periphery thé
External . Belt contacts with‘Caleéﬁpiaﬁ Europe throuéh the
Vé;iscan'Front fn. Northern Europe, but not in Southern

Iberia,-suggesting that the Variscan Front continues in

“North America, pbssibly'in New Brunswick-(Rast and Grant,.

1973; Ribeiro et al., 1979).°

The South Portuguese Zone is bounded to the SW by the

Atlantic Ocean and to theANE.by the Ficalho Upthrust

(Ribeiro, 1981), that separates it . from the addaéent Ossa

Morena Zone (part of the Iﬁgernal-Hercynian Belt). The

South Portuguese and Ossa Morena Zones depiet marked

differences with respect to age; lithologies, exposed

crustal levels, tectonic stylé‘and regional metamorphic

facies, raising the possibility that the Ficalho Upthrust

‘(and its continuation in N. Europe) represents the suture

from the collision of twe continental blocks (ﬁibeiro et
al.,*lnipress). |

In the Ossa Morena Zone a Precambrlan polymetamorphic
basement ls exposed, followed by a Paleozoic sequence from

Cambiﬁgn to Permian in age, where Hercynian synorogenic'

«
L .
.
L -

.
R S T 1
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magmatism (dominantly plutonic) is widespread. Severél
uhconformities are presént'wifhin the sequencbl The ldwer’
and m}ddle Devonian (platform facies) are separated }rom an‘
upper Devonian.Flysch‘by a major unconformity that.
correspondsg to the first‘Hercyniah deformation pﬁase
(Ribeiro et al., 1979). Tectonically, the Ossa Mdréna Zone
"is characterized by an intern;l blastomylon}tic zoné‘
limited by steep faults fanning outwaras to the NE and the
SW ;espéctive{y; and separating asymmetrib domains of ‘
opposite vergences 1R£beiro, 1981). Metamorphisﬁ.in the
Ossa Morena Zone is of uneven gradé, attaininq medium to
high grades along two distinct zones: along the
blastomylonitic belt it is of éarrovian type (”P to the‘
sillimanite isoqrad) and probably polymetamorphic, and:

* further South, in the.Evora—Béja-Argcena massif it attained
the upper amphibolite facies in a low pressure regime
(Bard, 1969; Ribéiro et al.{'1979).', '

JIn contragk, the oldest éxposed‘beds in the South
Portuguese ZQhe a;e of alledged Late DeJonian age (platfqrm
sediments of terrigenous origin); igneous activity is
almost exclusively wolcanic (1n the Pyrite Belt), and
diachronous flyscﬁ’sediments ﬁp to several km éhick weré
deposjﬁed in a strongiy subsiding basin after volcanism:
Tectonically tﬁe South Po}tuguesq Zone is -a thrust belt

characterized by the development of an, imbricate structure

that affects all exposed Paleozoic lithologies. The fact



~

1

a

that éven in the larger gnficlines all the lipholodies__
postdate the middle Devonian suggests fhe presence of large
scale thrustlng.t the pase of tht;‘thrﬁst belt (RibeJFG et
al., in press). This- hypothesis is supported by Aeep
seismic reflection profiles in the area (Mueller et al.,
19733 Prodhel et ?l,, 5975) which show a low velocity
‘qggnnel at the 7-10 km depth, interpreted by Ribeiro et

al. as the decollement area (Fig. 2.3). D;formation was
accpmpanied,by‘lo& grade regional metamorphism that varfes
from the zeolite facies in the_SW to .the iower g;eenschist
facies in the NE (Schermerhorn, 1975; Munha, 1976).

The South Portuguese Zone f; cHaracterized;by .
pronounced lighostrétiq}aphic aniSotrépy, withlremarkable
constancy alonq subzones roughly pérallel'tg main
structur;; features (NW to SE) and significant facies
changes'anz dféchronism~agro;s the sfruétures (NE'to‘Sw,
Fig. ég;). Three lithostratigraphié¢ groups are present
(Fig..2:.4), as follows:: o

- a lowermost exclusively sedimentary uﬂit_(base'nop
seenz top‘is upper Devonian) of phyllites, quartzites and
ra;e limestones, at Ié;st sevéral hundred metres thick,

p :
composed (from Sw ?b NE) of the Tercenas Forﬁation,‘
’Phyllite;ouaftzite:Grqup and Pulo do Loﬁo Group. F;cies
éfé proximél, shelf-l1ike in.the SW and more distal to the
NE,‘ihdicatiné platorm conditjons‘and detritai'supply from

SW to NE (Ribeiro et al., 1979);

. L] ‘
-~ . .
.
\ .
J‘ ‘ ' g
- ¥
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-~ an intermediate, very heterogeneous, up to at least
800 m thick; Volcanic-Sedimentary Group (sensu lato)
Al . . .

comprising a ‘large spectrum of stratigraphic columns, from
"solely 5edlmentafy in the SW (Bordalete, Murracao and
Quebradas formations) through dominantiy voleanic and/or
Aepiclastic‘in the Pyrlte Belt (Volcanic -Sedimentary Group,
sensu stricto), to distal volcanic and fine clastic
sediqentary,lo the NE (Ribeira de Limas Formation).
According to Carvalho (1976) and Ribeiro et al. (1979)
volcanism is significantly diachrénous, younging to;the~NE
from upher’Fammenian {Strunian) in fﬁemCercbl area to

Visean close to the Ficalho Upthrust (Fig. 2.5).

ES

Lithologies can seldom be safely correlated in detail from

area to area, because of the complications introduced by

«

the volcanic activity. Volcanism is essentially bimodal,
éompoSed principally o$;{dominant)'quértz keratophyres and

(subondinate) spilites (Schermérﬂbrn, 1970a). Mafic rocks

seem to derive from heterogeneous mantle peridotite,aand
felsic rocks probably resulted from partlal melting of
eontinental crust (Munha, 1981). Felslc volcanism was
evety%here dominantly explosive, 1ndicatlng moderate or
shallow water depths. Given'the subject of this thesis

volcanism will be discussed In moré.gegail'inISection 2.2.

w

- én’ﬁppermost, up to 5 km thick diachbonous flysch .

-

sequence, the Baixo Alentejo Flysch Croup (Oliveira et al.

’

1979). Its ‘base is Upper Tournaisian fo Lower Visean in

P
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the NE (Santa Iria Formation, Carvalho et al,, 1976b), .

Upper Visean in the Pyrite Belt (Mertola Formation,

v

Oliveira et al., i.e. Culm Group, Schermerhorn, 1971) and

.
¢

“progressively younger to the SW, attaining lower

Westhalian age in the extreme SW (Brejeira Formafion; s

\ '

Pfegfer%onn, 1968; Oliveira et al., 1979; Ribeiro, ih;
press). )Generally speaking, the Baixo Alentejo<Frysch'@"
becomes progressively more distél from the NE to the:Sw,~
and palebcurrent‘data confirms that the source of detritus
was in the Ossa Moreﬁa'lone {(Boogaard, 1967; Scher@crhorn,
1971a; Olivelira et al., 1979). ‘The fact that volcanism.1n 
tﬁe area was*dominantly‘explosive coupled with the greaft
'vthickness ‘of the Flysch Group indicates that the South
Eortuguese lower Carboniferous‘basinlﬁnderwent large scale
subsidenc:\hffer volcanism. According to Ribeiro et ai..
(1979) and\biiveira'(in press) subsidenée propagated from’i
NE to SW (that is, as expected given thé sense of the
Flysch diachronism). It should be noted that volcanism
progressed in time iIn the opposite direction (Carvalho, ;
1976; Ribeiro et al., 1979). .' ’

Subsidence was acéompan{fd by major syn“sedimeptaéy
Qeformation ﬁxpréssed in pre cleavage overthrusts, slump

.

folds and possibly a Major decollement of the whole basin

*

from the pre Upper Devonian bascment,‘as mentioned before

-

(Ribelro et al., 1979; Ribeiro, 1981). This represents the

‘beginning of ,the Hercynlan Orogeny in the area. Hercynién

. -
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“tectonic actlvlty evolved essentially cantinuously from the -

above early synsedimentary stage into a stronqu

compressive regime  of hard rock deformation responsible for -

it

foldinq ‘of the early overthrust planes (see Schermerhorn .

apo'Stanton, 196?), tightening and overtd<:3£8‘%f the eas’N.,)‘_~

“ folds, often ‘accompanied by thrd?tinq of the reverse limbs, ..

~.and developmentrof‘widespread often very penetrative

cleavage, not always parallel to the ?oldlng planes. All

but the least ductile litho!oqles In the South Portuquese

-Zone (coarse-greywackes, quartzites;-cherts; massive lavas

~and intrusive rocks) exhiblt Jat least one pronounced

cleavage. This maln cleange dips steeply to; the NE_Mn the

-, .

" NE area€ -and becomes proqre%slvely less steep towards the

Ay
bt

T SW Lhere is. 3 clear decrease in hard rpck deformation;

ﬂ&-frow NE to SW; expressed in the lhterlimb

1'

~folds are tight or even isocl inal 1n thevNE and gbt

ngle of folds

'progressively more gpen to the SW" ﬁ}%o, the stratigraphlc

\4(

“thickness of" lithologles affected,by two cleavages " ‘

decreases markedly from ‘NE to Sw (Carvalho et al - 1976b},‘
:_ In the interqulate (Pyc;te Belt) suﬁzone the net

‘ 1result of early (synsedlmeétary) and maln HeEcynian :/ q@g

deformation is, at” the present level of erosion, Ihe .
- i ’r ' P

genz;;ijgp/ﬁf a typical imbricate structure chafacterized ¢3:"
by oveérturned, often lsoclinal folds, wlth thrusted reverse'

1imbs which expose}VS llthologiQs in the aﬁticlines

(soMetimes PQ also), and Culm flysch fn the synclines v

’

-
e

e y .‘ ) ‘:‘ . . . - :; ..
[

Y <




‘ - » i . i
(Ribetiro, 1981). The mresence of &arly overthrusts may in .
wy

places obscure this simple pattern (see Chapter 3).

v -~

Main and late Stage Hercynian compression prodhced

-

numevaus‘wrench faults, trendlng N NW and NE in the South C e

Y \

Portuguese Zone, with horizental disnlacements up to 5 km,

'a'L

both dextral and sinistral qenerally celated with’ foldinq

and of relatively shallow natupe. The largest of all
\. e
aults in the area fs the MeSSejana sinistral wrEnch fault, .
. %

. mpre than 500 Km long, from the Atlantic Ocean in SV{~

Pprtuga% to-near Avila in §paiﬁ, It differs from the

Mess jan¢ Fault is variable around 3 Km, asﬁocfated with »

‘drag (Schermerhorn, 1971a' Rrbeiro et al., 1979).e

deform tion, ‘ag mentioned before.' Munha’ (1981, in press)

i and SW (Fig. 2. 6), based on observed mineral %ssemblgges in . ¢

MetaVOICanic rOeks and also on illite )
e » T

e o . .
.ot o y B ' ' . . N -
. . r
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regional metamdrphism was essentially isochemical, took -

*

place under low pressure and mineral assemblaqes are

- .

vcompatible wifh geothermal gradients in the range of 40 to
500C /km. * '
‘/Hércynian deformation -eventually stoppéd flysch

deposition, in Westphalian times, through emergence of the

RN

area.

.

The plate tectonic setting -of the South Portugudse

3

-Zone has ,been é matter of considerable controversy, perhaps
'becausé ;kelnature anJ sfénificénce of the volcanism
present theréin was not éleér. At present time .most
 authors admit that it may’ cor}esponﬂ to an. intracontinental *
‘eérly rift situation, poésjbly related with back-arc
crustal thiﬁning (seé Munha, 1983; Qliveira,'ih préss;
Ribeiro et ai.,.in Bress). )
Post Hercynian events had reiaxiveiy minor effects in
the South Portuguese Zone. They can be summarized as
follows: (see’Ribeira et a{.,\1979,.ﬁor’a thorough review):
During the Jurassic tHe ﬁ ssejana F;ult was ' ‘ '
reactavated under tension, wi uprise of fholeiitic magma

_generating the Messe}ana Doherite along that Fault. This

1s an early manifestTatjon of the opening of the North Tog W

< .

| Atlantic Ocean.
The South Portuguese ione fs4bbrderéd to the SE, S and
NW by & late Triassic molasse (Gres de Silves) representing

"~

the erosion of thesﬂercynian craton, the Gres de Silves is.

. LY

b




in turn covered by Jurassic Sediments related with

pontioental subsidence associated with the early staoes of
opening of the Atlantic O:;ao;

During Late Cretaceous times suovolcaoio ring
complexes were emplaced along an arcuate acc;oént defined
by the Monchique, Sines (Fig. 2.4) and Sintra intfusive
\oomplexes, possibly related to Rgiatton of the Ibefian
Peninsule during'oponinq of the Bi? of.Biscay;_

‘During the Tertiary, Betic compression gqnefeted

'

uplift in the Central area"of the Iberian;Peninsula and
£ 002 ~
concomitant sediment inf?llbng in thq Sgdo'and Taqus 5

basins, with accumulation of more thaﬁ 150 m of clastic and
Climy sediments which stil} cover a significant area of the

South Portuguese Zonq;

Finally, during the Pleistocene several rivers were

~--._responsible for up . to 20 metres of .alluvium along some

valleys.‘ Quaternary uptift was responsible_for the preséht
150 m altitude of.the area. Neotectonic actLvity is
‘expressed in reactivation of'ffults, sometimes wifh‘
generation of.horsts and orabens, aod tn rather frequent,
generally low magnitude intra plate earthquakes.
Neotectonic activity is rclatqd'with proximity of the plate
boundary representeo b& the Azores-Gibraltor Fault, along
which there 1is intraooeanlp subduction’to~the West. and

,collisioo of the European and Afﬁioan‘plates‘in the

vicinity of Gibraltar.
¢

»~ 4

,




) Morphologicaiiy, the South Portuguese Zone presently
corre;ponds fo an eroded peqeplain,.plunging gently to the
N¥ and SSE. The climate is mediterranean with at{éntic'
and/or éontinenfal influ;nces; characterized by lond, dr;
summers, and short, mild winters. Most of the area is
covered by thin soils; aNatural rock outcrops are rare and

weathered. The main human activities are farming.(cereals,

cork, olive oil) and mining of massive sulphide.deposits.

"2.2 Volcanism in the Iberian'Pyrjte Belt

As mentigﬁed before, sulpGide mineralization in the
Ibef?%ﬁ Pyrite Belt is closely associated with (felsic)
volcgnism which took placeﬂfrom‘Lpper Fgmmenian (Strunian{
to lower Yisean times (350 to 335 Ma before present). The
volcanic rocks occur as accumulétions up to several hundred
metres thick.in a‘sedimentary framéwork of "slates with‘
varying'admiXt;res of coarser terrigenous detritus and
biogenic, chemical-andHQOIcanlc components™ (Schermerhorn,
1971a), the ensemble of which constitﬁtes the Volcanic-
Sédimentary (or Volcanié-Siliceous) Complex (VS). Discrete
volcanié centres occur along major lineaments;‘particularly
weilidefined in the Western half of the Belt (Portugal),
where five sﬁchﬂlineqﬁents exist, trending NW-SE.

According to Carvalhgo (1974), the location of the
Individual volcanic centres is near thé‘inter§ection of the

above structural lineaments with an Intérsecting, NE-SW old

’

o 2

’
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system of major fractures typified by the Messej}ana Fault

(Fig. 2.1).

Volcanism was markedly bimodal: felsic volcanic rocks
cénstitute abpuf 70% of the known occurreﬁces, most of the
remaining are mafic volcanic and shallow intrusive rocks, '

with only subordinate occurrences of volcanic rocks of

intermediate (andesitic) charqcter.(Schermerhorn, 1970a; .
Soler, 1969; Munha, 1981). Felsic volcanic centres occur
thrpughout‘the Pyrite‘Belt, whereas mafic occurrences are

dominantly concentrated within two bfoad domains: the

-

Odfiqug-Neves'liheament of South'Portugal and the Eéstern
-

area of the Pyrite Belt, in Southwest Spain (Schermerhorn,
.1970a; Routhier et al., 1980). Elsewhere mafic igneous

activity is either absent or restricted to minor shallow

[
T

"sills or extrusive bodies.

Felsic and mafic 1gneous ;ctivity are well
separated, without JithOIOqiéal transitions of'alternances,'
althéugh both tyﬁes ¢can occur sfacked, suéh as at S.
Domingas and Riv Tinto, in which case either:felsic or
mafic“?olcanic }ocks‘paﬁ be found at the bage of VS§. VS

generally -started with felsic volcanism in Pdrtugal aﬁd‘
w;th‘mafic igneous activity in Spain (Schermerhorn,
'{9713). - This énd fhe diacrgte nature of the volcanic
centres precibdes the existence of a single stratjgrabhic
column for VS applicable to ;Ii the Iberian Pyrite Belt

(Carvalho et al., i976). The only lafae domain where a

+




. -

well defined stEatiqraphic seqnencé can be followed or -
correlated with certain;y over more than a few kilometrés -
is within the Puebla de Guzman anticlinorium area, where
the 11thostratigpaphy established by Boogaard (1967) in the °
Pomarao area can be traced to near Sotiel, about 60 kms to
the East (Carvalho et al., 1976).

The base of the thicker‘volcanic piles (Aljustrel, Riov
Tinto, La Zarza) is generally not exposed 6; evén drilled,
which probably -explains Ehe otherwise'intriguing fact that
no volcanic pipes (or other types of wolcan}c feeder
channels) have as yet been -found within PQ:rocks
(Schermerhorn, 1971a; Carvalho et al., 1976).

ancanism in the Iherian Pyrite.Belt\nas dominantly /
submarihe, as evidenced by the- widespread occurrence of .
pillow lavas with chert- filled Interstices, felsic
submarjne flow tuffs, abundant cherts (radiolarian or not),
shales (including black shales), ‘and other subaqueous
sedfments. However, it i; possible that some volcanic
episodesvnere subaerial, because of transien; energence of
the top of some of bhe’indlvidual volcanoeé 2Sénermerhorn,
'J970b). .

Mafic igneoua'rbékslin the Iberian Pyrite Belt consist
of lavas, tuffs and‘shallow,intrusivé doleritic bodfes,

. . . , Fa

usually sills ¢ trauss, 1965; Rambaud, 1969' "Schermerhorn,

1970a), and occur throuqhout the VS stratiqraphic sequences

(Schermenhorn,-1975). Munha (1981; see also Munha and

Kerrich,li9%0) broved that the'present'sp111t1c composition



-~

of these mafic Igneous rocksiis a consequence of widespfead‘

and pervasive hydrofherhel metamorphism which took pgece
short}y after emplac;med% of the rocks, as a consequenee 6f
sea watervconveethn threueh the vollcanic piles, driven |
with heat'from.within the rocks.. Munha (ibid. ), in a
'thorough geochemical investigation of these rocks
dispinguished primary features from hydrothermal effects,‘
and fer the purpose of petfernetic'modelling considered
only the least mobile elements under conditions of

hydrotherm51'metamorphism, and primary igneous minerals

(mainly pyroxenes),“concluding that the mafic igneous rocks’

of the Iberian Pyrite Belt were originally basaltic,
tholeiftic transitional to arc tholeiites at the base of
VS, and becoming proqressively enriched in incompatible
elements towards the‘top of VS, where they become typical

"w]thin'plate" alkaline basalts. Munha‘also concluded fhat
‘ -
these mafic rocks were produced fram different partial

melts of heterogeneows mantle, and that such magmas

]

expepienced varyling deqreeswgiffrjiffenatlon.

Intermediatg 1gnedus rocks are Qenerallyﬁrare, -

although they can be locally significant, especially in the
. . ) ’ . R “ . B ¢ o
northernmost areas of the Iberian Pyrite Belt. They occur

» .,

both as extrusive accumulations and as shallow intruslve

e

bodies, and are generally feldspar and pyroxene phyric
(Salpeteur, 1976; 'Munha, 1981). Munha (1981) concluded

that these andesitic rocks did not result from

. ‘1' .
¢ P -
L} - .




-
’differentiation‘qf basaltic magmas, and suggested instead
"that a suitable source for . andesites could be the hydrous
eqy1Valent to [the] upper mantle peridotite source of
contemporaneous Group 1 [base ofv VS] basaltic rocksﬂ;
Felsic volcanic rocks are the most important type of

igneous rocks in the Iberian Pyrite Belt, both
vQlumetrically and because massive sulphide mineralization
known to date in the‘area can invariably be related, more
or less intimately, to felsic volcanism (Schermerhorn,,
1970b, Carvalho et al., 1971bi; \

" Felsic igneous rocks in the Iberian Belt are‘at‘

‘present time unanimously considered to—be almost

exclusively composed of pyroclastic rocks, from autoclastic

" explosion brececias to Iappiti; ash and dust tuffs (Srauss,
1965; Boogaard, 1967; Schermerhorn and Stanton, 1969;
Schermerhgin, 1970o; Carvalho et al., 1971b, 1976; Routhier
et al., -1980), Only rarely have minor.felsic Lntrosioe

'ocourrences been confirmed, molnly in the Chancd-Paymogo-

S.;Domingos bordet zone between Portuqal'hnd Spain

(Saipeteun,v1§76' Carvéiho, 1979), mainly as porphyritic

dykes and. small shallow intrusions producing weaklcontact

, metamorphism.~ Felsic lavas have been reported from several
locatigps,_but the cumulative effects of total ‘
devitriflcation, hydrothermal alteration and Hercynian

deformation and reggonal metamorphiSm may .often have .

obliterated.structurqs-and textutes beyondfrecognltion of

-

o8
- M
L3

«

29




30

original characteristics. Welded tu%fs.hgve been.reported
(Lecolle, 1974; L. ConJe, ﬁetsonal communication, 1978), on
the basis of fl#ttened,textures and on the occur%ence'of
prismatic disjunction,of some volcanic éeds, and ..
interpreted as evidence for subaerial volcanic activity in~ B
conflict with several other lines og evidence which leave

little room for doubtson .the genérally submapfne, perhaps

even pelagic.nature of volcanism. Schermerhorn (1970b)

'reconciled these fact§’admitt1ng that the uppermost

a2

portions of the -volcanoes may have emerged, at least.
transiently. However, the occurrence of welded tuffs is

not conclusive evidence of subaerial volcanism, as shown by

"Fiske and Matsuda (1964) and Yamada (1973); moreover,

Sparks et al; (1980) have even proposed that ™a subaqueous

environment can be more favourable to welding than many

subaerial environmenta"

Thick (hundreds of metres) felsic pyroclastic piles’ in
. . v A
the Ibérjan Pyrite Belt generally include coarse brecc}ak ’

.and lapilli tuffs, together with the more widespread;tuffs,‘

and dust tuffs, and must”correspond to the areas where
° ¢

isolated or clustered volcanoes existed. .These volcanic

‘centres are often eloﬁgated, with original areal extents up .

’

to. sens of kilometres. Given the geologic constraints

outlined above Qetalled reconstructions of the original

.

volcanic edifices are not always possible and Oftiii'

debatable. One of thc most successful and complete such

PR Y

wﬂ‘""

[ T
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reconstructions is that-at Tharsis (Strauss and Madel,

“1974; Madel and Lopera, 1976), in the Puebla de Guzman

anticlinorium, where three superimposed felsic volcaﬁic
cycles are discernible (Fig. 2,7),'each with a centraf
dbmain of proxdmal volcanic faé}eé (lavas,'flow and tuff
brecqias) gradingflaterally and symmetrically to fléw tuffs
which in turn interfinger with distal volcanic and
se&imentary:lithologies (tuffitiéwslates, cherts, black

slates). Each.of these successions (except for the

* AN

" uppermost Gatos volcanic cycle) is capped by a horizon of

. -
pufblc red, tqffitic shalesy -occasionally with iron rich

‘red jasper (discontinuous) intercalations and small

manganese deposits. 2 km North of the vplcanid centre
(Tharsis mine area) volcanic rocks of the first cycle are

restr{cted'to beds -of fime grained, well graded tuffs.

b4 ~

Similar distal facles of 3 cycles of volcanism can be - ,/’

traced along the strike of the Puebla de {Guzman anticlfgﬁ/

. \ ‘ - ) /
to Pomarao in Portugal (Boogaard, 1967), as mentiosned

before.
. ) ) é R .

Out of the Puebla de Guzman anticline superimposed '
volcanic cycles are less well defined. At most other large
volcanic centres only one main felsic evéht’
despite the occasional presence of distal 1né.tuffslof h

tuffites in t@e sequences, attesting slightly élachronous

5

volcanic activity elsewhere. - ~

Scherqérwo:n (1970b) proposed that isolated, generally
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sizes. Lithic ffagMents«afeogeneraklx’bresent, although

thln occurrences of falsic tuffs withln doMinantly shaly’

lithologic sequences must renresent "ash flow tuffs laid

down® by sliding and f}owing down volcanoes-at thq eruptive
centres”. Schermerhorhainvokeé.low températﬁrg§mechanisms
such as slidps,,mudfioﬁs and turbidfty'éurrénts, excluding

1

“hot flewage (glowing avalanches, nuees ardenbes) as

?'\

restrfcted to subaerial volcanism, but we .mave seen above

that this is .ngcessprily true.

Texturally, most felsic‘volcéniq racks in fhe Pyyiée
. ; 1 . ) '
Belt are vitric to crystal vitric tuffs of varlous grain

Y

‘=suhor§1nate in abundance. Cuspate, Y-shahed glass shards

\
4 . ~

areqexeedingly-rare in these “‘felsic tuffs, although .

LI

abdddant in the mafic tuffs. According to’Schermerhogn

;(1970b) the felsdc tuffs display “a ‘dllute greywacke'

2

.

anhedral (often broken) feldspa quaptz and agely

texture made of rOughby sand-sized grains of cryst(!s,
crystal aggregates and original glass enveloped. 2! a

’

sericitic or ser&citic microfelsitic groundmass (chlorite
-~

“may. also be- present), through wﬁtch are sc&ttered larger

aN -

and smaller phenocrysts and other fragmemts" -

0} [
- £y

Phen0cry5ts in felsic VOIcanic rocks are euhedral to "

C A
chloritized biotite and garnet‘(Sche;m%rhorn 1976;:;
Lecolle, 1976). 1In dacitic tuffs feldspar. p ‘nocr;Sts,ane

: < . .

albitlzed plagioclasp, and clinopyroxene microphenqcry{}s

are sometimes present (Munha, 1981). ﬁhyplltie tuffs ‘are

L4

¥

L I
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. »
. -

largely dominant, however; and display'albite and
K-feldspar phenocrysts, oftep after oligoclase-aadesine.

Most,. if not all volcanic and hypabissal rocks in, the

Iberian Pyrite Belt were affected by (sea water)

hydrothermal-metamorphism (Munha, 1979, 1981; Barriga and

Al

Kerrich, 1981 this study) which produced maried chemical

. e

changes in the rocks. Despite undebatable textural .

~evidence for metasomatism, this fact was not properly

accounted for in the past. Most felsic rocks in the area
were originally rhyolitic, often h hly siliceous’(Munha,

1981). Their present composttion‘ mostly quartz-

keratophyric to quartz-kalikeratophyric (Schermerhorn,

R ko

“1970b, 1973), and.these rather cumbersome terms obscure the

fact that they are simply hydrothermally altered-rhyolites
(felsic spllites according to Munha et al., "1980).

Munha, (1981) concluded that the felslc igneous rocks

of the Iberian Pyrite Belt.are not linked to-the coexisting

mafip and Intermediate rocks. by fractional brystaliizhtion,'

_and that they rather result from crustal anatexis of rocks

of granitic and/or tonalitic composition, therefore.

.

confirming earlier similar hypothesls (Schermerhorn, 1970b,
- ' ‘ - .

1975; Priem et al,, 1978). . .
r . . "/ . B . -
o - - , »
- - . ~ .
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2.3 .JHydrothermal activity and mineralizatiof in the .

Iberian Pyrite Belt . s e’
The Iberian Pyrite Belt is ‘the area of the South .

Portuguese Zohe where massive sulphide deposits occur or

‘are likely -to be found. , This definition corresponds to

cd‘hon usage\\based on studies in the¢Cercal area

(Carvalho,°1976) and especially as a consequence .of the.

-

recent discovery of the outStanding Neves Corvo deposits

(Albouy et al., 1981) * Carvalho (1982) recéritly proposed

that the traditional limits of the Iberian Pyrite Belt

« - .
s -

" should be widened significantly to the S and NWy to enclose

. I3 R . - -

an area at least twice as large as$ befsre (Fig. 2.8).»
. Two types of mineral deposits are‘widespread'in the

Iberian Pyrite Begtv ;evernl tens of massive sulphide
Lhe s

deposits and several hundred Manganese deposits.

.Associated metaliiferous sediments (Fe-Mn cherts and

e »

: jaspers and purple slates) are equally important with,

regard to genetic studies and mining exploration. In this
section a brief summary of thelr more salient features will
be presented, pondensed essentially from Srauss’ (1965),
Rambaud (1969), Carvalho et al. (1971a, b, 1976),
Schermerhorn (1970b, 1971b, 1976), Stnauss'and Madel .
.(1974)» Carvalho (1976, 19%9), Strauss et al. (1977) and

Rodthier et al. (1980).

Massive Sulphide Deposits,

»

The Iberian Pyrite Belt massive sulphide deposits have
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Jbeen known aqd exploited since pre Roman times, mainly as
gold, silver and cbppe;-ores from the supergene enrichment
zones of outcropping deposits. It is worth noting fhat the
only deposit discovered to date away from Réman ot‘pre
Roman mines is the Salgadinho deposit .(Carvalho, 1976),
intersected by drilling in 1976.

. About 60 mines operated Huring$§he lést 100 years or
50, énd about 280 million mefric.tonnes (Mt) of massive
polymetallic sulphides were extracted in the same ‘period -
(Strauss and Madel, 1974), mainly for sulphur (average
gréde 46%), copber (0.7%) and sometimes for Iron (40%),
although ore nearly always contains appreciable amounts of
zinc and lead (comﬁingd average 4%, Carvalho et fl" 1976),
precious metals (0.8 ppm Au, 30 ppm Ag, ibid.) and a host
of alley metals %uch as Sn, Cd, Co, Hg, Bi, Se and'maéy
others in concentrations ranging froa tens to hundreds of o
ppm.. Many of these metals (1ncluding Pb .and In) are often
AOt recovered because of the fine grained nature of most
ores, what in turn 1s résponsible fo; tﬁé'expression
‘Iberian erité Belt' and for frequent incorrect litegature
quotations o},these orebodies as "Sarren pyrite" and
"bymite orebodies“. ‘ <
. ‘Ré;erfesyéf massive slehide'ﬁre.ih the Ibgrian Pyrfte
Belt ;ﬁount to about 700 Mt, essentially concentrated at

seven major locations: Aljustrel «(250 Mt) k_/'Neves -€orvo

(100 . Mt) 1in Portugal and Tharsfs (130 Mt), ‘La Zarza (60

A




3

-t

‘Mt), Rio Tinto (55 Mt), Aznalcollar- (50 Mt) and Sotiel (40

t"s)

Mt) in Spain. Exhausted or nearly exhausted other mines
- - . ’
which were important in the past include S. Domingos (30 ,
Mt) and Lousal (20 Mt?). A very large part of these
., )

- reserves (which do not include stockwork type ores) was

- o discovered after the early 1960's, as a consequenge-of.

v

-

widespread acceptance of the exhalative-sedimentary thdbry
of ore genesis (0ftedhal, 1958), originally advqcated by
Klockman (1894), eloquently 1llus£rat1ng the importance of
correct geolog&c understanding and models in mineral |
- gexploration (Serauss et al., 1977; Carvalho, 1979),
As a result of high qba]ity geologic studies during '

the last two decades, under the light of the "new"

exhalative-sedimentary theory several important aspects

concerning the origin of the orebodies .are presently'welf

established, namely tliat they are syngenetic (sensu lato), .

‘as evidenced by the well defined horizbns'where they:occur,
the common sedimentary features they{depict And also

. ‘ because they experienced the same tectonic and metamorphic

history of the rocks that host them, volcanqgenic~1n the

sense that they formed in close association with the waning

stages of (felsic) volcanism; exhalative, that is, resulted

-«

from mete}liferous aqueous solutions that,faised ‘through

L)

i 'the footwall rocks, as shown by chemical zonation, the

- presence of underlying stockwork zones and by ‘prominent
-

hydrothermgl alteration of the host lithologies in’'the

-
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9‘,

"vicinity of .autochthonous orebodies; and submarine from thq.

3

submarine lithologies amnd facies that host them (mostly
submarine felsic tuffs, cherts, jasper;) and from éhe‘
subaqueous téxtures of the ores themselves. o 3%

The Iberian Pyrite Belt massive sulphide deposits
occur invariably in stratigraphic_horizon;'that cor;eSpond
to the waning stages.of felsic volcanism at, each specific

volcanic centre, or, if stacked felsic volcanic cycles

occur, to the end of one or more of the volcanic periods.

They can occur at or near the top of thick felsic piles, or

anywhere along strike, in laterally equivalent positions,
both on more distal volcanic facies or even mainly on

sedimentary sequences (shaies,'black shales) again

" ° laterally equivalent to the volcanic rocks, as

schematfcally illustrated in Figure 2.8. .As a consequence
of this range of host lithologies.the orebo&iés can be
fdund arywhere fngh.near_the base to almost at the top of
VS, as they are hosted in sediments or at the toB of thick i

felsic pyroclastic piles, respectively.

- Sulphidé'or¢bod1es lying on thick pyroclastiC'ﬁiles'

1

are invariably underlain by stockworks of stringer and

disseminatéd mfneialization‘in highly altered host

e ¢

‘1ithologies, whereas such stockworks are generally not
. - - . -~

found under orebodies hosted in sediments ar on distal .

volcanic facies. Also, soft sediment deformation

" structures such as slumping, scour and fill,

' . : -
®

B T b
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synsedimentary breccias and even "turbidite" textures are
ubiquitous in orebodies not associated with stockworks and

rare or absent in orebodies rooted. in stockworks.

’l

The above facts suggest that massive sulphide deposits -~

in the {Iberian Pyrite Belt formed from metalliferous &
aqueous iglutions.rising through the footwall rocks, rand

precipitating sulphides at or near the coeval sea floor.

~ Slope inskability and thixotropic behaviour of the sulphide

"muds" précipitateq on the hydrothermal vents may in some

casles have induced sliding down volcanoe flanks with

redeposition in deeper waters, among distal volcanic beds
or even within sediments,(Schgrmerhorﬁ,A1970b, 1971b).
Much in the same way as Carvalho (1979) we will use .

autochthonous to describe massive sulphide deposits rooted

in stockworks and allochthonous or redeposited for sulphide

accumulations on unaltered footwalls and-depicting evidence

.

of significant soft sediment deformation, hence avoiding

¢
.

the confusing "proximal"™ and "distal" deﬁominations'(see

Large, 1979; Jambor, 1979). C(Clear cut examples of

‘autochthonous,orebodiesfare Rio Tinto and Perrunal-lLa Zarza

in Spain and Fe -Esgfcad (Al justrel) in?ﬁortugal. Good
examples of allochthonous orebodies are Filon Norte and S,

Guillermo (Tharsis) "in-Spain and Lousal (Portugal). The

Salgadinho dissemianeq deposit,, hosfed in feléic tuffs

deplicting stockwork‘typé alteration (Carvalho, 1976; Plimer
. .

and Carvalho, -1982) probably represents the roots of am ore




forming system, and massive mineralization (not yet found -
in the area) may hawe moved downslope from its top. It.is
intergsting to note,that this ore deposit was found pa}tly

as re u{t of afterqtion studies (Carvalho, 1976). The

relag"qns between the various types'of sulphide depositsj ’

siliceous sediments, ore zone alteratton and , /,,,«/’4
'li‘ho§tratfgraphy are ;phematically 111Qstrated in f}bgre N ' '

2.9. | ’

"

ﬂjdrothefhal alteration ‘

-

Apart from the already mentioned regional, widespread
s€a water hydrothermal alteration responsible for the '

!

present spilitic and~quarta‘keratophyric compositions of
most igneous rocks in the Iberian Pyrite Belt, stockwork
smineralization in the area is hosted 'in rock$ that are

intensely hydrothermally'alteged,.often to such extreme Lo
degrees thqt the original“fextu;é and mlneralogy‘areﬁlost,.
and the rocks become agénqgate§ Af‘exclusiQely,alteration{
minerals, usually quarti,’chiorité and suiphidés ’
(chalcobyrite, pyrite’, milor ﬁyrrﬁdtite and Spﬁalerite); .
sometimes with significant sericite and/or carbonates.
Oxygen fsotope determin;fions in minerals from the "
stockworks of several sulphidémdeposlts in the Pyrite Belt
(Rio Tinto, Chanca, Salgadinho and Fe;tais Estacao, Barriga g "
and Kerrich, 1981; Munha and Kerrlch 1981) indlcate that : ‘ o

ore fluids: were generally isotqplcally similar to sea water

(0°/04 5180 SMOW), although significantly 18o enriched

-

»
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" fluids were detected at Salgadinho and Feitais-Estacao.
The study of hydrothermal alteration ,associated with the
§ ~ " .
' Feitais-Estacao orebody of Aljustrel is a significant part

of the present thesis.

Manganese degosi%s and other metalliferous sediments

Hundreds of small manganese deposits are known from

within the VS Complex of the Iberian Pyrite Belt, and were
objeci of minor mining operations in the past. They occur

. . ' v .
- within various lithologies, namely tuffites, siliceous
» . .
slates (often red or purple, hematitic), and cherts” and

‘ jaépers. The énSemble of Mn concentrations and their c
immediate host lithélogies consflthte ﬁappable units, and
.on volcanic rocks, both mafic and felsic, or
on their léteral eqhiyalents. 'Iﬁ the field, they
constitute good evidence of a lat; or bosf vklcénic‘
‘gnvironﬁént, but cannot be cpnsidered true "marker i

‘ ' horizons" in exploration for massive sulphide deposits, as

they oc;ur associated with both pqoducti&e and non

A4

productiVe volcanic episodes (at least as far as is
known). 'Notwlthstaﬁding with this limitation; the

" occurrence of Fe-Mn formations can be an indication of ore
, . .
proximity, as,some such Fe-Mn rich horizons are.indeed
# : Co

.2 . . *
related with- massive sulphide deposition (Srauss, 1965;
y

Strauss and Madel; 1974;, Carvalho et .al., 1976). 'Jaspers

are particularly 61§n1ficant.' ‘According to éarv;lho (1979)

"...}aspers are perhaps the most typiéal rocks of the
- " "
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‘s , N -, ¢ . * ’ . »
. - . Q.
Iberian Pyrite Belt. Several types are known,. which can

- " 8 ) .
occur at-one or more -levels of the®volcanic sequences. The

facies more éloser'related with sulphide mineralization .,

»

. stands out as it is generalfy light grey and contains

scattered pyrite crystals. At'Feitais'[AlJustrel] tﬁese’

jaspers contact directly with the sulphide orebody. They

gradé»laterilly.into another typgfgﬁ_jasperé, predominantly -
/‘ ‘t«

. k . .
red, with hematite and manganese oxides" (translated from

Portuguese). ' - - T
ortuguese), | —_—
.

Munha (1981) analysed Fé and Mn rich cherts from one

of the Pyrite Belt Manganese mines (Lagoas do Paco,
Portugal) and, on the basis of their Lanthanide element .
- (

patterns and on‘their low minor’metalsa(Ni, Co, Cu)

Q

éontants concluded that they resemble present day sea floor

4

~hydrothermal metalliferous deposits (Bonatti, 1981; Fyfew

and Lonsdale, 1981).

”

~

If the present is still the key to the past ancient \\///

- .
sea floor surfaces now recorded in the Iberian Pyrite 'Belt

—

mg;al;ifegpus sedimentary'horizons sHouLd represent
hydrotﬁermal metalliferous deposits near ancieht
hydrothermal vents and'herogenogs metalliferous
concentrations away from su:ﬁ sites (f.e., away from

. ‘ 7_/
stockwork sulphide mineralization and alteration). In the ,

course of the present”work we will try to elucidate this

£

aspect as well.

o9,

[y
-
.
.
'
8
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2.4 Conclusion

The Iberian Pyrite Belt 15 located in South Portugal -
and\Southwest Spain, and constitufcs ¥estern Europé's most
prominent stock of hase metals. Extremely~ld?§e massive

sulphide deposits occur associated with the waning stgages

v -

of (felsic) expiosive volcanism which %ook place in early .

? td

Carboniferous times, on a Phyiiit¢=0uaétzite§ shelf facies,

conformable .basement, Subordinate mafic volcanism

> accompanied the felsic volcanic activitys producing a

bimoda) association in which,fhe two types of igne&us rocks

are not relafed bi m?gqatié difﬂg;pﬁtiatipn;'basaitic;fhéks
seém\zg\:eriQe fsom heteroge;eous mantle pefidotitg.sqé’
qu?ic\r‘cks resulited from ﬁartial‘;eiting.sf crustal
material. 'No{c&nic,noéks weré affected by widesprésd‘segs

water hydrotherﬁal'Mefamorbhism respdnsible for the. bréseﬂf

*

spilitic and quartzvkeratophyric (felsic spilitic)

Tee !

compositions of the rocks, foor the massive sulphide

'deposits and,also for abundant voleanoqeniCosediments such

-

- as’ manganese;accumulations« Fe Mn cherts, purple’ and red

i

slates geneticaily eQuivalent ‘to present day sea floor

Fe-Mn_hydrothermalland hydrogenous metallifprousj

concentrations.

.

Volcanism took place along lineaments ‘of disc¢rete
. . . .o s
volcanic centres in ;/;FATework of detrital, biogenic and

. : ™
chemical sgdiments, generating a widely variable (ore

hosting) Volcanic-Sedimentary Coﬁp)ex. After volcanism the

/




' _subduction further North, in which case the Flysch phase of

» . <
-
. RIS
. 3
- %
- . % ‘

- e

area expérlencgd pronounced subsidence, with deposition of

. 3 N . 7

a conformableé, several km thick Flysch Group {(base Visean
o R - - A M ]

to Wpstﬁhalian). During the time of Flysch deposition ' ‘

large scaleHSynsediMentaxy deformation took place, cﬁhanced .

bythfobably c&ntinuous,‘subsequent tectonic compression, i N

géneratihg a complex imbricate structure of tight folds aad

folded bvertﬁrust%;where VS anticlines are expdsed between,

»

apd often thrusted on, Flysch synclines. Deformation was - _ §

- R R T
‘accompaniéd (and followed) by low grade (zeolite-lower

A

g}eehsch;st) and low pressure regional metamorphism oﬂ’

- R .
eggentialLy isochemical nature. On the basis of the<above .

.

we favour that the plate tectonic’ setting of the Ibeian =

Pyritq Bplt probably correspon&é to an eaply continental

- ( .
. rifting situation, or to a ﬁa‘k arc basin associated with

the basin and the tectonic activity would be related to
. ‘ ‘ * ‘
closure of an adjacent ocean and continental collision.

Aljustrel is one of the main mining ceritres ofy the | :
- , ' L)

Iberian Pyrite Belt. _ : ] "
v e

’
. . -«

MR
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' AT t &£ .g ' ) A ‘ \ ,‘ B
'3;1, Introductlon e '
* Aljustrel is Jocated in phe Beja dlstrict of South

2

o

,5tepo:ts, ?978 1979; L. Conée, J.mtﬂ Leitao,«pﬂtsonal
; i . a

-

Portugal AFig. 3. 1) The geology of the %ljustrel area

iFig. 3.2) has been described by Schermerharn and Stanton

» -

:}969), Freire d' Andrade and Schermerhurn (1971) and
- w’ Lt
arvalho et al. e197a)\mue1ro et 31. (1932) :ecent‘ly

., 2 ‘

commented on the structural evolution of the area ‘and. ; the

- 'A S ~—

ﬁgeological staff of Pirites Alentdﬂana$, S AL R L., the

N
Aljustrel mining company, produceﬂ a number of detalled
24 Woarr - -

geologic cross seétioys of the area (unpubilshed mlne

esumunicat!on‘sb‘, 1978,(7_1\9/7(!, 1989). Aﬂy?;}tit‘es Alentejanas,
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S.A.R.L. is owned by the Portuguese Government (93%) and by

Belgian private interests (7%)

3.2 Lithostrdtigraphy and ore deposits

‘At Aljustrel the base of ‘the ore bearing VS Group is
not seen} nor does the regionally underlying PQ Group
< :
outcrop. VS (tocally named Aljustrel Group) is composed. of

a thick (>250 m - base not seen) succession of felsic
Q i ¢ :

-

pyroclastic rocks (Al justrel Volcanics)® conformably
overlain by a 450 m thick unit'of siliceats sediments,
[

tuffites and rare tuffs (Paraiso Siliceous Formation, PS).

¥

At or near the contact between the Aljustrel Volcanics and

2 ¢

- PS several massive sulphide deposits occur, totalling

neariy 250 Mt (Table 3.1), accompanied by prominent lenses

and strata of *chert and jasper and several small manganese

-

deposits.

©

Aljustréllcroup rocks outcrop~within an elongated,

v1:5 by 5 km area (Fig. 3. 2), surrounded by Upper Vdsean

‘turbidites (Culm Group, up to 3000 m thick), except to the

NW, - where the Aljustrel G;Pup 1s truncated by a major:

accident the Messejana ‘Fault, beyond which Paleozoic

\
4

formations are buried under 60 to 100 m of Tertiary clastic

“and limy sediments (Sado Basin Formation) filling a major

. \ .
graben 1imited in the area by the. Messejana Fault The

o

contact betweep Aljustrel Group and Culm Group rocks is

conformable along the NE boundary of the lakter (Feitais'
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Table 3.1. . Quantities and compositions of the Aljustrel massive sulphide
'~ deposits, not including stockwork type ores. Tentative - ;
compilation after Freire d'Andrade (1967), Freire d'Andrade and -~ -
Schermerhorn (1971), Carvalho et "al. (1976), Montes and Silva
€1979) "and unpublished data from Pirites Alentejanas, S.A.R:L,
Other elements .present in potentially recoverable quantities
include Au (0.7 ppm), Ag (35 ppm), Sb (1000 ppm), Hg (95 ppm),
Bl (150 ppm), Cd (60 ppm), Se (35 ppm), Te (50.ppm), Co (200
ppm) and Mo (35 ppm). Significant stockworks are known at

Feitais and Moinho. . &
e ’ Quantities of massive ore . :
(106 metric tonnes) Composition (%),
Mined " RESERVES , : S )
to date Proven Indicated+Infer.' S Fe' Cu In Pb
Algares - &) .
¢ . .‘ Cw 0.55 e
Moinho 16 . 16 45 to 3.5 11.2
. - 1.7
) . s ‘ 45 j 38
; + S, Joao . 3 .15 K .
. to 2to
Gaviaso - 16 15 87 81 1.5.3.0 1.0
Feitais - 1 30 "so . ] 0.6 3.0 1.3
tEstacao .« . . 40 . 0.3 3.6 1,1

4 Ty
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anticline). Eiséyhére this contact iéE;ecto&iq, through
.geﬁeraIIQ low angle thrust planes‘(Séhérqérhc%ﬁ and
. Stanton, 1969; Ribefro et al., 1982). ° g
" To the South and Southwe'st vig.initie.% of Aljustrel’ Vs

- Group rocks do\not outcrop. 5 km Northeast of Aljusrrel
near Corte Vicente-Anes, VS is again exposed, this pimp
conformably uqderLain by PQ rocks, as a N760 m thick
sedimentary and distal volcanic sequence (dqst tuffs, K *
£uffites). -The‘Aljustrel and Cogte Vic?nte Anes . Ct
lithost;atigraﬁhib'cplumns are rep;eséntéd in Figure’3.3.

. - . [

\ ~ To the Northwest the Aljustrel Group continues under the

Sédo Basﬁn qpver (W3 km offset by the Messejana Fault) for
anotﬁer 2 km, until it interfingers wifﬁ fine érained' ‘
slates agd dust tuffs (Gaviao Formation) and also with
mafic pillow lavq; and diabase sills related with a mafic

P
volcanicrcentre neag Milhouros, 7 km NW of Aljustrelu

.-

3.3'.Structuré - : o P
i/ Alju;trel Group rocks occur as a‘series.of tight to
1A,‘isdb11nal anticlines trending NW- SE separated by T .
Jntervening synclines and/or thrust faults. Axfal plani}
‘dip steeply to the NE.‘ From NE to S¥W the anticlines are

named the Feitais Anticline, Central Anticline and

LY . - ]
. (\éouthwest Anticline, with the much smaller‘Santo Antao
. Anticline still further SW (Fig. 3.2). In each it can be . |

seen that the Aljustrel Vo;canics are coﬁfbrmably oyeriaih
‘ . : ' : ) i
. . : o o/




. Figure 3.3.

Co'lumnar sections showing lithostratigraphic

divisions of the Paleozoic of the Aljustrel
area. GC, Gomes Quartzite; AV,'Aljustrel
Volcanics; PS,‘Pargiso Siliceous Formation;

$S, Seixo Siliceous Formation; VA, Vale de

- Agua Formation; AF, Agua Fgrte Greywackes; MR,

. Monte Ruas Slates; BQ; Brunheiras Slates; MG,

Maroicos Greywackes; ML, Mal .Ladrao Slates;
RG, Represa Greywackes; MB, Monte da Broca

Slates.b Aftér Schermerhorn and Stanton

(1569). f e .
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"by the PS Formation. All but the leas}'duct11e~Aljustrel’
_Group Trocks (cherts, moesiVe.félsites) display strono
Ischdstogity (main oleavé%e) striking anh at a smelkaengle
with thé axial planes of the folds,"ith werticel or sgeep‘

NE dips. According to published rep rts two major low

N

angle overthrusts brought the Alju;xrel Group and Corte

Vicente Anes Group rocks to rest Zn a several ‘hundred*® metre-
thick monoclinal sequence of Culm- rocks, implying lateral

'displacements'(NW to SE) of the order of many kiloméa$:s. Y
J:,“‘",‘,'."] . .

These are respectively ‘the Aljustrel and Biguina* RS )
, overthrusts, active at fﬁe-onset of the- Hercynian Dro eny, .
and representing the earliest deformatiqc events’in ngﬂ
area. Hovemen% alng thése. thrust plane!‘took place prior
to the development of - cleavaqe, and generated gentle, open
folds. The Al justrel and Biguina overthrusts were
.therefore probably synsédimentary thrusts (Ribeiro et al.,
1979; Ribeiro, 1981; see Chapter ). N : g

)The main phase of Hercynlan‘compression follomed the
above eerly detormation ;toge, andawas approximately
coaxial with it, tiohtening‘all'structures, and folding the

>

early overthrust plenes (Schermerhorn and Stanton, 1969),

-

or produced laber‘thrusfing of the 1nver$e flanks of the 'jf

now overturned ant;clines (Ribeiro et al., 1982).  The

[

- : . ‘ i .

final result of these two main sdccessive phases of
(probably continuous) deformation 15 that the Ce tral;

Southwest and Sénto Antao onticlines ane believed to float




could still rést on a-Vs "basement" (Fig. 3 bka). Aljustrel
-mine geologists defend a substantially different

~1nterpretation.(Fig 3. hbf, essentially based on their own

LA >
IS

Culm Grodp stratigraphy and style of deformation. ~The main

point of immedia;e 00qcern 40 the' present report 15 that

.

the Feltais Antiegine is the least deformed structure in -

0,

the Aljustrel qrea (Figs. M2 and 3.4), and was therefore >

selected as-the more tavourable area for fleld work and )
samp;‘?g. n . o . .
. The Central Anticlihe (or anticllnorium) is occupied

“ by a thlck (>250 m - base.not seen) sequence.of coarse,

1
-

, {\T”ouartz and feldspar phyric tu?fe; Ihe'Megacryst tuff

(AV1-M,lbeiow, >200 m thick) and the Green Tuff (AVp-gt,

above, 0-50 m thick). ’The SW, Santd Antao ‘and Feltals ,~
\\ . ) R ~ e B .
Ganticlines contain .a mutually equivalent but different

-

pyroclastic sequence, of finer grained tuffs conslstently

2 devoid of quartz phenocrysts, the ﬁelsitic facies buffs

r o

[}

(AV1eff,‘below) and the mine tuffs (AVz-mt, above). = The -
-‘ ' ~ ” kY .\ ’ \
_massive sulphide deposits occur as two lineaments withinv
the SW and Feitais anticlines, at or near the top of the.

&mine tuffs. The spatial relationship between the different

1

tuff facies has been observed at various 1ocations, and is

schematically fl1lustrated in Figure 3.5. sz~gt’and AVa-mt .

.
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_Pataiso Siliceous Fm

« Figure 3.5. Schematic. 11thostrat1graphy of the AlJustrel
Group (overlying Culm Group also shown) .
Ay, Aljustrel Volcanits. MS massive T d"
su]phide deposits. Jasper unit shown in - * .
' . ' . black. - AV M+Av2-gt Quartz-eye Tuff
T Format1on lth!S study). AW-ff+AVo-mt:
. Mine Tuff Formation (Carva]ho ot af ., 14’76)

Modified after Freire d Andrade and L
: . Schermerhorn. é1971) , : o
:"”\_«: . - . ..“ - . , . ‘f ‘j'ﬁ.,.
- ' Q ‘, . . ~ : B ’ ¥
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‘ :"* .~._ . B .. *l‘
are lateraiiy equivafent, whereas AV1-M and AVq(-ff ‘are

; partly so, AV1-M has been found Under AVy-ff at several

»

locations. A? -mt and AVy- ff interfinger peripherally with
the Gaviao (SW) and Sedxo'-(NE) Formations, which are
- dominantly sedlmentary with minor dust ~tuffs. and\tuffites.

The SW Anticline 15 an lsoclinai, asymmettlc

sgructure, I'inked to the Central Anticline throagh an.
Lequally tight-Syn line, the'S. Jbao Syncltnm. —

Mineralization (Algares, Moinho, S,,Joao do Deserto and

Gaviao) extends for about 9 500 m im-the SE NW diyection of .
o
the structures, nith ‘an. 800'm~gap between Algarés and

Moinh35 Elsewhere along this lineament mineralization is

Aessentially contiauous, occurrinq on both flanks of the S.~

"""""

. 1ent1cular bodiesi; Their%original peripheral are#s are

S

=y . e

prese*ntly“ close ‘together, as subparallel vein: !‘ike bodies

dipping steeply to the N¥tand coalﬁscing at depth Hanging ¢

wall rocks are mark%dly tectonicalIy displaped and

- —

) thdnned. This SW lineament of orebodies is therefore not,

-
[y 4

’”

) . :
appropriate for detailed qenetic studies. ~ : St

In contrast, the Feltais Anticllne contains an' Y

e

.pJongated, once continuous ore zone nearly 1 700 " long
"(mininum length),‘the Feitaig and/fstacao orebodies lylng

on the nornal, NE flank’of the anticldne, on"top of a thick
4 .
succession (WZOO a, basé not seen) of Hine Tuff, overlain
*‘ 'L

. by prominent bedded cherté'and 3aspers in turn overlaln by




R}
t

l‘,
-

- a ', -
. :
o L L N ‘e
v & - . .
R ¥ ) ‘ j . -k .
the PS phyilites and tufﬁites. s . ‘ '
3.4 ﬁase‘Metal zongtion in.TFE“?*itﬂis oreﬁody -

Thé Feitais masaive and stockuork sulphide orebody and'

its associated lithologies will be described in detail Lﬁ
- i a

*Chﬂpter 5 of this thesis, Figures 3: 6 a to d ‘iilustrate the‘

) -

Cu, Zn JPb and As/%bundances along & drillﬁoles which
‘. transect the deposit (data from unpublished drillhole logs,
,Pyrites‘Alentejpnas, 1963 to’ﬁ97i)r It is apparent that

"mEtar abqndanbés var}‘wigely, andhthatgnigh gradg domains
R ] s v . N . ’ ‘
'ape.frequently intercalated in essentially massive pyrite.

In and Pb are strongly covariant, In +, Pb c&ncentrations.-

©
frequently exceed 15%, especially near the stpatigraphicf

4 ’

top of the massive orebody. Cu ls generally low within,

‘e

massive ore, although iocally abundant (as oreyshoots) near X

'
'# L

its base, and especially wfthin the ;ootuall stbckwbrk °.'

)

zone, where ngllhozEs have often intersed%ed many tens\NL://_ .
metres of disseminat%d and stringeromineralization e ’ -

o

containing 3% Cu, intercaiatew in oqually 1ong\barre

domains. ’Stockwotk Cu rich mineraliz&tion is invariably
1 RN N
hosted in chlorite - QuartZ“vr c§IOrite --quartZ‘J’d

.l‘,,

are oceupied by islands of volcanic rocks (Mine ?ufff

-V g

;7 indistinguishabie,fron those occdrring’alay from qheg ‘
] = . EERANS

1, Coew &

squhide ore3947~ L o ;'r . I oo

.-
a .‘,.' . P ” s
. F . . ) o, 1

LB x R 4

k]

”1_7 oy f , '\
LN

.

.ﬂ .
sericite nock, anJ the bqnineraiized intercalated ﬁgetions v

he data‘#tieflx yutlined ahove shous that tﬁ_}:- .,

&3~

[
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Zones where only Cu is reported are

Stpékqork. Felftals orebodyJ
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compafes well tq similar features of many other masslve

relatively low base metal grades listed in Tabl? 3.1 are a"’

) A
- . . .

. . - 8
consequence of averaging mediup and even high base metal
<, a’ B N . . .
gradeés with the low base metal contents of vast pyritic
+ N | ¥
domains of the sulphide deposlt, whioh .would not be

P o

censidered ore in_most other-metallogenlc provlnces.

» ’ A

Regarding the Cu rlch stockwork zone, it is located malnhi

400 to 700 metres’ below surface’ (seb‘Appendlx VI), and at
AT
the present gime “is not properly su;veyed wlth regard to

<

size and grade. - o .
o~ ’;‘ ‘. 8‘

The prominent base metal zonatlon outlined—above

v . -

sulphlde deposits’ (Hutchinson, 1973; Franklln et al.,u1981)

.and is of particular interest to"this. study, as \t shows

A

that the metals were deposited along well defined physicb-'
" ‘—

chemical adients (see Chapter S)- o ',:
g{ 4 > A, - N e
N o , . ) " ) ’ ‘

3.5 Concluding;remarks “ L, .

»

) The*Aljustrel Group rocks (tncluding orzs) were formed
) \ ]
in the course’ ofe felsic, submarine, explosive volcanisn
. ] ™ 2

which togk place ln Visean ‘times andngroduc%g )101 kn3 of

L] £l

o

pyroclastlc ro¢ks.' These can’ be*ginpped as follows. a . .

L] ‘u

. central unit of coarse quartz‘eye tuffs'(Megacryst Tu¥f and

v

Green Tuff), flanked on gﬂ;her stde by: flner grained felsic

- e

PP . 1Y /

tuffs devoid of quartz phenocrysts (fels c and feldspar
phyric tuffsf naued Felsitlc acles and Mlne tuff and

together Hine Tuff Fornation) “°At the wanlng,stgges~of -

L4

3
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e
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;
e

Vrestricted;.tbrone-"of the symmetrical halves of the system,

given the 'strucfutal' differences previously outlined. For

-

the sake of', qllarity Aljustrel:vdl‘canlc, ‘rpcic§ maljkedly,

affe'c,te‘d by ore formih‘g fluids wi.'ll be -described as ~p‘ai~t of

the ore system .(Chapter 5). ' - ‘ '




o } : ; CHAPTER & I | | S.\ S

". ) . , . . R . ’ . - ‘
© " THE ALJUSTREL VOLCANICS

o : .o

" 4,1 Introduction- ’ ' ' '

The ma'in purpose of*the present study of tpe,AljuBtfelf.

Volcanic rocks was to find ous whether or not had they been -

- ]

affepte& By ;ea watef'hydrothermai me;amdrphism and,'ifpso;

\ to evaluate the nature and extent~of such phenomena. and to

delineate the history of the’possible,Aljﬁstfel paleo

- »

hydrotherﬁal sx§tem. In the'cbufse,of‘yotk_it %gcémg clear
that the'Aljustrel volcanic' rocks had been far more ‘

"metasomatized than antiilgdtéd. Part of the diversity I
.. P . . -

detected by préYiqus work 4n . the area (see Chébter 3) .do€s
“not,reflépt,prigary differences, it rather derives from

large scale‘inteiéctiqn'witﬁ convcctLyély'clrculated‘sea !

4

.o

' ! - : ! ’ [
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water through thé highly;bermeaole submarine pyroclastic

rocks. The data‘reported here supports a model for the

.origin and relation" of the varJous Aljustrel'Volcanic

facies which 1s more detailed and somewhat different than

thosé proposed by earlier uthors, although rooted in their _

excellent geologic observatio

] 4,2 Petr*graphy

The Aljustrel volcanic rocks are mostly composed of S
$ - 9 \

gq@nular tuffs (Schermerhdrn, 1975, 1976), characterized by
a fragmental matrix composed of felsitic grains enclosed in
an almost submicroscopic framework of sericite and felsitic

. ]
matter * chlorite (Plate JA, 1B). Felsitic grains vary

size (mostly 0-05 fo 1 mm), shape (mdré or less rounded or
?

_lensoid) and composition (generally quartz feldspar,iﬁ

' sometimes feldspar * semicite), and can be, cloqkly paeked .

). .together with only minor intersticial sericitic felsitic

< e

'ﬁcement";~or,inversely‘tpis cemezt can predominate,
generating.a “dilute”ireywacke" texture. (Sche;mérnor;, ‘
1970b) Sericlte in the cement depicts marked preferred

‘ orientation, parallel ‘to the main cleavage (invariably

| 'present except in massive felsites). Recogniqule cuspate
b 1?\ . :,shar;; are. rare. f i V o

The granular matrix described above usually contain;m.'

e E A A

i variable amounts of erystals and crystﬁ! fragments of

oeveral minorals, 1ithic fragments and larger devitrified




PLATE 1

S o,
(all. scale bars 309},m)

Tuff ‘matrix (Quartz-eye tuff) dominated by grains of

felsitfc matter cemented }y sericite. Crossed nicols. "

-

"Dilute greywacke" texture 1n tuff matrix (Mine tuff);

[
dominated by a sericite quﬁrtz feldspar eement ‘with

sparse grains qf felsitic. matter: " Crossed .nlcols.

4

Megacryst facies of Quartz ‘eye Tuff Note pfeferred -

$

: orientation of alkali feldspar meqacrysts. Pe h\ii 15
. . ’ .-

“cm. long.

Igneous ‘albite phenocryst, 1ntensely hydrolised into
sericite and minor calclte, surxounded by metasomatic‘
ehessboaid a;biteg(OEI)."Croqsed nicols.

A

.Chesshoard tsxtured dlbite QQET). Crossed hicolsg

Poorly developed crystal of chessboard alblte, ‘at. the

‘expense of tutt matrix. Green f’cies of QET Crossed -

nicols: v

’







.'glass fragments. Variations in the nature, size and

: relative abundance of all these components distinguish the

‘various Alju%trel tuffs, Carvalho et al. (1976) and»,

Schermerhorn (1976) grouped the<Aljustrei'Volcanics in two
. , o |
main divisions, the Megacryst Tuff and Green Tuff

"sequence" and the:Mtne Tuff Formation. Ve propose the

kY

designation "Quartz- exe Tuff (QET) Formation" to the f?rmer

'"sequence", and will use the designation Mine Tuff (MT)
.'Formation in the same sense as' those authors

»

4.2.1 Quartz-eye Tuff

’

Quartiieye'tuf?s are. known to occur at Aljustrel in
Ithe Central Anticline, and under the Mine Tuff Formation .
rocks in the S. Joao, Syncline and SW anticline (see. Chapter
3), occupying a minimum volume of 2 km3 Schermerhorn T

(1976) described the petrography of these tuffs (Megacryst

'Tuff and Green Tuff), which are grouped here in view of

'their marked similarities, and on the conviction that many

of the differenees between the two main types (Meg cryst
Tuff and Green Tuff) are not primary igneous {see bglow).

Quartz-eye tuffs from Aljustrel are characteriz'd by

- the invariable presence of abundant randomly distributed

. ,quartz p'enocrysts in a rblatively coirse granular matrix
.(fe% ains averaging 0.5 mm) ‘ These Quartz-eye
a\tuffs alway contain crystalswof otger Qinerals as well,
d‘i, especially alkali and piagioclase feldspars, but these

PR /

f' ’




" occur also in the Mine Tuff ¥Q££3zﬂﬂherea§'quartz
. : ~ i ’ : N ! - ' / °
phenocrysts are rare or abSent in Wine tuffs. S

generally depict undulose ektinctior,-dgformafion bands or

Quartz-ph§n6c¢y5t5 are subhedral to rounded,,often

broken, and attain 6 mm in di}mﬁfgr.‘ In hand specimen -
, : \ e . - .

they are somewhat bluish, and under the microgqcope, they

*

even‘suﬁgrains_which do not affect the-continuity of v

*

frequent fluid inclusion rows. Another prominent featur )

of these qtartz phenqcryst§ is thét,they frequently contaim'
corrosibn embayments fiiléd rith'microcrystalline quartz
aﬁd‘felsit]c mattrr. Quartz phenocrysts in the top layers
of .the QET (Greeq Facles, see below) often show partial

replacement by chlorite and.chlorite- sericite aggregates.

Fé€ldspar crystals of various ‘'sizes, hablts and -
- . . ,-'x

gcomposltions are also very fréquent in Quartz-eye Tuffl

rocks.- Some are true phenocrysts’forme& at the Magmatlc‘

. stage of the history of the rocks, but others: .are believed

to have farmed after emplacement of the rpcks, during

-

metasomatic, subsoridus events. We diverge from

'Schermerhorn (1976),,who suggested that K feldspar

megacrysts in the Quartz- eye tuffs of Aljustrel are an,
1ntratellgric phase.:

Feldgpar phenocrysts include Albite and/or Carlsbad

. twinned albite up. to 8 mm in slze, and less frequen;//”

,(sOmettmes perthitic), mlcrocline crystals, seldom larger

'thanrz mm. Feldspar phénocrxsts'ére very often fragments .’

(u« S ' . RN

o



. o " of euhedral crystals, and are nearly ayﬁays @pttled.wlth‘

unoriented or mosaic sericite inclusions; sometimes epidofe , ’
! - . . .

‘ (+ carbonate) inglusions are present, with or instead of

. . . ' , -

sericite.& Feldspar phenocrysts are often completely

replaceﬁ by sericite flakes. ‘ s

Alkali feldspar megacgysts are a frequent and striking

feature of the Aljustrel Quartz -eye tuffs, as they can
N " attain & cm in length and occur only, a few cms apart from

each-othér, whith weak pngferred,orientation,.ofpen'paf911e1

_‘or subparallei’to rock cleavage (Plate 1C). Larger

9,

) : ﬁégacrysts are nearly always euhedral, and no isolated e
megacryst fragments were found; when'diérubted by brittle-
deformation the resulting'fraqments lie elose together.

. B

‘Smaller (down to a few millimetres) alkalil feldspar , N

o

=1

megacrysts are usually more or Y!ss rounded, or globular*
R - 'elongated. They are compose; of 1nvariably fresh (adébt
from onradic 1a;ensta§; replacement By coarse crista}line
calcite) al;}te, K-feldspar, or both. o
| Alkait feldspar megacrysts 6ften confain.incluéions,
of both tuff matrix and ‘igneous phenocrystf Tuff matrix
inclusions vary in shape: they can be. elongated, globular
or irregular. Albite (i1gneous) phenocrysts included in
alkali-feldspar megacrysts are Invariably sericitized
and/or eplidotized, with or without, accompanying calcite

v

(Plate 1D) Albite megacrysts-are crystal-clear,

¥

frequently chesshoard textured (Plate. 1E) According to




- - 4’
. : ' < e 4

Smith (1974 Vol. II, p. 278). "Ch{ssboard albite 1is
characterized by crystals containing many Albite t'lns'

whose lamellae conslst of short plates on (010) which

elither wedﬁe—og{;:; afe abruptly‘trgncated by (010). The
> . plates are not of ‘gqual size and are not stacked in a

\ ‘ L ® '

o ' . lattice array. Nevertheless the parallelism of the (010),

. ' »

, = faces and the el%nggtlon along c tend to produce a.
.o , A ‘ .,

rudimentary pattern which led to the name of, chessboard

albite”, There is considerable controversy rebardlng the

origin of chesshoard albites (spe &q}th,'opa cit.). \Our‘
observations’ suggest‘Lﬁat chessboard albite meqaprysts in

the Aljustrel Quartz -eye tgffs are due to hydrothe?mal

; porphyroblastl% growth, much in the, sahe*;g}“;;-proposed by

~

. ' o Battey (1955) for the chessboard albltes 1n the New. Zealand®

keratqphyres. Plate fF 1llustrates the development of , -

7

.o chessboard albite from isolgted patches, of a fulb-crystal,
with Femnants' of tuff\matrlx'left within the ‘chessboand

E . alpite. Albite'megacrysts not depicting chessboard

. ‘ ‘textufesﬁ(i.e., apparegtly untwlnned#!ﬁlse occu;; It lS
‘not known whetfrer the lack of chessboard te;turell; real_ of
ilmply'hldden by orlentatldn‘(eeetlons parallel to.010).

;. ,,l! : Equivalent K- feldspar megacrysts also’pccur In the

| Ouartz-eye Tuff, although they are much less abundant th@n
albite‘megacrn.xs.‘ They are morphologically : e

lndlstingulshable from their albite counterpartﬁ, and under

- *




*V*L “\ . . ) .' -~ . ;. 4 . '82 .
g ~ ., ) ] *
. - ' " -
g . tke microscope they can;easily be mistaken ﬂQr )

non-chessboard albite, ‘and viee-versa. In the course of
Qhe present study 43 samples of Quartz -eye tuffs lncludlng

! about 50 alkati feldspar megacrysts were studied under the

-

' dptical microscope.and extenslgel) analysed by electron
mlcioprobe (see below). About 70% of the me;acrysts_ake
albite:q;ﬁﬁ K-feldspae‘and only &4 samples contain ;
intergrowths, of both. At the scale of hand specimen tnese

r o - - .

. three t§pes were .never seen to coexist,. and lntergrowthstin,
' : - '\e‘ * .

different crysta}éifrom the same sampl!ﬁ-whenfpteSent,\ L R
contaln approximately eonstagt_proportions of albite and. | ;'
K-feldspar. . Intergrowths are‘due to repiacement, ;" )
K-feldspar replaces albite (Plate 2&9, although the inye;se

[} /

cannot ‘be ruled out (Plate-28). Some of these replacement

. textures resemble‘patchy perthites.' No true pe}tnités were
-seen. Adularﬁei(ln the texturql sense qof - the word) 1s’

'sometimes:presént, bo;h wlthln veinlets and scattered 1in

|“ -

the tuff matrlx (Plate ZC) . ; - . . (’
% ,V. - ‘1 ® - Alkali feldspar megacrysts were also studJed by the 3 ,
é‘. ~ peak X- -ray diffraction method (Wright and Stewart, 1968” .
;fA‘ /,. Wright 1968) .-. Results are Qlotted 1n Figure 4. 1 and sﬁow
f“ - - that the alkali feldspar. megacrysts a:e eqmposed of low h f ~:k;

‘albite and maximum mlcrocllﬁe end4members, ln good
. - N

- agreement with,the textural evidence for (hydnothermal) - .

‘metasomatic origin. The paragenetic relations among the

I D i < s

various feldspars are-as follows:
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- PLATE 2 ’ \, ‘
. (al}‘scaie bars BOOiJm) ‘ S _i -
3 " ’ ‘ | o

Deeply altered igneous albite (lower right)‘surrouhdew

by hydrothermal albite (AB) in turn partly replaced by

-

K-feldspar (FK) QET Crossed— olsa

D e . [y
. - »
o .

- . . o e
"Islands® of chessboard textured albite in K-feldspar

megacryst (FK) QET. Crossed nicols.

-
v ’
- ?

K

v

Adularia (black) in vein in QET. " Same sample as A.
&

Crossed nicoks.z ° : d

- ’ L ]

Almandine garnet-bearing lithic fragment in QET. 'One

nicol onty.

1

L]

8
Euhgdral almandine garnet (partly replaced by chlorite)

hosted,  in albite (igneous) phenocryst (QfT) One nicol

only. : - .

4 .
.

Allanite (dark) dQergrown by Glear radiating epidote.

Green facies of QET, one nicol only.

~&

2
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X-ray diffraction data:for alkali-megacryst feldspars in
the QET, i1lustrating that these are tow temperature
feldspars. Solid circles, coexisting albite and K- °
feldspar; open circles, one feldspar.only in megacrysts.
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" Original (igneous) . | y ¥
Abundant albite phenocrysts

-Minor microcline phénocrysts"

Abundant albite and (?) K-feldspar in the matrix (or
r ”

1

their glassy precursors) : ) g

Metasomatic

-

Earlyhalteration of igneous albite (sericite,

!/

‘epidote, calcite)

Subséduenf formation of metasomatic albite
Subsequent formation of metasomatic K—ﬁeld;ﬁar

IMuch smaller and scarcer crystals of biotité\(?),,
garnef, zircon, apatifq, allanite -and Fe-Ti okide;
(containing ;pﬁénp) aiso oécur,'aé well as intéfsfttiéi;
poikilitic and overgrown secoﬁdér& sericite, chlorite,.

‘epidote, éal@ite fn often important amounts and veryAraré

greenish broﬁg stllpnohelane, sbhene, pyrite, chalcopyrite

and~sphaier1te., Fluorite ocecurs sporadjcally; especiallfi-

as millimetric Veins~particulaply abundant, within the

strétigraphic top_of the Quartz-eyé'Tdff formatfon (vein

spacing; in the order~of tens of ietres). .

Biotite (?) microcrysts are rare and completely .

altered into gnbhalous, mottled chlorite and dpaque dust.

Infrequent micrbc;ystS'pfhbarnet‘occur mostly In lithic

fragménts‘(Platb‘ZD) and- are to;all§ or'partiélly EeplacedA
by chlorite; fracture controlled partial repiadement'leéQes
angular fragments of completely fresh gafnét*(Plate 2E)."

.

-

o

~
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Allanite occurs as rounded or irregular rare

H -

: interpretfd as representing primary igneous exsolution of .

-

microphenoorysts uo to 0.7 mm fn size, often overgrown by
post tectonic euhedral radiating eoidote (Plate 2F).
Euhedral apatite (up to 0.5 mm long) and- zircon are also
frequent in QET rocks.

Fe-Tl oxides are also frequent;?ecessorles, both as
microphenocrysts and -as Tiihematlte minute ;catteoed
flakes. Thelir diétribution ;ariesdstrikingly from top to
bottom inlthe Quaetz;eye Tuff Formation, being one of the
main causes of cHemicat'zonation‘in the‘onit (see belon).
thS‘in,the'uppermost EEne*of dettes of the QE} Formation
(Green Tutt ot peevious'aothors) Fe-Ti‘rich phaseﬁ occur as-.
Ti'hematite 4+ leucoxene + peeudob;Zokite micr phenocrysts

and alﬂo as abundant mintte Ti- hematite flakes.. Deeper

seated,QET rock&.do not contain Fe-oxide flakes, and
. !‘ - - ' ’

a

. microphenocrysts do not include Ti-hematite or- magnetite;

\ :

. instead, they.are composed of 1imen1te ¥.5phene’1

leocoxene. ﬁagnetite was_nbt foundiim.any Quartz-eye tuff, -
¢ ‘\ ‘

) despite exten;lve, electron microprobe assist;d searches.

Textural relations of the various Fe T1 mlnerals in .

L

th@,QET are 111ustr&ted Gn Pla;e 3A, B and C.. They are

5

d »

Ti magnqt te, ilmenite and rutile, followed by oxidation in
‘the top layers ‘of the QET and Fe leaching 1n deeper sgated

domains, p ahaps with recrystalli;atlon of immobile T4 as

4sphene thraugh reactiori with Ca and 51 either directly from
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A,B. Opaque microphenocrysts found eXClusively'inHGreeJ%
facies~ rocks (uppermost QET and MT) ,ultra fine- grained
intergrown.Ti-hematite + leucoxene +- pseudobrookite .
(Fe203.7103) rimmed by Ti- hematlte. Note .also minute
flakes of Ti- hematite scattered in tuff matrix. It is )

believed that these minerals represent oxidation of

M g{lmary igneous Ti-magnetite, rytile. and ilmenite.

. QET, reflected light (oil immersion), one nicol only.

Scale bars 100 um.

C. Typical opaque microphenocrysts occurring in Aljustrel

- | volcanic rocks other than Green facies (deeper seated)
leucoxene (white) +*1lmenite (light grey) + sphene

(dark grey) Note also the absence of opaque flakes in
matrix. It is believed -that thls assemblage was

obtained through fe leaching of original.igneous
»opaquestidenticaf ‘to those of Green facles rocks. QET, :
rE?lected light (oil immersiog), one nicol only Scaie
.bar 100 . . . _ o ) : .

D. .Aocidental lithic fragmeht composed of finely banded
_quartz ahd hematite QET, one-nicol only. Scale bar 300

s

um, . . ‘ xS -

E. Frayed end of "cherty quartz" lithic fragment, possibly
formerly pumice. QET, one nicol only. Scale bar 300

pm. "

¢

F. Se(TZIte (+‘m1ndr chlorite, medium grey) 1nc1ﬁsiqh in
QET, possibly a flattened former cu%patelglaes shard.
Subhedral white crystals are'abatite. One nicol only.-

~Scale bar 300 um. ' o -
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. solution or froﬁ neﬂﬂhbouring mineral phases. These .

: B - ' z

\ changes cﬁn be summarized as. follows: ' e i -

‘ ,g‘, | o

3

o) ‘;
#. 7 " Quartz- eye ‘tuffs: Opaque Mineralogy-
Top (Green facies, * Deep zones
. oxidized) Original (reduced) T
Ti-Hem flakes " Ti-Mag flakes  (Leached out)
Ti-hem + lcx + Tlm + Ti-Mag +. - TIlm + Sph + Lex
pseudobr inter- Rut intergro s intergrowths
g)ow?hs_ ‘ . S :
¥, ) ’ : V- ) - ' ‘ .
G : ~ - (Pyrite?) Pyrite (sea - S
’ IR © " water sulphur e
i o A ' fixation) ) ‘
R | ~ Fe oxides total-
T .~ L . ~ ly absent

.
.
~ R
,\‘ . . A . -
N \ T - »
. P .
.

. o
s o

‘o Lithic fragments of sizes up “to 10 cm are of" frequent N

occurrence. They are mostly.volcanic, althougb red chert

P ‘ . «. -

fragments aré also present. Finely banded quartz Ti- = -

[}

<

hematlte fragments ‘of unknown oriqin were found in several

samples (Plate BD compare with Ross and Smith 1ﬂ61,

‘ ~ x
'flgure 87}. Locally abundant 1rregularly lems sha{ed .

[}
R}

Y ”"cherty quartz" 1nclusions up ﬁo 5 cms long may correspond
/o

-

s ta, former pumice fragments (Plate 3E; note frayed ends)

] -

Rarely some sericite-chlorlte felsltlc matter aggregates

e v n me aa

stand out from the granular matrix of the tuffs, and
resemble cuspate glass shards (Plate 3). ‘. | ,

e M ‘e . ‘. ‘ '
! : . . - : - b

. e



Megascgpic zonation‘in the Quartz-eye Tuﬂf Formatfcn ey
N l' 'S '1 L] °

T ’ RN o Three varieties~of Quartz eye tﬁ?fs exiét,.defined

essentLally On the proportion of serieite 4 chlorite In the

» -
. w

matrix and -on the abundance of alkali feldspar megacrysts. -

= ‘ a

" One of. these varieties, the Green facies, could even be

i L4

3 N . .mapped ifparately from the remaining Quartv eye tuffs
ST (Schermerhorn and Stanton, 1969 Freire d'Andrade and

f - Schermerhorn,~1971' kee‘Figure 3 2) as its occurrence is

Ll s :

y restricted to a3 0 50 n thick layer ‘at the stratigraphic top
of . the Quartz eye Tuff Formation.ﬂ |

-

The Green facies is characterizeéify very abundant

o

sertcite and chlorite in the tuff matrix, and by the

'4%‘..‘ L . .
presence of scattered minute flakes of Ti- hematite. It may
- -

.or may not contain feldspar megacgyst.

The Megacryst facies is characterized by a dominantly

- ]

felsitic matrix and by the occurrence of abundant alkali-
i‘ - . '

feldspar megacrysts. Ti-hematite flakes are absent. A

. third variety (unnamed) corresbonds tc the sane rock asithe:
- ) o Megacryst tufft. when alkali feldspar megacrysts are absent.
These two lattkr varigties occur 1nt1mate1y mixed.. The - -

spatial. relat onshlps of the variops facies in ‘the

Figure 4.2.

- ‘. A
» s .

| AT S o .
' 4.2.2 Mine Tuff Formation b S : :
L S BRI Mine. T ff,. Formation ,rocks occur as;teo mutually

-
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Figure 4.2.. Schematic represer;'t:ation of the spatial “ o,
relations between facies in- the -Quartz
eye Tuff. . N
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equlvalent unlts,flanklng the Quartz;eye Tuff symmetrically
to"the S¥ and to the NE (see Chapter 3): Stud& of the Mine
tuffs is. complicated by the presence pt the massive ,& v
sulphlde bre _systems, with their striking and voluminous’
haloes .of ore zone hydrothermal alteration, which extend

>

far beyond the limlts of sulphide minerallzation ltself

)

. Ore zone hydrothermal effects’ are superlmposed on earlier

-

metasomatism markedly simflar to ‘that affectth Quartz -eye

?

tuffs, and will ‘be described separately (Chapter '5).

Large (metasomatlc) alkall-feldspar megacrysts are
A .. .

" also~ab&ént although non sericitlzed chessboard al lte

Er?stals (up to 0.5 cm) are sometimes presqpt in Mine tuffs

also. Furthermore,.the"granular matrix of Mine, tuffs 1s

generally finer graLnea thig that of Quartz -eye tuffs and,

Py
e

'probably as a consequenoe, the main cleavage is far more

penetrative in Mine tuffs than in Quartz-eye tuffs

\ -

(spmetlmes a second crenulation cleavage is alsé present. in’

¥

Hine tuffs) The«Mlne Tuff Formation is often well bedded,
and includes.layers (up to m3 m thlck) of massive felsites ,
and felsqphyres 1ntercalated_in,the highly schistose,.

largely dominant granular tuffs. Be& thicknesses "lie
. - !“ R ) N \
normally in the range of 0.5.to-a few metres, but vary from

LS

a few ceﬁtlmetres to > 20 m,. Gradded beddlhg was not

observed. Thin-horizéns of slabby breccfas are known from

L]

near the top of the Formation (Plate 4A) Phenocrysts in

‘/ a .
Mine tuffs are essentially restricted to feldspar minerals,
. .7 .

93




’ PLATE &4 *

A.. "Slabby" breccia at the fdp of the Mine Tuff (Feitais..
. .}
l’ . .

mine). . I

° L3
-

B, Teb%onic dilatancy vein filled with albite crystals,_ ’

»

elongated normal to the vein walls. MT, crossed
, : n%cols{ Scale bar 500 um. . : ‘
. ] l .

C. Peripheral ore zone alteration in Mine tuff.

.

~.Phenocryst is albite. Note high degree,of alteration,

Y ' . ' _

There 1is' abugdant sericite both in phenocryst and in : Y
matrix, replacing formerly felsitic matter grains. One

- nicol only. Scale bar 500 um.

.

. -D., 'Duter stockwork rock, cdmﬁosed of sericite + quartz +
. sulphides (feldspar coqpletely absent). Crossed ; oox

nicols} Scale bar 300 um;

. * ' >

[

E. Stockwork rodk, composed of chlorite + quartz +

sulphides. Note chélcppyrité (black)-quartz-chlorite
vein (lower left). One nicol only. - Scale bar 300 um.

L]
- . . g

.

. R . .. .-—
F. Zircon surrounded by pleochfofc haloes in chlorite. -

- 3

Both eyhedral and anhedral (as an aggregate of

[ . ~ N
extremely small individual grains) zircon is visible.

Stockwork rock, one nicol only, scale bar 100 um.” . 3
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dominantly albite with sporadic K-feldspar, always
ﬁon-perthlpic. Albite. is offen Albite and/or Carlsbad

L]

twinned, and almost invariably highly se;icitized or

epidotized, except when it'occués within tectonic dilatancy

veins (Plate 4B), where it is believed to have .

reprecipitated after local diffusion of its components

.

through pore fluids in the course of(;yntéctonic pressure-

solution. ‘ ‘ 4 .

. -’
Microphenocrysts and ‘accessory small intratellliric

crystals include Fe-Ti oxides, allanifg‘andnzlrcon
similar to those eccgrriné in Quarﬁz-e§e tuffs (Séctio
4.2,1): Fe-Ti oxide; are markedly less abundant than.
Quqrtz-eye_tuffs.\ Biopiée,\garnet ané apatlté were not

observed./ Scattered and vein fluorite is present }n‘lesser

S thanlln the Quartz-eye Tuff,

. / ]
down to matrix size) lénses of "cherty" quartz

(probaply former pumiée),’and to spbradicAlar:;7(up‘to 20
pm)’slabby fragments of Mine-tuff cemented by Mine tuff
itséif, fbrmA g'thin (up to ~T m),autqbrecpi;s (Platp-#A)\
which may have formed thrqugh disruption of the top of
jsh-flqw beds ca'usgd b;l slope"\inst'ability movements .

Accidental lithic fiagmentg nge‘néf obsénvgd, >

Zonation in the Mine Tuff Formation
; T

- i N

~ Two zoqqtion patterns can be distinguished in the Mine

-

. C . - .
Tuff Formation (Fig. 4.3): lateral zonation caused by the
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b ol AU

e ——— —

————— Green Facies

— e, il

Felsitic Facies

Figure 4.3.

Schematic representatmn of the spatial.
relations between fac1es in the Mme
Tuff ,

-
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sulphide ore systems (Chaptér 5)/and an earlier vertical

2 zon;iEOH strikingly similar to that prev;ously désc;Lbed in
the Quartz-eye Tuff Formation, with an upper Green facie$
of Mine Tuffs approximately 0-50 m thick, also
chafacterizpd by extremely. abund%nt-sericipe and chlorite
in thg matrix of the tuffs. The Mine'Tuff Gfepn facles
L(twe mine tuff rock of previous authors) is latérally
equivalent to the'Quartz-eye Tuff Green facies, and the two
rock types are often closely similar, except for the |
absence or presence of quartz phénocryst%. Deeper seated
Mi;e tuffs, however, are not strictly lateral equivalent to

2

corresponding Quartz-eye tuffs, as Quartz-eye tuffs are

-

frequently found stratigraphically under the Mine Tuff.

.
- 4.2.3 Paraiso Formation tuffs

" .Rare felsic and intermediate pyroclastic-rocks are
sometimes found intercalated within the (doﬁinaﬁt)
phyllites and tuffiies,‘as @iscontindous met:ib_hﬁrizons.

~-Apart from a few wh;Ie fockvana!y§is (Appendix V-3), they
wére n;} studied 16 detafl. Theig occurrence I'ndicated
that weak proxi@él volca:ic activity at Aljustrel g
persisted‘untfl PS times. The intermediate (andé§£gic)
n;thre'of Some of ghese last,eruﬁted, vqlumetrldaily |

insigniflcant,volcanic rocks probably reflects the

~development of”important compoéitional zoning within the

+

magma chamber (see Cox et al., 1979).

o
~ ®
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4.3 Geochemistry .

4.3.1 Mineral chemistry

LN

Comprehensive tables oft representative electron
microprobe analyses of the minerals discussed in this
section are presented in Appendix II; selected analyses or
averages are presented within the text.
a) Feldspars (Table 4.1) o |
. Igneéus phénqpfystsgaré composed of albite with

significant calcium contents (Anvi-s mole %), whereas
(metasomatic) albite megacrysts are 1:3ariably almost pure
albite (generally 0-1"An %), in good agreémenﬁ with the-
textural and X-ray diffract;on datanindicative of different

' origins for each type. ﬁatrlx.albite is gen%palky very
similar in compositioi;to albite phenocrysts, suggesting
that it may derive from glass devitrifica}ion..

K-feldspars replaéing albite megacryéts or ﬁorming 1£s
own megacrysts.are chemicﬁlly‘indjstinguishablé and very’
similér also to typical vein adulafié (of spofadic

'.occurrence)! or from (rare) matrix K-feldspar. Ba0

_contents, are génerally{significant, up ton5 Celsian mole %
(hyalophane)." B T

| The evidence presented here 1ndicatp; that'pbf albite

and K-fe}dspar “megécrysps" are metasomatic porphxro-.

blasts, 'The,designatio; "quacrysts?‘is mafntained,

however, in view of the fact that it has been:wide]y used

“In the fb(:ijp Pyrite Belt literature to identify the

\ -

Pl
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Table 4.1. Selected analyses of feldspars (see also Appendix I);
Unit QET ~ QET QET QET QET QET. QET
Sample 2-GF-87 GF-A  4-GF-W  4-6F-17  4-GF-W  4-GF-W  2-F5-87
R« -1 2 3 4 5 6 7
<;' S10  66.90 67.07  68.68  63.86 63.37 64,60 64,57
Al03  20.25 20.83  19.64  18.28 18.45 18.89 . 17.62
Fe0 0.00 0.24  0.00 .0.00 "~ 0.01 0.04 0.04
Cad .74 ' 1.3 0.09 0.04 0.03 0.05 0.00
Ba0  0.05 0.07- 0.1  0.28 2.79 2.77 < 0.21
" Na0 10.91 10.50  11.24 ~ 0.12 . 0.32 0.30 . 0.20
K20 0.07 0.08 0.14  16.39 14,99 14,93 16.93 "
TOTAL - 99.92 100.14  99.86  98.96 99.96  101.67 99.57
& . ‘ Ions on the basis of 32 Oxygens .
si 11.755 11.737  11.999  11.969 11,902  11.898  12.055
Al 4,194, 4,296  4.044 4,035 4,082 4,121 3,877
Fe ~  0.000 0,035 .0.000 0.000 0.004 - ., 0.004 0.006
Ca 0.328 0.251  0.017  0.008 0.008 ° 0.012  0.000 /
Ba 0.003 0.005 0,010  0.020 0.207 . 0.199  0.015
Na 3,717 3.562  3.807 0.043 0,117 0.109 0.072
K 0.006 0.018  0.013 3,918 3.590 3.508 4,032
’ -« . ~ . »
r - 20.012 19,904 13.396 19.992 19,910  19.852 - 20.058
An% 8.09 6.5 - 0.44  0.20 0.20 © ~ 0.31 ~ 0.00 - _
Cs% 0.07  0.05  0.26 0.50 5.28  5.20 0.36  *
Ab% 91.69 92.86 98.96 & 1.08 2,98 . 2.85 1.75
or% 0.15  0.47°  0.3%  98.22 '91.53 91.64 . 97.89
“€, 1: Igneous Albite phenocryst. 2: Igneous Albite in tuff matrix. 3.:
, Chessboard Albite megacryst (hydrothermal). 4: K-feldspar megacryst. 5:
Barium rich K-feldspar megacryst (hyalophane) 6: Coexisting Ba-rich vein
adularia. 7: Vein adularia.




101

v

~ - ' hd

alkali feldspaf porphyroblasts of the Quartz-eye Tuff -~

. o - o,

Formation.

\ . ~ b) Fe-Ti Oxides and Sphene i .
. » N

I

Microphenocrysts composed of various Fi and/or Fe -
oxide minerals with or without\cl9sely associaped"sphene
are of widespread occurrence within the Aljustrél Volcanic

‘ rocks (see section‘h.Z), being ﬁarticularly abundant in
Quartz;éye tuffs. A detailed electron microprobe
investigation of these mlcrophenobr;sts was undertaken in
order to clarify the }eaSOn fér the marked whole .rock
variétions»ﬁn&iron abundances qﬁd the femarkable constancy
of Ti0p within each of the Quartz-eye-TuE; and Mine Tuff
(;ee sécthn 4.4),

Rehresentatiye électronfhjcroprobé a&alyses of Fe-Ti
oxides (+ Sphene) are presented‘in Tables‘h.z, 4.3 and
Apééhdix 11-3, o o fu

fi«hematfte occurs exéluéively in Green fapies rocks,
both as scattered minute flakes and as part of micropheno-
.cr;sts, with the latter fntergrogn with leucbxen; and
possgﬁly with pseudobrookite (Fe203.T102), an: also rimming
these intergrowths. Ti-hematite + féudoxene i ;
pseudobrookite intergrbyths are so fine gfai;ed that {t-wiszlf
not po;sible to obtaiﬂ electron hicroprobe ;nalyses of any
;} . ' of thé phases alone (typical electron beam diameter 5-10
um); Hdwevé?, suwhations of the analyses of FompoSlte

-

100%'wheﬁ Fe is expressed as Fe203,
I

material approximate

’
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Table &.72. Compositton;of Green Facies Fe-Ti
Oxides. See Plate 3A, B, and
Appendix II-3.

~ N
+

_ (a) (a)  (a) (b)
Sample - PMTV-1  PMTV-1  PMTV-1  PMTV-1
N06 ' ) )

510, - 0.50 0.76 0.57 1.05

T10, 44,84  51.29  60.02 7.24
A1,03  0.17  0.32 - 0.08  0.56
Crp03 . 0.08 0.24 0,05 0.04
Fep03tot 53,42 45.32 " 37.62  89.33
MnO 0.00 0.15 0.00 0.02
MO  0.02  0.01 0.04  0.05

a0 0.00 - 0.06  0.00  0.03

(TOTAL  99.03 " 98.15  98.38 'ga.az

~lons on
the basis
of 3
- ) B oxygens

st K 0.027
Ti o . 0,142
AL - S 0.017
Cr s 0.006
Fe3+ 1.755
(Mn C ' 0.000
Mg : 0.002
Ca , S 10.001
z , R

(a) Ultra fine grained Ti-hematite +Ll;ueoxene
"+ pseudobrookite -

(b) Ti-hematite

*



Table 4.3. Representative composition of
Ti-Fe rich microphenocrysts in
Aljustrel Volcanic rocks. (exclud-
. ing Green facies). The analyses
, were obtained from the crystal in
* . Plate;3C. o

* sample 3-GF '3-GF © 3-GF

no. 1 . 2 3
510, 29.12  0.64 0.50
110, 33.60  © 52.60  99.13
A1203 3.41 0.01 . 0.20
Cr 03 0.00 0.1 0.07
FeOtot~ ° 1,97~ 43.36  0.00

© Mn0 0.00 ©3.59° - 0.00
MgO. . 0.07 0.09 0.04
ca0 - 2827 ' 057 0.19
TOTAL 96.45 100.97 . 100,14 -
Ions on ' )
‘the basis ~?} _
of 4 Si 3 oxyg. . -2 oxyg.
si () " 0.016 0. 007
347 0.984  0.989
Al 0.552 0.000 " 0,003
Cr 0.000 -~ 0.002 0.000
‘Fe2+ 0,226 0.902 - 0,000 -
My 0.000 0.076 0.000
Mg 0.0 07003 ©  0.001 -
Ca 4161 0.015 0.003
- 1,999 1.003

4 5

+

(1 Sphene; (2) Mn-Ilmenite; (3) Leucoxene




o

‘strongly cuggestlng htat essentig}ly all fe prcsent'ih

these intergrowths 1h-Fel+, An good agre%ment with the fact

In Aljustrel Vplcanic rocks other than those belonging

to fhe Green facle

- ”Y.

(i.e., all but the uppermosr tens of

1

metres of the Aljugtrel Volcanics) there 15 no#coupterpart
'tc the Ti-hematite|dust scattercd,within the matrix cf
Green %acies rocks), and Ti-rich uicrcpheﬂocrYSts,
. morphologically in 1st}nguishablé from their Green facies

counterparts-are mposéd of~12ucoiene, Mn-ilmenite and/or

] SRR
sphene (Table 4.3). The internal texture of these PR

s more varied thadbthat found in Green

microphenocrysts
Facies' tuffs, aud lamellar, coarser exsolution textures are

often found; this difference (if real: most rocks studied

: i are not Green Facics tuffs) may be due to quencﬁing of thez
- upper levels of voicanic'rccks.k ‘

) MnO conrents in-ilmenite are remarkably uigh, up te

13.46 (see Arpenqix 11-3). Sphene shows considerable |

'substitution of Ti'by Fe and especially Al, ub to NBO%‘AI

occupancy of the Ti structural sites. . The chemistry‘of'the ' .

. ' Aljustrel sphenes is similar to that of sphenes from matic
volcaniﬁ rocks elsewhere in the Iberian Pyrite Belt (Munha,
1981), and their occurrence is also slmilar, poth replqcing
X Fe-T§ ckides ujcfophenocrysts and ‘as anhedral, often vein

* contalned aggregates. Regarding "leucoxene", 1t 1s not
) ‘ ,

- . -
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g.

-totally replacing formér Fe-Ti oxides microphénocrysts

’ * . 105

knoyn_ahxéh Ti0) polymorphs are actﬁally‘present. The

occurrence of leupoxene/z sphene.(without Fe rich phases)

4 . « ¢

suggest that leucoxene iq these rocks may result from‘Fe‘ ) , .

-

leaching, and repreclpitat}on of immobile Ti as sphene and

‘leucoxene (perhaps directly from rutile). Finalfy,it is

noteworthy that despite much effort magnefite was: not found
in any Aljustrel volcanic rocks (except when related. to

sulpnidé mineralization). - i * s

"c) Garnet (Table 4.4 and Appendix JI-4)

Garnet relicts occurring in Quartz-e&e tuffs are

ratheA constant in'composition: they are almandines with

grOSEU'ﬁr. Structural formulas were calculated taking into

conside ation that M4+ = 3/2 M3+ = M2+, This procedure
suggests that all Fe is present as Fel+. The occasional .
) s .
introduction of. small amounts of’Hu 15 probably not real,

"rather reflecting the—possible presence of small quantities

of T1 (not analysed) End member moIecules were

‘subsequently computed fallowing the procedures of Rickwood

,(1968)a ’

The composition of these garnets is compatible with

efther an igneous or high grade<metamorphlc origin (see

Meagher, 1980) No high grade (amphlbolite or granulite

facies) metamorphic event affected the Aljustrel Volcanics,

1

but the almandine garnet may have survived the partial

t




RS ——~

Table 4.4,

Averages of analyses of closely
similar almandine garnets from
Quartz eye tuffs.

-

Sample - GF-15.8 3-GF L.GFW
no. of ’
analyses 7 9 6,
510, 36,95 36,93 36.77
Al,03 20.99 - 21.26 * 21.35
Fel 36.67 35.33 36.34
Mn0 1.72 1.12 1.68
MgO 2.21  3.69 2.32
Ca0 0.99 1.06 T 1.02
’ - ‘ .
TOTAL 99,59 99.39 - 99,48
Ions on the basis of 24 Oxygens.
Si 6.009 5.931 5.954
Hy(calc.) 0.000 0.069 0.046
Al 4,023 4,024 4,075 -
Fe3+ 0.000 0.000 - 0.000 -
Fel+, 4,987 4,745 4,921
Mn 0.237 0.152 - 0.230
Mg 0.550 - 0:883- 0.560
Ca . 0.173 0.182 0.177
. 15.979 15.988 15.963
Pyrope % 9.36 , 15.05 . 9.41
Spess. 3.9 2.43 3,96
Hydrogros. 0.00 .- 0.97 - 0.99
Grossualar 2.96 1.94 1.98
Almandine 83,74 79.61 83.66
% Cati. : - »
allecated 99.33 99.46 98.5%0
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melting event that probably generated the Aljustrel magmas
(see below). This hypothesis is somewhat supportéd by the Co

occurrence of the
4

fragments.
d) Chlorites
Electrop microprobe analyses of the chlorite minerals

from the Aljustrel volcanic rocks are presented in Table

/ N

4.5_aﬁd ppendix II-5 and plotted in Fig. 4.4, They are -
almoét ekc}usivély';ipidolites, as a comnsequence of.
relatively constant Si and Al contents. Fe-Mg variation;
are mueh moretpronounced, with Fe0 contents ranging from
ne;rly 41 to 18 wt % and ﬂgO contepts vafying
cor?gspondingly from less than 5 zo more than 1?‘wt %.
Despite the fact that fndividual chlorite analyses were -
performed in grains'}rom the matrix, and replacing garnet,.
feldspars and biotite, no significht‘compositional
varlations were found at the écale,ofithé hidnd specimen.
.Green faclies-rocks of both the Quartz-eye Tuff and the

Mine Tuff invariably contain the more magnesian chiorites

analysed. Tﬁus Mg in chlofite is generally proportional to

+ the abundance of chlorite in the rocks (section 4,2) and to

the whole ‘rock absolute abundances of both Mg and Fe, and
also to the relative "abundance of Fe3+ in tht” rocks (see
section 4.3.2). No obvious primary igneous petrologic

reasons exist for this stratigraphically controlled

&

systematic(variation'rn the Fe-Mg. ratio in chlorites.. The
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Table 4.5. A\:erages of the gompositions of closely similar chlorites from.
representative Aljustrel Volcanics (see also Appendix II-5).

Green facies

Unit QET QET QET QET o  QET MT MT
Sample 2-GF-87 6-GF-17  GFA °  MD&4F PMTV-1  bis-330 bis-341.8

no. of ~ ‘ ) .

anal. 3 3 3 4‘ o 6 6 4

510 23,54 23.06  24.08  24.36 26.51 27.68 27.93

110, 0.02  0.01° .0.00  0.00 . 0.00 0.00 *  0.00"
Al03 . 19.87° 20.75  19.87  21.26 21.74 19. 61 19.07

FeO 40,74 37,22  35.64  30.69 18.03 20.14 20.17

MnO 0.38  0.29 0.27 0.43 - 0.16 0.40 0.71

MgO 4.71 5.5 7.87  10.37 19.12 19.30.  19.38

Ca0 0.02  0.06 ' 0.02 ° 0.02 0.00 0.02 ~ 0.00

BaO * 0.06  0.05 - 0.05 0.00 0.00 - 0.06

Na0  0.06  0.00 0.01 0.00 . 0.03' 0.00 0.00 = "
K20 0.00 0.00  0.00 0.00 0.01 0.01 =+ 0.00

TOTAL  89.38 86.98  87.81  87.13 85.60 87.16 97.32

Ions per 14 Oxygens

s1 2.663 2.653 " 2.695  2.668 2,745  2.849 z.szs'
Al 1.337 1.7 1.305  1.332 1,255 1.151 1.124
Al L 1,312 1.847  1.316 0 1.813 1,398 1.228 1.190
i - 0.002 0.001 0.000  0.000 0.000 0.000 0.000
Fe 3.855 3.556  3.336 . 2.811  1.561 1.734 1.737
" Mn 0.036 0.028  0.026  0.040 0.014  0.035 0.062
Mg 0.794 0.943" “1.313  1.693 2.951  * 2.961 2.975
Ca 0.002 ‘ 0.007  0.000  0.002 "0.000 °© 0.002 . 0.000 .
Ba 0.002 0.002  0.002  0.000 0.000 - 0.002
Na 0.013  0.000  0.002  0.000 ' 0.006 0.000 0.000
K 0.000 0.000  0.000 0.000 0.001  0.001  0.000

) ©10.017  9.967 9.995 9.959 . 9.932 9.962 9.967
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only magnesian igneous mineral act@%lly known to have been

4

present in the Aljustrel Volcanics is .biotite, in minute .

r

amounts, and there .is nothing to suggest that Biotite might

“have been particularly abundanflat thé sfratigraphic top bf' R
the Aljustrel Volcanics. Moreerr, the fact that chloritg;
replacing various phenocrystic'mine;alg or'occur;ing in the
tuff matrix-are chemically indistinguishable at-the scale

:of the hand specfmen also contraindicate a pf{mary igneous

. Eause for the megascopic'compOfitional zonation of

.

chlorites. «
&

. '
e) Sericite
EIeétron‘microprébé,analyses ofrsericites (i.e. Kféich
phylldsilibatei) from the Aljustrel Velcanics are presented o
iﬁ,Appendix‘II-G. Most analgéés obtained from matrix
_qericites-depict high Fe contents (up fb 6 wt % Fe0). It
is not‘known whether all the iron reported in the,Snglyses
15,9ctual1y in fllite or muscovlte*étructure;; or somé

pe Qibffeiggnds to submicroscopic amounts of other minerafg,

—

given the excréﬁET&‘Tiﬂengzéiged nature of matrix sericites

\ -
(individual crystals are often less than T micton w :

-
*
]

Sericite re’gacing 1gne6hs albite phenocrysts typicaily’

"% contains only about 1 wt % Fe0O. Mg0 contents in,sericite

~— 1 AR

usualI\\?Si‘e m.1 to 2 wt %. Small amounts of Ba efe )
y g ‘ffom““‘-‘4\ 'all :
occasionally detected (up to P.35% Ba0l), espﬁggglry in

saﬁples_containing Ba-rich K-feldspars., * D

. ‘ . . . -~ °
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f) Epidotes

¢

Analyses -of {(igneous) allanite and of (Kydrothermal
and regional) metamorphic- epidotes (sensu’stricto) are
"presented in Appendix II-7., The main chemical variation
among the latter is the pronounced sgbst;iution of Al By

Fe3+;—ranging from 0.366 to 0.750 Fe3+ ions per formula

-\

(12.5 0). This substitution correlates well with whole
- [ ] .

tock Fel+/ Fe (Fig. b, 5), suggesting that Fe3+

. accommodafion in, the epidote structure may be controlled by
wxygen fugacity (Liou, 1973), as already observed for other
.Pyrite“Belt_metamorphic rocks (Munha, 1981).
. g) Stflpnomelahe . \

Analy;es of stilpmomelane from one Quartz-eye tuff

1

sample are presented in- Table 4,6. They correspond to low

Mg, Ba- bearing stilpnomelane. The Ba content 1s higher

" than that of coexistfng KZFeldspar { 0. 75 agatnst 0.25 Bao
./)z/i//;jipecgively) S ' . |

/

-7

L h) Carbonates a

- : : ' The only catbohafes analysed in Aljustrel Volcanic
q v rocks (except for ore zone carbonates) are those

.....

occasionally found replacing alkali feLdspar megacrysts and ,

<

{ o : phenocrysts in the Quartz- -eye Tuff. They are ‘mostly.pure

calcite, occasionaLIy ferroan-calcite (up to. 6% FeCOé;-see

Appendix II -8) . : ‘ o o : - ' .

1) Synopsis of paragenetic relations 4 . e

’ ’¢~ ‘ Petrographic observations, X-ray diffraction and
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Table 4.6. Analyses of stilpnomelane from the Quartz-eye TATf formation.

L] . -
T
.

-

Unit ' QBT ‘ -

. Sample i 2-GF-§7 , .
. _Analysis no. o 25 .35 .36 37
'$10p 44.93 45.02 45.15 45,23 44,78
AL03 6.55 6.50 "6.68 6.77 6.4
Cr203 . 0.00° 0.00  0.04 0.01" . " 0.07
: Fe0 = | 33,00 33.9 35,68 . W.53 34,33
"Mg0® 1.61 1.70 1.70 1,70 1.74
" MnO 2,39 2.52 2.63 .« 2.33 2.2
| . Ca0, 0.16 ‘0.1 0.05 0.0 . o.oa
" Ba0 0.63 0.75 0.82  0.66 0.8
\\ Nag0 =~ 0.3 0.3 0.4  0.72 - 0.57
K20 | 1.00°  0.78 1.53 0.57 0.85
_ TOTAL 90.60 . 91.66 9,77 - . 92.57 '91.95/7

Number of lons per 7.5 (Si+AlsCr+FesMgshn)

si - " 3,978 3936 . 3.861 3.915 3,917
AL« - 0.68%  0.670 0.673 0.691 10.667. -
cr . ' 0.000 0.000 0.003 . ,0.001  0.005.
Fe' 2,604 2.480. - 2.552 - 2.500 . 2.511
Mg | 0.212 0.222 0.217°  0.219  0.227
n 0.179 ~ 0.187 0.1 - 0.171 ‘0,169 . .
Ca ) 0.015 0.010 0.005 0,006 . 0.005
Ba’ ' 0.022 0.026 0.027 . 0.022 0.028
Na © 0,053 0.059 °  0.073 - 0.121  0:097
K- L0 0.087°  0.167 0.063. ° 0.095
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. Table 4.7. Paragenetic relations of the minergls in the Aljustrel

. ’ A .
Primary Igneous Hydrothermal . Regional
Metasomatic - Metamorphic
R Eafiyi.Late'
Matrix albite T X Q@) '
Matrix K-feldspar X (a) !
Matrix quartz X (a) . .
Sericite . Low-grade — X
Chlorite

Ti-hematite flakes ¢

Albite (Ang)
phenocrysts’

Poikilitic sericite,
epidote, calcite

(Ti-ﬁagnetite)

3

*
7

X

4

24
&

phyllosilicates -— X

- ) x -

*
.,

Albite (Ang-3) .~ .
megacrysts -

megacrysts

yein K-feldspar
(adularia)

pal

{g Tf-hematite .

2 Leucoxene =

ocC

Pseudobrook-
ite(?)

or—
-~ <
[T}
QL
o8

3]

" E Ilmenite

(Ti-magnetite)
(rutile)

({lmenite)

Zircon, apatite,
almandine garnet,
biotite,. allanite

Vein epidbte, sphene
Fluorite
Stilpnomelane

(a) Products of devitrification of volcanic glass

-
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. a) Major.elenents

‘ . ’ . ~
mineral chemistry suggest that the minerals presently found

in the Aljustrel Volcanic rocks were formeﬁ’In three main

successive stages (Table 4.7), in good-agreement with the

geologic history of the Iberian Pyrite Belt (Chapter 2).

’

4.3.2 Whole rock Geochemistry

Whole ‘rock analytical.da.ta pértaining td 47 Aljustrel
Volcanic rocks 1s presented in Appendix III Sampies are
representative of all the v;rLations detected in both the
Quartz-eye Tuff and the Mine'Tuff Mine Tuff samples were

collected mostly in the Feytais Anticline (for the reasons

outLined in Chapter 3), and do not include rocks maakedly

"affected by ore fluids (Chapter 5). Appendix ITI-1 and

III-2 contain t#e abundances of major elements, 16 selected
trace elements and, for some samples (15), lanthanide

element concentrations in Quartz-eye Tuffs and Mine Tuffs,

respecf&vely. The results of 13 whole rock. 6xygen 1§otopic

analyses of Aljuetrel Volcanic rocks are presented in Table

4,10,

Lnspectfon of major element abundances in the
Aljusttel Volcanics shows that these rocks constitute a:
typical quartz keratophyric suite (see Schermerhorn, 1973)

in which yarlability 1s perhaps the most prominent .

feature. Ffrom the petrologic and mineral_chemieal,data

’

n;esented {n previous sections there-can be Jittle doubt




that major post depositional‘metasdmatism,affected the
Aljuﬁtpel Volcanics. Tﬁus major element abundances do not
‘représent solely primary igneous compositions but rather
(and principally) the results of major mass transfer of’

several components and the -apparent changes in other

elements which stem from such transfer

An important aspect of the apparent haqges prodﬁced
by metasomatism in immobile elements is that their
‘percentual aandancgs will be changed pro ortionally to
their relative abundances, e.g. 3 wt % hydration of 100 g
| ’}f\a rock initially with 70% S103, 15% Al»03 and 0.50% Ti0)
will produce 103 g of a rock containing 67.96% $10p, “14.55%

A10§ and 0.49 Ti05, This factor,, too often disregarded

[
°

when metqgomatized rocks aré studied, constitutes é problem
,\ : that has been'obvlated by several methods of.mass balance
evaluatiﬁn, among which "thevqeneral metasomatic equation
derived py'cresené.(1967) supersedes all others'becaése of
~its general apﬁlicability to all conditions of metasomatism
and through its introduction of corrections for differences
betweenAsbegific gravities of samples and for vofume ‘
‘ qhanges during alt?ratiqn" (Appleyard, 1980). Gresens (and
gll_otﬁer) mas} balance compu;atlbns are a means of |
_estimating the gain$ and losses neceséary to obtaln a
metasomatized rock composition’ﬁrbm a parental rock
composition. '

Unfortunately, data indicates that formal mass balance

»
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calculations cannot be performed on the Aljustrel Volcanics
with realis;ic1fesults}*hégause no unaltered, baréntal

Iy

rocks exist. %urthermore, Hercynian_deformatfdn is likely
to»havé produced significant porosity reduction in the
rocks, ‘easily in the‘order of 10%, given that the' Aljustrel
Volcanics were originally submarine felsic pyrocla;tic
rocks, probably similar to coarse sand (see Bear, 1972).
Under these conditions the mass balance conside}ations‘
preéented here are essent&allx qualitaéive and‘oriented
towards elucidation of parentﬁJ compositions from
metasomatized rocks that shoﬁ textural, mineral chemical’
and whole rock geochemical evidence for various{ often
"opposite geochemical 'gains and losses.
The‘ranges of Q;;iation and some averages of the

'abundan%es of major element; in the Aljustrel Volcanigs are

presentéd in Table 4.85' The Quarti-eye‘Tuff (QET) aqd'Mine'
. Tuff (MT) formaéions are chemicaily very simliar;-dlffering
,essentiallytin their Ti02,. Fe and P20s5 contents (higher in
the QET),_and in generally higﬁer 510; value; in MT. These
differences are in good‘agreemeht'with petrographic |
charagterlstics,awith}Fe-Ti'oxide (+ serne) ﬁicropheno-
brysté more abuhdant ip QET roéks; apatite obcurrencé
restrictgd to QET and the QET quartz phenocrysts
compensated by a @J;p.mofe quartz‘rlch matrix in Mi.

T4 and‘Al aré éenerally immobile elements (on a scale

. .of cms) in most metasomatic procéSses, given the narrow

&
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-Téb;e 4.8. Ranges and some averages .(bracketed) of t?e abundances “of major.
0" ) elemehts in qhe-Aljustrel Volcanics. .7
Quartz-eye Tuff f Miqe Tuff - Remarks
5107 Y 65~ 73(70 8) 60-79(72) -(dry basis)
Iiqu 0 44.0,73(0. 51) 0.10-0.32(0.19) variations believed to reflect -
- : ) large extent losses and
- Al203 ¥ 12-20(15.5) ¢ gains in other components .
Fe 1.5-5 - 0.5-3 Higher values in Green facies
" Fe2+/3Fe 0.09-1.00 Green facies strongly oxidized
MO * 0.02-0.17(0.04)
Mg0  0.37-4.62% 0.56-5.81 Strongly enriched in Green
\ : Facies
Ca0 0-3.9
Ba0 * 0.03-0. 38 ) S -
] Naz0 1.2-4.5 0-6.5
K20 1,5-6.8 0.2-6.8
. P20s 0.07-1.25(0.26) <0.02 ,
o1 0.81-7.43 Strongly enriched in Green

Facies

LOI (Loss on ignition) is mainly H>0, as 1ndicated by petrogFaphy.

B (*) Mg0 content of the QET Green facles analysis in Sc

'O

hermerﬁorn (1976).

\ Y 4

118




limits of their solubility under normal physicochemical

conditions (see Garrqls.and Christ, 1965; Ferry,- 1979). In

N

both the:QET and the MT rocks Ti and Al are markedly
[ v ! .
" covariant (correlation coefficients 0.79 and 0.73,

o~ ‘ ' respecfively) and their variations (especially Al) far more
o pronounced than those found in recent, unaltered zoned '
, o N
felsitic tuffs (see Hildreth, 1979, 1981). A significant

. proportion of the Ti and Al variations in the Aljustrel-
. _ Volcanics must sfmply refiect‘pronounced_métasdmatic logses
and gains of other elements. Q

Total Fe variations show markedly good correlation

wikh the fFe-T1 ox@de’mineralégy, being higher in rocks
confaining Ti-hematite + Yeucoxene 2 psehdoﬁfookite (the

Green chieshquks,of both QET and MT), and décrgaéing

‘ progréssivély as 6baque gréins and ﬁ}cro@henocrysts are
Vo partiaif& replaced by sphene, with removal of a Qigniflcant
propoptiop of the iron originally present. _The higﬁer4Fe_'

o ' concentrations are éompatible with Fe-rich rhyolitic and

high silfca rhyolitic original compositions of QET .and MT,

.

respectively.

. Variations of the oxidation state of iron in altered T

rocks are offen a sensitive 1ﬁd;cator of both th;idégree-of
| alfpraxion and the natur; of the intervening fluid or

. | "'fluias'(sbopner, 19775 Fyfe.ét'aL., 1978).  The Aljustrel

H. |  ]Vo1canic rocks -show almost as large as possible variation

‘el

in Fel+/Ife (Felratio),“from'0.09 fo 1.00. Green facies

: .

a
o ' ' b,
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rocks are invariably oxidized, whereas deeper seated rocks

get prggreSsively relatively enriched in_Fe2+, despite the

concbhitant decréase InvFew as Illhstrated in Fig. 4.6. Mn

shows identical general behaviour, but most MnO ¢

. determinations (0.01 to 0.06 Mn %) are too close to

detectfon limit to be reliable. Higher Mn0 values (0.17%)

4

were found in two highly oxidized samples (Appendix III 2)

*

Not surprisingly, LOI (i.e., H20) covaries with the Fe

-

ratiq, strongly suggesting that at least part;of the,

vertical zonation of the Aljustrel Volcanics is due to .
N .

oxidation and hydration at the top layers by an aquéous,

“oxidized fluid. Deeper seated rocks aré much -less

hydrated, not ;xidized (often markedly reduced) ‘and Fe
depleted.. These facts are reédin explaingd considering
downflow of an originZIly oxidized fluid which becomes
progressively reduéed-ubqn réaction with rocks.

The variatIon; in the Mg abpndances-of the Al}ustrel
volcanic roék; are p&rticuIafly striking. Fig. 4.7 skow;
unequ1vocally that Mg abund;nces are_strongly covariant
with both LOTI and the oxidation state-afaIron, alfeature=
that cannot be likely explained either by magmatic |
processes or by numerlcal artifices. Mg In the Aljustfel

w

Volcanics ‘occurs mostly in chlorite (scattered within the

T

. matrix and replacing Jérious minerals, includind .

phenocrystic quartz iﬁ(the~QET, see‘section k.2). If the

oxidized fluid that may have been responsible for the Fe

. .
, . - » H
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Figure 4.6. Total iron versus whole rock Fe ratio in the
" . Aljustrel Volcanics. Triangles .QET; squares

MT. Open symbols correspond to analyses in

Schermerhorn (1976). Mineralogy and textures
indicate that the higher iron contents

correspond to original abundances (see text).
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Figure 4.7a. Diaqrgm illustrating the variation'of‘MgO \

h)

]

i/ Cers N '
versus Fe.ratio in the Aljustrel Vplcanics.

Symbols as in Fig. &4.6. It js,belie~ed that ﬂ;
: ' &

the variation corresponds to fixation of sea

water Mg (see text).
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Figﬁ:e‘ 4.7b. Diagram i1lustrating. the variation of Mg0 versus |
- > . : . 10I (essentially H»0: one carbondte.rich sample.
e o " excluded). Cirt}es». QET; Squares, MT. ‘
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‘and Fe ratio vartations in these rogks was also Mg-rich,
its Mg wouldlbe transferred to solld-phases'unon initial

interaction with rocks, as shown by all-experimental sea

water _{1 300 ppm Mg2+), - rock interaction studies (Bischoff

and Dickson, 1975; Hajash, -1975; Mottl, 1976; Hajash and
t ’ )
Archer, 1980; Mottl, and Seyfried, 1980). Furthermore, the

cdmposition of the sea yater derived hydrothermal fluids
. !

N -

exiting from the Iceland geothermél systems are also very

<

Mg erleted (Bjornsson et al., 1972) .

‘ "Variations in alkalies are another striking feature of

PO

s

the Al justrel Volcanics. Texjural, X-ray diffraction and
mineral chemical daﬂ.;pﬁesented befoﬁe inaicates complex

and evolving behaviour of the alkalies, eJoquently
reflected in the whole rock abundances.° No defined
«megascopic zonation on the‘occurnence.of the alkalies was

detected. Given that K20 occurs in sericite, matrix K~

. . .
feldspar (primary?}, vein adularia’and in metasomatic .

f'megEcrygts (In QET), data is not conclusive with respect to

T r

the initfal K abundances in the Aljustrel Volcanics. Munha

.

‘et al. (1980) have shown that the Cercal rhyolites (Iberian-

JPyrite Belt, see also Carvelhb, ﬁ976.and Chapter 2) are
Strongiy depleted in Na.and enriched .in: K, forming adularia
that was seen;reblacing.plagioclase, end‘attriputed
ﬁadularia formetion te high water/rock’interaction of the
Cercal rhyolites with sea water, at temperatures below

150°C (see also Munha, 1981)

Data,pre?ented_s? ‘far in th[e study proves that e

2 { < N ' ¢
’ \ ‘ " . . ‘.

\
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Aljustrél-Volcénlcs were éf%ecfed by majorgppst-
depositional mefasom}fiSm which requires intérabt{on‘with
an oxidized, Mg rich fluid. The only likely‘available
flutd reservoir with these characteristics is sea water,
given that.the-Aljustrel Volcanics are submarine rbcks.
A§;Q:tliaed in Chapter 2, Munha (1981; see also Munha
and Kerrich, 1980) als concludediéhat %éi water ;as
responskble for major :}ilitization of the‘mafic:iqnéous
rocks of the Iberian Pyrite Belt., Under such circumstances
the highly variable alkali abundances in the Aljustrel

]

Volcanics are interpreted as reflecting marked varifations

in temperature and water/rock of the: metasomatic events.

Téxtdfal eVTHéqce (section 4,2) clearly~indiqates that the
physiébchgmrcal conditlon$ responsible for the!vérlous
stages of feldspar formation did’;ot remain constant duriné
metasomatism, rather ihdicéting,complex and evolving

behaviour of the alkalies. Acéording'to the conclusions of

;ﬁunha et al. (1980), temperatufes both above and below

127

‘ -

1500¢ may have prevailed during alkali metasomatism of the
. _rs
Aljustrel Volcanics. '

-

From the above discussion it is obyioﬁé that a

sighlficant proportion of the variation 1n-the‘percentégc ’

‘abundances in 5102 in the Aljustrel Volcanics simply

reflects variatien 1in other SpGCiii’ namely.- H20, Fe, Mgvand'

L3

alkalies. However, some of the samples depicting loﬁep

5102 ?bundances are also high in Al1203 and TiOz,’indicating

"
. , €

o
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that large scale silica rémoval may'héve taken place
'locag}y, as spo;adtcally coﬁfirmed by textural data. Some
of this silica :;moval may have paken place concoﬂitantly
with }he major metasomatic episode, as will be seen later,
but it is also likely that some Af the low siiica saﬁples
reflect late tectonic, pressure-solutjon removal of $i07,
as indicated by the freduent occurrence of syn and late
tectonic quartz (+ calcite) velns wifhin the Aljustrel_
Volcaniési thése\can-be locally > 2 m wide.

Table 4.9 is a tentative compilation of the likely
primary comp:;1t10n§ of the Aljustrel Volcanics, based on
the above 2pnsiderations.y Thé Quarti-eye Tuff would havé_
been originally a high iron rhyolitic.;nlt, whereas the
.Mine Tuff seems'tq.have Been 2 high silica rhyolite. These
pfesumed original major element,combositions are
sufficientiy simi}ar to'§uggest'that the Aljustrel
Yolcanics may derive from a‘common source. A
b) Immobile trace elements

Widely scattered trace element concentrations

(particularly those of LILE, see Appendix 1I1I-1 and III-2)

¢

further confirm the high degree of metasomatism experiénced'

by the Aljustrel volcanic rocks. Some high fleld-strength

’

elements (Sc, Y, Zr, Hf and Nb) do show, however,

relatively constant abundanae ratios within each of the QET

L) 4

oL : . +
and MT formations, in accordance to their normally lmmobile

-

behaviour durlng alteration processes'affecting volcanic

“

128
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Tablé 4.9. Probable original major element composition of the Al justrel
Volcanics (see text).

Quartz-eye Tuff - Mine Tuff Remarks
$i0; 70-73 71-75
-
110, 0.50 0.20 Actual’ averages
*; Probably lower on MT given
Al203 13-15 12-14 sample representativity
considerations -
Fep03 1.80 _1.00 Based on Fe ~&4.5 and ~2.5
. ' and on Fel+/sFe 0.7 (see
Fe0 4,20 . 2,30 Fig. 4.6 *
MnO ? ?
MgO <0.5 0.5 See Figure 4.7
Given the low An component in
Ca0 1? 1?

igneous albite (séction 4.3)
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rocks (see Aldertop et al., 1980).
Figures 4.6 and 4.9-represent the vdriatigns of Sc
against Y and Zr/Y against ZIr for the amalysed rock
samBles. On both Qihgrams there is a clearly defined
discrihination betvween the QEI and MT formatlhns,:with

lower Sc abundances and Zr/Y in the MT.

Although aware of the dlffitplties met when attempting

.to model quantitatively igneous processes in high;silica

hvolcanic rocks (see Mahood and Hildreth, 1983) it seems

that at least some of the observed combositional variations
could be accommodated by variable degrees of partial

melting of a common garnet-bearing source followed by

varying degrees of shallow level’érystal fractionation
(compare Pearce Ahd Norry, 1979). Moreover, some of the’
geochemical characteristics of the MT formation are closely
similar to those of modern high-silica rhyolites (Eacon et *

al., 1981; Hildreth, 1981; Smith and Johnson, 1981). It

-

Py

thus seems possible that the MT_formi;;onﬁcould represent a

somewhat mote evolved stage'(nith reépect to the QET) on
the differentiation history of the magma chamber feeding
the Aljustrel volcanic centre.

The above hypothesis is compatible with field

relatlons, as . the QET apparent&y erupted slightly earlier

~than the M]. ° However, it qﬁes not properly explain the

marked. bilateral symwmetry of the Adijustrel Volcanics (Fig.

3.6), nor the absence of Green facies Quartz-eye tuffs at

oy
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Figure 4.8. Diagram illustrating the variation of .Sc | - w1

versﬁs Y in the Aljustrel Volcanics.

Triangles, QET; squares, MT.
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Figure 4.9. Diagram ibyﬁsgrating the variation of Zr/Y

versus Y in the Aljustrel Volcanics.
. Triangles; QET; solid squéres, Mf{ open
squares are Mine tuffs depictjng ore zone

(stockwork) alteration. See Chapter 5.

i
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- the deeper contacts between the QET and the MT, to be

g

‘EM»expected if a<§ign1f1can£ timespan separated the efuption

»

Aof,the two fgnmations.c These objections, coupled with the .
- “ ’ » .
fact that the MT is finer grained and much better bedded

than the QET could mead that, alternatively to the .above
£y M £ j

-.igneous genetic hypothesis the differences between the ’

.*  Quartz-eye Tuff and the Mine Tuff could simply represent

physipallzonation between proximal (QET) and distal (MT)
facles of a zoned volcanoe. Within this hypothesis the
geochemical differences detected would represent lateral

- physical separation between most igneous crystals and

larger glass fragments from finer particlgs, deposited:
farther qwaypfrom the central eruptive’zone. But more

detailed fjeld studied are needed. -

.

c) Rare earth elements

B2

Rare earth elements Sre usually considered to be

/

immobile during all but the most intense metasomatic

-~

procesées (eg. Nance and Taylor, 1972L Jahn et al., 1978),

and their coherent geochemical behaviour makes them

particdlarly useful in petrogenetic mbdelling of t origin

of igneous rocks. However, recent studies (He an and

Henderson, 1977; Nesbitt, 1979; Ludden and ‘Thompson, 1979;

Martin et al., 1978; Alderton et al., 1980) clearly show
that REE are significantly mobile in the course of many

supracrustal processes.

i

Figures 4.10 and 4.11 represent chondfite normalized
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Figure 4.11. Chondrite normalized REE patterns in chleritized '
’ Mine tuffs. MNote relative enrichment in HREE.
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diagrams of 15 samples from the Aljustrel Vélcanics (see .-
~ o
“Appendix III ﬁor.data). : About half of the .samples (Fig. .
4.10) display patterns very simildr to that of average A
« -
Shales (Haski‘pand Haskin, 1966; Haskin et al., 1968), "VJ_ 2

whereas the remaining (Fiq. 4. 11) show similar liqht REE
» e

distributions’ and heavy REE enrichment with respect to the - -~

shale like groud The simplest 1nterpretation of these

3

data is that the Aljustrel Volcanics derive from anatexis:-

of arustaL materials, and that in many cases fydrothermal

alteration.produced significant chEnges in the distributio

of REE, particularly HREE. ' .
. » : Y RN
This conclusioh is in good aqreement with Sr- isotopic

data for the Quartz- eye'Tuff (Priem 82381" 1978), whiéh
show extremely high Sr87/5r86 initial valﬁes (0.7135), and
also’ with the studies of Munha (1981) on the felsic rocks
of the Iberian Pyrite Belt,.who also produced REE da&a and

interpreted it similarly: \ * ‘

\

Regarding the metasomatic effects on the REE patterns

of the Aljustrel Volcanics, there is general agreement with

" the conclusions of Alderton et al. (1980) concerning tHe

effects of sericitization in REE distributions. Thus thef,

differences in Eu anomalies in the patterns in Figure 4.10a

A < &
corredategwell witmuthe degree «of serici&ization,,whereas
e

the HREE positive shifts depicted in Figure 4.11 can Be

attributed to the marked chloritization exhibited by most.

e » ‘
of these rocks. S ~ . ff" - vjy‘,

’ . o ’.
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d) Cu, In, Pb . ‘

*

The variations in the abundances of Cu, Zn and Pb in

the Aljustrel Volcanics are of pgrticular importance to the

main purpdse of this thesis, given the high abundance of

these transition metals in the Aljustrel massive sulphide

@ -
<

deposits.‘ T ‘ , N i

4 * -~ L
s e

Cu conbentrations are extremely low, below detection

limit (10 ppm) for most samples. Figure 4,12, although

-«

based on insufngient data, sugges¥s a positive correlation:

between-intermediate deg;ees-of whole rock Fe ratio

(0. 5 0.6 Fez*/ZFe) and the higher Cu cqncentrations. The
corresponding variation ‘diagram for Zn (Fig. 4.13) reveals
veryésimilar Zn depletions in:extnemely oxidi;ed or reduced

) © S b .
rocks. Cu and In variations are similar, but not

a ' . -

Ll

identical, to those detected for’Fe.(and~perhaps Mn); as Fe-

was seen to\vary linearly with‘Fe,ratio'whereas Cu-and In
covary with- botb extreme reduction and oxidation.
It- {5 of paramount importance to the present study

that the vari%tions detected in the’ Cu and In abundances-in

"the Aljustrel Volcanics can be explained as those found for

.

Fe (and Mn?), as being due to leaching of metals by an

inltially.oxidized fluid. ,These data therefore 1ndicate

A’

that .the Aejustrel Volcanics may have. been the source

’ [

material for a metal rich, potentially ore: forming fluid.

”Regarding Pb, data is inconclusive Py concentrations

-

do not show any clear eorreiation, except perhaps that 1t



wmmw;umu 90N . .- a

. €Lt "B UM auedwoy)  *u0L3IONPAUL v:m copumvpxo cuon yiLm ,
*po32339p 30U SeM N) ‘a40ym Sajdwes WL soljed 34 30 sajduexp Je sioquAs uadQ “IW , "
‘sauenps Huc ‘¢sgbueLa) :Oljea ¥ Yitm nj jo uoljetaea ‘3y3 burjeagsnijt weabelg “2L°¥ dunbri,

L) N . ﬂmw
B4X[+z94 . S .
0l 6° 8 Cor . 9 g ¥ Y [ | 3 . _
-~ T T T T T T LAREE N I T ey & )
. s . ' ? & . : ’
LAk 2 T 84 b b ‘
———————— l....:..ll‘l =R «l.!.............lllt ..v-.lm.-.«o.u -8 s
» : . | . L
v \ ° S , - -
: ' LI -4 . - ¢ ' . u
Y - ¢ o nwn -
.u.. - . . ' - m .. P
- I/ . ‘ . - .ﬂ .
. e B ) o ey [ »
p ) . ) =
@ - v 9 \
- ’ . - ' ) ~ 4 -
. cd L | e S
- ’ W o N P
- N . . e > ‘ »




[ ]
, Q
y
. ~a,‘ ot . : - ° :
Figure 4.13. Diagram illustrating the variation of In
versus Fe ratig in the Aljustrel ‘Volcanics. ‘
Triangles, QET; square§,'MT. Note decrease of .
- ‘ " In abundances with both oxlidation and’
'reductidn, believed to .correspond to leaching
by sea water to generate a mineralized,
: ‘potenf'ially ore forming fluid.
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st

§ was not detected (< 15 ppm) in the more reduced samples

- analysed, sucf’as“samples bis-283.5, bis-289 and bis-296.5
: . (Fe2*/ Fe 0.91, 1.00.and 0+96, respectively, see Appendix
“ ‘ ‘a v ‘ - .

JIII-2).

e) Oxygen.isotope composltions

X
With the exception of rocks affected by the Feitais-

' i)
Estacao ore fluid (Chapter 5) oxygen isotope compgsitiong

of the Aljustrel Volcanic rocks are listed in Table. 4.10.

5180 values are very hpmogeneous, beiﬁeen’15.7 and® -

© . 18.19/4, with a mean’value of 16.7 + 0. 70 lo & = 13).

\ﬁ-

+ These values are far from normal for ignegus rocks (ev

felsic, see Taylor, 1974 1978), which usually vary within

+6 and +100/,. 5180, Given the geologic constraints’

. outlined above the only likely explahation for the~measﬁred
values is pervasive and widespread exchange with a large w\~‘

-fluid reservoir under conditions of 1ow temperature and };

+ high water/rock. It 'is of significance that several y *

samples correspond to islands in the Feitais-Estacao . *

-

stockwork unaffected by the minenallzidg,fluid. This fact.
shows that the Al'justrel Volcanics experienced an early,

pre mineralizafion Hydrohhermalwalteratidp stage which' .

shifted the oxygen isotope‘eomposition ef ﬁhe‘r ks t/P ‘ b
. unusually higﬁ~vaiues. The Aljustrel lecanics.are[
submarine, pxroclastic rocks, likely to.pavelbeen depesited

at low temperature (£ ZOOOC) and- to have had extremely high

= "~ initial permeability, easily similar to‘that of coarse

/

sand, in the range of 10-8 cm2 (see Bear, 1972) Under

&
. . v

, -
. L4
)
! ’




' . - o , L ' B 144

v

Table 4.10. Oxygen isotope composition of the Aljustrel Volcanics (exclus-
ive of samples affected by the Feitais-Bstacao ore fluid). .

" Unit and Sample §1800/,,.  Remarks .

duartz-eyé tuffs >1 km élong strike from qrebodies '
PMTV2-CR +16.51 Green facies (Mg-rich)
GFA . | +16.18 ~ No Feldspar megacrysts
1-GF +15.63 o
i, . . GF -84° +16.85, ]Albite megacrysts . :
‘ o 2-GF-87 +16.42 | »
% 6-GF-17 +15.7 ]K—Feldspar megacrysts
p o . .
Felsitic fuffs
SM-11  +16.0 ,
‘ | GF-89.5D ; +16.68 ]Green facies
R - GF-93 - +17.37 N ‘ {1 km from miﬁeralization
¥ GF-13 17,6 ] )
¢ ¢
bis-296.5 167 o
P : b1§-310.§1 +17.1- ]"Iglands" in stockwork
e

T bladtz o as1 -

;37 —




convection driven with heat from yithin.- The Rayleigh:

necessary for convection to take place (see Lapwood, 1948)

.convéctlon'beIISZace thus likely ta have formed. This

' fixgd wafef.recharge and. discharge sites exist in a . T e

£

. value convection is non steady state (Straus, 1974;

«'gxpléihs the homogeneity of oxygen 156topé data, as no

conditions, low temperature and high water/rock. . The o

O~ 145

-

thesé'circumstances?thé initial cooling of the pyroclastic.

plle must have taken place through vigourous sqg water B
’ . . .

number must not only have -exceeded the critical value

but, given the éxthemely higlt initial permeabilities
inferred from geology‘and”petrography; the ;econdﬁcritical
Rayleigh number must also have been exceeded. Above this

Combarnous and Le Fur, 1969), and dflfting, irregular

A

. N
drifting convective system. The final isotopic result is

everywhere the result of the prevailing physicochemBeal

latter condition is required by the prondunbed.dlfferenée

between original and final 180 contents, illustrated in '
. . - . ‘ ! ”

Fig. 4.14., This figure also shows that temperatures must

have been'(or decreased to) beldw 1009f during this p%eﬁ

minerall;atiohigtagg. ' . . \

- : R

» e

4.4‘"315cussion and,éonqlusions, , : .

‘As far as can be seen thiB'gh‘major'metasomatic
dhanges, the Al justrel Volpénics ‘were originally‘

épgéffldted by two units of submaringe pyro;léstlc rocks.

» . ‘ *




Figurekh.lh.'Diagram 1llustrating the ho}ar’wéier/rock and

temperature ranges reguired to enrich the

o

a

Aljustrel Volcanics in, 1§6 from “an 1nit1al

(\\ value of 51Qo q,nw/,,o (assumed) SO +15.6 to

L]

18.19/40- (measured) through 'exchange with sea
 water (00/00‘6"80) Rock (alkali feldspar)-
water fractionatian Sfter O‘Neil and Taylor

”

(1967).
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\.

A . high iron rhyoiite (thé‘Quartzkeyé Tuff) may have.erupted
first, followed almo;t immediately thereafter by . a ‘
high~silicq~rhfoliﬁe (the ﬁ§ne Tuff). The tuff fofmatiqps
can be envi;aged as depived’from:yariable degrg;s of
Parttal melting of a common'(hiéh-grade metamorphic?)
crustal source, followed by varxing degr;es of shallow
level crystal fraqtionation, or, alternativély, the QET may
represent broximal volcanic facipéw;nd the MT more distal
associated flow tuffs, . . s
| The ﬁain metasomatic changes gxperienced by the
Aljusirel Vplcanics seem fo have been as folloﬁs:

- Major ﬂyd;;tion, oxidation ahd Mg fi;ation in fhe
uépermost.SO m or so of each of the QET and the MT; ‘

- Progressfve Fe (and perhaps Mn) leaching downwards

in both tuff sequencesj; PR ]

R . @

- Progressive leaching of Cu and Zn in samples either

markedly reduced or oxidized (Pb values all low)s -
- Significant Si1 léaching;

- Compléx and evolvihg behavioufr of the alkalies, with

~

early widespread hyarolysis of 1gne6us feldspars followed
by hydrothermal growthiof low temperatdre albite‘mégacrysts
which were subsequently partially or totally replaced by

&
low temperatur® K-feldspar. Alkalil feldspar megacrysts

occur almost exclusively’in fhe~0uartz-eye Tuff (the

.

central core of the Aljuggrel Volcanics)j *

L

v

148




- General, homsgeneous 180 enrichmenf to extreme
values around 179/, 6186.

Hercynian low grade reg;onal metamorphism (up to lower
gréenschis;afaciés and essentially isochemical, Munha,.
1981; in press) may have obliterated in part the
hydrotHermal-minera]dgy,-namely pfoduc?hg the presently.

observed chlorite, sericite and epidote from hydrothermal

lower grade phyllosilicates such as smectite and celadonite
and zeolites, respectively. : ' \
Conclusions régardiné the origin of the Aljdsttei _
®olcanics are in good agreement with previous hypéthesis.
both for the kljustrel'VoIcan;cs (Schermerhorn, 1976; Priem

et al., T978) ‘and in general for the felsic volcanic rocks

of the Iberian Pyrite Belt (Schermerhorn, 1970a; Soler,

1969; Hamét and Delcey, 1971; Munha, 1981).

Several aspects of the mptasomatig changes detected in
the Al justrel Vélcanics indicate that the fluld involved
was inftially oxld;zed, Mg bearing and very abundant.

Given that these rocks were deposited In a submérine
environment, the only available fluid reservolir wikh such
eharacieristics/is sea wa£er.

Sea .water simply trapped in the volds_of the Aljustrel
tuffs could’not account for the higﬁ water/rock required at
least dqring part of the meéasomatic eVentS, and the

temperatures tequired were in the rénge 0-300°C (and

possibly over). The'grain size of the Aljustrel Volcanics

. .




was of the order/df miLlime;res:‘initlal permeabilities

‘ A

easily exceeded 10-8 c¢m2 (Chilingai, 1963; Bear, . 1972;
. ' . * :

Freeze and Cherry, 1979). Under theie.cirQumstances, and

L

given also that metasomatism clgaJJy predated reglonaf
metamorphism, metasomatism must have been caused.by
' " . ' .
< seawater convection through the initially*hot (2000°C)

Kljustrel Volcanics, immediately after edplacemcnt, as a

ré§u1t of the high heat contents of the rocks and possfbly

1

to high rggional thermal gradients generated by a

(presumed) magma chamber at depth. Fluid conved%ion is the
' ‘ . . Lo ‘
’ typical mechanism of heat extraction from hot permeable

' rbdks in the presence of large amounts oﬁ,fluids, as Qell
known by Students of geothermal areas,(see'Elde}, 1965, '

L)

1967; Fyfe et al., 1978).
¥

The complex and. ‘evolving behaviour of alkalies
suggésts that physicﬁche@icai conditions(prévaillng during
the"sea'wateé hydrotherﬁal alteration eveht; changed
markédly-from the beginniné to the end of hydrotherﬁal
aqfivity. Textural relations indicate th9}§alterat13n,of_

;;gﬁéous feldspars took place at agiéarly stage, as’ it
predates growfh of.hy&rothermal albiée. Given that
éxperlmenial J;f; shows that Mg is rapidly §xtfacted from
sea water upon interaction ;itp rock, it is reasonable to.
pgesume.tﬁgt ﬁést Mg enrichment in the Green Facies rocks
of both the 6ET and the MT also took place eariy~in the

history of the AlJustrel"paléohydrothermal system.

N
B -

»




> At least 2% Mg was in average added "to Green Faégee
rocks, and the volume of these is of the order of 0.8 x 109
m3, corresponding to ~4.5 x 1010 kg of Mg extracted from
g | " sea water. Quantitative extractlion of Mg implies that a
minimum volume of sea water pf the order of 45 km3 .

vow » o .

. “Eireulated through the Aljust}el Volcanics (probable total

e

volume '5-20 km3), suggesting water/rock 100 1 5 25:1. For

. sq‘h values of w/r oxygen isotope data implies prevailing

.temperatures Zomewhat in excess of 1000C (Figs 4.14). .

* Hydrothermal albite postdates early alteratloﬁ of

;\‘igneods feldspar, and the concluslops of Munha et al.
. |
. . \ (1980) indicate that temperatures for hydrothermal albite

formation\exceed 150°C. Thus temperature seems to have

increased instead of decreaslng in the course of sea water

‘l

conVect%on, suggestlng.the presence of a large magma

: chamber below.
v - . ’ h'.P'-" A ~

. ;‘We havé also seen that hydrolhermar alteration

0

produced Q reduced,—Fe Mn(’)-Cu In- Pb(’) -S1 bearing fluid,

)
.candidate towgenerate the Arjustrel massive sulphide

clearly potentially an ore forming ﬁ%uid. - Thus' a llker

. R ”

. depositS: hee oo ’ , -t ‘ ‘f .

-




5.7 Introduction ' . o

CHAPTER 5 )

d .

THE FEITAIS OREBODY OF ALJUSTREL, LTS ASSOCIATED

METALLIFERdUS SEDINENTS AND ORE ZONE HYDROTHERMAL

ALFERAFION ;

’

L2 v . . .

“ . ) ‘ * ”

®)

From detalled study of the Aljustrel Volcanics we

L)

éoncluded that these have been affected , by mayor sea;nater
hydrothermal metamo;ﬁhism which transformed rhyn&ites 1nto
quartz-keratophyres, and that in the coursé o:'tﬁe process
sea wmater was modified. 1&07 a Mg poor, tpansition metal -

rich brine (given the hydration of the Aljustrel v

* . - e

Volcanics). It was not possible to estimate the alkalt

Y

metal content of this brine, in view of the complex and

)

evolving behaviour of alkali metals in the Aljusirel

) i ’

Volcanliecs. . o g
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L'orebody -and associated siliceous and metalliferous

T . e

&

In this chapter we report on the study of the. Feitais“

o

j

'sediments, and on—the-pr\minent wall rock alteration that

4

. surrounds the ore zone. Much attentign was de&icated to

)

, hanging waII rock alteration, pargfcularly prominent at

Feitais when compared to. other orebodies, both at Aljustrel“

y o

eand efsewhere.. %

0 ! -

The spatial distribution of the various lithotypes

” constltuting‘(and surrounding) the Feitals ore ZOne are

,4

,scrematically rep\:sented in Figure 5, 1 including the

approximate location of &4 drlllholes fﬁah which most

-
-

footwaLl qnd ﬁgssive .ore samples were collected. More

‘<detafled information with regard to fleid relationships and

)

sample lodhtions is presented in Appendix VI. .
e . " . ) r
5.2 ?etrvgrgphx 'J : z =“ °:g . ’

+ " . »

15 2.1. ’Stockwork zane - \\%L;{/i . RETE
: Th% Feitais Massive sulphiUe ‘body;is underialn by'53

zone of. crossoutting stringer an isseminhtedﬁsulphide-

ot mineralization (pyrite and/or chaloopyrite * sphalerite)

bl ¢ .

This ttookwork mine‘aiization ls hosted in rocks composed

aasentially of chlorite quaﬂ@iL sericite quartz or !

C

sericite-chlorite«qtartz. Hinor dhounts of oarbonate are

e often present, aﬁd ohrbonaQes‘pay locally becone R

volunetrica;ly doninant. The teYétive anounts pf

. @ «
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Figuré‘5.1. Schghatic spatial distribution of(?ﬁ; various
lithotyéés constituting and_surroundipg-the S ’

Feltals ore zone, with approximate prbjéctioﬁ

of the‘location“of~several drill holes in.a

« -

t
-

_ 'plane normal tb the elongathon of the Feitals- -

2

- ié Estacao orebody. (Drhll_holes'aré, from lefg:
¥ ) y : ’ -
. to right, 1LC1-bis, 'FS-§ and FS-21.) See also
Apﬁendix VI. 1-Culm Grdupg.z-ﬁaraiso ’ O

Siliceous Fo?matiéﬁ;AB-Jaspe; unl}; b-Feitails
@dssivelsulbqidé orequyi‘SfStockwqu'rock, s -
(quartz~cﬁ}orite- sulihiées); 6-Outer | ¥ — .-
stoékﬁork’roCk (quartzjchiorite-;ﬁlphidés);

7-Mine Tyff. -

- . . . . o~ -~

-
¥
(5]




e

R
oy "'-a

o
AL
ALY
PR
4~

NG

~4
vl
<

)

~s

PR

~ -‘,~'.\:~;
N a8 e s

* "&a‘.‘lu.’.‘,\.é

~ -

AP AR o




an

- often very rich in'chalgopyrite, and grades:intd

. and the abundance of sericite, corroding the grains of

~

14

are widely variable, from sericite and/or chlorite
»

dominated to quartz with only minor amounts of the other

'silicates. The absolute abundance of sulphide minerals is.

<

also widely variable, with a %ew metres of gradual

transition to massive ore.

‘Chlorite + quartz + sulphides tonstitute an asymmetric

.crosscutting pipe-shaped body which occupies the core of

the footwaPl zone of stockwork mineraliiati&‘t(Fig:‘5:1),
Barriga and Cérvalho (1983) have proposed the'nangﬁ

"stockwork rock" to this lfthotype. Stockwork rock-1is

-

-

L]
sericite-quartz~sulphides assemblages which in turn grade

LI )

" into Mine Tuff invériaﬁly depiEting earlier regional

hydrothermal alteration (described in Chapter 4). In other

'words quartztkeratophyre grades 1nto stockwork rock

throdgh.aﬁ intermediate zone of sericite-quartz-sulphide

rock which will be named "outer stockwork fdck"

.

Plate 4C to E iliustrates the textural variations

mentioned above.’ Plate 18 is a'Green Facies Mine Tuff

- collected away fpom mineral{zation, although pqrfectly

- - LY .

equivalent textures can often be seen in intercalations of

rock'unaffected by nineralizing fluids but surrounded by

stockwork rock. Plate 4¢C illustrates the effect of

incipient stockwork alteration on . a porphyric Mine TJuff:

PR

pte the extreme degree of alteratidn of albite phenoprysts

[]

-

‘ «
. ’
[ Con
- .
.
-
. . v
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felsitic matter in the tuff matrix. Plate 4D portrays a
sericite rich outer stockwork rock. Note that feldspar is

now completely absent and that the'seriéié% aggregate& are

Tow .

texturally very similar to the matrix of the Mine Tuff.

" Outer (eericigjc)‘stockwork rock grédee into (chloritic)

;tockwork rock' illustrated in Plate 4E

"It is of signiflcance that zircon is a frequent

1ccessory of stockwork rocks (Plate 4F), usually enclosed

2z

in chlorite and with pleochroic haloes due to radiation
damage. Zircon is generally anhedral, corroded and/.or
reoreclpitated,'altﬁouoh occasionally euhedr¥1- zircons

1ndistingulshab1e from those of the Mine Tuff also -occur.

>

_surrounded by pleochroic haloes yhe;{izsgg ed 1? ch}orite
~ There is weak zohatibn in the dfstribution of the -

.- -4

Allanite, when present, is always anhedralé:gp also

various sulphides In the stockwork zone. Thus chalcopyrite

-

occurs mainly in chloritiZed rocks, whereas sphalerite~

‘ 14
(with very migor galena) is partjcularly abundant in outer

stockwork ro’ks (sericitized) Pyrite occyrs throughout

L] o

the stockwork volume, either accoopanying chalcopyrite or .

%ohalerite or.as. the only sulphide, and extends beyond the

outer stockwork zone, into weakly ore zone altered Mine
R . A ; ) .
tuffs. ' ‘ ‘ S SRR
- ‘. ., 3" - . . . - .
Mineralogical zonation in the Feiftals sto@kwork is
present at two scales. megascopically 1t 1is clear that
¥ .

stockwork rock (chloritic) predonlnates largely in the core
- , . : i oL

.
-

- . . . ) . . - . »...
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of the alteration pipe,; and is enveloped by a relatively ' >

’

well defined halo af outer stockwork: rocks (sericitic)
. before feldspar-beafing‘rocksaare found. At the scale of

indfvidual sulphide-rich veins chlorite-quartz rock is

sometimes surrounded by sericite-quartz rock (Plate 5A)
, . ’ "

4
-

which §ometimes grades'into Mine Tuff unaffected by ofg !

zone alteration. A -

e
!

[} . o . x‘ ° ’
Stockwork zone mineral chemistry is -best regorted
oy - ; @
toget*er with\mineral chemistry of the remaining ore zone

rocks (massive ore and hanging wall sediments, section

5'\301)0" § ¢ . '=‘ ‘, . . ““
. . 4 .

.
L

-

"5.2.2 -The Feitals massive sulphide depésit

The Feitais“Estacdo magsive sulphide deposit is a ,

* [

‘truly gigantic orebody, with total reserves Subsfantially .
N i o ' . ' ‘ - .
in excess -of .100 milTion metric tonnes, comparable in slize

3

to only-a few .other déposits‘ln the ‘world (seg Fréﬁklin et
al., 1981). ‘A thorough ‘study of sulphide mineralogy -and
textures was not attempted giyen_thé‘féhgth of such a task

and also in ~iewHf. the faét that much relevant 1nfo;mation

-

Acould 6% obtain?d from unpublished mine reports and-

drillhole logs. . -~ . S g .

Pyrite is the mo abundant sulphide mineral in

massive ore. Sphaleriye, chaleopyrite, galena and '
| 2B , \ t .

"

arsenopyfitq are the rémaining common squhiﬂe“mineraIs.

Miny 6théy'ﬁetallic_nindrals,nc%ur‘in minute ngnhltie{,‘

- ) )

[




' Reflected Light,'one nicol dnly.

Lt

PLATE 5

(all scale bars (except A) 100 ym)

3

Chalcopyrite + pyrite vein immediately surrounded by

chlorite-quartz-chalcopyrite alterdtion (black) which

is in turn surrounded by sericite-%uart%-SUIphide
alteration (gre;, at upper and,lower edges of

specimen) .. Noie deformation. Ffrom stockwork under
massive ore. ' ‘ T

uFramboid;,in Sulphide. ore, composed of spherital

L 4

aggregates of qphedrel pyrite spotted with §il£§jtes.

Framboids in Culm Group shale bed, compo§ed of t;\y

pyrite cubes hosted in silicates + graphite (grey) \
ﬁgflected light, one nicol only. ' l \
Colloform aggregate cdmposed of elternatﬁng bands - of
pyrite and cha100pyrite (cpy), hosted in massive
sphalerite (sph) Reflected 1ight, one nicol only.

[
\

'Colloform aggregates, including a ring composed of

sphalerite (sph), chalcopyrite {cpy)\ and galena (G).
Note euhedpal pyrite in left aggregate. Reflectede
light (oill immeré}on), one nicol only. . * * .

Y -
v . 3 , 3
,

» 4

Partly recrystallized pyrite ~gangue colloform

‘aggregates. Reflected light4 one nicol only. )
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PLATE 6

7

(all scale bars 200 um; reflected llght, one nicol only)

‘ ¢
A. Colloform pyrite. Note coalescence of pyrite rinés;

" B. Pyrite aggregates ‘exhibiting delicéte cellular
) : Vg

+ structures defined by ranating pyrite,.-

¥
-

C. Beddihg (verfipal, in the~middle of photo) separating
sharply a domain of gxciuslvely euhedral pyrite, from an

adjacent bed of exclusively framboidal pyrite.

L]

D,E,F. Reerys;allized massive sulphide ofe, w&th idio-
,ﬁorphLCabyriteA(depipfipg brittle defbrma:lon) and ‘
‘plasticaliy_déformed'sphalerlte gsﬁh), galena (Gi and

phalcopyrtée (cpy). Pyrite is.the lightest mineral in

‘all photographs. . -~ . =3

-






vothers (Gaspar and Conde, 19153

" varietties are«ﬁﬁ‘?n completely featureless, with only minor

tupbidites (see Chapter 2), illustrated in Plate 5C
& ) : :

such as tetrahedrite,‘bournonlte, tﬁﬁﬁ}ﬁtite, pyrrhotite,
? ’ N
"

cobaltite, stannite(?) boulangerd

“greenockite, and still -
*The more abundant

non-sulphide minerals arelﬁﬂgffz, chlorite, éericlfe,

several carbonates and b$¥i€e. ‘=

o

Textures are ext{ﬁﬁely variable, as usual in slightly

metamorphosed massiye sulphide ores (Rockinqham and * .

. /

Hutchinson, 1980¥‘arfhe more pyritic and massive.ore

v

amdhnts of MWerstitial minerals in a continuous aggregate
of pyrite. Etching (air) of this Qpe of pyrite sometimes v
producés reqularly spaced and sized globular figures. of the

same size range (15 um) of the ubiquitous framboids (sensu

lato, see Love'aqd\Amstutz, 1966) seen 1n ‘less massive ore
: _ -
varieties (Plate 5B).. It is interesting to ndte thad

framboids composed of tiny pyri?e cubes (framboids‘sensu

.

stricto) were not observed in the Feitais massive or

stockwork ores, despite their frequent occurrence in thq;

J - t
occasional sedimentary pyritic beds of the overlying Gulm

‘ >
Colloform textures are often seen, sometimes as beautiful

’

concentric overgrowths of various sulphlides and quartz,
sometimes including polyminerallic single rings (Plat'es

50 to F and 6A) In other cases colloform aggregate

] Vi

lnclude radfating pyrite (Plate 6B). Recrystallization

praduces fortification -type zoned aggregates as

_a .
. . l-r'

‘

4




PLATE 7

/ ‘ 4 .
. b ¥

. ’

2

Aiyéméll scale slump fold,kgomposed of pyrite (white) and

- . d
,qu‘at"}’:z. Reflected 1ight, non polarized light. -Scale ‘
- ) > )

bar 1 cm. o

N A 4 : '

L !
\
< 7 hd 5
)

"~ B. "Turbidite textured" ore, typical of allochthonous

'mas$iye sulphid% deposits in the Iberian Pyrité Belt,

.with thinning upwards individual beds of clastic pyrite
and black sﬁalg'fragments in a fine grained matrix of

pyrite + sphalerite + chalcopyrite + silicates.

[}

Tharsisvmine, Spain. Scale bar 2 cm.

C. Albite partly replaced by pyrite + sphalerite (black).

Crossed nicols. Scale bar 300 um. -

.

— a ..

\

D. Radiating aggregates of stllpnomelane in unaltered.

- Al

LY
///// Jasper. One nicolhonly.. Scale bar ?90 um. ) j¥‘-

v
i

E. Stilpnomelqné and magnetite (black)f:q slightly altered *
Jasper. - One nicol only. Scale bar 300 um. -
L ) h . ‘ oo
F. Spessartine garnet hosted in chert (both clear an
' dark). Sample 8-358.1. See Appendix IV-3. One nicol
onl&."56ilq bar 100 um. 5 ; ' T g

» N .

. Cow - T :
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described by Ostwalg and England (1977, 1979).

Euhedral pyrite (usually cubes, rarely Pentagonal

dodecahedrons) ls lowever the more common form af -,
. [

occurrence of°this mineral, and alse that of arsenopyrite.

- . : v

(pseudo-monoclinic prlsms). Some‘euhedral pyrite seems to

be primary/diagenetic, given thit beds of pyrite cubes -

Lo

often. octur adjacent to beds of framboidal pyrite (Platc

B 4
[ v - - *

'6Cl, and’ also because pyrite ‘Cubes o}ten define

J -

pressure shadows where parallel fibres @f quartz develpped
r ™~ i J
durlng Hercynlan deformaﬁion. Deformatlon also pro&dced

[}

textures such as,thzseﬁdEpicted 1n ‘Plate 6D to F, where

. - - PR

‘e

ldiomorphlc (perhaps recrystallized) pyrite (and‘///

arsenopyrlte) suffers-hnittle deformation whereas -

t E . - ”
chalcopyrite,_sphaferite and galena deform pl&stdea!ﬂy,

occupylng intra arnd 1nterspaces with respect sto the non

r

plastic sulphides (pyrlte, arsenop

o

.‘!_’. ! !

" Massive ore _is somet imes baﬁded, thfs_is'paitlculafly

visible in base mexal_éich ore wéglefles;"Sedimentary 3

T

.

féatures sucﬁ as sﬁall scale slumps (Plate TA), convpLute
e o+ " T om

ﬁaminatlon and scour and fiil occur sporadically. .

Brecciated ore also’ qccuns. Allisoft sediment defcrmation
N » .

features observed can be explalnedmby a few mgtree,of
movement (see Blatt et al., 1980). Evidence for'large_
. - ‘: . } . B} a; J:, . . .
scale ore redeposition such ‘as' that -present in

’ /4.\ " - ‘ ”. . e
allochthonou:~2epd%it§ elseqheretln the Pyrite

(Chapter 2; Q}ete 55)'15 conplebely absent.

U

LA
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’ , . . \ '
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. . . e

_Mineralogical zonatioen is" a prominent feéature.of the

Feitais ymassive oiibbdy.. Thu¥ chalcopyrite;:;d chlorite
are cleérlx concenfraped towards the footwall qf the .
mqssive body, in coftinuity with tthoccurrence of these
minerals in the undérlying‘stockwork ;one, wﬁereés'
sphalerite, galena and barite are abundant near ;hewhanging

wall and in peripheral zones. Sericite is more widespread

- in occurrence than chlorite, and seems.to be concentrated
towards‘§he footwall and periphery of the orebody. Pyrite,

arsenopyrite, quartz and carbonates are scattered
° . . +

‘throughout. Sulphide maperals are thus hosted in chlorite
and/or sericite +!uartz + carbonate towards the footwall

» ) - S )
and in-a quartz '+ sericite + carbonate matrix elsewhere.

g Tuff intercalations are occasionally found within the

:
4

Feitais massive ore, always with gradational contacts with

.
- 3

ore, and are particularly abundant towards the footwall,
e . whereas near the top of the orebody highly siliceous

-+ inclusions (often quartz with minor sericite and carbonate)
aré'dominént; in good agreement with the massive ore
mineralogical zonatign described above.

N . .

~Ore textures indicate thaﬁ the orebody was deformed

and partly.reér&sfallfzed during the Hércyniéﬁ Oro
N : - . : ]
(Chapter 2)l. Pre tectonic textures (framboids, colloform

textures) are largely inconclusive: their occurrence within’

’ R altered tuffs, both as 1nélusions in the ﬁasSive orebody

and 4n the stockwark confirms Roeddg#ls (1968) observations

‘

J -

v

’ .

»r




/'. ‘ . s , ® res
that colloform textures cannot be regarded as evidence for
. . . ~ e
strictly sedimentary den_;ition. The origin of framboids
A . .
is ‘a matter of controversy, they are often considered

4

" evidence for biogenic processes (see Love and Amstutz,

1966), but Rickard (1970), based on physical and crystal

chemical arguments concluded that framboids form through

pseudomorphism of previous spherical bodies, and-Berner
(1969), Farrand (1970) and Sweeney and Kaplan (1973)
reported on the 1norganic laboratory synthesis of
framboloe, sometimea from.earlier sulphides-thus suggesting
a diagenetic origin for sich structures.:

Mineral bandlng (convolute or unaeformed) is helleved
to represent largely local beodlhg.due to settling of .
sql;hide particles precipltated in open space, thoe
contralndlcatlng a replacement'origin for a large

proportlon of the orebody. ‘However,~at least some.

¥ ~ -

replacement of previous exlstlng rocks must have occurred, »
as proven by the occurrence of gulphides replacing earlier
albite phenocrysts in ore zone weakly altered tuffs (Plate
7C) andzas suggested hy the gradatlonal contacts of (a) the
orebody as a whole- (especlally at the footwall) and (b) the.‘
1ithic inclusions within massive ore. -

Finally, it is worth noting that massive ore is

conspicuously free of crésscutting veins of any- kind (see

. { : . .
frontispiece), in marked contrast with both the stockwerk

~zone and the hanging wall Jasper unit (3ee Jnext sec;lon).

L

&



5.2.3 Hanginq wall siliceous and metallifeMus sediments -

- ‘Cherts, jaspafs and Mn conccptrations constlthte,a
: > . ’
well defined horizon immediately above the Aljustrel

13

Volcanlcs, mapped by Schermerhorn and Stanton (1969) as

constituting the base of the Paraiso Siliceous Formation

4

, (see Chapter 3). For the sake of clarity we will call -

these siliceous and metalliferous sediments the Jasper

1

unito ‘ . . . ' hd

f//- “At the scale of‘thé Feitais Apticline the Jasper unit

P
« -

is a stratiform; up to-T5 m thick continuous bed (except

where tectonically disrupted), that outcrops extensively at

the Feitais hill (Fig. 3.2) and that- can be seen in most

approprlate located drillholes, alﬁhough sometlmes as thin
e as 20 cm. Given that the Feitais-Estacao orebody occurs
attthe top of. the Aljustrel Volcanics the JaSper‘unit is |

“the hanging wall rock of the sulphide deposit. A few

metres of prc zone altered volcanic rocks are sometimes
presént,befpeen massive ore and the Jasper, although this:
‘may ba.caused by poat depositional movements, either
synsedimeﬂtary J¥ tectonic in, origin, given the -geological

history of thk area,‘the occurrence of hindreds of minor

» |

, o '.faults with 1verse orientations,'and given also the fact

that the Ja per unit is often seen repeated by foldfnq

and/or small scale thrusting.- )
Jasper (hematitic red chert) is the predgminant
lithotype of the Jasper unit laterally away from the




Feitais-Estacao orebody, often accompanied by black

’ .

manganiferous Lhert and by Mn - oxiﬁe (+ rhodonite “and®

rhodocrosite) concentrafﬂons that have justified small open

- *

pit exploitations in the past.
4 .

A few samples of cherts and jaspe}s’were>etched with _
hydrofl&orid acid and‘JbserVed under the scanning electron

i v
microscope, but primary textureg are obliterated by

recrysta}li;atign. We note however that .a similar SEM

‘study ef‘cherts and }aspers from other areas in fhe Iberian

Pyrfte Belt (F. Barfige, unpublished data), less affected ,

'

by regional metamgrphic rezrystallizétion evidenced the

. presence'qf radiolarians in the cherts occurring laterally

away from sulphide mineralization (> 500 m), but not 1in

)

samples directly overlying massive sulphide ores, o

suggesting that above hydrothermal ‘vent areas silica may

~

+  *have precipitated simply as a consequence of sharp

temperature’ decrease upon contact gf a Si- rich hydrothermal
.

solution with cold sea ‘water. - *

’

Ih_the immediate vicinity aqd especially above tge
: orebpdy'the jasper is partially or totelly‘altered into
predominan;;y bluish grey pyritic, chert, with reddetion_of
hematite to qagnetite-and pyr;te,'as eloqdently illustrateq

. . f
in Plate 8. Bright red jasper immediately abﬁVe massive. *‘

; .

sulphide ore is restricted to relics of various sizes, up
to a few tens of centimetres, with gradational congacts to

" chert of various shades of grey, containing magnet}te,




“

PLATE 8 _ 2
Illustration of reductive alteration in the Feltails
. ] ‘ ’# .

= .

hanging wall Jasper unit Lo

Unaltered bright. red jasper collected several hundred

.metres away from known sulphide mineralization (drill

hole S~3, Esteval da Serra). Subsequent photograph$
gplleéted near (<100'm) and immediately above massive

-

sulphide ore.

Incipient vein controlled reduction oflhematitq to
magnetite. Orill hole FS-15. i
Breccia;p{pe like“quarfz + cérbbnate‘+'magnet1te +
chalcopyrite ve1n~system'in slightly altered jasper,'
with magnetite ribbons'i -a slightly iron depleted

jasper matrix. Drill hole, FS-11. : L e

; . . . .
Advanced alteration of jasper (unaltered "island" left

on lower ‘left side) with generation of magnetitic-

pyritic dark grey chert. Drill holé FS-15.

Complete alteration of }asper iptq bluish-grey pyrite-

magnetite chert. Drill hole Lb17bis.

| )
‘Completely altered jasper (equivalent to E) depicting

prominent post alteration deformation. Drill hole
FS-14.
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. . < . ,
pyrite and even chlocitéirep} cing hematite. Vein
cbctrolled reduéing alteration can‘cfben be $een, from the
vein wall grey chert to unaltered red }asper. In other-'
ca;ec a network or a scbparallcl~set of closely spaced
veins leaves no unalferec-relics,-transforming the jasper'
into completely reduced pyritic and/or chloritic chert. |
From detailed study of the Jasper unit in 11 drillholes

which also intersect sulphide mineralization (below) it is

e

concluded ihat\préQectonic veins respon\?blelfor access of

* ¢ 'the reducing fluid that altered the jasper. amount to about

. 5% of the present volume of the Jasper unit above Feitais™

LEstacao. Miqerars in these velns can include thc ' .

R 1follow1ng; singly or in combination: qcartz, carb0n5tes,

e

chlorife, pyrite, magnetite, chalcopyrite, sphalerite,

‘barite and cobaltite (cobaltite tdentified by X-ray
‘ ]
-~ .
» diffraction). Within the chert ‘and jasper groundmass the
“. A}
mineralogy does not exactly match that of crosscutting

»

veins. .Thus.carbpnates, magnetite and pyrite/ are‘common
//whéreas

scattered in a reqr&;tallized quartz matrix
chlorite is less'frequent, restricted to slrelcrystals<é<

. 0. mm) associated with pyrite, magnetlt or stilpnomelane,

1.
)}

a mineral not observed 1n pretectonlc véins crosscutting




.IQ

2

* . F)

-rhodochrosit?‘%nd[o& chlorite, ard “both Scattered o

v N ‘ P

throughout the cherb;or.ﬁestricted inroccurrenpe to

)

‘ ' -
discrete elongated ddmains (veins? beds?), as illustrated

in'Plates 7€ and 9A. MHematite is ubiquitous within

u

jaspers, of course, and is somet imeq seen partly replaced

by magnetite or pyrite. Some black cherts are ) :

?

mahganiferous,'because of the presence of. Mn -oxide dust,'

sometimes ;till‘depictﬂ.'»the original form of globulér

‘ < w
" aggregates, despite recrystallization of the host quartz.

Typical chert and 3asper textures are illustrated in.Plate

-
-

9B and C. .
. High grade Mn oxide concentrations were not observed

' N . - ' ' ) )

in any subsurface samples. Instead, unweathered zones of

the Jasper unit frequentlylincfuoe velﬁs, pods and breccias

mainly composed of various HMn rich carbonates (see section

5.3),7accompanied by.smaller amounts of magnetite (+ minor
Mn oxides), stilpnomelane, chlorite; .barite and, in. one

case, czmrite, a rarely reported hydrated- barium

.
]

Al-silicate. The texfures of these Mn carbonate rocks are

wIdely variable, but a matrix of- carbonate + magnetite +

stilpnomelane + chlorite»is often seen host 1 clear,

.rounded"or 1rregu1ar aggregates of' coarse carbonate : j e
(sometimes spotted with chalcopyrite), up to. ;everal mm_ 1n . %;,‘
dlaMeter (Plate 90 to F). / C :. N L in;-;uik
Cymrite, clearly porphyroblastic: occurs as unoriented. ;:‘
priéms (up to 0. B mm) scattered in a rhodoohrosite- o . f;

magnetite matrixfcut by'frequent millinetric‘veinp of .

N
®

’ P .




’ . PLATE 9

-

A, Speséartine garnét + chlorite elongated domains
.(veins?, beds?) in rhodochrosite;magnetite
metalliferous sediment. One nicol only, scale bar, 100

< um, .

B. Hematite + Mn oxide dust in jasper.

- ’ - ) ’

~

. C. Quartz + carbonate + magnetite veins in deeply altered
~ tasper. One ©icol%only. Scale bar 2 mmse

Dl ~Typical texture oﬂ metalllferbus seQiment, with clear’
domains of calcic rhodochrosite (MnC03 75%) spotted,
. with chalcopyrite in a matrix composed of
manganocalcite (MnCO3 25%) + magnetite * :
. stilpnomelane + chlorite. One nicol only. Scale bar
. 500 ui. '

E. Large éymrite porphyroblast, partly replacew by
Mn - calcite (grey), spotted with magnetite (black) ang
. rlmmed ‘by stilpnomelane (hardly visible, fibrous) in a
- ‘;’rhodochrosite + magnetite o+ stilpnomelane. One nicol
. . only. Scale bar “300 um. - ‘ . .

yt

F. Chert domains (finely recrysta.lized QUartz) in
“:‘metaltfferous~ '
| “injection of ‘metal rich fIutd 1p
. - sediment. Crossed nicols. Scalz\

ft silicedus - .
bar 100 ym.
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.most closély'reséMbles Feitais, and that cymfite can thus

‘pgeviously 1dentified at one location in theliberian Pyrite

‘underlying the La Zarza orebody (Spain),xassociated with

\huartz-chlorite:rock containing lesser amounts of

. | B ) W Py

—

-

]

stilpnomelane, dusted with ngnetlte after- hematlte and

partly replaqu ,by Mn- calclte (Plate 9F). Cymrite was

Bélt (Aye and Strauss, 1975), within the stockwork rock

»

Fe;caibonpte and sericite (plus sulphides and relic iéneous .

@

minerals). It is 1nter§sting to note that La Zarza 'is the -

massive sulphide deposit in the whole Pyrite Belt which R

soccur hoth in .footwall and_hangingwail rocks. Cymrite

éléctroh-micrqprobe‘anélyses‘are presented in section 2.3.

: Mn-carbonate rocks often include small, irregular

are&s of cher? (;Jate 9F) shggesting replaéement o% Jasper .

(or manganiferdus éhert) by ﬁn-carboﬁaies or,

alternativef}, that‘a Mn ;ich fluid "intruded"‘the chert . .

priog to lithification. | | ’
Paraiso(Fofmation phyllitqé and tuffites (a;d rare Tt

tuffs) in comEact with the‘Jasper unit ;mmediately abéve

Feitais-Estacao are often (but not always) intensely

veined, chloritized and carbonatized, sometimes to sqqh ’

extreme degrees that the rocks can become composed sofely

of alteration producté ich&oriteh carbonates; sulphides).

Schermerhorn, (1978) noted tﬁf presence of these rocks and

denominated them "upper chloritite”. Alteration of PS .

alumingues rocks extends from 0 to ~10 metﬁfs above the

3
L

" : L
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. : .. ,
t Jasper unit, similar to dqscriptrvns\gi}Carvalho (1976) and
: Plimer and Carvalho (1982) for the hanglng wall alteration -
-~ above the Salgaéinho depoéit (see .Chapter 2). ? .
. . °
\ o IR "y
5.3  Geochemistry ' ¢
5.3.1 hineral-Chemistrz o SN2
. . a
h
a) Chlorite IO

Electron microprobe analyses of chlor%tfs from thé

-

various’ rocks that host the Feltais Estacao orebody are
presented in- Appendix Iv-1, and plotted in Fiqure 5.2. Ig‘

is apparent that ore zone chlorites do not show any well

defined stratigraphic or lithologic control with _respect to

Fe/Mg. With one exception, stockwork«and massivehore -

chlorgtes are 1dentical to chlorites occurring in Aljustrel
Vofcanics-hot‘affected by ore fluids (see Fig. 4.4‘and -
AppendixnII-iﬂ;'they ara mostly iron rich ri&idolites.
Chlorites veining and scatteredlin jasber unit roéks are
) :ery sfmllar'FP the above, although slightly more variable,
+ as they include EhF higher Si qontents deteETﬂqA:gp to 2 95
'S1' 1ons per 14 O; and also the more ferroan chlorites
analysed, up to 45% FeO with only ~2x5% MgO.
The Mn cohteﬁt of ore zane chlorite sho;s marked b
stratlgraphically éontrolled variations around the Feitais
.&Mxorgbody, as {llustrated fn Fig. 5.3. Stockwork and Cu- rlch

masaive ore chlorites contalir the least Mn, averagIng.about

. 0.35% Mn0, whereas Zn-Pb ‘rich massive ‘ore -and the base .of
é'. . ' P S " .

(L]

A
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Figure 5.2. biagram i1lustrating the cdmpogitional ‘
variation of chlorites from the Feitais -
’ ore zone with respect to Fe, Mg and Si.
Triangles, hanging.wall rocks; circles,
“ ' ‘massive ore; squares, stockwork rocks

(Mine tuffs).. Compare with Fig. 4.4. .

4

1




{ &
Figure 5.3. Stratigraphically controlled variation of the

o
*

MnO abundapce in'ghe ?eitais ‘ore .zone

O . o
- chIoriggs. +1-Stockwork rocks; Z-Cq rich

massive ore; 3-outer stockwork rocks; 4-In

(Pb) rich massive ore; 5-Jasper unit (a, base;

b, top) .
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the Jasper unit contain chlorites with A0.6% Mn0, and
éhloritqs occurring near the stratfgraphfc top of the | ‘
Jasper unit or laterall} ak;y from sulphide minéralization‘
confain 1;1 to 5.3% Mn0O. These variations are stréngly

suggestive of a redox gradieht, with low PQZ in thé core

of fhe ore system, and progressively less reducing
A .
onditions away from it, as expected in such an environment
o " (see Whitehead, 1973).

v

o]

b) Sericite

[ 4

’ Ore zone sericite is often so fine grained and :

“

intimately mixed with quartz that it could not be

o ~sﬁccessfully analysed in most peripheral stockwork rocks.

E;ect}on microprobe analyses (Appéndix IV-2) show striking)
Ba0 cg;tents-in ore zone sericitgs, up toi>9% Bao,
e;pecially in sampies and iones where'barite wés not seen
under the;oﬁticai microscppe; Fiqure 5.4 shows that Ba is
i ‘indeed 1in tﬁe phyllosilicqte'gfructure,nas it fllustrates
the Ba diétﬁibutign detected by high definition electron
microprobg analysis (electron beam diameterqfo.flim) in

[y

more than 1300 clqsely-spaded'spots (rectaggflar grid'of

5x3 pm). : e
o _\.
. c) Spessartine garnet .. Coe .

1

Electron microprdbe analyses (Appendix IV-3) §hon“hhat
the spessartiné garnet that occurs in the Jasper unit is
composed of nearly 84% spessartine end member, with ~10 to

’

3% grossuiap end member molecule and small amounts of

.
~
1




. L S .
Figure 5.4, SEM photograph of outer stockwork rock, °
composed of Ba-sericite (note ultra fine grain

_size of individual crystals), quartz and

pyrite. More than 1300 closely spaced spot

. analyses for Ba were performed within the area
Indicated (rectangular grid of 3 x 5um),
'using a cymrite minerai standq%d‘(electron
“beam diameter O.Sme), réveal{ng the

distribution represented below (white areas <
. - r

'0.01% Ba0). Sample 8-365.4, compare N.:h\\_—:

Table Iv-é. "Scale bar in photograph (lower
tright) 10 ym, in map 15 um.
CDa?a obtained with fhe newly installed
‘ : . Jeol JIX-733 Super Probe of the Department of
‘Geology, University of Lisbon.

- 3

Id . -
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either andradite or almandine. It is not known “whether
. »

;his'ﬁineral was generated in the poufse of hydrothermal
activity or is a product of sﬁbagdugnt regional .
méﬁgmorphism (see Deer et al., 19%2).' ‘
d) Cymrite -

Cymrite electron microprobe analyses are presented in
Table 5.1, recalculated.on the basis of 8 oxygens;-l

according to the formtla proposed by Carron et al. (1964)

ssqner(1967).‘ Structural formulae depict a slight

excgss of Si and the presence of signiticant amounts -of Ca
. ‘ PR |
/ and|{K substituwting Ba. Again it-is not known whether

cymrite is hydrothermal or regional metamorphic inm 9r}gin:

Cy, rite’ is now known to occur in various environments. and

hbst rocks and it is interesting to note that no other Ba

- ~ . .

minerals have.been reported to coe%ist with cymrite in1tpe
same mineral assemblage (see Smitﬁ et al., 1949; ﬁungels,
1964; Essene, 1967; Froelich and Sandrea, 1973; Ayé and '
§ﬁréugs,.1975;‘$6oﬁg and Olivecrona, 1975), . S
e) Carbonates
Electrap microprobe analysis of (97) .carbonates
» 6ccunriqg in oreﬁione rocks are tabulated in Appendix
IV-4., Calcites are the only carbonatesufodnd within
stockwork and massive oré samples, usually‘with-only minor

preportions of Mn.or fe, and sometimes significant zinc (up

' : . S £ -
to 4% Zn0 or 6% InC03 equivalent), when in contact qi%h

'Y sphalerlte. Carbonates scattered im chert and jaspgr




N Table 5‘.1 Electron microprobe an'al‘yses of cymrite. \
T et _ -
& .. . Amal. .. ' ) a Aver‘ag‘e Stoich- \
N no. 40 42 29 30 ' 60 of 5 cymrite
. Si0p © 31.63  32.76 % 29.48  29.53 -+ 30.39  30.76  30.51
. Al,03  25.26 26.01 ' 24.50  2&.12 24,44  24.87  25.90
_Felt 0.57 0.86 0.95, 0.64 0.9 0.79
MnO 0,22 0.16 0,29  0.24 031 0.2
MgO 0.06 ~ 0.t2  0.11  0.07 0.05 0.08
~ Ca0 0.32 0.24  0.37  0.39 .  0.28 0.32
Ba0 34,73 36.20.  35.00  36.30  °37.60  35.97  39.00
Na»0 0.23° 0.28  0.17 - 0.09 0.30 0.21 .
- K20 Q.55 0.64  0.18  '0.13 0.27 0.35
TOTAL ~ 93.57 97.27  91.05  91.51 o4.56  93.59  95.41
Number of ions on the basis of 8 0 . '
si 2.05 2,053 2,001 2.013 . 2.016 © 2.028 ~ 2.000
AL 1.933 1,921  1.960  1.938 - 1.911 1.933  2.000
Fe 0.031  0.045. 0,054  6.036 0.051 0.044 , >
Mn 0,012 0.008  0.017  0.0%4 0.017-  0.013
Mg 10.006 0.011  0.011  0.007 ~  0.005  0.008
' Ca 0.022 0.016  0.027.  0.028 0.020 0023 ° -
Ba 0.884 0.889 - 0.931  0.970 ~ 0.977 . 0.929  1.000
Na  ° 0.029 0.03 0,022 0.012 - 0.038  0.027 |
K 0.046° 0.051  0.016  0.011  0.023  0.029
£ fons  5.017 5.02%  5.038 . 5.030 5.059 © 5,03 5.000
, ( A
‘ L
- < K]




. altered PS Formation phyllite

 _different from all other ore zo

Aankerites‘(up to 15% Mg0) and e%en 0

5.5,

* . A Y . '/' QQ' .

\1nclude not only calcite but’?ﬁminantl* siderite (somet imes
a

slightly magnesian - sideroplesite), wﬁereas a wide variety

.

of Mn-Ca-Fe carbonates characterizes tﬁe carbonate_ rich

eins,.”pods’ and breccias found within the siliceous
. ' ‘ 3 - . .
sediments, where up to 5 different cap?oﬁate minerals were

ed, within areas of a few square %illimef}es. The

2 >

‘more ab ndant carbonate species in thebe rocks are highly

_manganoan calclte, Mg pabr ankerites And rhodochrosite.

The dist#ib tion and hature of _the vdrious carbonates
! !

within Mn-ric carbonategrocks of~tW@ 37sper unit sugqests

that %he variab ity de%ected is_ due to/immifcibilit) gaps

in the solid solu; ohs within ‘the syst?m Fe0-Mn0-Ca0-C02

(see Deer et al., 19 2) and thus t? variations in the local

‘e

proportions of Fe, Mn

formation.

_ Carbonates are also lo ally Fbundant within the

and thffites, chemically
carbénate; e}sentially
because Mg ls here a frequentlglab hdant component pf ‘

sideri e. ‘Nb

f) Sphalerite : : .

Electron microprobe analyses of sphalerttes”f m .

. a - * .
5 T « - )
. o
»
R ) -
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Figure 5,5.

" Schematic distribution of the dominant cations in ore ,
zone carbonates. MT-Mine Tuff; S-Stockwork; FO-Feitais
massive sulphide orebody; J-Jasper unit; PS-Paraiso
Siliceous Farmation. - . '




‘.

Mn abundinces (generally <0. 0&% Mn), and also/ low Cd

contents (up to 0.23%) in good agreement with

m

(Gaspar and Conde, 1978). The ‘FeS mole % dontent of

- .'

N . & -
“sphalerites varies from 1 to 11“‘ Low fe sbhalerites'are »
the .lighter brown colour'd and no correlation w‘ found

between Fe content and stratigraphic position, lithologic .

~ type, ore type or degree "of recr stalliration.

»

. , : -
v \ - : <Lt °
L . k L
“ N .
L
v

¢ Sy £

- 5.3.2° ¥hole rock geochemistrl

. A '_ L Extensive whole rock geochemLcal determinations Were

performed in samples from stockwork rocks, the hanging wall ’

A
Jasper unit and also in altered and unahtered PS phyllites,;
[

- tuffites and tuffs (Appendix V) in: order to to

- document Gs many as possible zonations_ around the

.r Y

\ ]

sulphide ordbody, especially those of genetic significance

and/or poﬁfntiallg useful in mineral exploration' d ",' Vo

-

- gain insight into the pre mineralization nature of
. altered lithologies namely stockwsrk rocks; ‘

l

- efucidate the bomposition'and origin of the ore-’

-

- ’

'forming fluid(s)
. - reconstrdct as far as possible thf history of the

}Jjustrel paleo hydrothermal system.
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'(Chapter 4), but varidbly, enric'ed in S Fe and "Ba,. and

. abundance of outer stockwork rocks is nv62% (70% on a “

a) Stqckwork rocks and massive sulphide ore

al) Major elements ” - .

Majof element abundamces in stockwork rocks from the
footwall of the Féitpis orebody, closely reflects the

mineralogical composition and_zoﬁation descxihea in

B . _‘ 4“ ,"4 . ;_:‘ : .
previous sections, ThusarocksAShowinqathe least .ore

I

zone alteration are closely simi ar to. dther Mine tuffs

.\ o ¢
somet imes depleted iﬁ'Naffrefl cting the presence of pyrite

. Y
and‘Ba-sericite‘and ‘partfal corrosion of "albite,
/ . ..
Outer_stockwork rocks,/apart from- containing kidedy

- ‘/' *'; nr
variable proportions of Fe/and S reflecting the -

’ heterogeneous distribution of pyrite described before show

[y

relatively con;tant ratiqs of (K0 + BaO)/A1203(around 0.2

L N

to 0.3, expressing clearly ine'ﬁfédomfnanCe of,Sefdcate and

Ba-sericite over.the other aluminosjlicates, namelf
feldspan or chlorite.” High Ba0 concentrétionf'occur-at the
stratigraphkg “top nf outgr,stockwork‘;ocls,‘and reflect the
spatiaindistripution of Ba-sericite) the only B; n{nerai
found in stockwork rocks.. Thus Ba-sericite occurs_malnly
near (ann withlin) peripnenal massive sulphide ore, as
schematically 1llustrated in Figure 5.6. Additional
charactebfstics.of oute;:stnckwork rocks are_extremeL; TBQ
Na (given the absence of feldspars), and widely vaniablei

Al1/Si, a consequence of the equally variable relative modél

proportions of sericite ‘and quartz.' The average 3102 AR




. e ’
>
~N
2 . . /" -
Ba-Sericite / -
“ + Figure 5.6. Schematic illustration of the spatial distribution of
Ba-sericite around the Feitais orebody. Symbols as
~."in Fig. 5.5,
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A
)

sulphide free basis).

" Regarding stockwork rock (sensu striéto, quartz-

chlotite sulphides) the majot element analyses are

rema?kable especially with respect to MgO contents
generally comparable to those of Green facies Mine tuffs"
The appro*imate weighted average of tﬁe Mg0 abundance in
the Feitais stqckwork‘rock is n4.5%, given that the higﬁér
Mg0 values in Appendix V-1c, up to >27%, correspona to
vofhmetricélly insignificant samples. Average Si0) in
stockwork rock is :29%; equiyal%ﬁt*to‘GZ.B% on a sdlphide

free bpéis. Undetected (or very low) Na, K and Ba reflect

perfectly thé absence of féldspér and sericite. ~

a2) Immobile trace elements

Abundances and ratios of Hiqh.field strength elements

° ’

in'stockwork rocks (sensu lato) depict a considerably
higher gggtter than detébted'in'Mjn%'tuffg noé affécted by
ore zone'alterat}oﬁ bub,'neyérthelés§, the majogity of
stockwo;k‘Samples analysed are indist}nguishable from Mine
tuffs with respect to ratios of high&field'itwength
é;émenfs; illustratéd in'Figure 5.7"a and L for the case of
Sc versus Y and Ir/Y versus Zr (seé Appendix V for the
analyses) These data show that the Fei;ais stobkworklf

rocks are indeed ore zone altered Mine tuffs, dhd suggest

”that thls type of alteration was accompanied ky eztreme

".varidtions 1in pajor element relative abundances (gliven the

.

marked diffefencés in the ranges of absolute concentrations

o

192 -
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Figure 5.7a.

Diagram illustrating the variation of Sc
versus Y in the Feitais/stockwork. Mine Tuff

line shown for comparison (see Fig. 4.8).

Circles, stockwofk roktk (chlorite-quartz);

squares,, outer stockwork rock (sericite-

..

quartz); triangles, weakly .ore zone-altered

Mine tuffs.

I
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Figure 5.7b. Zr/Y versus Ir diagram for stockwork and
- ‘ massive ore (solid circles) samples. Other
symbols as in Fig. S;Za. Note the degree of -

sé¢atter of data, much more pronounced than

that . found in Mine tuifs proper (sée Fig.

4.9). ,
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of Zr‘and Y). Larger scatter in the ratios‘between these
elements also suggegt that Zr, Y, Sc (aﬁd‘bthersj wére.at : °
4:.“ *least locally mobilg;in'the course of ore zone .rock
| .ath;;:I%;, in agreemenﬁ with textural evidence for
coiyosion and/or.reprecipita;ion of minerals such as éircdh
(see section 5.2). Howéver, some .of the scatter in oy
"immobile" element data from stockwork rocks may bartly
‘ reflect the presgnce of wider primgfy comppsitional
\ ‘ _ . |
i\ ' variations than those detected in gine tuffs proper, given

* \Q* that some of the samples depictinq marked deviations from
typical Mine tuffs with respect to Sc/Y and Zr[Y are only

\ incipiently affected by ore zone rock alteration.

K}
\

Zr/Y versus Zr plots of massive sulphide ore samples v

"Q;e also included in Figﬁfe 5.7,'fbr comparison (analyses

in\Appendix V)} Data are insufficient, but show that most
\ . - N

. . ore sampleslare markedly different from Mine tuffs with

.

respect to Zr and Y abundances and ratios. ‘However, some
samples\ plot clearly within the range of stockwork rocks,

confirming the’hypothesis raised by textural evidence (see
c- -\I;\,

section 5.2) that Eart of the Feitals massive ore may have

formed through almost complete replacement of previous Mine

.

tuffs. _
. L ) :
a3) Lanthanide element (REE) abundances in stockwork rocks

(Appendix V; Figure 5.8) further confirm that these rocks

are altered Mine tuffs, inen the similarity in absolute

and relqtivgrhbundances of LREE (compare with Figures 4.10




~y

Stockwerk focks ’

v

100~
= ]
u -
v
., .:
. 10
T U L - LI T LD :' T L
la Ce Nd Sm Ev Gd Dy Er Yh
.Chondrite normalized patterns in Feitais

: iFigUre’S.S.

stockwork rocks. Compare with figs. 4.10
and 4.11.
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and 4.11). HREE are variably enriched (especiall& Yb and
Er), as expected given the relative mobilityroffﬁRéE in -
alteratioﬁ processes (Al’erton et al., 198.0), similarly as
foundkfor many regionally altered (but not ore zone .

altered) Al justrel volcanic rocks (Figure 4.11).

REE abundances in one Bb-rich and one Cu-rich massive

sulpﬁide ore samples are plotted (chondrite normalized) in
Figure 5.9. The Pb-rich sample is similar to those

analysed by Munha (1981),-with a sea water like pattern
exbep% for the lack of a Ce anoﬁ;ly and for'a positive
instead of négativé Eu anomaly. Munhavsuggested fﬁat the
REE dlstfibutfons in Pb-rich ore (containing barite) can be;
explaiﬁeq ;s largely reflecting the REE content of ‘barite "

(see Guichard et al.,.1979), precipitated from a sea water

_derived fluid possibly enriched in Eul+ through interaction ~

L)
»

with felsic footwall,volcanic rocks rich in felﬁSpars.

Alteration‘o? these feldSpa;s would have released Eul+

preferentially to other REE, given Eﬁe high felstive

Qoncentra%ion of Eul+ in feldspar minerals. The Cu“rich

sample (Fid. 5.9) is very similar to recent sea ;Iébr

ﬁydrotheimal sulphidé matériél with respect to LREE ”

'(includiﬁg Cé, Bonatti eilal.,'1976)..° ¢

b; Hanging.wall~siliceous and metalliferous sediments.
(Jasper unit)' |

b1) Si/Mn/Fé ratios (FiguP® 5.10) illustrate well the more

significant variations found in the Feitals hanging wall

.
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Figure 5.9

N Sm £s Gd. Dy Er. Y&

Chondrite normalized REE patterns in Feitais
massive sulphide ore samples. Galapages
sulphide after Bonatti (1981) and sea water
after Hogdahl et al. (1968). Solid circles,
Cu r1ch ore; solid triangles, Pb In rich ore.
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Figure 5.10. R,af_io Si/MnfFe ‘in the Feitais siliceous and
™ " metalliferous sediments. - |
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siliceous ahﬁ metalliferous sedihents (analyses in Appendix-

V-2). It is apparent from this figure that gqe;t

+

~

variations exi;t in Fe/Mn fatio and also that- there seems
\ to'exist a clear compositional gap between these and thé
\ ‘ ‘ ) ) ,

“high silica samples, confirming the petrographic

“

observations previously.reported. Also, chemical an51yses

~
»

of cherts #nd jaspers gfteh'deéibt‘relatively’high iron

conténts (;p to v12% Fe), but the higher métal abundances’

correspond mostly to the preéence of Fe rich pre tectonic
,veins crosscutting the materiél analysed (that is, to

alteration of the.Jasper).

-

"b2) Jq;perffeduction abpve sulphide oré is.a prominent
éhanaqtetfstic of the Feltals ore zone. Thus Fe-rich
usilfﬁeohs sediments occurring laterally away from the
Feitais érebody afe exclh;ively red hématitic jaspér, with

: whole rock Fe tatios (Fe2+/ZFe) <0.1 (Plate—¥ and Appendix
- kf V- 2) whereas in the vicinity and directly above the
sulphide ofebpdy jaspérs‘dne partly or totally'hltered into .

Fe2+ rich minbrals, as described in section 5.2.3. These

]

changes ate,éloquently reflected in ore zone jaspef and o

che:t fe ratios up to 0.9, sbhematjcélly illustrated 1ﬁ
‘Fig.uré 5911‘ T ‘ ‘ . “ ‘ 2

b3)'3asper unlt sed!ments compare wéll'witﬁzpresent day sub

, :' sea floor hydrothgggal metalliferous sediments, that ls,

those formed through preclpitation of metals extracted from

1 ' N
. ’ ' ‘s ."

‘ the oceanic igneous rocks In the course of sub sea floor
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~ Figure 5.11. Sechematic representation of the, spatial distribut-

' jon of Fe ratios along the Feitais Jasper unit.
Diamonds are cherts (reduced jasper). Horizontal
line represents fe ratio of unaltered jaspers.
See also Appendix V-2 for data. :
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sea water convection through the pgfrmeable, hot oceanic

crust, esbeéially'hear mid ocean ridges (Arrheniﬁ;-and
Bonatti, 1965;.Bos§rom and Peterson, 1936; Bonatti. and

Joensu, 1966; Bonatti et. al., 1972; Fyfe and Lonsdale,

1981). Thus the Aljustrel Jasper unit rocks plot cléarly “.

within the hydrothermal field in the Fe/Mn/(Co+Ni+Cu)x10

_diagram (Figure 5.12) proposed by Bonatti~et al. (1972; see.

also Bonatti, -1981) as a simple means of distinguishing

- hydrothermai from hydrogenous recent sub sea floor

L

metaiiiferous deposits.
b4) The Thorium abundancéslbiwﬂasper unit rocks are also in
the samé4r§nge o}-the Th Abﬂndandes in. recent hydrothermal
métallifefous sediments, as illustrated in Fig. 5.13
(compare Bonatti et al., 1972).

b5) Chondrite-normalized REE abundances of Jaspers showing

~

i}ttle or no alteration are’plotted in Figure 5.14. It is
apparent that they follow a conéave upward; v:shaped
(patteén, and that C€ is markedly depleted generating a
negative Ce anomaly in-ali the patterns._ These.
characteristics _are very similar’ to the REE pattern of s;;-
water (Mogdahl et al., 1968), strongly suggesting that the
Jaspers formed in equilibrium with a fluid
indistinguishahle‘from‘seanwater with :especf to REE
abuﬁdances. . ‘ h

REE pétterns for Mn 6re5‘(carbbnate and bxide) are

presented Im Figure 5.15. TFey are clearly distinct from

. . ) ' ¢ r
by |
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Figure 5.12. Ratio Fe/Mn/{Ni+Co+Cu)x1Q in the Aljustrel o
. metalliferous sediments. Triangles, Feitais;
% : circles, Moinho,
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Figure 5.14. Chond;?fe normalized REE abundances in Jaspers
-sﬁowing little or no alteration. Sea water
after Hogdahl et al. (19§&) and N. Atlantic’

, . | nodule average after Addy (1979). T '
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Chondrite normalized REE abundantes in Feitais metallifer-
. ous sediments. Franciscan~(( 11forn1a) hydrotherma1 Mn
. ore after Crerar et al. (1982

¢
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_those of jaspers (Fig. 5.74), closely resembling those of

the Mn- ores of the Franciscan assembiage'(Ccecar et al.,.
‘1982), attributed to-a sea floor hydrothermal orfgin. ‘

)/fRecent hydrothermal Mn deposits on the sea floor usually
contain lower concentrations of LREE (Toth 1980),
expressed inichondrifeénormalized patterns that are-less
steep than those of the Aijostrel or franciscan Mn ores.
Recent hydrogenous Mn deposits (hn.nodules)’are oleariy
distinct from tﬁ‘ Aljustrel Mn ores with respect to REE
(see Fig. 5.13) not only ‘on the markedly ‘higher absolute

REE abundanqes but also on their characteristic positive Ce

L 4 .

anomaly (Piper, 1974; Addy, 1979).

" b6) Gold abundances in. the Jasper unit 5

. Gold abundances in rocks from the Feitais Jasper unit
are presented in Table 5.2, together with some

determinations‘oﬁfAu‘in other ore zone rocks.4 It is

apparent that the Feitals massive sulphide.orebody is

-

. surrounded by a halo of anomalous Au concentrations (see

Wedepohl, 1978;: the massive sn/phide ‘e itself contdins in

average %800 ppb Au, Cdrvalho et al.; 1976). Particularly

anomalous Au concentrations (>50 ppb) are present Iin

stockwork rocks and especizlly in the Jasper unit,.where Mn

rich metalliferous sediments containing up to 350 ppb Au
-“exist, at considerable distances from sulphide ‘

mineralization (>500 m along strike) These data suggest

that Au abundances in other metalliferous sediments in

210
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Table 5.2. Au abundances (ppb) in selected Aljustrel ore zone rocks.

—'.

Ay ppB Remarks.

211,

Metalliferous sediments

JASPER UNIT ‘ S
. Chferts and Jaspers . .
15-315 20 }
15-319.3° 29 .Y
11-351.9 .51 .

- bis-160.2 - n on or near massive sulphide ore
bis-161" ’ 1% R ' :
bis-166 15 o]
14-133.4 . M0 . l o AN
SF-41 (*) 1 3]>500lm;@1?n97ggfiggfff6M‘mafsiye

. SM-13-D" (*) . 8" ' sulphide org, | -t

9-285. 2 _

6-103.4 . : 15 on or near ‘massive sulphide ore‘
6-106.9 s '

SF-22 © (¥y- . 350 ‘ 1>500 m along  strike away from ﬁassive
SM-13-B' (*) 240 '

 sulphide ore

STOCKWORK ROCKS

8-358.1 - 82 ] .
8-370 140 Qz-ser outer stogkwork rocks
8-479.5 100 ] o ’
8-504.4 32 Qz-chl stockwork rocks
'WEAKLY ALTERED S IR
_PS TUFFITES ‘ .
bis-143.1 ‘ 19 ] , .
8-346 - 7 30 . JAbove massive sulphide‘ore
\ , . . \ ! "

" (*) Weathered Jaspers and Mn oxgﬁeime;alliferoug sediments

-

%

. &



the Pyrlte.Belt and elsewhere are at .least potentially of
importance in exploration for massive sulphide deposits.

.c) Anomalous PS Formation rocks above Feitals’

* ’

The Jasper unit of Aljugtrel is cdqformably Qverl?in
by a 50 m thick sequence of phyllit;;:'fufflfes and rare
tﬁff; (PS Formation) that represent the sedimentary and
volcaniclastic infilling of the Iberf&n Pyrite Belt basin
in the Aljustrel area, concomltantly with the last pulses
of.local.vﬁlcanism (see Chapter 3):~ Above th;‘Féitais
~;rgbodx the base of the PS Forma;ion (in contact with’the
‘Jasbgr unit) is characterized by the occurrence of
'lrregularuand diséontinuous bodies of very ugusuékgrocké
which Includ® pyritized and carbonati¥ed phyllites and -
&eeply cbl;ritlzed'tuffs and tuffites; generglly
pervasively, pr; tectonically vef'ned Sx quartz-pyrité-
carbonates (seﬁ'sectlons 5.2 aw; 5.3). . On the basis of
field relations and textural Studles it w;é concluded that
these anomalous PSArocks result fromaaltgratlon of formerly
dnofmal PS phyllites, tufflte# and tuffs. | ’
", Whole rock analyses of PS rocks:are présented in
Appe?dlx V-3. It is apparent that anomélou; ;ocks (App.
“V-Ba) are highly enriched ln.Fe and/or ﬁn, and that thelr
abundances ln alkaline and alkalin; earth élements are o -
.wldely variable, particularly so for Mg and Ca. The 2

anomalous group contrasts markedly with the "normal" PS

rocks (App. V-Bb},-in_whlch the only striking anomaly 1s

L




. N . Y ' A~.
the:sporadic presence of very high Ba concentrations up to

2% Bao. 'Figure BQié fllustrates the variétions of Fe(Ti
, vefsgs:Al/Ai+Fe+Mh in PS.férmation rocks. Ié is apparent
‘that unaltered PS focks are very<simiiar to nofmal recent
pelagic sediments an&:thaf the alferedTrocks resemble
Bonatti's (1981) "ailuted" metalliferous sediments (see
also Bostrom, 1970).V CofNi+Cu.;bundénces in PS r0cks'aré
"consistently low, p;eélqding any significant hydrogenous
contribution to the genésis‘of the anqmaious group.

.Thorium abundances in PS rocks are alllrgmarkably
similar. to those of normal pelagic segdiments (B&naf;l et
al., 1972; Figure 5.17), irrespective o% the deg;ée»of
’Fe-Mn enrichﬁentp‘ngin in good QQreement witﬁ'a

hydrothermal alteration origin for the anomalous rocks,

—

-given the éxgéed?ngly low Th abundances that characterize
hydrotherﬁal metélliferous deposits.
d) G%péhemical dSta on  Culm rocks

-Tﬁe PS Formation is conformably overlain by the Culm
Formation, aAthick T(élkﬁ) sequence of turbidites (see
Chqpters%Z‘and 3), 1hclud1ng frequent'pletio=blaég shale

. : . , ‘e
beds. Appendix V-4 lists the results of major element and

-

selected tracé element analyses of Culm greyﬁackes and .

shales, and shows that Culm rocks are normal terrigenous

sediments without any noticeable hydrothermal or
hydrogenous metalliferous concentration.

2
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Figure 5.16. Di“agram illustrating thé variation of Fe/Ti versds_ -
: Al1/A1+Fe+Mn in PS Formation rocks (above Jasper unit).
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5.3.3 Oxxgen isotope geochemistry
. k] ‘\ v Ll -
Oxygen isotope data for whole rocks and some mineral

 separates from the various 'levels of the Feitais-Estacao

-

ore enviromment are listed in Table ‘5.3. Stockwork whole

. . . h 4
rock 5180 values are relatively uniform at 11.6 to

12.59/4,. Tuffs partly transformed into stockwork rocks

(less intensely affected by mineralizing solutions) have
6180 13, 9 and 14.49/,4," intermediate between those of
stockwork rocks proper and the even higher values of’ the

Aljustrel Volcanics, islands of.which occur as remnants

“within the‘stockworkiitself. These relations signify that

ore formation postdatés the éarly hydrothermal event that

‘eanChed the Aljustrel Volcanics in 180 as described before

~,(éhdptef 4).. The p;esént 5180 values of 129/,4 of the

¥

stockwork rocks aré therefore‘bélieved to have been reached

through two sucéessive stages of hydrothermal alteration:

‘early 180 enrichment’ to values near 179/,4 followed by 180

loss to around 120/55;

Quartz-chlorite fractionations‘from stbckwork rocks
\ -

.|1ndicate that the hydrothermal ore fluid was at ambient

: temperatures of 220 to 270°C, and had 6180 spanning +1.4. to

216

4 .

5 7%/ 00" Wlthin massive ore quartz chlorite fractionations‘

correspond to temperatures of 200 to 220°C and 6180 +5°/oo
CTable 5. 3) In the absence qf triply concorﬂant oxygen

" isotope fractionation between three'cogenetlc minerals, it

‘1s not posslble'qith"the ﬁrcéént data to confer-total

- N R ‘ B
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Table 5.3.° Oxygen isotope composition of rocks and minerals from the

- - Feitais-Estacao ore environment.~ ot
L, - Whole ‘ ' .
‘. : Unit and sample rock’ Quartz Chlorite ~~5180f101d * toC
’ \ . . ’ : : . ' » I
' Jaspers . o T | ‘
bis-160.2 . +18.66 e 30
- bis-161 o, a9.6 L | 120
‘bis-166 4 ST ) 130
15-315 +19.0 S 120
£ 15-329 +20.1 A 110
- . 1
Massive Sulphide Ores ,  ; : )
8-446.85 .~ .7 v6.8 .. B0 220
10-350 ° +18.3 7.3 .0 49 . 200
- Stockwork rocks : b ) .
5.1-3A (a) . . “3.55 43190 Lk 216
8141 (a): S a2z a3 L w7 218
. $.1-5 (a) +13.87 - 45,00 .. - +4.3 266
o Fo o (a) T 41540 46.06 - 45.0. . 249
L 21735.9 L a2 Ta1h%0 L 45,80 45.0. 258
 21-800.5 L +116 41500 4630 o 45T 269
'5.1:B (a) - - | $13.33 . -
: bis-246.5 Coas I T
§-511.1. e NG
21-738 . T ‘ A ’
. ) -Peripﬁeral Stockwork ) . “ :A'. S
8;355.4 , { +13,'9 : T L o =t
<. 85338 16,4 | L

(a) after Munha and Kerrich (1981). Jaspers temperatures calculated
assuming precipitation from 1.5/, 6 180 fiuids. Oxygen isoto
fractionations after Wenner and Taylor ( 1971), chlqr{’wat.er,pﬁ C;ayton
et al. (1972), quartz-water.

L]

. ! -

_ ,
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’ .

reliability on the estimated temperatures and §180 fluid. .
However, the positive covariance of 8180 quartz with §180
~fluid, plus preservatibn of a systematic disparity between‘
the &§180 of quartz in étéckwork and ore, collectively ' '
suggest in absence of eémplete isotopic homogenisation, and

that the observéd varfations in mineral 6180 may reflect
real variations in the hydra&ﬁe;mal system. Furthermore,
the $inerais-analyséd are believed to have érystalLized
du;iné the hydrothermal episode, as opposed .to Being
"e;rliér pﬁases isotopically modified by hydrothermal
activity, in 'which case mineral pairs would be cleaély
insuffigient“for relibb{e temperétufe and §~fluid estimates.

Quartz‘separates from the ovetlyigg }aspers range from
17.9 to 20.19/44- Sﬁch d—valueg could correspond to ?
deposition temperatufes ;f 140‘1 200C assuming

. >
precipitation in equilibrium with a mixture of .50% sea

water (00/4,, 09C) plus 50% ore flufds (39/44, 2500C). It

is nofeworthy that the,%xygen isotope composition of the

' JFéitai;-Estacao cﬁerté and. jJaspers 1Is low compared to

Phanerozoic marine cherts (cf. Knauth and Lowe, 1978). The.

\ -

rélatively high temperatu

s inferred'!rdm~sych values are

drofhepmal sediments, as
-

ggéh evidence that they are
ormed'where geothermal{

postulafed By‘Cérvalho (1979), -

discharge perturbed ambient ocean hottom water

- \\ ’ .
temperatures. oA

' Overall,'the‘calculated temperatures are rather normal

.
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. for massive sulphide environments (sée Fraﬁklin et al.,
1981;‘C}sta'et al., 1983), wtth a‘st;ep thermal gradient
from'syockwork (220-270°C) through massive ore (200-2209°C)
to the overlying cﬁerys (140 + 200C), the result of heat
loss from an uprising‘hdt buoyant'fluid undergoing

-
\J{ conductive heat ]o;; and/or progressive mixing_with marine
water beneath ana at ‘the sea'floor. ‘ |

9

¢5.4 Discussion and conclusions

. The Feitais-Estacao orebody of Aljustrel is composed S
of a massive sulphide lens shaped bodynunderlain by a
crosscutting zone of stringer and disseminatéd :

“p

‘ mineralization hosted in chlorite-quartz and sericite-

_quartz rock that are the product of alteration of the.

"surrounding Mine Tuff formation rdcks. The orebody~1s <f;{i:";‘ .
'capped by g\laterélly extensive bed of jﬁspers a"d“re‘”ﬂfg;T é; )
‘sediments with prominént alteration 1mmediatel;i§§ovelf#éijf' h
orebody. Hanqing wall rock al?eration is aisé:pf;:e;% ifﬁii"‘:~ R

-

.the lowermost metres of the Paraiso Siliceous formatioﬁ"

oy
s . alumlnous sediments and (rare) pyroclastic rocks that . } . o
overlie the jasper unfit. _ R K\
- k) ’ . : ‘ » ) ‘ N
" Petrography, mineral chemistry, whole rock . .

geochemistry and oxygen isotope compositions leqxe litth-

room for doubt that the Feitals sulphide ore;ianq

assoclated lithologles and ore zone alteration are tﬁ?. ‘ ‘
: L “ ' » . .A,.‘."(‘ , -

product of Interaction of a hot, rgduced, metalliferous



’ alteration pipes.‘

'immediately around'massive ore only, although pnesent also

brine with sea watei, at or near the sea floor, as almost’
unanimously proposed fot other massive sulphides®eposits -

throughout the world (see Franklin et al., 1981).

-

*

Stockwork : . E

Riverin and Hogdson (1980) recently reported on the

nature,‘zonation and orldjn of stockwak wall rock

\\alte[ation at the Millenbach‘massive sulphide deposlt

(Nofﬁnde), CVncludﬂng that alteration pipes initially: had a i.;'

\ \,,

quartz-chlorite core which graded laterally and vertically

ﬁlinto a serlcita rich outer zoné and finally to unaltered

'\

| rocksl §1milar zoning wa& foand to be present on the

.
\

selvadges of 1ndiv1duai sulphide veins within the

-

tockwork alteration at Feitais and in

: the Noranda camp are" thus strictly comparaBIe, and dlffer

.

significantly frOM»the alteration that accompanies

stockwo:k pipes 1n the Kurakg dbposits, where quartz-

LY

sericite are the. principal ‘' 6n: sulphide minerals in the

o &

mipes (alteration zone IV, see Ijima, 1974 Shirozu, 1974

‘Lambert and Sato, 1974), and chlorite predominates

in a more peripheral aiteration aureole (zones ]II and 1t,

v ~

_respectively, see Shirozu, 1974). Ku’Lko deposits are

surroundéd by a further broad qxtarnal halo of weak
alteration characterized by the presence of minor amounts

»
.

6f:nonﬁmqrillonite, zeolites and cristobalite, withouot

220 -
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equivalent in older massive sulphide deposits, posslbly
! because these minerals will react promptly under conditions

\ of even very low grade (prehnite-pumpéllyite facies) later
=
regional metamorphism to mineralslsuch as sericite, quartz

and epidote,'which are common accessories. of "un¢lte\pd"
4 .
rocks around older massive sulphide deposits. 2;””“'

Regarding geochemical losses and gains it is genera]ly

~

accepted_that stockwork alteration is characterized by.aﬁél:f
. h -

. ’
-ma}or loss 1in §odium and~by equally impogtant gains in .

-~ e sulphur, iron and magnesium (e.g. Roberts 3nd Reardon,/;ﬁi"
B 2 . " - e

1978; Costa, 1980; Riverin and Hogdsqn, 1980). 'Stockworkwv
¢ ,rgEks are usually rich in quartz, which has been vaniabiy?
e ° o . : - . ~ e e ’ w
LT interpreted as silicification or as quartz formation andlor;n
. - - T

o ™ =z o .

reprecipitation at tpefbxpense of l.ocal precursors. yAt“}

Feitals, ore formation was indeed acéompanied by ‘Na loés .

and Fe and S galns‘—but the geochemlcal evidence pvesented

in this study does not require bulk Mg enrichment in. a

.
B -t

stockwork rocks at the time of ore formation, giyen tﬂat

© .
« ,f' .

the uppermost 50 metres or 'so of the Mine Tuff were
-markedly enriched in Mg Eflor to'minerﬁlization, as:shown

-in Chapter 4, as the result of downflowiqg of sea water

through the.ﬁyro;T}ﬁtic rocks in theé course of early

cooling of the volcanic piles. Significant redistributions/
¢ o A . v -+ . ..
seem to have taken place, however, expressed first)y on the

-~ . .
stockwork zonation 1in chlorite rich and chlorite .poor -
. \ * .

‘(sericific)'iosemblagesrahd ;gcondly on the chloritchqafﬁz‘

.

1 : M ., v Y
/
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ratio in chloritic roéks, variable from quartz with-less
.than 5% chloel;e to almost monomineralic chlorite -
aggregates (chlqritite, Schermerhorn, 1978); chlorlte- .
comnosdtions (with one exeeption) match closely the \
cpmposltidns of cnlarites in Aljese;el volcanic r;cks-

-unrelated';ith mineralization. . ¥

.

“a

Ore‘zdne
The Feitais- stacao orebody is markedly zoned, with

sphalerite; gal na, several sulphosalts and barite

concentrabed' ards the top, whereas chalcopyrite,

seficlte and chlorite predominate tdwards.the’footwall.
Pyrite, quartz,k carbonates and arsenopyrlte are scattered

throughout. Mlcroprobe data revealed that the ‘Mn0 content

.

»

of ore Zone chlorites varies signiflcantly with ) T &

-]

stratigraphic position, lncreasing from stockwork and Cu

rich massive ore to the overlying Jaspers and metalllferous

sediments. "~ Oxygen isotope pbmpositions indicateAthat the”

ore fluid was at 2500C in the stockwork and cooled to 2000C

wlthin'nassive ore, and flnally to m130°CAat theHchan .

,‘ﬁloor. These together iith‘the extreme Fe/Mn fractionation

K3

on passing from sulphlde ores to the overlying Mn sediments
suggest that the hydrothermal mlneralizlng solutions moved
upwards ;hrOUgh the footwall pyroclastic roeks along a’ "o

'thernal gradient acquirlng progressively higher . T

oxidation potential, as “the result of. mixing with .

-
., .
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by ' unmodified sea water (Krauskopf, 1957; Lovering, 19615

. . N -

e " Helgeson; 1970; Lerge, 195}5. . : . : . .

. ’
L ‘o . ’
N .

[ 3

Hanging wall rocks and alteration . o .

i The qiitais-Estacao orebody is capped by a laterally
. , B ‘ -

continuous béd of jasper which immediately ahove sulphide

£
-

<

: ore is.markedly altered by reducing fluids which were -
. : - . ® -

injéeied in the'jaspef shortly befb;e lithificationg

-

‘producing-marked vein-eon{rofled reduction of the.jasper

finto predominantly b}uish grey magnetitic and. pertic
»
chert. Frequent. veins, pods and breccias dominantly -
. . N N ¢ .
' composed of a host of Mn bearing carbonates are pqssibly.

'S -

fﬂ. pqrt of the hanging wall alterationr episode, as they seem

. -
3 . to have formed from fluids injected through the

-

'S ~-

o uncohsolidated Jasper in the same manner as tme remaining

. .

‘pre tecxonic-veihs; éHenéimg“wall alteratfen persists in
fhe'lowermoet'tee metres or so of the detritelfsediments
. : (phyliiteé, tuffitee)'ehd rare tuffs that occur above the
jasper;as Acsco;tinMOQs, 1rregu1ariy shaped areae of
1ntense hyritization,:chlo;itizafien and carbonatization.
The Feitais jaspers are largely hydrothermal chemical’
'precipitates, and not radiolarian cherts with a hydrogenous
'componéht, ‘as evidenced by REE patterns, low Ni+Co+Cu
ﬂabundanées, Iow Th abundances and oxygen isotopic(

' compositions indicating formation temperatures v1300C

(microTexkures are 1nconclusive because of later ' . o

0t .
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-

Crerar et al. (1982) have récently reported on the

manganiferous cherts of the Franciscan assemblaqe,
concluding that Mn mineralization was formed through

1njectLon of pre tectonic veins lnto unconsolidated

siliceous sediment producing a characteriétic bleached and goa

-

bscudobrecéiated texture, and proposedAthat the dimént/Mn‘
ghert sequences developed as a result of sea floor

’

spreading over a series of deep hydroth%rmal sea watér
convection cells paralleling a spreadinq centre and spaced
5 10 km apart. Crerar et al. have also shown that the .

.Francisé\p;ﬂd ores are strictly comparable to the Galapagos

"

hydrothermal mounds (Lonsdale, 1977; .Corliss et al., 1978, N
1929){ Mn occurs mainly as oxides in both sltuations.i The
absence of calcite has been interpreted as thé result of

water depths below the ‘carbonate compensation level (Crerar

]
o

et al., 1982). .. . . T

At Al justrel the se&iments which were ‘brecciated by
"the Mn beariﬁg flﬁld wctg the unconsolidated precursor of
‘hydrothermal jaspers; mdst probabl& Sfiil in the form of
;1110; gel, given the lack of eVidence or -éven - 1ndiéations :
of é'bio@enic origin. Recent authigenic sea floor silica
(cherts énd&pﬁrcellanités) has been generally attributeq to

replacement or alteration of original, primary.biodenid'

amorphous siIica (Kastner, 1981): However, 1norgan1c opal ,
v IO
rqﬁgurs in hydrothermal sea floor siliceous precipitates, it P

»
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has been found by Bertine and Keene (1975) together with
o ' > - i
barite in the Lau Basin (NE of Australia), and also in the

" East Pacific Rise 210N hydrothermal site, where silica gel
itself seems to occur (Haymon and Kastner; 1981). Be;the
and Keene (1975i point out that inorganic opai-A.is

difficult to distinguish from'organic opal-A (see Jones and

»

Segnit, 1971), which may in part explain the apparent
scarcit& of its reported occurrence.

Robertson (1977) described a siliceous matrix in the
Troodos (Cyprus) radiolarian cherts that cannot be o
attributed to diagenesis of the radiolaria, given their P
excellent state of preservation, and admitted that'direct |
chemical precipitation of the matrix silica is indeed a‘
likely possibility. Matrix silica is aleo present in the
Lighriaqleherts (ItaIY), wherezthe degree ot preservatiod
of the }adiolaria is poor (Thurston; 1973). The A
conclusions of Robertson suggest that at least part of the

‘-iigurian siliceous chert matrix may also be due to direct
chemical precipitation. These eonsiderations suggest that

. the chert intersected by DSDP hole 5048 (COSta Rica rift)
may have lithified through 4norganic direct chemical
preoipitation'qf hydrothermal silica (see Anderson et al.,

‘ 1982).. o ‘A_v ' . ‘

' ‘l““]The ﬁydrothetmai %?ntribution‘toﬁthe eiliea‘budget iq |

the oceans may resuIt¥on;.ieaching of fractured‘basaitic

-

rocks, whereas at}AlJustrellhydrotherhai silica derives

L)
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from highly permeebie rhyoiitic and even‘hiqh‘silica
rh&olitic pyroclastic rocks (the Mine Tuff, see Chapter 4),
clearly capable of supplying laqge quantities of silica to
sea water convectively circulated through them. =

Timing of hydrothermal events

-

We Wéve shown that the feitals jaspers were‘originelly {
highly oxidized, even immediately above the Feitais massive

sulphide depasit, Given that the'sulbhide'ore'forming

—.,,

fluid was strongly reduced, jasper prectﬂhtation could have

taken place either before or after the sulphide ores. The

- Y

fact that the jasper was altered by reduced fluids shortly
after its formation indicates that the fluid _responsible
for the alte;ation was the s$lphide.ofe forming fluid, or a
mixture of this fluid with unmodiffed‘sea water, as these

- are the only fluids.khown to have ever vented in the erea.
This thus ralse’s the interesting hypotheeis that jasper’

formation may Eredéte sulphide mineralization. The -
. ' .o .
sulphide orebody may consequently have formed under a

« =

“blanket of'unconsolidéted siliceous sediment; probably a.
n

siiica gel.. Silica gel is a lightweight (d 1'5) material
comparable.to a sheet of rubber - rubber. itself is a gel.
(Note, freshly precipitated 510, gels can,fioat m water ?i‘
but ;; they polimerize‘the density chanqe is:censiderahie,;
"as the pﬂ' Qrepp; are;exdelled and~the.structure‘app}oaéhes
silica glagéig igpace,for_sul#hide pfeeipitatien‘may have
o o T '

~ B . -
o

N
-

«
e
2
*
»



" been created principally through floating of the jasper,
given that sulphide ore geochgmistry and textures indicate
that most sulphide precipitation took place 'in a fluid
medium, w1£h‘only minor replacement phenomena. It is
interestingyto nofe that "silica is unique among the
fnorganip Jellies in possessing, when freshly formed, an
elasticity of the same‘order of magnitude as gelatin
jealy; Moreover, silic? jellies vibrate like a rigid body
under 6ertafn conditions" (Weiser, 1949, pg. 317).

// " The average Fhigkness of the jasper is of the order of
ten;mefres! cdrresﬁondinq'té a load'o} the order of 3 x 103
g ¢m~2, The mineralizing fluid had to be less dense tﬁan
sea water, or it would not ha{e ;isen'through the sea water
1mmefsed hiéhly porous AIjustrel.voicanic rocks (see Sato,

'1972; Turner and Gustafsson, 1978; Selomon énd Walshe, , ‘
1979). Witﬁln the Feitais stockwork zone the ore fluid was
at >2500C, Assuming that its salinity Qas 2 m NaCl (see
Sato, 1972)‘1mp11es that it was +10% less dense ‘than Sea

'wétér, or.that its buoyancy (hegative apparent weight) was

L1 g cm=2. Under these cifbumptancés a >300 m long
column of oré flyid would readily lift the silica gel

‘blanket.immediately above the ore fluid cblumn, witﬁ‘
generation, of a‘sill shéﬁed<pdnd o{ mlnehqlizing'fiuid at:
ghe in%er!ace'betyeen thé VOLca;;c rogk: and'the jasﬁgr{“
Hanging wéllAalterétionvin the "jasper would then représent

minér leakage of ore fluid through the.otherwise impervious

Y [
>
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blanket-.

We wish to note'heregthat subsurface sulphide
;reclpifatiop hés Just been abserved in the Guayamds Basin,
Gulf of California, believed to be caused by interéction of .
" an uprising mineralized fluid with scuiment "groundwater®
(EQmond and Von Dumm,'1983). According to these authors !
"the overwhelming prqportion of the oreoforming‘elements
Qre ptecfpitatéd iﬁ tLe sediment pile to form a sediment
‘hosted massive sulphide. At Guéyamas—and in the geolugiq

"record ghese are’ very much larger than the ophiolite ' ;

deposits since little is lost as "black smoke".

Sulghide precipitation

Theory (Barnes andOCzam;nske, 1967;. Krauskopf, 196f;
Helgeson;31970), and experiments (Hajash, 1975;'Bischoff~
and Dickson, 1975; Bischoff and Seyfried, 19785 Mottl and
Holland, 1978) and observation of natural hydrothepmal
solutions (Sqlton Sea-brine, White eL al., 1973; Red Sea
brine, Cfaig,.1966; Galapagos springs, Corlis; et al.,
1?79; Eust Pacific Rise "black smokers", RISE Pppject
'Gfuup,'19€0) stro;Bi¥\iuggest that metal frahsport in-
massive sulphide forminb sy;:gms ishas cﬁloridp or mixed
halide cbmplexes (see also Andrews and Fyfe, 1976; | I
Hutchinson et al., 1980; Plimer and Carvalho, 1982), which

seems to preclude significant amounta of reduced sulphur in -

the mineralizing solytion (Barnes and Czamanske,® 1967, pg.




r
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355). Given‘thdt the latter is known to'be reduced (from -

‘ore -zone alteration assemblages) it cannot transport 5042'

either. A separate sulphur source s therefore indicated.

L 4

This hypothesis was first postulated by Lovering (1961),

“ and study-ef the Red Sea and-East chific Rise ore systems

shows that in the case of_ massive su]phide,eeposits the
sulphur source is‘'Gnmbdified sea water. Reduction of sea
water"sulphate can be accomplisheu Sy inorganic high
(>2000¢) temperature meehanisms or. by biogenic aetiuity
(indicated in'sqme impertantveeposits, such es.Kl&d-Creek,
Ontarip, where abundent graphite is found in the ore zone,
Walker et al., 1975) For details on this espeét see‘
‘Hutchinson et al..(1980) and Fyfe and Lonsdale (1981).

The above requires tnat unmodifiedfsea water must.be

available at the site of sulphide ore depfosition (see also

-Munha end Kerrich, 1980; Munha, 1981). At Feltais pristine

. sea water may'have*reached'the'ore zone through flou.

subparallel to bedding imnediateiy below the jasperllayer,

‘driven by dominantly lateral escape of the mlneralized

fluid upslope (the Feitais orebody formed on the flank of a
submarine volcano), as schematically illustrated in Figure
5.18. . : , :

A further aspect of importance is the degree of purity
of a large ore mass such as the Feitais-Estacao orebody,

whith’ requires open system, free.volume,,essentially

{sothermal’ precipitqtion. This suggests that the key ore
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forming process is mixing S-: with M++,
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Origin of mineralizing fluid. evolving convective regimesv .

HPR 4 + I3
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The origin of oré forming fiulds specifically in .

volcanic assoe}gted massive ‘sulphide depoaits has been a
matter of great éent;péér§y,(see Franklin et al., 1981).
However,‘most.egxhqrs currently ‘favour a hydrothermaf
metanorph;c model wnereby convective ci;culation of sea

a

o, ™ water through fobtwall rocks,, driven by heat releaséd from

.

within the rocks themselves and from below fmagma chambers, -

-

1ntfusioﬁs3 eventually  modifies sea water. into a hot - ”
(250- asooc) reduced, ’écidic, mineralized brine which upon
™ e ffocussed ‘return flow to the ocean and qiven appropriate™

. , conditions at the site of dischatge may lead to the fast
Y “and concentrated precipitation of metal sulphides°(Spooneq
L}

and Fyfe, 1923§ Ohmoto and Rye, 1974; Sqiogon, ﬁ978; Heaton

& and’ Sheppard, 1977; Andrews and Fy;e, 19765 Hutchinson et

«

al., 1980; Franklin et al., 1981).
This;genefal model was recently-shdwn to be applicable
~‘td the genésis of the Iherian Pyrite Belt sulphide ores in

-general (Munha and Kerrieh L980; Munha et al., 1980,
,Munha, 1981), and the data presented 1n the present study‘
A . ' .
* also supports well that the Feitais-Estacao orebody-

2 - Pl

specfffcailquay haye formed through sea~uhter»hydrothermal

metamorphism of the Aljustrel Volcanics. Thus we have’

k shownt 1n Chapten’% “phat? “the Aljustrel Volcanics interacted
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with_convegtively'circLlated sea water which extractﬁdi
‘ Fe - Mn(?) - Cu - In - Pb(?) and Si-from them. _These _ ; .

o elements are most of those defining the gioantic'

@ L3 ‘

geochemicalgqnonély represented by the FeitaisFEstacao.ore

N4

s environment (includlng the various qltetation produets that
.surround the ore tone). t‘ A * . . '
Bariuym and gold deserve epeciql nention, as they are
two further e{emjnts found ‘to be markedly concentrated in . o

the ore. zone., There is some evidence that Ba could also
~have been leached from the Aljustrel Volcanics, as away S )

.

from sulpwide minérélizatiog (see Chapter 4) Ba occurs,
sporadically>concentrated in hydiothermal minerals , 3

(K- feldspar and’séricite)‘ this suggests that Ba W{S

present in the modified sea water\from which the 63 bearing

[

e . minerals formed, causing locaI reprecipitation within the
~ s ‘
source rocks themselves.‘ Regardlng Au, the Aljustrel ’ o

massive sulphide deposits‘contadn n2 x 108 g Au. If this

A
Al ' i

. amount was leached from the Aljustrel Volcanics with

background concentrations of the*crder of parts per’ billion

1t follom$ that the toﬁil mass of protolith 1nvolved was of

'the order of 1016 1017 g (6 tq 60 km3), this estimate is

;compatible with ocal geological~:%nstraints (see Chapter
We have ‘seen’ that the cpnpos tion and size of the

1
Aljﬂ!trel sulphide deposits .are . compatlble wlth a sea waterl

hydrothermél metamotphic origin for the ore fluid. The

P
g
i
i
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oxygen isotopic comoosft{on,caquleted for‘thefﬁeitaigp
. . Estacao ore forming fldid'variee from v1:5 to 6% /,5.6.180,
thus including tomposifions significantly heavief than

those of -fluids Anvolved in most'volcahogeoicfmﬁssiye

« z

sulphide deposits,\ in which 5180 is 0 + 25/06 and sea'wefer
implicated as the déminant fluid reeervoir (Ohmoto'andeyé,

1974; Sakal. and Matsubaya, 1974; Heaton and Sheppard, 1977;
N \ Te N b * .

Hattori and Sakai, 1979; Hattori and Muelenbachs, 1980;

- ' *Pisutha-Arnond and Ohmoto, 1980; Costa et al., 1980; Beaty

’ ™

and Taylor, 1972). But Feitais is' not the only exception

to thjs’apparent rule. Isotopic studies on the’ Raul
. (Ripley and Ohmoto, 1979) and Kidd Cieek (Beaty et: al.,
\;‘ j980l mines have aiso indicated 180 enricheﬂ‘bre forming
\ flulds. Within the Iberian Pyrite Belt rtself preliminary
\ data from the Rio Tinto and Chanca deposits indicate near ’
\\ 09/40 fluids whereas Salgadiaho (Cercal) seems to be )
o ‘related with 150~rich fluids (Munha and Kerrich, 1981). In
| ;ll cases it was suggested that the ore fluld might have 0

- ‘ be n sea water uhdch was modified in some way.
’ »

Given the complex apd evolving hydrothermal history of'

ljustrel Volcarics desctibed in Chapter 4 which,

. '\ .f;f
igneous feldspars-i?th extreme, homogeneous 18O enrichment

PR S e
4’

‘,t *f** of thﬂ inlcanig roﬁk;, followed by stabiiization of arbite

PN \B ';_~,..~ ) .

4\
rq followed by’formation of’K-#eldspar, sUggesting

i e - b o \
\ R “ o . '

,;early conveptive cooling of the,yolcanic,rocks followed byJL.
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- : reheating (see Chapter &), and qiven also the relatlon54

gﬁtween hydrothermal }asper, massive suiphiqe formation and
A N \b. T o °
.. hanging ‘wall rock alteration described in mhis ehapter, we '

- . * *

- “-. propose that the Feitais Estacao mineralizing fluid may - v' o
‘ .. also have been evolved sea water, enriched 1n.1f0 by . :%'f .
7 B convective circulation through the Aljustrel Volcanics when o
> . thes; were aiready enriched in 180‘ias meaSUrEd; 6180 o~ ) g
d ' 179/450), that is,, through a secoﬂd stag‘,of convective ,:
" - circuIation. Figure S. 19.shows’ that fluids enrichdd in1130
could readily evolve through interaction of sea water (Gfsﬂ . ;TE‘

v

. ~ Cm 00/00) with +170/00 rocks Af temperatures are above . -

1000C gnd low water/rock ‘prevails (this condition required

to preserve_high 180,1n the rocks, as measured).‘ Thus sea”
_ water convection would have been Initially water dominated”'
. .,rx p B ‘1 w3 .
- ’ : (to. enrichYthe rocks in 780), evol¥ing to rock dominated - -

s conditions towards later stages. :This change ia)water/roék .

o

B .’
. ’ ~

could’be'éxpla{ned by progressive permeaESLity reduction L

from hydration accompanied by. rock expansion (Fyfe and ' -
Lonsdale,‘1981) P However, the.presence of the jaspet bed"

‘o 7z

. "above the Aljustrel Volcanics suggests: that jasper v { N

\,/
formation, which xook place during the hydrothermal events,/
. . may have swltched fluid convection in the,wolcanic rocks

M '

from an early free discharge regine (high w/r) to a

‘ subsequent stage of more or less pepfect closed system

«ecirculated flow, effectively ;eddcing the bulk uater/rock
” . J i‘:' .- . v - °
’ to.the proportions of porosity/volunc of rock. 'An’ average

4 . d . ‘e
K] . P
.

O VRTE T e r o e m T



Figure 5.19. - Diagram illustrating the water/rock and . tempe-
S " "rature-ranges required_to produce high. 180
fluids from sea water, through exchange with.
- rocks at +179/,, 518 0.
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.,porosity‘of ﬂb% corresponds,to the permeability and grain

size estimated bEfore (Chapterih) and tola molar water/rock

f mO 075. The 1mpervious barrier constituted by the

&

jaspeg would also greatly reduce heat loss from the system,,

~as this uould then be largely limited . tovheat eonduction

through the 1mpermeable cover, thereby explaining the<. %F e

réheating indicated by oxygen isotope and mfneral chemicai

-

-data° the. heat disskpated from an underlying magma chamber

~

would in fagt have a larger resldence time withinéé:f T
q f)uid

® -

a

-'volcanic rocks 1n the presegce of a cover restric

I

“'convectlve regile (freesdischarge) fnvoked 1n ChApter h to.

d explain the 130, Mg and Ha0 enrichment of the. Aljustrel . . .

ﬂﬁlow\petween the Aljustfel Volcanics and the basin Watefs.

o

tFluid convecb&on is possible under .thermal gradients
in- exeess of the adiabatic gradlent, and the«vigour of ‘ ,
N e

fluid convection is apprepriately described by a

'f'% dimensionless parameter that relates the various factors -

14

»ln?luencing themmally driven fluid_ motion (the Rayleigh
hunber, see Lapﬂood, 1948, Spooner, 1977; Fyfe et al.,
1978%erfe and Lonsdale, 1981) The ériticaf Ra for free

ﬂischarge porous medlum convection 13«.27 (Lapnood, 1948),

-

=and for the same situatian the second critical ‘Ra (Straus,

o

1974) above which convection 1& non steady is around

280- 280 (about ten: times R‘crit’ Combarnods and Le. Fur,

1969; Caltagirone et al., 1971). The early sea water

Voléanics nust ‘have had Ra > Rac x, 10 given the extreme g
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©

i

permeaﬁil?ties inferred from geology and petrography.”
Under these conditions drifting, irregular convection cells

. S . ) .
will be~generated (Figure 5.20a), thus explaining the

. *h*_ . - - ¢ -
,homogeneity‘of the 5180 data on thé~Aljustrel Volcanics, as

p

? \(

no fiXed recharge or discharge sites exist ‘in a drifting

convective system, Given ' the discussion above we propose

that the jasper bed may have formed concomitantiy;with t:h‘is’t1

e — . B Pt

early non steady state convective regime.’ Most of the
L - (. / - N

siiica and part of the iron and manganese extracted from

237

the Aljustrel Volcanics are thus thotht‘%o have | } N
reprecipitated just above-ﬁke volcanic pile,'as a.
_consgquence\of aboliﬂﬁ*(Si) ihd oxddation (Fe, Mn). T

Within™ the ffameworg of the above fodel the second sea
water‘coneective stage (closed system recirculated flow é%:
under the'jasperi must have. proceeded at Ra < RaC x 10, to
account for - the stabbe’geometry required by the dregence of
the well’ defined hydrothermal dischargelsites (Fiq. 5.20b)
fossilized by the stockworks. It‘is indeed iikely that Ra -
"became less than Rag x 10 during the second convective O |
‘stage, firstiy because of Ra decrease caused by
permeability neduction (precipitation of hydrothermal

e

'minenals in the voids 6f the volcanic rocks, Fyfe and

Lonsdale, 19&1) and secondly erause Rac for closed system

"convection is’ W#O (Lapwood, 1948) ggd therefore ytable

convection will take place up ‘to Ra W#OO instead of » 270 °

in the free’discharge sitdation&“‘ln other words, the
& -

¢ - ' . Id

- Ty

Kt
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formation of an impervious cover will coptribute to

.~

stabilize the'éeometry of the'convective\rbglmé. Ihis
Q

.second convective stage would thus’ be responsible for' the

-generation of the Feitais-Estacao massive sulpﬂide deposit
a

(and possibly the remainlng.Aljustrel sulphide orebodles)

and also for the ore zone wall rock alteration, both above

and below sulphide mineralization.

Orggjn’of mineraliziﬁg fluid: other hypotheses | . © .

Our preferred model’ oﬁvevolving regimes of sea water,
convection through the Al}ustrel Volcanics has perhaps the
‘merit of expiainlng both the genesis and nature of the |
mineralizing fluid and all the metasomatic changes
described in ghe'Aljusgrel Volcanics and ore z@ne'rocks,
‘However, the origin of the Féitais-Estacao ﬁineraliilhg
fluid ean be ekplained'by other mechénisms, Bs-followez , ’ C

(M) Magéatic fluid contribution. Although minor

»
amounts of magmatic fluld are perfectly compatible with the . L
data and the model proposedvabove, it 1is considered

unlikely ihateﬁagmatic solutions were the dominant metal . s
transeorting‘mewium; as the sulphide deposit is asso;fated |
with the waning stages of volcan;c acti@ity,‘which‘mﬁg
~have poetdateg ahy signifieant magma degassin§ (cf.'Othto
and Rye, ﬁ974; see algo Williams and MeBirney, 1979)

-Also, sulphide orebodies at Aljustrel contain more than 100 o

million tonnes of transition metals, and theré are neither

¥y

. .
N
. .
.
.
» L
- .
) ]
°
.
i
|
.
.-
“w
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firm data nor indications that such metals could be
concentrated in a volé;lle phase of.appropriate mass by
. . ¥ 12

purely igneous-pfocesses from a reasonably sized plutonic

body (see for example Krauskopf, 1967, pqg. 484).

(2) Sea water convection through Phyllite-Quartzite ///

“Group rocks. It was mentioned above that the late stage

of sea water convection in the ALjuétrel area were driY#n
by heat from below, prbpably from a shallow magma chaméer
(seémélsq Campbell et al., 15@1). Large local thermal

gradients were therefore producéd, and convective sea water

3_circufation must have taken place through whatever

permeable rocks were present above the heat source. At
Aljustiel the two orebody lineaments mentioned in Chapter 3

had a pre deformation spacing of 3 to 5 km:(L. Conde; J.

»

T, Oliveira; .V, Oliveira; A. Ribeiro, personal
communieetions, 1981); c esgonding to a convection half-
cell width of 2 km. Even if a third, interposed ore zoﬁe

exists, as suspected by mine geologists (L. Condej J. C.

Leitao, personal communicd%lons, 1981), convectid\ haif-

cell Widths Mould still be near 1. 5 km. If a normal aspect ,

al

ratip of these convection cells prevailed the depth of sea

. 3
water circulation ‘must have been 1 to 2.km (see Lapwood

. Fi *

.1948' Ribando et al,, 1976 . The known thickness of the

‘ﬂljustrel Volcanics is only 250 m (base not seen) and from

.’

the thickness of the V5 Grgup.elsewhere it -1s unlikely that*

it exceeds SOO.m»“‘It'1SNthetefore quite poseible_that the

- )
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lowermost (and hotter) portions- of the convection cells

¥

.were throug% PQ sediments, which include frequent quartzite

\\ .
Yoot

beds (see Chapter 2). Detrital quartz is a high t
permeability, often high 180 material (Hoefs, 1980), and
interaction at moderate water/rock and elevated
temperatures will increase the 6180f1uid. Oxygen isotope
data for PQ rocks 1s needed. |

4

(3) Connate water°from underlying formations. Pore

-

water can be trapped, heated, modifiéd, ayd later expelled

by burial, compactibn and seismic pumpipd in such a manner

as'to conform with moglzof'the available data on massive
'sqlphide deposits (see Hufchinson et al., 1980; Lydon, /

1981; Franklin et al., 1981). The main objection against
such a model for Aijustrel\speciflcally and tﬁe Iberian

s

‘Pyrite Belt in general is the fact ‘that in these examples

sulphide mineralization 15 Jnvariably related with felsic
vplcanism, despite the fact that solely sedimentary’

stratfgfgphlc sections are ubiquitous between the various’

vplcanic centfes‘(Schermorh rﬁ, 1971;vCarvalho et al.,

1976)., . . -

(4) Metamorphic water. We have ‘repeatedly 1nv6ked the

) BETEERY .
; 4/"presencetof a large, Bhallow leyel magma chamber under th{j

Aljusfrel VoléanicS‘(presumably Mifhin the pre volcanic -
aRhyllite Quartzite Grtup) to ‘account for the large volume
\Q.,

of volcanic. rocks present im the area and also to act as a

major heat source required tp drive sea water convec;lon

® \ ’ 0 *

. . . .

» . . - @

a o . . . v , .

N . .- , .
” . X
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beyond the early stage of disslpationrof heat- from the

u - . -

volcanic rocdks themselves. . . >

Campbell)et al. (1981) have recently documented the ;};

presence of sill-shaped magma chambers stgptiggaphically
under masslve sulphide deposits in the Sturgeon Lake and

" Kam-Kotia areas of the Canadian Precambrian Shield, and

e y o
cited many other examples of the same association in such

[

" ) *
important  massive sulphide camps as Matagami Flin Flon and

Noranda. They (ibid.) state that "Precambrian massive .‘”
s Tt

sulphide deposits....,are commonly turned on their side by

postore tectonic processes,exb&slnq the underlying rock

,sequence for inspection"~ At Aljustrel not even the Vase

X

of the volc%nic roéﬁb 1s; exposed but given th® above

considerations 1t s not ynreasonable to admit-that the'

Aljustrel magma-chamber may also be sill-shaped, in good

»

agreement also_nrth magma densfty considerations (Eee

Herzberg et al,.,, in press). If so, magma -aprise to shallow:
- . 7 .
\'evels a‘nd‘ lateral spreading will create a large volume

‘where the rocks surrounding tqe magma'conduit(s), possibly

]

wet PQ sediments, will be subjected to very high thermal

gradients, with consequent dehydration metamorphic fluids,
which would: likely have 6180 6°/,, (Taylor, 1974) and if

metamorphic degassing temperatures exceeded §Q0°C, alse

4

likely to contain significant amounts'of gold (Henley o
19734 Fyfe, 1974) If, there;ds a contribution.fromdgeeply

Y

derived metamqrphic water, it could explain gold enrichment

P

PA
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. and .CO3 contri@h;loﬁ and .could generate transient /[
wooo ‘cdhdivionsﬁof-Pfluid > Pioad:- o :

K n C . 3

B

Sea floor metamorphi;m" ‘ ‘

Despite‘%he possible applicability of some of the

. L]

‘mechanisms of ore fluid generation briefly discussed above,

R @

our preferred modeﬁ of evolvipq sea water convect(@e

2

regimes through;the Al justrel Volcanics.does not rgquirg’

. . . . ) . - 3 ’ L f
' fluid. contribuffons.from other sources, and‘furthermore, is

é& ‘ . . . i » v
o comparable to present day %ea floor metamorphism. :

A . Evidence accumuiated during the Tast ~decade "or .so

PR

H

leaves little room for doubt tbat present day’ oceanic

’

-lithospherga%oéls prinuipally through sea water convective

~ v

circulation (Elder, 196S;ﬂkister,-1972, 1977; Williams et

§

--al., 1974), and thatloceaﬁip hydrofngrmal metamorphism is
" the net result of sea water - rock lh;eradtggn,»w{th
formation of the spilitic rocks and serpenpinites(that

occur Lﬁ the sea floor and in ophiolites, as well as the
$ . ' . P “4

mpsslve sulpﬂlde deposits present within tﬁe volcanic

T

portioﬁslof both rock sultes,(Spoonér'and Fyfe, 1973; : i
. o . - ’ ) .

‘?~_Andnéws and Fyfg, 1976;"Spooner et al., 1974, 1977h,b;,

Spooner, 1977; Francheteau et al,, 1979; Moody, 1979; | 2

‘McCulloch et al., 1980 Hutchrnson et al., 1980 Fyfe and

Lonsdale, 1981)

w o
Sub sea floor marine water donvection persists 1n time\

%

and space to tens o{ millions‘of years and hundreds of . .-
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. . . - . ¢
. - .
* “w* - . \

kilometres from the origin of théseﬂnocks at mid ocean

. - s vridgés‘(Andefson et al.,. 1977, 3279, 1981; Lawrence and

a a 9
-

ot Gieskes, 195j), and takes place through differpnt cellular

’ - -

‘regimes that evolve as the sea floor thermal conditions

a
4.

Ehange. At mid ocean ridges the young hot .crust lacking

f . ) ﬁv'-sedimehts, ¢ools through free discharge convection driven .

BT « * _ initially with heat from within the permeated lithologies.
. As the crust cools, ages and is transported away from

% l ridgés, convection switches to that drivén by heat from

" o

. e ‘pelbyf,and formation of a low perheabili;y sediment cover

- w .
’ «

generatés more or less perfect closed system tecirculated .

Toae i Sl ting g o DO
3
-
£l

NI ;_ A fiow; heat loss becoming dominated by conduction fhrough

T ~ the sediment cap'(Ligtér, 1972, 1974; Ribando et al.,41976;
} N - ) ) . ) , '-6” - , »

Davis and Lister, 1977; Anderson et al., 1981; Fyfe and

Lonsdale, 1981; Barriga et—ala, 1983). Thermal gradients

RS s W o o

. ‘through the 1mpefmeaﬁle cap can'bé‘QEry steep as

! " demonstrated for thé Jyan de Fuca ridge system by Davlskgnd
Lister (1977), who have reborted temperatures up to 2000C

. ‘ ’ at tﬁe s;dfﬁ;nt-b;salt inte;faee; This suggests fhaf‘t?e

,VSedimenE—basalt inter%ace may also be a gdod site of ore

.

~deposition, in aQreemént“with recent obs:rvations of metal
rich muds in the Juan de fuca region (Geotimes, Dec. 1981,

25-26)-‘ Closed cell convective ore ge&egftiqn undgr‘ ,
T ‘ - - L
. : L LN ) .
” . - sediments in the sea floor environment has been advocated

. by Fyfe and Kerrich (1976), Fyfe et al. (1978), Hutchinson

S

.. et.al. (1980) and Barriga ef al. (1983). ‘
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The similarities between the evolut}on Of the sea S

flgor mqtamorphic regime, briefly putlined above, ahd the

W .

hydrothermal history pr0posed in this studw for the 350 Ha
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old Aljustrel sea floor area;dbenhbv{OUSu" | fi'ﬂ“.. f
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Jof . felsic explosive voléﬁnlsm wh;ch tdok p)ace Ln early v

v P

Carbonifetous times, oh a phylllte quartzite (PQ),,;,r shelf .

s i "]

facies, conformable basemdnt. .Subordinate mafic volcanjsm

L] h !

) r , Tt -

‘d

accompahied the felsic VOlcanic zttivity, producing a S

» - %, o .

bimodal associetion in Whic the two types of * ig eous rocks
rl

,.are not relateJ by magmatlc difﬁerentiation, bgr;ltic rocks

P

-‘0, .'-: R . ‘ ql

ta? t

0’

) seem to derive “from héterogqpeous mﬂntie peridotitt and ',‘.:'

f * '.\‘o. gc,
felsic rocks resulted f;\% partiad melting of qxustal
’ ‘ﬂ . k'~

s materlalN Volcanic@rocks were afﬁycted by wlaespread sea

“om
; . . 4 .
o, ‘ \ .'& L \ b ' a ‘e

water hydrothermal metamorphism reégousible fnr the - present

« w,
. ¥ , -

4; t vz -k to h ic fel ic s lliti :
~spd {tic @Qg_ﬂgii*z ‘era p yr ( s p c) -

cowpositiqns of the rocks, for'the masstve sulphfde~ »

(4 » o

*
v,

Az .
deposits and aﬁSO far abun&ant yolcanogenic sedimenqs sueh

-Q'v. .
'&~ o . , s
, "

as Manganese accumulétidns, Femﬂn €herxs, purple apd red
54; M T ¢ B \'I. o

’slates genetipa}ly eqpivalent tw’pcesent day sea flbor ﬁff

.

Fe—Mn hydrothermal and peqpaps hydrcqenous mgtalLlferous Q;

"y R . N e e
'..concentratgons. -.,‘ : : N S T e Co
S ‘.VOlcanism took ﬁlace along lioeaﬁents of discréta' o
) d'4 1) we '

L e
h \ A

'..folcanf centres ln a framework of detrLbal, biﬂgenic Qnd

ry'

L

. £ -
- -

chemical sediments, geﬂerating a gidsly variable {arev ﬂ?,:

hostlng) Volcanic‘Sedimentary mpLex._ After volcdnism'the
- I

agéiwougcriencgd prénounced subsidence,,with degosdtion cf

]

A conformabf' :several km thick Flyschllroun (base Viseanh

[

) .

During bhe time of Flys.ﬁ deposltlon, :z_*“

LE S

to Westphalian),‘

G bt

1ar§e scaie synsedIMentary dcfornation took »rdée, enhanced‘_;m,

. .. \ -
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oo, : gqnerating a complex 1mbr1cate structure o‘ltight folds and 15

“ folded 0verthrUSts where v§ anticlines are exposed between,

Flyscﬁ synclines.

and often thrusted on, Deformation was

t' Jl‘ S ” aCCOMpanled (and followed) by low qrade {zeolite f lower *- .

. ;'~g t~,’ ‘ greemschist) ﬂﬂd Jow pressure reqional metamorphism of !

£y ’l- El 4’

essentially 1sochemical nature.

., @

N The plate tectonic setting

oo pf the’ Ibeciad Pyrite q‘lt thus probably correspoud§‘to an”

or to a Qack arc 4

oy ."ﬁu‘e ,~ear1y contlnewral\riftlng situatlon,

-~ . N Pl

S T the Flysch phase of

l’ . - LN -
Iy

@ '.associated with subduetion (furtheraNOPth),

-;}E/Basin and the tectonic activity

e : would be related “to closure of - an adgacent\ocean and'

A3

in whieh case oL

,

.

. -

T ' o

;xeontiﬁental co}lision. 4 -

i e

- At Al ustnel exclaslvely felsic, submarine explosive "
. »

v ‘,';:volcanism-;gpk plaee m330 Ma before present - (Visean) and

AR

S "produced >5 km3yof p)roclastic roecks.

. R N ~ Vo

R T into a central unft of’ coarse quartz ‘and feldspar phyric "q‘

- L

These can. be grouped

tuﬁfs, the, Quartz eye Tuff (Megacryst PUff ‘and Gréen’ Tuff),ﬁ;

,,., ,/‘

P ?;_‘ flanked on eithen slde by fgper qraineﬂ felsic tuffs devoid

”x”*of,quartz-pheaecrysts Ifelsltlc and feidspar phyric buffs,;

nearly Zﬁprﬂt of massive sulphidés were depbsited on’ the ..T

14‘
©

two aymmetndcal unitS«of th¢ Mine fﬂfft“ Prominent .flw'” ‘;;

. ]
a' .‘..

‘¢ .
A . , o
. ,'.\ I . Ans

suﬁﬁhide”dapﬂsﬂts f‘,\otwall toc%s ¢ontain stockwork oﬁes
N ’]‘,,,;",:tl . ! i ‘-J v,

S n““arlably;altereﬁ lithoiogies, atte$tin§ that minerallzed
- - o
ﬂr&uﬁds yehetrated tagnear the cneval sea floor s
. fa-*¢v$ . KR - o ;' i ﬂ < . , 1
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v
e

_‘ ’ : o i ) . Rl s
< and fhat'tﬁe sulphide deposits are thus exhalatfve. After

deposition of a:few tens‘of metres of fine grained’
BN
__\ >
epielastic and_;uffitic sediments on top ofv the ores and
C?
= e associated metalliferous sediments the area underwent major

»

. ; subsidencqp with cgncomitant deposition of the several
. - -
' ' ' kilometre thﬂck Culm Growp tdrbidites. "Rercynian

l 2,

defqrmationvtook pIace in subsequent phases, from €arly

_ s!nsedimentary defonmatign producing major overthrusts aad
A . ]
gentle folding, thrdugh 2 main (nearly coaxial) compressive
.i: ¢

phase responsible ?or tightecin%zand overturning of‘folds

b

with cleavage generation and thrustinq of the inverse L7

M@ﬁsf’eflanks of-the anticlinef' Eate stage compression generated A

S

a set of dextral wrench faults ‘and provoked large scale

S " movement -along the major Messejana wrench fault.

- . * .
- - L .

. [ o A

R . . . . °

€ s . .- » 27- . L] : - ¢ a

) P ... .

SRR B COhch!!lions e : o |

. -

~ o

L 2 . .. ' P ! ¢ - ’ e
- . . b * .
T 2~ The ‘gpai conclusfons of this study, based on field . =h
. - . w . b

L

. . r
I relations, pemrography, mlneral chemistry, rock L
- o
. . geochemistry and oxygen LﬂlEOPe geochem{stry are as

.
« . \. < -4
;.

P . v

L ) follows.. ™ ,j ’ s . ? R
’ o . ORI ; LS

”’.”“ L o v ‘3‘ e $ ) et ’ . l"’; 6 oo
. = - . 1. As ’ar as cangpe seen. thrOUgh major métasomatic
. - ' - -~
IS changes"the éljustrel Volcakics origﬂnally consisted of

oo T ‘two units of subnarine pyrociastic rocks. " A h1gh iron -

o~ e . e, » A

)’ : '- :qrﬂyolkte (the Quartz.eye Tﬂff) 'ay hawe qupted firsE' .12 ‘f’. Y

RV : .
. e ""‘— <‘n..

R folloved alnost iinedlately thereafter”by a high gidiea ‘;VJ% o

e L .'“rhyglite (the ﬁine Ture) . The tworteff formatlons derive fm,'gwﬁ

.
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from partial melting of a common .crustal source, possibly *".\,. -

- A

high grade metamofphie. Their differences cag befexplained

-

either by different degrees of partial melting of their
‘sougce followed by ‘ariable degrees of shallow level

C ‘_grystal fractidnﬂiioh or, alternatlve%&, the QET may
represent proximal volcanic facies and ﬁhe MT more distal - S

’

associa;ed ‘flow tuffs. ' B -

2. The mainAmetasomatic changes exberieﬂbed by the
. - . . ) *

- @ -

s

Aljustrel Volcanics seem to have,paeh«as follows: N

: , -, . X \ et
.- s — . . . \ Lo
. - : T .
. ey - R
P .

- major hydration, dxidation¢and ‘Mg fixation. In,the

1 0 A - . :_l‘Xw\': :‘:.‘ . ‘\
upp.erm%st 50 m or so of eac.f the QET and. the MT; -\\1?': \

.4

. progressive Fe (and perhaps Mn) leaching downwards

1n bobh tuff sequenc - ' \ ‘ ": ‘l\e; ‘:,?Q'k.;

* B «‘

©

markedly reduced or oxidized (Pb valdes all low),

. e sfgnificant Si leaching,

N **&-vfa
., early widespread hydrolysls of -1gneous feldkp@ gﬁ?f

N \ ¥
qy ﬁu‘
by hydrothermal grouth of" low temperature albit‘ \’ﬂ\ : é

which were suﬁsequently partially or totalbypmpp.,-q.;-..~

et

low temperature’% feldspar. Alkali feldspar megacﬂysthk

’ . N «

‘.f‘_oceur almnat exclusively in the Quartt eye‘I%.T (the core£}3‘

' _fl' of the kljustrel Volcanic;) ’ !Fxé';»,
L4 .~ X * ' "? : B Vet o D LA
' " :- General honogengpus 130 enrichnént to extrene ‘}gﬁ PR

T 4‘. . '1‘ 8 . . . . “ . ‘.J‘l";‘;'_ ‘: ‘,.:‘ ’:r ," "ééq';,“‘%;{‘,"
e values around 17°/oo 61 0. A Lo R T T
A : e Lo o ¥ .
PR S 3. Hercynian Yo gtade regional :;tanorpaisn (up’to w.ﬂi‘ '
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T 1ower gnﬁenschist facies and es;euéiakly isqchgmicarﬂ*ha

n, " ¢ T,

ﬁ_ ’ %rerprinted the rocks and may have'obliterated in part the

L
P ¢ '. - K " ST Ty ¢ PR P

ﬁfdrothermaﬂ.mineralqu, namely produc{ng°the presently

s ~¢-t‘f AN

e %bserved chlpntte, se?icite and gpidote from ﬁydrothep@hi }“““'

L
b AR

2 lower grade phyllésilicates such as,smectixe and'cqlgéogive ﬁ_¥f;“3'i

_and’ zeolites, respeetively. v Tf;;' - fg:.ff'fﬁ:

~" - .(‘ v .

2 ,5?;‘ L;Ienmposed of a«massive 84 lphrde lens shaged bady

F] S

v - ‘/

e undénlain by a crosaéuftinngqne of“strhnger anq

. 'S - wLe R " "'9 S ~"'.’. Lo e
e L A TR : -

[ A disseminabed minerargzation hosted in chlorite-quagtz and

L 1 ¢

sericite quartz‘rqcks tha; are tne prodgcr of. alterat{on of 'T? ﬁ; =

the suqroundinQaMine Tuff Form}tion rgcks; ‘Thé’orebedy.?AJ( ,tq- :

NS L o ,; - AR | ?

? ﬁ@épp@d,&yla laterally extensiwe bad 6f jaspers”aﬂd ?%-ﬂ_f-,¢ S

; VI T ,A" TS ,- ‘ -
qu?mentﬁhyhpwing pFOMinent alterat1°"’immediﬂﬁely abeve*f;f
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g L
v

ore/zone.me

tasomatic chanqes pzoduced in

quantit?tlwe"extpactiow'of Na.,‘Mg'enrichment at the time

;{ﬁ2+of ore formation is ﬁ%¥ requined g}ven that the top layers
: o o -
of the Hine Tuff were markedly enriched in Mg prior to

ot . - . ’
- -..—- ——— n -

X mineralizatton.~

s',.__, o &

H‘7 The Feitais Estacao orebody is markedly zoned

+

N

' entratcd towards the top, whereas chalcopyrlte,

s

'te and chlorite predominat¢~towards the footwall

- "u,

P "

‘throughout. Microprobe data reveaied that the‘ﬂho content
.y - \“ l

of~o»re zonc chlo;rites varies si:gﬂi»ficantly with '

<oy j‘. . ‘ i

f""zaooc within massive oras, an¢ fina,lly ton 130°C at: the



1}

z

™

- areas of ‘intense pyritizatioh, chloritization and

v

mineralizing'solution; moved upwards tnrou;h the footwall
pyrociaétic‘rockﬁ a%ong a thermal gradient acquiring
prqgregé}ée}y‘highgr oxidation potential, as thé'resuI} of
m}xing wﬁtnvunmodlfied sea water.

3 "Q:'.The oxygen isotppé composition calculated for the

4

Feltais-Estacao ore forming fluid varies from-+1.5 to
+60/°o 5”80 ‘ —_ -

9L The Feitals- Estacao orebod) is capped by a

laterally continuqus bed of~gasper (hematith chart) which‘
immediatalQ abnve sulphide ore is markediyralteréd by
reducing flul&s which were 1njeoted in‘the Jasper shornly
before lithification, producing marked vein controlled
reduction of the jasper into predominantly blulsh grey

. magnetitic and pyrltic chett, as well as frequent veins;,

pods and breccias dominantly composed of a host of Mn,

* . . -

bearing carbonates/fﬁHanginq 'wall aIteration per%ists in

“ 4

the lowermost ‘~10 metres of the detritak'and volcanogenic’

sediments (phyllites, tuffites) and raM tuffs that occur
— o - . - *

above the jasper, as discontinuous, irreqularly shaped

v

carbopatization.

. - JEp—,

\ ' - ‘ | . 'Q‘
" 10. The Aljustrel jaspers are largely hydrothermal

. chedﬁcal precipitates, as evidenced by REE patterns, low

.

,‘Q;otopic cqmpositions 1nd1cat1ng ﬁorqation tenperatures_ .

b
.

N1+C0*Cu abundances, low’ thorium abundances, oxygen :
e .

~1300C and lack of fossil :adloiarians,ﬂ

v ., N s .
¢ LI : % . .
v .

.
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11. The cledr evidence for deformatlor of mineralized
'structures in the'Hanging wall sediments clearly "shows that
this mineralization occurréd‘pre-deformation and, was not

simply a result of dispersion during later regional | .

'“metamorphism (see Plate 8). -~

¢ ™

4

" 6.2 Genetic model . ‘
v‘ v r ,*

Thq‘Aljustrel Volcanics are submandne pyroclastfc

rocks, likely to have been deposited at- low temperature e

(>2000C) and to have had extremely high initial . o .
: , .

pefmeability, similar to that of coarse sard, in the range

« of 10-8 cm2, Under these'circumstances and given also that.,

© v Al

AN ' . the floid responsible for early metasomatfsm waewinitially.

oxidized, Mg riCh and,very abundant, initial cooling of the

BNt

pyroclastic pile must have taken place through vigorous sea

A H

water, convection driven by heat from within The Rayleigh

_\\ ) . *ﬁ' .
s ' number must not only have exceeded the . critical value v
- T

necessary for convection to take place but, giv@h the

.

P extremely high initial permeabilities'infe?&ed from geology

”

and petrography, the second critical Rayleigh number may

» Al

b © ‘alsohave been exceeded.. Above this value convection Jn .
steady ‘state and drifting, Irregular convection cells .
are thus iikely to have formed" This would explain the L

. relative homogeneity o;,oxygen isotope data for the

£

B voicanio _rocks, as nd’fixed water recharge and discharge

-

sitea exist in 2 y4;(ting convective.e}stem. The final

. ) o
'S
‘ .
. » - ' ’ . ] - “’ Co ', .
Y ] ) . - . . = . 4 ’ T e
: . N N !
X - ‘ . ‘ L P
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isotopic result is evefywhere the result of the.prevailing
) . . . .

lphysicochemicay conditions, loy temperature and high

¥
2

water/rock._ ‘
wé propose that. the Aljustrei Jasper may have(formed
concomitantly with this early non steady state convective ) .
regi@e. Most of the silica and part of" the Fe and Mn f“;a
leached by see'water.from the Al justrel Volganics are’thuei‘
thought to have reprecipitqted Just above the velcanic
pile,'as a;conseeuence pf‘cooling (Si{ and'o;tdatron (Fe,

Mn). . | o

f . N 7

<;Hpr-Civen thé complex and evolving hydrothermal history of o

the Aljustrel Voic;hics, suggestive of early cooling.

"nfollowed by feheattng andt%oﬁeomitant metal extraction from

the rocks, "and given also the relations between

)

hydrothermal j}asper, massive sulphide formation and hangingw

¢

wall rock alteration at Feftatls, we propose that the

Feitals-Estacao mineralizihg fluid may also have been
v ‘. N ) & T
evolved sea water, enriched in base metals and 189 by,
, | g : b -
-, convective circulation through the Aljustrel Volcanics when"

these‘Were"already enriched;in_180, that is, throigh a Y \
4‘seeond stage of closed system recirculated flow under the
lmpermeahle blanket represented by the Jasper and perhaps .

". LN s [
alsO\by some of the-fine. graiz;d low permeabillty

: sediments (now phyllites) of the Paraiso Siliceoug .
‘. Formagéon., Both pprmeabllity decrease 1n the.course of -

hydrotbermad activity because of prec!pitatlon of,
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hydrothermal minerals in rock voids and closed system 3
.convection will favour stable convective cell geometries

during this second stage of sea water c{ieulation and under

;"

an .impermeable cap hqgt dissipation will be markedly .

/
reduced, ‘thus explaining the reheating indicated by the

data. The second,convectlve staﬁe‘uill be characterized by
lpw bulk water]rock, limlted tb,thﬁ proportions of
porosity/volume of ;ock, apprep;iate td enrich the fluid in”
,180, as measured. , ‘ .

With{n the framework of the above_mddel massive
5u1phlde precipitation may have taken.place'Under'a*blanhet
of uneonsolldated siliceous sediment, probably a silica
'gel, ‘a substance comparable to a sheet of rubber. Spaee'
Iﬂpr sulphide precipitation nay haVe been created’: . e
prin;ipally through floating the'jasper,‘;iven that .
sulphide qre ‘geochemistry, textures and gangue mineralegy
indicate that most sulphide precipitation took place in an
essentially isothermal flgld hedium, with only minor
feplacement phenomeha. A éinple dalcuiation indieates
that the buoyancy of a 300 m kong column of hot
mineralizing fluid 10% less dense than sea. water would be
sufficient to lift the jasper (m10 m thick) above the hot
plume of fluid. Hanging wall alteration would then

represent minor ieakaqe of ote fluid thrqugh the otherwise
¥
inpervious blanket.

Our preferred model of evolving regimes of . sea water

n

a - . A ) - ' T ¢
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suggests that, its transport is facilitated.at higher

<« .
. _ ) . , .

convection ‘through the Aljustrel Vﬂicanlcs‘has perhaps the

merit of~e;pla1n1ng both the genee}t/ﬂnd nature of the -

mineraki;fng"fluid dno all the metasomatic changes
' ‘ ) / @

described in the Aljustrel Volcanics and ore zone rocks.
'Howﬁger; the ore fiuld could possibly ‘deriwe from other

mechanisms, namely sea water convection through "basement"
. < 2 : .
g N ' &
(PQ Formation) rocks, or through discharge -of connate
- - i T - .

'watgrs from underlying formations through burial,

compaction and 'eismic pumping and, ‘above all through
1

discharge of metamorphic water produced by emplacement of a

P [

large shallow level magma chamber -under the Aljustrel area,

pot observed at- the present level of erosion but indicated

by “the large volume of volcanic rocks present and by °

theoretical considerations. A metamorph}c fluld
c.

oonﬁkibut;on is attraéine also in"vwiew of the large.total

3

amoiynt of gold present in the Aljustrel orebodies- (i;p 3

around them), of the order of 2 x 108 g: Au geochemistry

+

temperatgres than those implicated in the purely sea!ya&;r

N .

convective model.” © . .

.
’

-

6.3 Exploratlon implications ) D e

R ¥

H
LT

ore forhing hydrothermal activity at Aljusnrel suggest that
lithogeochenical exploratlon may provide insight into the’

nature of potcntial ore. targets ln the Iberian Pyri&c Belt,

L]
L]

» 3 4
’ . ’ -
T .
SRR - Lo -
. . . [

.

' . . J

. ) : ' .
Some of the geochemical features that characterize the

-

-



oncé good geologic control exfsts and in addition to the

- eXploratlion methodokogies currently in'use..

Firstly, the degree of regional hydrothermal

3 L]

geochemistry (in ropks, not soils) and oxygen® isotope

geochemiStry may contribute to deﬂ&ne the more attractive

4 Y

259

dalteration, as expressed by petfography, transition element

voieanLc centres (those more intensely affected by "‘ :»__

“hydrothermai metamorphism) Secondlyn'redubed,;oicanic

- e »

rpdﬁs depicting Ba and/or Aﬂ'anomalies may indicate"

proximit to ore. Tﬁirhiy, and perhaps ab0ve all, the.‘

L)
detailed study of cherts and ja;pers, with emphasis on

\ ’

“transition and RE element distrlbutions and o»ydation

states (and microtextures where possible) may prove capable :

* '

. of distinguishing yarious origins 1n such sediments, and

distance to ore in theacgse,of hxdrotheqmallsediments.
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SUMMARY OF ANALYTICAL TECHNIQUES
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i -1 Structural state of alz!%i'feldépars ‘

-

A]ka11 fe]dspar megacrysts were extracted from the rocks by -

) 'd1amond saw1ng, subsequent Tight crushing and hand p1ck1ng of .ff-

-

. nn111metr1c fragments free from other mlnerais The®® wer@b

3 - ’

' subsequently manually comm;nuted to <200 mesh in an agate mortar,
o and the resu]t1ng powder wﬁs used te dlffratt Fe Ku1 rad1at1on, 1n ,
"a Guinier- Ja;od11nsk1 double cyl1nder.camera w1th prec1swon S
: " *mepocromator produced by RlCh §e1fert & Co- , ROntgenwerk (2070
o Ahrensburg 87, ;. Hamburg, F R G ), wh1cﬁ "cons1sts of a double
= dylrﬁder of hrgﬁ reso]v1ng power de51gned on the pr1nc1p1es of the .
h ’j Seemann Boh]in focusfng method (for'traasm1ss1on and back-reflection
,exposures) in comblnatlon w1th a pree1s1on quartz crystal monocromator
. ] based on "the Johansson pr1ncfp1e" (from»the camera manual). Film
" intensities were read in an automated densitometer, and subsequently
Tnterpreted and.plotted using a~setjpf appropriate computer programs
developed by Prof. J. Starkey (U.W.O), The precision'and accuracy of

4

the Bradg‘ang1e objajped'by this method are within 101Q02_°29.

-1 - 2 Electron microprobe mineral analyses

With the exception of data presented in Figure 5.4 (see figure
’ caption), mineral chemieal‘analyses were'obtained on 25 mm diameter
. é’ po1ished th%n seEtions coated with carbdn using a Materials Ana]ysis
company model 400 electron m1croprobe equiped with three d1ffracto-
ﬁneters and KRISEL automat1on Horklng cond1t1ons were 15 to 20 kV
‘excitatlon voltage and D.25 to 0.5 uA beam current (depending on the
, mineral betnﬁ analysedd, at counting conditdons of 30 secpnds/br'éoooo

. ) ,
counts. The standards used were well analysed natural minerals and
”~ .

i S




- determined in pressed pellets of roc

-3

’

l"

| synthetac g]asses, selected to. mnﬁmze necessary correctaons (MAGI’C

’ []

cmrrectwns were used. thrpughoug) Rephcate deternn nat1ons 1nd1cate a-

¢ .
A )

prec1s1on generany better than 2% of the amount present, for magor

el ements.

*
b

'1-3 thle; rock\;‘geochemjstryk --“

Whole rbck saﬂples were d1amond cut mto several s1abs m@ 5. “em
th1ck subsequently gr1nd‘edbvg‘:th AT203 abraswes to elimi nate brass

contammatwn and thorough]y washed and drned and. hght]y hammered

!zetween c‘foths to .awoxd any, contact w1tuh metal and the:vre’sultmg

frat;ments SUb’sequent!y spht to about 50 ’g‘ Th:»,s amount m;s 1n'turn

owdered for ~30. seco(nds 1n a Bleuler mﬂl.a '; .‘ .
MaJor elen;nts (w1th the exceptwn ot Na)’we'r'e detérminen 4by

X-ray fluorescence spectrométry, in' a Phﬂ\ps PN 1450 spectrometer

f1 tted with a Cr tube, using the hfavy absorber -fusmn techmque of
Norrish and Hutton (1969), where a glass disk 1‘.5 madé, composed of

" 2.0000 9 of flux (Tithium tetrahorate, 14 thium c'arbdnate and lanthanum
oxide), 0.0267 g of sodwm nitrate and 0.3733 g of sample Samples
with high concentrations of Fe (>20%) anc}/gns (>2%) weretb?d:]uted

: with 50. OOOQ% specpure Si0,. Calibration mom'tdr samp]es f5-94 and

FS 84 (suppHed by Dr K. Norrlsh €SIRO, Austraha) were used fom

ca]cu]atlon of the concentratwnsmbthe samples. Na and Sf,ere

powder, with reference to,
calibration }iynes defined by intern'ational‘(Na) _and ‘,debartmental {S)
standards " j ' -
Most trace e]ements were determined on pressed pell“ts by X-RF
spectrometry (W tube) with reference to se1ected 1ntemat1onal

standards Data were reduced using mterference and matrix calqulatwns
;-1
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4

through program TRACE developed by .6~ Barker H Hunter and T. LaTour )

,"l. . . [ 3
v P

(unpubl1shed,.U N 0. ) ;

. . .-
~ - .

(bternatlonai standards and dup11cate unknown samples were run .

*

w for accuracy check " and results 1nd1cate that . major element determina-
S a W 6

“tions are generally accurate w1th1n 1 2% of the amount present, and

° trace e]ements accurate w1th1n 10% (ZO%nfor Nb and Cu) i

i .
s .

\

- Sc, KT, Ta, Au and Th were determ1ned by 1nstrumen§a1 neutron

)-"

actwvataon ana1y51s at Neutren Act1vat1an Serv1ces;.Ham11ton Ontar1o

- Results of dup11cate @na]yses 1nd1cate prec1s1ons betder., than 5%.
%

‘. - Rare earth e]ements nere detenm1ned‘by 2 nnd1f1ed vers1on (Fryer,

\ v &~

I

1977)’of the thin: f:]m X-ray fTuorescence 4w "tube) procedure_ of Eby -7
’ ' (1972) The REE‘were separated as a group by 1on exchangi chrematogra--

phy and traasferred onto Reeve Angel SA 2 ron—exchange paper c1rc1e5\

Ll (¢ 25 mm) Pr1or to separat1on, 50 ug of Tm were added as an internal

. y1eld standard PreC1s1on 15 gene 1y, better than 10% e : ;/

\ _ . Ferrous iron was determrned af :r the method_of H11son (19555

Internattonal standard SY 3 was,an sed as an unknown w1th each .batch, |

n 1

-
and resu]ts 1nd1cage thax_accuracy and precision are better than 5%

of the amount present Volata]es were determ1ned by we:ght loss on .°. |

?” rock powder fol]owang heat1ng at 1100°C

-
v
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" APPENDIX 11

REPRESENTATIVE MICROPROBE A.NAL\YAS’ES
OF MINERALS FROM THE ALJUSTREL VOLCANIC ROCKS
11-1.3] gneous fel dspars__
11-2\ Hydrothermal feldspars
J1-3. Fe-Ti "6'x1’des and sphene
11-4. Almandine Fret e
II-5. Chlorites (averages)

_1I-6. Sericites

II{J.~;Epidotes
‘ 1
II-W& Calcites
. ‘ ,
7
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Table II-3a) Ana1yses of coexisting Fe-Tj oxides in Green facies rocks.

T (@) . (a) (@ () T (b)
Anal. no. 6 8 - 15 * 13 . 14
: M -~ ‘ .
sio, 1.30 . 1.50 1.05 .32 . 1.62 ‘
Tio, T .- ‘5}96 4,81 7.24 0.59 © 0.9
A1,0, S 0.5 0.52 0.56 0.50 0.96 °
. Cr,0, 0.00 -~ 0.01 0.04 0.06 0.00
. Fe,0, , 90.48 ° 90.98 . 89.33 95,11 93.03
MnO ©0.00 0.00 0.02 - 0.00 0.02
MgO 0.07  0.08 °  0.05 0.10 0.38
Ca0 '0.00 0.00 - 0.03 - 0.53 0.10
- TOTAL 98. 35 97.90  98.3%, - 98.2] 97.10
Number of ions on the bas#s of 3 0‘ L
si - | 0.034 0.039 . 0.027 ° 0.035 0.043
Ti 0.117 1 0.095 0.142 0.012 0.620
Al 0.017 0.016 .~ 0.017 - 0.016 - 0.030
or " 0.000 - - . - -
Fe>* CL 1780 1.802 .75 ,1.909 1.873
Mu " 0.000 0.000 : 0.000 0.000  0.000 .
Mg 0.000 -0.,003 0.002 0.004 0.015 -
Ca - 0. 000. 0.000,  +0:001  0.015 0.003

04‘
(a) T1 hematite rimming opaque microphenocrysts and
scattered in rock matrix

(b) Hemat1te in 11th1c fragments ‘

-
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Table II-3b).

L

Analyses of coexisting Ti-Fe ox1des and sphene
(sapple 3-6F). | . -

™

one crysta) ———  — one crystal—

0,
: () (@), (@  Im (b)
Anal. no 50 51 52 - 53 54
. " A |
y 510, 16.90 10.67 14.76 0.39 2.22
Ti0, 46.44 49.21 50.54  52.31  93.75 )
AL05 4.06" 0.60 3.93 0.14 0.29
Cry0, 0.13 0.04 0.10 0.32 0.00- M
Fe0 15.80 27.38 7.43 44, 0.00 "
. M0 ", 0.89 2,17 0.54  3.83 0.00 -
Mg0 | 0.04 0.07 0.03 0.07 0.03
Ca0 17.94 10.77  21.81 4 0.08 0.76 .
TOTAL 102.24, 100.92  99.14 . 1b1.20  97.04
St 0.010 - '
Ti ©0.980 o
Al . 0.00% : ‘
“er, 0.006 .
e - re?t B 0.918
S Mn ) 0.081*
Mg 0.003. .
' ta® = 0.002
7 4 ~ . ‘ ’
(a) Ultra f}ne gra1ned Ilmen1te + sphene composite mater1als N
(b) Leucoxene + sphene - - ]
(c) In vein , LS \
I]m, ilmenite; ch, leucoxene; 3p, sphene , Vo .
Number of ions on “the basis pf 4 Si (sphene) and 3 0 (i1ménite)~_
e L . e ‘

o




. »

«

Tabler1I-3b). Continued (Fe-Ti oxides and sphene) -

L)

g

one crystal

— one crystal —

Im Lcx Sp Ilm Lex
Anal. no. 5 58 ~_ 59 60 61
$i0, 484 340 2978 668 1.07
|- TiO, 5157 94.04 . 28.82  51.45 98.10
A0, 0.29 - 0.55 6.53 0.15 0.30
Cr05- \giézj> 0.17 0.14 0.69 0.00
,ﬁzﬁ : 30 0.00 2.53  35.68 0.02
Mn0 407  0.00  0.00 . "3.52  0.00
Mg0 0.03 0.15 0.83 0.09 *(. 04
C40 0.57, 2.41+  25.68 0.67° * 0,51
. TOTAL 100.69  100:72  94.32 . 98.92  100.04
. 'd$ s . ‘ . ! T
Si' 0.116 (4) 0.160
T 0.932 | 2.931. . 0.925 \N
Al 10008’ 1.03¢  0.004
Cr 0.006 - - 6.015-- .0.013 )
Fe?? 0.784 - 0.284 - 0.713
“Mn ~0.088 0.000 -0.07
Mg 0.001 '0.166  0.003
Ca 0.015 :3.696 © 0.017
R \

276




) . « )
- . ' 27 7
Table 11-3b). Continued (Fe-Ti oxides and sphene)
X one crystal - —+ one crystal—
Sp © Ilm "~ Lex Lex Sp{c)
Anal. no. 62 63 64 65 69 .
510, 2942 0.64  0.50 0.70 38.27
Tio, . . 33.60 52.60  99.13 = 96.74 19.75
) A1,0,. S 3.41 . 0.01 020 0.22 g.14
| Cry0y - ©.0.00 0.1 0.07 - 0.31 0.000 "~
Fe0 1.97 ~ 43.36 ' 0.00 0.00 0.1 '
’ 4
| - MnO ' 0.00 3.59 - (.00 0.00. ,0.Q0
) Mg0 | 0.07 0.09- 0.04 _ 0.04 0.27 .
. Ca0 S 28.27 0.57 0.19 0.13 21.69 , -
TOTAL 96.45  100.97 . 100.1% 98.13 88.23 -

Si (4) 0.016 .

i - . 3.4 . 0.984

Al ~0.552  0.000

Cr ,0.000  0.002
Fe?* " 0.226"  .0.902 5
Mn 0.000 - 0.076

T Mg ~0.014  0.003 . 4
Ca 4.161 0,015

- ®

(c) In vein
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Table 1I-3c). Continued (Leucoxene, ilmenite and sphene)
/ .
. /Z; W-Im  Mn-Im  Sp ~ Sp sp sp sp Sp
le ¥MDAF  MDAF  MDAF  2-GF-87 2-GF-87 2-GF-87 246F-87 2-GF-87
" Anal. no. 80 81 79 2% 27 28 29 30
. sio, 0.68 0.3 29.38° 31.26 31.24 3.27 30.94 30.38
T10, 5.01  52.92 37.67 29.06 33.9¢ 29.18 4.4  34.00
A1,0, 0.65 0.07 1.69 8.48 445 .77 424 4,30
Cr,05 - 0.00 v0.03 0.00 . 0.0t 0.09 0.01 0.04 0.03
2 Feo 29.59 #2100 “o0.34 038 048 040 0.09
#no0 13.46 5.92  0.00 0.01 0.00 0.0s 0.02 0.0
) 0.0 0,03 0.05 0.05 0.06 0.1 0.03  0.03
) 0.62 0,10 2873 28.93 29,3 27.82 28.36 29.16
Na,0 . - . 0.07 0.09 009 0.09 0:10
K0 - - - 0.29 0.24 0.68 0.08 0.00
TOTAL 101.11 100.55 98.52 98.50 99.87 97.46 98.64  98.6
. Number of {ons on\t_ne basis of 3 0 (I'm) and 4 St (sp)
s 0.016 0.009 '(4) - (4) (4) (8) (4 (4
T .21 0.995  3.857  2.79 3.270 2.80) ~3.348  3.312
Al 0.009 0.002 0.271 1.279 0.672 1.I71 ,0.646  0.656
cr . 0.000 0.000 0.000 0.001 0.009 0.001 = 0.004 0.003
Fel* 0.600 0.860 0.194  0.036 0.041 0.051 0,043 0.010
" 0.276 0.125 0.000 0.001 0.000 0.005 0.002 0.002
) 0.004 0.001 0.010 0.0} 0,011 0.021 0.006 0.006
Ca ‘ L0016 0.003  4.191 ' 3.966 4.028 3.813 3.8 4.047
Na y - - - 0.007 0.022 0.022 0.023 0.025
K . - - 0.047 0.033 0.1L1 0.013  0.000
Ilm, {imenite; Sp, sm " ’\
' T,
-
N -,

279
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. Table II-4. Analyses of almandine.garnet from QET rocks (this page .
: sample GF-15.8). N
Anal. No. 7 8 9 10 N 12 13
i . .
510, 37.29 37.12  37.04. 37.62 36.16 36.35 . 37.05
: A1203 21.02 20.89 . 20.90 20.85 21.03 20.92 21.35
“ . \ _ _
Fe0 36.41 36.35 36.87 36.89  37.00 36.70  36.44
MnO *1.67  1.67 1.66 - - 1.71  1.79 1.76  1.80
Mg0 2.27 2.31 2.23 . 2.2% 2.28 2.21 2.40
Ca0 1.02  -0.94  0:98  1.00 1.00  1.00-  1.02
TOTAL  99.67  99.28  99.67 100.28 - 99.25  98.94 100.07 -
- . \ ]
$ BN .
. Number of jons on the basis of 24 0 L3 °

‘Si 6.044 6.042 6.021 6.069‘ 5.855 5.932. 5.975 \\
Hy Calc. |, 70.000 0.000 0.000 0.000 0.145 0.068 . 0.025
Al o 4.015 4.009 4.004  3.964 4.013 4.024 4.058 -
Fe3+ 0.000- 0.000 0.000 0.006  0.000 0.000 0.000

| Fe?* 4,935 . 4.949 5.012 4.977 5.011  5.006 4.915

~ Mn 0.22%, 0,230 0.229 0.234 0.246 0.243 0.246
Mg 0.548 - 0.560 0.540 0.531 0.550 - 0,538 .0.577

- Ca 0.177 0164 0.171 0.173 0.173 0.175 0.176 .

-\

/N
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Table 11-4, Continued {alm. garnet, sample 3-GF).

Anal. no. 14 15 16 17 2 26 27 28 29
510, 3.65 37.37. 36.07 -3.01 37.44, 36.93 3673 307 3710
- A1,04 20.98 20%3 21.09 21.18 2173 21.38 2168 2148 2115
\ Fe0 034,92 35.03 35.17 35.01 35.62 35.65 35.90 ° 35.37 ° 35.30
., W0 ”? ‘ f.o4 117 .02 1.1 c 1,19 108 1.07 - 146 .24
g0 3.82 374 364 3.63 M7 368 - 371 3.56 3.6
- Ca0 ) .08 Ll .02 106 1.07 307 L6 - 1.00
. TOTAL © 98.51 99.04 © 98,81 98.99 100.82 99.78 100.17 99.73  99.52
< , «
Number of ions on the basis of 240
St 5.940 6.050 5.843 5,985 5.914 5.896 5.804 5.929  5.979
“H, Calc g 0.060 0.000 0.157 0.015 - 0.086 -0.104 0.79 0.071  0.021
Al 4.008  3.93. 4.027 4.03 4.046 4.023 4.038 4.040 4.017
. - Fe* 0.000 0.000 0.000 0.000 0000 0.000 0.000 0.000 0.000
- reZ* 473 M43 4746 4735 4306 . 4760 4745 4732 K58
1.3 0.143  0.160 0.140  0.152 .0.159 0.146 0.143  0.157  0.169-
Mg 0.923 0.902 0.879 0.875 0.888 0.876 0.874 _Q.849 0.874
Ca 0.189° 0.191  0.177 0.184 0.179° 0.183 0.18Y  0.189  0.173
N ' *. .
~ - &' - L] -
- - L
. b
f‘ ]
’ » ,
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.
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Table II-4. Continued (alm. garnet, sample 4-GFW)
Anal. no. 18 20 21 22 23 24 62 "6
si0, 36.89 %.88 36.78  36.63 36.92 3.51 37,85 37.16
A1,0, 20.77 21.40 2097 21.81 21.64 21.48  20.14  20.55 -
Cr 0, . --. - - - - 0.08 0.05
Fel 3.91.  36.90 35.85 35.66 36.45 36.26  36.14 36.98
MnO 1.57 i.n 1.73 1.63 1.73 1.1 1.52 1.65
g0 2.3 - 233 2Mm 235 247 2.3 252 2.54
a0 < 1.04 1.03 1.04 1.02 0.98 .02 '1.06 1.07
TOTAL 98.51 ~ 100.25 98.48 ¢ 100.09 100.20- 99.31  98.77 100.63

. Number of ijons on the basis of 24 0 )
“§i 6.045 5.923 6.032 5.846 - 5.912 5.894  6.098  §6.027
Hy Calc 0.000 _0.077 0.000 °0.154 ©0.088 0.106 0.000  0.000
Al X 4.011 4.051  4.053 4.102 4.084 4.087 3886  3.929,
cr : - - - - - - 0.010  0.006
Fe* -~ 0.0000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
‘Fezf 4.921 4.95 4.917  4.893 4.882 4.896 4.948  5.016
Mn 0.218 ,0.233 0.240 0.220 0.235 0.234 0.211  0.227
Mg * 0.572° _ 0.558 0.516 0.559 0.59¢ 0.563 0.615 0.614
Ca 0.183 6.177 0.183 0.174 0.168 0.176 0.186 0.18 °
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. Table 11-7. Analyses of epidotes from the Aljustrel Volcanic rocks.’ o -
e ) . 5 . N ‘ ©. _ . ‘. ) . .
, Sagele - _PMTV-1  PMIV-1  bis-347.8 bis-341.8 bis-341.8  I-GF  GF-50 GF-50 .
. B Anat. no. 29 . M N 2 te3 0t 7 sE. 6
’ RN 510, e . 355 3766 3.0 38.61 38.98 © .« 33.55 3‘4‘30 34.41,
. i 0, - 0.12 0.16  0.05 ,0.00 w 0.07 0.14 0.7 -o0.07
L 'O, ' 2450  25.23 + 23.08 R 23,20 2178 22:26°: 22.68
Fe,0, 1038 9.60 2.6, 12090 1.4 - 9.6 9.81 9.7 . '
IL R 0.16 014 020 : 0.37 . 038 - 0.41 0.24  0.23 oo
L Ng0 0.02 _0.00  0.01 oo, . d4.01 0.07 0.0 0.06
" a0 23.30 2306 2472 23.66 . 24,80 _ 18,09 18.16  19.07
- Bad - 0.02 0.04 0.14 0.18 0.10° 0.13 "0J4 , 0.08
N0 0.02 0.00 - 0.00 0.00°"  0.00 ~ 0.04 o.oé"' “0.12
L K0 0.00 "0.00  0.00 0.00 0.08 0.00%" 0.00 0.00°
. - - N L e, R 4% i .
. TOTAL 96.05 96.00 98.9% 7.1 99.49.°7" £3.83 - 8548 86.09
Number of ions on the basis of.12.5 0 - '
;. _ ) .
I st : 3.016 3.015  3.010, 3.072 - 3.050 “3.066 3.093  3.059
., T 0.007 0.010 0.003 0.000 0.004 © *+ 0.010 ~ 0:005 0.005
, nd Al : . 2319 2381 2.9 . C2.4m - 2.4 2,46 2.3¢5  2.377
et “0.627  0.578 0.7%  .0.724  0.69 - 0.664  0.660 - 0.627 '
Mn 0.001 0.009 0013 002  0.0% 0.0 0.m8 0.017-
- Mg 0.002 0.001  0.001 0.000 0.00) 0.010 ‘0.0  0.008
, ca 2.005 1.987 2.093  2.017  2.080 17 1739 1.8 .
Ba 0.00%  0.0001  0.004 0.005 0.003  .0.905 *0.005 0.003
. M 0.003 0.000 0.000 0.000 0.000 0.007 0.0016 0.021
K . *0.000 0.000 ©.000 0.000: 0.004 0.000 0.000 0.000 .
. whole ' B
¢ rock . . LN
. ’ Fet*/ife —_—— 0.52 0.69 — 0.76 —
' . ‘
. ¢
o .
. . .




Table 11-7. Continued (Epidotes) .
’ . (a) (a) (a)
Sample GF-50 -50  MD#F  bis.315.15 b1s-315.15 bis-315.15 bis-315.15 bis-315.15
Amal. no. 57 58 - 22 -3 35 3 a2 43
510, : 3%.07 3763 36.43 - 38.18 37.90 .81 - 3.8 36.87
Ti0, 0.04 0.15 0.0 0.05 0.08 0.05 0.07 0.09
A0, .35 2592 2545 28.20 27.26, 21.66 26.89 24.57
Fe,0, 8.73 ‘8.67 10.39 6.19-J 6.43 6.88 7.50 . 917
M0 0.25  0.12  0.14 0.50 19— 0.1 0.20 0.17
Mgo “0/08 0.07 .06 0.07 0.02 0.06 10.25 0.09
Ca0 20.18 2273 21.28  23.34 24.01 23.62 21.30 21.42
#a0 0.09 0.03 0.00 0.14 0.10 0.1p * .22 0.25
Na 0 0.0 0.00 0.00 0.02 0.04 0.2 ° 0.3 0.07
K,0 ) 0.00 0.00  0.00- 0.00 0.00 000 0.75 0.00
TOTAL « ' 89.80 94.52 9477 - 96.69 96.03 °  96.41 '97.30 © 92.70
. te . . N
. Number of ions on the basis of 12.5 0
Si . 3.062 3.046 2.952 3,001 3.007 2.99 3.109 3.048
T4 +y 0.003 0.009 0.001  0.003 ° 0.005 0.003 0.004 0.006
Al 2436~ 2,397 2.431  2.612. 2.549 2.575 2.474 2,394
‘pet 0.588  0.528 0.634  0.366  0.384 0.409 0.441 0.570
o 0.0  0.008 0.010-  0.033 w13 0.007 0.013 * 0.012
Mg 0.010° 0.008 0.128  0.008 0.002 o.m\&:zs .01
Ca 1,83 1.971  1.848  1.%5 2.081 1.999 a2 1.897
Ba 0.003 0.001 0.000  0.004 0.003 0.003 0.0 . 0,008
» '0.002  0.000 0.002  0.003 0.096 0.003 o.% 8.011
K 6.000 0.000 0.000  0.000 6.000 0.000 - 0.076 0.000
Wholé ' * .
rock P
Fe2*/1Fe . — 0.76 —— . 0.97

0.77




\

Table 1I-8. Analyses of carbonates from the Aljustrel Volcanic rocks.

. . - (a) (b) (b) (b) (b) {b) (a) . (a)
Sample GF-15.8 6-6F-17 GF-50 MOAF:  bis-303.3 bis-303.3 bis-303.3 bis-303.3
Anal. no. 3 .27 54 14 38 37 4 W
i : Mg0 0.43 - 0.00 005 000 0.1 0.36 0.96 1.32
.- -1 ) 51.41 ' 56.21 56.02 55.97 §5.40 54.77 53.17 52.30
Fed 3.83 0.00 0.00 0.05 0.15 0.25 1.40 2.02
o 0.53  0.0p 0.13 0.16 0.25 0.27 0.23 0.23
- B0 .. - - - . - " 0.00 - 0.03 0.00 0.00
TOTAL 56.20 56.20 5620 56.18 55.91°  55.68 55.76 55.88
) T Mo, 0.90 0.00 0.0 0.00 0.23'° 0.75°  2.01 2.1
Caco, Y.O9L77 10033 100.00  99.91 | 98.89 97.76 94.91 93.36
FeCO, 6.8  0.00 0.00- 0.08 0.24 0.40 2.26 3.26
. MnCO, 0.86 0.00 0.2'. 0.26 0.41 0.44 0.37 0.3
Baco, “- - - - 0.00 0.04 0.00 0.00° A~
- » :
t 99.70 " 100.33 100,31 .100.25 . 99,77 '99.40 99.55 99.77
A = - .
Number of ions on the basis of 2 cations €
) 0.022 0.000 0.002 0.000 0.005 0.018  0.048 0.066
. Ca 1.855  2.000 1.994  1.994 _ 1.983 1.967 1.906 1.8
Fe 0.108 -0.000 0.000- 0.00T  0:004 0.007 0.039 0.056
Mn -~ 0.015 0.000 0.004 0.005 0.007 0.008 0.007 0.007
‘ Ba - - - . =, 0.000 0.000 ~ 0.000 0.000
. » .

B L]
(a) Ferroan calcites

’ (b) Calcites ~

-
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APPENDIX I11
WHOLE ROCK GEOCHEMICAL DATA
. ON THE ALJUS‘TREL/VOLCANICS |

I11-1. Quartz eye Tuff

+ 11142, Miné Tuff
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Teble III-1.

Major and selectsd trace element sbundaaces in Quarti-eys Tuff Formatioh recks., .

-

.
Ly

ELREE XN B g EoLFEEL

Ya)

1-6F-19

1-0F

DA A

(2}
F-A

G-GF-17

-

oF-53 *
L]

o

(a)
G5M -

F.50C *

.

ot

LY

Fot*izte

“.e
0.82
17.70
. 0.90
.68
0.03
1.0
0.5
0.08
£ 1]
5.08
0.3

.n

g

TR L

BB,

70.9
0.51
w3
.74
2.4
0.02
o.n
0.8
0.07
R H
3.8
0.28

1.42

100.10

68.20
6.5

i
0.80

2.9
0.08
1.3
1.8
0.08
45

R
0.28

1.87

-
-

"n.u
0.01

”
2

s .
“15.0 »
61
-

7

27
n
n
»
13
o
L]
4@

.10
0.50
15.06
0.4
2.67
0.03
1.07
i.we
0.07
2.00
4.98
0.1

1,08
.47

E888.=
w -

72.84
0.45
.73
0.47
1.4

0.02°

0.37
p.70
0.0
219
“6.79
0.24

1.03

100,17

®

156
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- - Table 111-2. Major selectad trace element abundances in Mine Tuff formation rocks.
1] 3 " -
~ bis- bis- bis~ bis- bis- bis- bis- = bis- bis- bis-
) 283.5 9 /29,15 296.5 303.3 309.6 N0.8  330.25 M1.2 341.8
" 510, . 69. 11 75.16 \72.15 T 7826  69.29 7464 65.6 76.45 . 74.86  65.68
o TO, 0.91 0.13 0.16 o 0.9 0.12 .0.06 0.10 0.15 0.2
T A0, /.\t 15.92 12.52 14.95 11.38 .20 N2 15.09 12.27 1.3.15 17.46
Fa,0, 0.21 M 2,78 0.07 2.5 L9 -0.63 0.08 0.67 1.35
. T Fed .2.02 1.51 1.53 1.0 1.4 1.13 )37
.. o 0.04 0.02 ° 0.03 0.03 0.02 0.03 . 0,04 0.03 0.03 0.04
’ o, © 2.3 0.56 1.50 0.7 2.03 1.48 2.12 1.06 1.02 1.80
Ca0 . 0.80 0.88 . 0.45 0.27 ) .7 .0 o0.29 0.17 0.34
Ba0 © 0o 0.00 0.09 0.01 0.12 0.01 0.08 0.01 0.04 0.1}
m0 . 1.95 6.55 1.7%9 5.67 1.93 4.8 3.9 5.57 3.68 1.29
%0 2.9 0.19 3.56 0.30 wn 0.25 N 0.9 2.48 6.63
. Pl ] nP_ . ) w o L) w0 N ) ND
< Lol 3.5 g0t 2.3 0.81 2.86 1.48 2.7 * 1.02 1.56 2.36
+ ° A
. TOTAL 99.03 9.6 99.38  99.12  99.89  99.08  99.52  99.19  98.88  98.63
s% 0.4 0.3 0.12 0.21° 0.5 0.15 0.25 0.16 0.23 0.2
R Y . 198 2 30 3 285 2 163 63 156 366
sr 74, 187 90 42 67 ' 19 160 124 ] 83
Ba a8 L7 807 -104 24 105 509 129 323 | 9@
' sc 15.0 1n.0 12.0, 8.8 1.0 10.0 13.0 12.0
. Y 8, 63 73 49 64 6 9 54 79 103
.3 257 m 21 152 252 m 27 148 27 282
> HE. w0’ 7 s 5 9 6 a . 8
Nb 2 25 2 25 24 2 2 2 20 21
Ta 6 7 s 12 s 7 4 . 5
: e ! 13 9 12 5 N 7 s 8 6 5
Co k' 55 26 58 24 s 19 63 30 38
g (T 12 6 2 7 14 5 [ 16 10 20
. . . N NO ND N [ " N 2 19 3
In - en 3 ‘2 37 54 38 48 43 It 73
, P N L] 2 NO “ 2 23 37 N 4
- ™ 170 130 150  M.0  18.0 12,0 . 160 * 150
1a - 79.5 2.7 37 "108.2 20.0
Co 153.1 8.9 76.6 200.5 4.9
IS N 70.5 42.0 3.2 95.6 24,3
Sa W e . - 8.0 0 6.4 .
Eu 2.0 .83 11 3.2 1.1
od 13.7 10.3 8.0 2.4 . 1.5
LT oy (TR R I N} - 9.4 - 21 10.5
- * Er 9.3 8.5 7.0 12.5 8.1 .
1) 8.3 8.9 . 8.0 - 9.4 8.7
o F-_‘;f/:r. e 100 0.96 0.64  0.95° 0.65  0.53

* Total Fe expressed as Fe,0,,
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N Table I11-2. Contfrwed (Mine tuffs) ’ .
T . . GF-100  GF-T13  SM-11  SM-12
- 510, 7213 15.66 ‘u * 72.09 :
o, 0.19 0.15 32 0.2
My0, 15.01 1203 18,25 1592 .
_ X Fe )0, 1.4 1.04 0.9  2.21* .
. Fod 0.84 0.72 2.27 ; -
: "o 0.04 0.03 0.06  0.02
: . g0 1.97 1.65 5.8 1.03
a0 0.86 1.00 0.62 WO
(7Y R T 0.08 0.08 0.04 , 0.03
MO 1.60 .08 Y. TR
s xzo 3.4 2.14 0.7% 2.22 ' .
P,0¢ ) ) w0 0.

L0t 2.3 1.88 4.86 2.23
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"APPENDIX IV

REPRESENTATIVE MICROPROBEVAﬁALYSES OF MINERALS

'FROM THE FEITAIS-ESTACAO ORE ENVIRONMENT
. . . . M

Chlorites
Sericite and'Ba-sericite _ -
Spessartine garnet

Carbonhtés

Sphalerites




~ &
SR,

-

r

t

[}

e

-

Tsaprudins + z3ambd + 9344014D) 504 yaomyd03s  (9)
243494435 K| JURMIWOP *S3I0L A40MD03S AINY (®)

3
¢

v

000°® ' 910°0  200°0 $0G°0 2000  100°D 000°0 £00°0 . £00°0 #00°0 000°0 S
0000 0180  200°0 ({0°0  QUG'0  000°C "100°0 000°0 000 000°0 000°0 |
- - - - - - Lono. - - - c - [
000°0  €00°0/ 00°0 2000 1000 00070 800°0 100°0 000°0 ¥00°0, .  000°0 . ®
EELZ . 26S°( " 108t  9v8'L  .£60°L - BIEO, 920°1 2800 6180 126°0 26°2 ! bW
. 6000 €00  §20°0  [00°0  OF0°0  £v0'0 ¥€0°0  ,200°0 0¥0°0 5070 8¥0°0. )
B2 ' S¥S'2 Cesz e (s9'c S0L°€ gvp°e S19°t §lsE 9L R
- - - - - - - - - . 10070 - . £
195°2;  196'2  O0l°Z  669'2  @s6'z 982 695°2 g0t 998°2 €68°2 ¥55°2 v
100°0  €00°0  000°0 000°0C  $00'B  $00°0 £00°0 S00°0 _$00°0 . %0070 100°0 Y
08tz 9t9'z 6Lz 2T 0697 609°2 2892 sz b5z £85°2 8Lz s
0 vl §O SISEQ 3yl UO Supy 3O -.dquaN
JBUBB 8728 . 448 - 0£'88  69°(8 ¥i'es k68 8268 €2 64 1698 1928 1oL
, w0 1o 100 €00 20°0 10°0 00°0 20°0 s0°0° £0°0 00°0 ot
< 000 50'0 00 - $0°0 000 00°0 00°0 00°0 80°0 0070 v 000 o’
.- S - " - - - - . ove
.- 00°0 20°0 200 ‘o0 10°0 00'0 10°0 10°0 00°0- £0°0 00°0 o
LOEL 1576 EUL 691l €99 . ¥8'p €9 - sl'eL (2§ £5°§ w6l - . obw
oL°o €E°0 (2o’ 800 ze°0 590 9E°D 590 w0 o 550 - ;g
"2z gE'8E 0S°82  §9'82  22°WE 9S°BE _ WHU6E 16 €98 29: 1€ 06l on
- - - - - - . - - £0°0 To- ofa
502" 'frE ssMz, €512 89 w2z, TN IO - 2R Tyt 86°12 6212, - oty
20°0 €0°0 00'0 00°0 .S0°0 *S0°0 - +$0°0 - 90°0 50°0 . * 50°0 wo ° NO—._.
9z stvz 0092 S92 (€2 02 18"€2 1282 00°€2 = €i°€2 82'12 015
3 99 £ ‘g § 6 81 € ¢ § “(eue 4o
€91-12 9°205-F " 64-8  J9v°B  Ze09¥-8 9pZ-SET  Z'OTE'SL E€°LIS-8  L°6pZ-549  9°OVZ-SIY £ ¥EZ-SI9 “ou 2| dweg
(1 (9) . .fq) (9) () N C (®) (%) -{e) - (®)

X

’

4

(®)

-

“$340 pyd| NS IALSSHM WO) puR SR

04 NAOMYDOIS |[@MI00) WO SISALRUR 3 LJO{YD AR juys. »_wwa_u $0 sabpaday 7-,- Al d1quey




- . . »

i ’ ’ ' ' 340 pjydins aayssew yipa.uz  (3)
, v - ) > 240 W IYdLNS 3A}SSEW YI |4 G4-UZ  (P)
\ . < <. " %40 apiyd(ns dajssem P ) (3)
. w!/; ' '
. - < -
’ £00°0  100°0 2100 000°C  £00°0 000°0 000°'D 000°0 000°0 . 100°0 )
< e foo'g 0000 ¥10°0 5000 20070 0000 000°0 0000 000°0 ) w
L WO ot
8000 20070 0000 , 000°C  S00°0  .000°0_  000°0 1000 100°0 000°0 n
. ¥69°0  B20°Z s29°L  B¥O'L  SEL°0 ves'¢ 6ir°L 6121 560°t @ast LV
890°0  080°0 1400 080°0  1€0°0 §20°0 $20°0 §50°0 - 690°0 oo ', w
. SI9°t  99E°2 8L’z 200°€ 9L 1£9'0°  0L0°C 892°¢ w'e 16°2 * 2
. ) Coo- 000 - - 6000 . - - - - - 4,
T ) - 6§82 €W o2 s €62 1592 €602 ue'2 206°2 €eL2 T
200°0 _ €00°0 £00°0 100307 900°0 0000 100°0 200°0 20000 00070 ’ "
Lo~ ' €99°2 | 204°2 B?N% oe29e w8z e 919°2 6652 SuB . 15
’ . . ) \\ 0 ¥l 4O S|SEQ U3 UO SUO| 4O J9quNy
4 -
< 988" 88°¢8 9°06  68'88 (5788 £€'98 6188 18°28 888 e 1001
) e @ t .
] -7 0 100 60'0 00°0 200 00°0 - 00°0 00°0 00°0 10°0 0%
€00 000 {00 €00 1070 00°0 00°0 00'0 00'0 000 - o®w
- . - - - - - Y - - - - 3
90°0 200 00°0 00:0 0 00°0 00°0 10°0 10'0 00°0 . om -
: oy 22l £E'0L 90l . SEib 5 (2 NI 9°'9 €6 . < oot
10 680 62°0 9°0 €0 €0 22'0 19'0 o 920 o -
. ;698 99°92 65°IE  66°26  2L°6E BT mge 20°s¢ 56°SE (e 084
L - 00 - - o0 - - - T . %o
] ’ . 9% 12 €6°12 60°'22 €961 0602 iz 6512 BE°1Z 62°22 FINYS . oty
£06°0  ¥0°0 ¥0°0 20°0 10°0 00°0 100 w0 £0°0 00°0 Zon
ez s 9¥° 52 12'sz ple2 . 8262 WB'ER ez 1s'€2 BN . s -
€ y 2 L 6 5 S . s 9 L “Lewy" jo
o8 9°s2z-L Z'(8L-5)4 S'@9L-SI9  ose'oi s008-1z2 o i-i¥ g6tz | 6°SELclz 8zel-1g oN oy dwes
(3) ) (®) {r) (3) (9) (q) (a) (9) {q)

- (se3ta0[yd duoz a0) panupjuol (e - Al -....ach
. B VO



Yo

S04 wso'_::!_n w4 mm, pauaaj e A1dasg (p)

FPuawipas snoudgiieiam (2)
-

{3 L-Al 91993 u} sash{eue (enplAipu]

‘saadsef pue s34y (q)
.:o_u-..wu_u adhy xa0mM3203s Bui3oydap spyny aupn [1em Bupbuey - (v)

*6°901-9 | dwes 40 3dEXY  (4)

100°0 000°0 000°0 000°0 100°Q 000°0 ©  000°0 00070 0000 0€0°0 000°0 000°0 ’ A
. 000°0 5100 $00°0 000°0 000°0 €070 . 010’0 «S.o 500°0 {00°0- 0000 - 0000 L]
. - - - $00°0 - Co- - .- - o - - N .
B . .cmo.c 000°0 200°0 moo.c 91070 €20°0 .Noo.o 000°0 . 100°0 €00°0 000°0 200°0 -.u
. €001 569°1 Evp’L 05°1L 1€0° ¢t 010" 1L 69%°0 €251 ¥26°0 L6’ 890°2 €06°1 Gyt
» 60071 051°0 122:o 8s0°0 €22°0 Lo £90°0 8170 vaL’o 1€2°0, #5070 ¥S0°0 L

. o . - 9L € . soge ~pE6°E 0(8°¢€ €SE°¢E m.mm.m ES6°E 6L1°¢ 9Gt°€ [ 4 2Ls°2 92672 ....Nou
o ' . - - - 600°0 - I - - -~ - - “
h teL e 1092 169°2 65L°2. 44 4 -809°2 2592 85¢e°2 §6L°2 uee £€85°2. 0§9°¢2 ' J

) «cm.o £00°0 €00°0 . E00°0 S00°'0 20010 0010 £00°0 500°0 000°0 000'0 000°0 H
6692 80L°2 ,wS.N 992 669°2 1£9°2 862 8L1°2 ¥6.°2 0562 SkL'2 ~ p9L°2 1S

} ) - 0 bl 4O 51599 3y} O Su0] - :

* ) ] .

{ - 50°88 ¥6°98  vb'88  £0'/8 2698 -62°68 £0°68 99°(8 15°48 12'i8  ¥E68- 16°98 iol
~ t0°0 00°0 00°0 00°0 10°0 00°0 00°0 00°0 00°0 22’0 000 00'0 a~x
] 00°0 70°0 20°0 00°0 - 00°0 90°0 S0°0 <0°0 20°0 Y0 00°0 00'0 - oms.,
\ - - - 010 - .- - - - - Co- a7 . o
4 - v'o . 00°0 20°0 20'0 £L°0 020 T2t 00°0 100 €0°0-°  00°0 20°0 - o
! . {6°S 6201 Nm.w. . 9576 Y- 609 $0°9 9,72 1L°6 95°S 8t 02°€l €8°t1 06
’ - Pl 09°1L . BE'2 29°0 .mm.m 22"l « 69°0 67t S6°t 18°2 {3°0 6570 ot
_ vy 9€ 6€-0¢ L6°1€ St e 80" SE 2e 8t 05"y 68 €E 98°£E 66°EC 15°8¢ 867 LT . 0%
: - - - - 1o - - - - - - - So24
. 8¥02 20°02 18702 52°12 . 19761 €L761 961 €8 Lt 86°02 op.c_ T 58°02 £8°02 na~—<

- - " S0 60°0 €0°0 «$0°0 90°0 20°0 S0°0 80°0 90°0 00°0 00°0 00°0 mo:.
b §5°€2 8b'e [ 74 [ T8 4 85°€2 18°€2 (Y48 74 1738 14 10°§2 €72 tL°92 .wu.mm ~o_m
. - 9 L 8 S i ] -1 el 1 ] L € ‘Leue jo “ou
. B-G0E-Gl  9°682-Gt S0L-9 9°8GL-SIG  £°901°'9 €01-9 002-61 £°61£-61 -226-il B85¢-8 8°191=L 6G1-¢ 3{dweg

: s ®) ()] (r) (p) B ©) (2) (@) ° (a) (q) (®) A-.v (v}
oy .- _ o *SYD04 Loz 6upbuey woay. sask{eue 3340142 AL.;:Em Kiaso2 jo0 muufdc “(q 1 - Al otqeL
. . *
. A — ‘ . v . R

LY



301

‘punoy M UO|}3LS0dwod 3_:5.-..9 up SUOLIRiARA u:uur_._:_a: aayn g dwes Ajuo i (o)

¥00'0  $00°0  000°0 000  $0OO  D00'0 0000  OD'0  $00°0 0000  $00°0 B 3
000°0 ©000°0  000°0 000°0  #10°0  ©000°0  000'0  000°0  000°0  000°0  -000°0 ™
910°0 2100 9100  [y0°0  210°0  800°0  800°0 8000  £20°0  [20°0  B0O'O %)
l2l°L L2094 6S0°L  SOL'L  906°0  €23't- Lv0'L  800'L  ¥96'0  L68°0  €L6°0 L
s21'0  10£°0  Zz0»'D €25°Q 860°0 251°0 6210 S0 ¥E2'0  €L2°0 6070 ™
9zp'E  852°C  OLI'E  LPL'E  COE'E  ¥EZ'E . GLEE  L9E'E  ISS'E  EE9'E  6LE°E 2
210'0  800°0  ¥00'0  800°0  ¥00°0  800°0  210°0 2100  910°0  Z10°0  210°0 )
209°2  ¥89°7 0897 2092 0SL°Z  wS'Z 1692 L2 €197 8wz L2 v
¥OO'O  ¥00'Q  $00°0  VOO'O  00°0  ¥00'0  800°0  ¥O0'0  800°0 8000 00O "
169'2 089'2 9§9°2 629°2 €20°2 ¥SL°Z  889°Z  669°2  129°2  8SL°Z  OEL2 i
1]
. 0 VI 40 S459Q 343 UO SUO] " :
) .

¥8'S8 6098 0S°L8 [0°98  12°S8  60°88  SS°98  0S°/8  96°(8  05'98  §2'88 wiol
2000 100 000 100 200 ' {00 00°0  10°0  20°0 000 2070 . o
00'0  00°0 000 000 000 00°0 000 000  00°0  00°0 000 0%
£1°0  60°0 EL'0 {£0 600 {00 %0 00 6°0 2020  £0°0 on
159 20°9 929, 8’9 0€S . SE°L w9 68'S LS 'S €8°S 06w
62°1  60°€  8l'v  €€'S  20°L - 19t €L OE'L 22 SL'2  86°0 ow
Ob'SE  BO'WE  BWEE  [2'26  [S'WE  B9¥E  SE'SE  99°SE - £0°LE  2LME  6L79E 093
20 - 800 . 90°0 900 §0°0  £0°0 EL'0 €U0 L1'0 W0 ., L0 €047
[0°6l- 16°6L 20°02 86°8L  ¥€'0Z  BS°6L  £6°6L  6E'0Z  WE'SL . 25°L 65702 €0y
»0°0  80°0 SO0 90°0  ¥0°0  $0°0  80°0 S0P  60°0 - 010 2070 o1
8267 . Sv'EZ (€62 8522 ELEZ. 89'WZ  ISEZ | 06'€Z  68°22  @S'EZ  ¥HNR Zous
" st €L 2L 1 oL .69 89 9 9 19 ‘on " peuy

B

(+) 6°90L-9 ucu__:vmm SNOJ3S | [ RIdW WOUS momnmu:o 3 |401YD JApIRIUBSAAAIY (DL - Al @|qQeL



302

>

F
R ‘840 PYdins IALSSPW YILM JORIUOCD BYJ AWAU 504 HIOMYI0IS 4IINO ' Wpiydns-z34enb-93}494435  {q)
° . 340 ovv:a—:w SAISSRU MOLSG W Of NO0U NAOMYI03S U—o_.sn—aunua.-¢33300wso—£0100¢0—bﬂm Az
©L9E°L  B2ETL  2SETL OL®TL . BLPTL  19W'L  KESTL  2SETL  6OETL . ¥8¥°L b
‘ zi1'e €E1'0 2L1°0 €U0 9§1°0 20§20 €420 8650  BEL'O w
200°0  ¥8L°0 . 08L°0 88l°0 2[1°0 €8L°0 ¥00°0 0000 ¥00°0  ¥00°0 "
' 000°0 000'0 000°0 000°0 000°0 000°C° 0000 000°0 000°0 .000°0 0
- €9€°0 1Z6°0 200 SPL'O  SPL'O  9SL°0 0200  150°0 £¥0°0  £90°0 o
660°0 910°0 020°0 _ 000°0 0000 200" 020°0 800°C  210°0  000°0 u
650°0 SE0'D  LE0'O  ©060°0  LIL'0 860°0  990°0  0/0°0 0910 8070 o
000°0  000°0 000°0 000°'0 000°0 210°0 " 020°0 020°0 0000  000°0 )
. (04°S  S69°S  €0L'S 0009  (€0°9  §96°S - LLU'S  168'S (€09 0869 - 1t}
800°9  650°9  (20°9 " 206'S  1/8'S  €89'S  926'S  B60°9  168°S  €20°9 1s

h "0 ZZ 4O S1SPQ Y3 UD SUO| jo Jaquny .
]

VL'S6  LL°[6  ¥8°S6  ¥9'L6  WL'96  LL°S6 [9'S6 0Z°¥6 ¥2°S6  92°96 wioL
. 00'8  ¢6°L £6°2 1¥8 628 6’8  9L°6 10’8 L S6°8 o
99°¢ 250  99°0  €5°0 19°0 §9°0 680 90°1 €2 960 o%en
62°¢ 196 S¥'E  09°E  SZ'E S o €0°0 oL 110 ove
000 000 000 000 000 0000 000 000 _6p0 000 0"
: 16°L 06"t 202 $°0 W0 L0 60°0 920 120 12'0 , obw
€0 EL'O 910 00°0, 00°0 oOL'0 (10 [0M 1o 000" o
: 150 €€°0 (20 180 #0°L  98°0 19°0 §9°0 €L 10 094
00'c  00'C  00°0 _00'0  00'0 1L’ 6L'0 810 10°0 000 €019
. 9l'9E 869 22°9€ 69°8€ OL'BE  ¥SLE  L9°6C  18°LE  LL'8E 2076 : €0l 1y
S8 vy SE° 9 2L Sy 87y 6 €V Yo'ty £2°S¥ €L 9 IS vy 28°9¢% .Nopm
v 17y 9% b 2 ob 5 €S 05 1 ‘ou *{euy
V'G9E-8 ¥°G9E-8 H'SOE-9 622-S1 622-SH4 622-5014 €°l1§-9 €-T15-8 €£°115-8. €°LiS-8 . 31 dwes

' : (q)

(q)

(a).

(q)

(9)

(q)

(¥)

(v)

(®)

(v)

»

*$93 40} 43S-WNLA0G PUR $33}3448S JO SISAIMY °Z2-Al BqeL

a




M ) . . . .

~O . i s - ‘o ’ . .
.M . . . X . _

p . ‘ . . : - '
. L] . .
. - e “93111A4d U0} IMMI04 QSjRARg PRAILE  (P) .
= ) . ) -5340 Bpiydins Injssew ()
- Mmil\ .

' ELE"L  G6E'L 6SE°L (62°L :m.é 182°L  £02°L 9SL°L 89L°L -62L°l - 9¥Z'l ) A
,, - 650°0 020°0 €90°0 990°0 9%0°0 9100 980°0 060°0 251°0 m:.n—. 62L°0 ™
. : 1120  £02°0 9%2°0 16E°0 B2E'0 "~ 8LP'O SKY'O  96¥°0  L5°0 26¥°0 L9°O - LU
" ) ' " 000°0 650°0. ¥00°0 0000 ¥00'0 000°0~ B800°0 800°0 000°0 2070 91070 L] :
€22°0 2020 £22°0 L1170 2510 #91"0 690 SL¥O0 [9EO OED  OL¥D L]
910°0 000°0 020°0 #0070, 910°C $00'Q 020°0 #00°0 0000 910°0 020°0 w

621°0 S¥L'0 EEL'0 0£2°0 ¥SL°D O¥E'D  LpL°0  66L°0 8910 8BL°0  £22°0 . 7
: ) 000°0 ‘0 000°0 000°0 000°0 $00'0 8000 000°0 0000 8000 000°0 : 9 :
* ‘ . 21°s  290}S  S69°S 10E'9 6LLIG €909 669°S  269°S #2B'S  OE6'S  129°§ IR : ,
v20°9 9 §50°9 E¥S'S 108°S 999’ 658°S (68°S S0B'S EOL'§ S8'S s
. . L , 0 2Z JO SISRQ 3 UO SUO} JO JIQuAN :
» 4 . . o : . ‘
- SN PI'66  ¥L°96 20°L6 LL°L6 SL'L6 S0°66 06°S6 LL'¥S ¥9°L6 L0°86 6L°26 ) vi0L
. S 86°( 818 66°L 6L II'S L 089 SE'9 899 SK'9 699 o
) L . £2°0 100 Y20 $2'0 §2°0 90°0 20 €0 {50 #5090 . o’
. 0’y . 86°C 69°v (2L S0°9 8L 8l'8 988 258 616 908 - ovg .
: : 00'0 1¥'0 €0°0 000 €00 000 $0°0 $0°0 00°0  £0°0 . L0 © om .
: SI'L 12t L LS50 w0 180 £z 9L 081 99°L  68°L 06w
. . * £1'0 000 BL'0. .¥0°0 .EL'0 SO0 ZI'0 ¥0°0 00°0 EL'0  LL°O L o
: - Coeet ezl 0zt %z s8'e 100€ L0LR 9t L vl 2l 0%4
. .. _o00 0000 000 000 000 -$0°0 800 000 000 60D 00°0 fo%an
©oL Core €9 029 L8°6E  L2'SE 667LE  WLWE E9°EE WI'9E L9 OLZE €ol1e
Sy L6V SE'SY WOV BT 7Y LLUZ. 'y a5y szOv o )
e S a8 €€ 22 o0 6 8 L& 9 €2 “ou " peuy
sl 651-L 651-L 6§L- O9vv-B O¥PB 9YP-8 69E-B 69E-8 G6UEB 696-8 6968 a1 dwes
Fast S S (S A S £ At N P S ¢ i A £ . .
O . . . . - . R
. ) ' . " (s2310pa3s-vg puR S¥I|344aS)  pInuUpIU0Y  Z-Al 3|qeL
4 - .
h ' ) - . < ,f., ~




[y

° .
- « “ <
d -~
Table I¥-3. Spessartine garnet analyses. . \
i
. Anal. mo, 1 2 3 6 7 B. 4 15 . 16 AVERAGE:
510, 15.78 C 35,28 36.66 36.22 3%.18 3.5 35.72 3.76.  %6.04 359
Ti0, 0.23- 0.3 0.25 0.27 0.32 0.29 0.28 0.31 0.33 0.29
A1,0, 18.63 18.76 18.67 19.33 19.14 19.29  19.09 18.96 19.22  19.00
Fe,0, 1.08%s 1.84 0.77 1.50 1.68  1.56 1.38 1.53  _1.65 1.49
Fe0 2.84 1.86 4,03 2.8 2.26 2N 245 2.5 .22 2.53
MO 33.50° 34.59 33.66 35.20 35.35 35.43 35.00 34.66 35.57 34.77
° Mg 0.07 0.07 0.10 . 0.05 0,06 0.07 0.07 0.04 0.06 °0.07
a0 5.28 5.45 5.26 5.58 5.32 5.3 5.19 5.44 5.25 5.35
TOTAL 97,39  98.47  99.40 100.78 100.46 ‘101.02 99.42  99.45 100.63  99.55
o Number of ions on the basis of. 24 0
si 6.024° 5.877 6.076 5.%5 5.919 5768 5.898 5.968 5.881  5.928
T ‘0.029 0.040' 0.031 0.033 0.039 0,035 0,035 0.039 0.080 0.036
He 0.000 0.083 0000 0.062 0.042 0.197 0.067 0.053 0.07%  0.036
AT 3.697 3.683  3.647°- 3.714 3.690 3.686 3.715 3.692 3.696  3.699
L. 0.135 0.231  0.09 0.184 0.207 0.191 0.172 0.19% 0,203  0.185
Fe?* 0.0 0.260 0.559 0.305 0.309 0.368 0.339 0.353 0.303 0.349
" 4777 4.880  4.655  4.861 4.898, 4.866 4.895 4.851 4.916 4.862
Mg . 0.018_ 0.007 _ 0.025 0.002 0.015 0.007 0.7 0.000 0.015 0,017
Ca 0.952 0.973 0.93 0.975 0.932 0.933 0.918 0.9%3 0.918 0.946
Andrad.. 4.62%
Pyrope f . P ’ 0.51%
Spess. y 83.59%
Hydrogross. . W 0.51%
Gross. ' 10.77%
Almndine ' . -
Sample 8-358.1° i
v .
[
L)
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Table IV-3. Continued (Spessartine gaﬁfnet) ‘
D . ) TT.343.7
At no. . 19 . 30 . @ 33 34 AVERAGE
C.sio, - 7.1 36.24 3576  37.16>  36.08  36.32
- Ti0,- 0.54, 0.25 0.28 ~ 0.27 0.29 0.27
A0, . 18,07 19.68 ° 20.16  18.83  20.03  19.69
Fe,05 1.86  0.00 0.00  0.00 ' 0.06  0.00
Fe0 = 3.25  4.46  4.85 4,58 506 474 *
Mn0 33.31  34.95 34.43 . 33.04 35.16  34.40
Mg0 0.33 ™ 0.07 0.09 .0.04 0.05  0.06
Ca0 4.98. 4.14 406 423 432  4.18
TOTAL . '99.45+ 99.79. 99.63  98.21 101.45  99.66
: Number of ions on the basis of 24 0
S 6.107 5.977 5.856° 6.171  5.841  5.990
Ti -0.067 0.031  0.G34  0.034  0.035 \ 0.033
My 70.000 0 0.000 0110 © 0.000 0:124  0.000
AL 3.505  3.825 3.889  3.697  3.822 . 3.827
Fe3* 0.230 _ 0.000 0.000 0.000 0.000° 0.000 .
Rt 0.447 ~ 0.616 0,664 ~ 0.636- 0.685 . 0.654
M “4.643 4.882 4.773  4.647 4.821  4.805 .
Mg - ‘0.081 © 0.017 0.022 , 0.010 0.012 0.015
‘Ca \ 0.878  0.732°- 0.708  0.753  0.749 - 0.739
, Andrad . 6.32% . -
'J’ympe - 1.58% 0.26% .
Spess. " 82,63% 7 83,73% -
Hydrogross "" - 4 -
. Gross. - 9.47% 12.85% - . -
MmmM Tl C3.16%
19) Dark .s ssartine in sample 8-358. 1 .
30,32,33,34) samp]e N-343.7 » o
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Tab]e‘IV-4b) Analyses of carbonates scattered in cherts.

' (a) (b) (c) (d)
Sample S1-328.7  S1-328.7  $1-328.7 $1-229.1
Anal. no. -~ 9 8 15
MgO 0.14 2.23 3.88 1.7
Ca0 52.64 13.86 2.61 3.10
Fe0 3.06 81.27 52.41 50. 56
MnO 0.51 2.51 1437 5.6
TOTAL. 56. 35 59.87 60.33 60.83
MgCo, 0,29 4.67 '8.13 3.58
CaC0, 93.9 24.74 4.66 5.53
FeC0, " 4.96 ' 66.57-  84.54 ' 81.55
MnCO., 0.83 4.07 F2.32 8.8
. ! . :r, . ‘.",:.“‘» 'ﬁ;“‘ﬁ“
3 100.02 100.05 9965 "+, 99.52
Ions on the basis of 2 cations
Mg 0.007  0.121 0.216 0.097
‘Ca 1.893 0.542 0i104. 0.126
Fe '0.086 1.259 1.635 1.602
Mn 0.014 0.078 0.045 0.175
(a) Calcite 4
(b) Ca-siderite _
)
(c) Mg-siderite (sideroplesite)
(d) Sidefite '
Ty "";:{ i ":a . .‘,: - |
s Ry é o
i U ~ ga N
A S - iy
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Table 1V-4¢c) Analyses of coexisting carbonates in metalliferous sediments above the feitais orebody.

o

(a) (a) (a) (a) (b} (b), (b) Ae) {c) {c)
Anal. no. 9 103 101 100 92 89 91 98 97 95
Mg0 0.37 0.59° 0.54 0.49 - 0.56 0.57. 6.36: " en 0.35 0.43
Ca0 42.98 36.65 31.42 29.85 23.03  .22.70 22.49 3.47 3. 3.77.
- FeQ 3.23 4.0 1.3 0.86 1.01 0.50 0.51 6.]5 2.1% .73
MnO 10.35 17.04 25.55, 27.3 34.44 35.67° 35.92 51.01 54.0¢ 55.14
8a0 0.7 0.01 010 0.08 ' 0.6 0.21 0.6 0.3 O0T& 0
TbTAL 57.20 58.30 58.98 58.56 59.20 59.65 59.74 61.71 .61.16 61.18
MOy 0.78° 124 133 1.03 117 119 -1.38 149 073 0.90
‘(:aC(J3 ) 76.72 65.42 56.08 53.28 41.1_1 40.52 40.14 6.19 6.62 6.73
FeCO3 am5.21 '6.47 2.21 1.39 1.63 0.81 0.82 9.94 3.48 2.79
' H\COJ B 16.77 27.60 41.39 44.24 55.79, 57.79 . 58.19 82.64 88.78 89.33
BaC03 : 0.35 0.01 0.13 0.06 0.21 0.27 .W,O.Z'I 0.46 0.18 0.14
b4 ~* 99,82 100.74 100.95 100.00 99.91 : 100.58 100.75 100.72 99.80 © 99.89
. Number of ions on the basis of 2 cations
Mg _0.019 0.030 0.028 0.026 0.030-  0.030 0.035 0.040 0.020 0.024
Ca 1.583 1.356 1.178 1.130 0.888 0.870 0.861 0.340 0.151 0.153
Fe 0.093 0.116 0.040 0.025 0.030 0.015 0.015 0.193 0.068 0.055
Mn 0.301 ~ 0.498 0.755 0.818 1.050 1.081 1.087 1.622 1.759  1.767
Ba 0.004 0.000 0,001 0.001 0.002  0.003 0.002 (0.005 0.002 0.002
(a)‘ Manganocalcite
{b) Kutnohorite um(m3)2 .
{c) Rhodochrosite
) (I.b?) sample 9-285
f
i ‘e @
—~ - ,./'zl

309



.
2 «

Table IV-4¢) Continued (Carbonates in metalliferous sediments)

‘ {d) (d) {d) {d) {d) (d)" e} {f) $2]
Anal. no. 80 58 81 67 76 84 54 53 86
Mg0 0.40 0.42 0.44 0.30 0.30 0.22 ,3.28 3.4 3.66
Ca0 45.7% 46,42 44,45 47.98 44,50 45.79 30.46 29.21 29.72
Fe0* 3.]6 3.53 3.63 3.88 3.95 5.39 9.88 13.92 15.25
.m0 T 7.69 6.48 8.30 4.52 8.46 4.84 13.75 11.03 9.22
8a0 0.18 . 0.2 0.21 0.1 ,0.20 0.16 0.16 0.09 0.14
TOTAL [ 57.18 57.06 57.03 56.89 57.41 56.40 . 57.53 57.65 57.99
HgC03 0.84 0.88 0.92 0.63 0.63 0.46 6.87 : 7.13 7.67 ,
(Za(‘.O3 81.67 82.86 79.34 85.64 79.43 81.74 54.37 52.14 53.08
. , FecO, 5.10 5.69 5.86  6.26 6.37 8.69 1594 22,45  24.68
MC03 12.46 - 10.50 13.45 7,32 .. 13.1% 7.84- 22.28 17.87 14.94
oy BlCOa 0.23 0.27 0.27 0.27 0.26 @ 0.21 0.21 0.12 0.18
100. 30 100. 20 99.84 100.12 100.40 98.94 99.66 99.70 100. 44
- . Number of jons on the basis pf 2 cations . .
Mg 0.020 . 0.0 0.022 0.015 0.015 0.011 0.170 0.177 0.188
Ca 1.666 1.689 1.630 1.742 1.625 1.690 1.135 1.091 1.100
fe 0.090 0.100 0.104 " 0.110 0.113 - 0,15 0.287 *  0.406 0.440
] W 0.2 0.186 0.241 - 0.130 . 0.244 0.141 0.405 . 0.326 0.270
Ba 0.002 0.003 - 0.003 0.003 0.003 0.002 , 0.002 0.001 0.002
. ‘ . - - @,
(d) Manganoan-ferroan calcite ~ ’ (d.e,f) “sample 9-285 (in veir-\)

v (e) Manganoan ankerite
(f) Ferroan ankerite A ) o : ,
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Table IV-4c) Continued

(Carbonates in metalliferous sediments)

(h}

> [} (9) (9) (g) (9) {h} (h} (h)
Anal.. no. 42 72 52 82 *51 65 87 64 66

Mg 1.94 1.65 1.59 1.81 1.13 2.20 1.43 1.61 1.37
Ca0 2.27 2.46 . 2.04 2.54 2.29 1.23 2.80 0.91 0.88

Feo 32.79  33.35  33.54 34,71 35.10  43.95  46.37  47.84  49.19

M0 24.02  23.51  23.96  21.67  23.08  14.08 °10.86  10.54 9.36

Bal. 0.19 0.20 0.16 0.18 0.17 0.6 0.18 0.18 0.23
TOTAL 61.21 6117  61.29  60.91.. 61.77  61.62  61.62  61.08  61.03

" Mgco, . 4.07 3.46 3.33 .79 2.37 4.61 3.00 3.37 2.87
caco, 805, 4.39 3.64 4.53 09 . 2.20 5.00 1.62 .S

Feco, 52.89  §3.79 5470  S5.9%  S6.62 7089 7479 7707 7934

o, 3890 38.00 .82 BN 3 2.8 1759 17.07 1516
. BaCO, 0.24 0.26 0.21 0.23 0.22 0.21 0.2} 0.23 0.30

-~
p 100.177  99.99  100.10  .99.65 100.68  100.71  100.59  99.47  99.25
* Number of ions on the basis of 2 cations

Mg 0.109  0.093  0.089  0.102 0063 0.123 _ 0080  0.092  0.078
Ca 0.091 0100 0.083 0.103 0.092 0.049 0173  0.037 - 0.036
Fe 1.0%2 ~ 1.053  1.059  1.098  1.106  1.378  1.459  1.528  1.578
"™ 0.785  0.752  0.766  0.694  0.73%  0.447  0.346  0.34)  0.304
Ba p:d63  0.003 0.002 0.003  0.003  0.002 0.003  0.003

0.002

(g) Manganosiderite
{h) Oligonite

(d,e,f,g,h) n vein, sample 9-285 .

Y
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Table 1v-4d) Analyses of carbonates in deeply altered PS phyllites and tuffs above the Feitais oMy.

(e,d) replacing chlorite

)

(a) (a) - {a) (b) {c) (¢) {c) (d)
Sampie 15.285.6 15.285.6 15.285.6 15,285.6 15.285.6 15.285.6 15.285.6 15.285.6
Anal. no. 7% 77 91 74 9 73 %0 - 9%
Mg0 . 14.64 14.53 13.60” 9.35 5,58 7.07 5.53 11.73
Ca0 29.42 30.01 29.41 . 26.66 7.17 5.64 6.32 29.12
Fe0 - 3.83 4.00 4.58 12.33 45.50 45.48 . 46.58 4.18
Mo 6.82 6.55 7.1 7.33" 1.72 1.56 1.09 i0.50 -
B8a0 0.00 0.00 0..00 0.00 0.16 0.07 0.0 0.0
TOTAL 54.71 55.09 54,70 55.67 60.13 59.82 59.89 55.54
° : . F
MgC0, 30.69 30.45 28.51 19.60 11.70 14.82 .59 24.59
Caco, 52.61 . 53.57 52.20 47.59  12.80 10.07 11.28. 51.98
FeC0, 6.18 6.45 7.39 19.89 73.39 73.36 75.59 6.3
MnCO, .05 10.61 .52 11.87 2.79 2.53 1.77 17.01
Bac, - - - - 0.21 0.09 0.12 0.01
b 100.43 101.09 99.91 98.95 100.88 100. 86 100.3¢  100.33
Number of fons on tfe basis of 2 cations

" 0.700 0.691 0.658  0.472 0.299 0.377 0.299-  0.573
Ca 1.02 1:026 1.023 0.969 0.276 0.216 0.246 1.022
Fe 01037  0.107 0124 0.349 1,369 1259 T 421 0.
M 0.188 0.177 6.195  0.210 0.052  0.047 0.033 0.291
Ba, 0.000 0.000 0.000 . 0.000 0.002 0.001 0.001  0.000
{a,d) Ankerita

(b}  Ferroan ankerite °
{c)  Mg-Ca-Mn-siderite ¢

{a,b,c) replacing albite -
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Table IV-4d) Continued (Carbonates in PS phyllites and tuffs) "y
(d) {e) (e) (e) (f) (fy {g) {g)

Sample 15.285.6, 15-286.6 15.285.6 15-285.6 15.285.6 15.285.6 8-358.1 8-358.1
Amal. no. 9% 48 57 52 55 56 18 19

MO - 12.45 12.53 12.21 § -12.68 0.09 o.Nn 0.50 0.38
cad 29.58 29.19 29,08 29.19 54.07 55.25 84.13.  46.21
Fe0 3.60 3.91 N 3.83 0.20 0.20 -+ 0.09 Q.56
M0 . 9.48 9.43 10.42 9.47 0.25 0.32 12.04 9.98
a0 0.00 0.00 0.01 * 0.00 0.07 0.02 0.00 0.12 .
TOTAL 55.11 55.06 55.43 55.17. 54.68 55.90 56.76 57.25
MgC0, 26.10 26,26 25.29  26.58 0.19 0.23 - 1.05 ° 0.80
CaC0, . 52.80 §2.10--  51.91 52.10 96.51 98.62  71.87  82.48
FeC0, 5.8t 6.3 5.98 6.18 0.32 0.32 0.15 0.90
WhCO, 15.36 15.28 16.88 15.34 0.4 0.52 19.50 16.17
BaCO, 0.00 - 0,01 - 0.09 0.03 ° 0.00 ~ @.15
z 100.06 - 99.95 100.38 100.20 97.52 99.72 99.47  100.51

Number of fons on the basis of 2 catfons

Mg 0.506 0.610 0.594  0.616 0.005 D.005 0.026 0.019 .
(% . 1.034 1.022 1.017 1.019 -7 1982 1.980 1.622 1.677
Fe 0.089 0.107 “0.100 0.104 0.006 '0.006 0.003 0.016
Mo 0.262 0.261 0.288 0.261 0.007 0.009 0.350 ~ 0.286
“Ba 0.000 0.000 0.000 _ 0.000 _ 0.00 0.000 0.000 . 0.062
{d,e) Ankerite

(f) (Rare) calcite ¢ .

(g) Manganocaicite

'I

A
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- Table IV-4d) Gontinued (Carbonates in altered PS phyllftes and tuffs)

’

-
(9) (9) {h) () ($ (k) (k) (k)
Sample 8-358.1  8-358.1  6-105.1  6-105.1 6-105.1  6-105.1  @-105.1 6-105.1
Anal. no. 23 - 20 66 - 70 92 <74 93 73
o - 0.44 0.55 11.88 5.10 2.86 .0 144 1.80
ca0 ' 44.46 43.74 30.96 1.65 3.50 6.46 5.95 3.90
Fe0 0.64 0.95 2.89 22.02 13.70 6.56 6.89  8.55
Mn0 11.38 2.1 9.32-  31.48 40.35 45.77 86.06 26.57
_Ba0 0.05 0.15 0.01 0.16 0.04 0.07 0.08  0.16
no - - 0.00 0.05 0.04 0.20 0.00 0.14
TOTAL 56.97 57.50 55.06 60.46 59.89 60.77 60.42 61.12
MgC0, " 0.92 1.15 24.90 10.69 5.99 3.58 3.02 3.7
Caco, a 79.36 78.08, 55.26 2.9% 6.25 11.53 10.62. 6.96
FeC0, . 1.03 1.53 - 4.66 35.52 21.13 10.58 1n.n 13.79
O, 18.44 19.62 15.10 51,00 , 65,37 78.15 74.62 75.44
BaCO, 0.06 0.19 0.01 0.21 0.05, 0.31 0.10 0.21
nco, - - 0.00 0.08 0.06 .~ 0.09 0.00 0.22
z 99.82 100.57 99.94 100.43 98.85 100.24 99.47  100.39
Number of tons oh;he basis of 2 cations

M 0.022 ° 0.028 0.579 0.279 0.160 0.095 , 0.080 0.100
Ca 1.629 1.594 1.084  0.065 0.141 0.257 0.239 0.156
Fe 0.018 0.027 0.079 0.675  -0.412 0.204 6.216 0.267
M 0.330 0.389 - 0.258 . 0.978 - 1.285 1.4%9, 1.463 1.4
Ba 0.001 0.002 0.000 0.002 0.00F 0.001 0.001¢  0.002
n - - 0.000 0.00! 0.001 0.005 0.000 0.004
(g) Manganocalcite .
(h) Ankerite i
(1) Fe-Mg rhodochrosite -~ ’
{J) Fe-rhodochrosite
(k) Rhodochrosite " - B

-

-
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g Table [V-4d) Continued (Carbonates in altered PS phyllites and tuffs) .
\’{« , (m m (1) (1) (n (1) o )
Sample 15-330.2 . 15-330.2 15-330 5-330.2. 15-330.2 15-330.2 15-330.2 15-330.2
Aml. no. . 129 130 134 136 138 139 w142,
MO 0.18 0.0¢ " 0.20 0.16 0.18 0.16 0.40  0.09
a0 ‘ 53.69 56,79 51.59 54.50 54.83 54,77 53.06 54,97
Fe0 0.53 0.56 0’20 0.62 0.44 0.53 1.21° 0.98
¢ "0 1.30 1.13 4.83 1.06 0.86 0.77 1.57 0.75
Ba0 0.00 0.00 . 0.00 0.00 0.00 “0.00 0.01 0.00
TOTAL 55.70 56.62 56.82 56.34 56.31 56.23 6.3,  56.79
Mge0, . 0.38 0.29 | 0.42 0.34 0.38 0.34 0.84 0.19
caco, 95.84 97.80 92.09 97.28 97.87 97.76 ,  WM.N 98.12 : -
. FeC0, 0,85 0.90 = 0.3 1.00 0.7 0.85 2.05 1.58
\ MnCO, 2.0 1.83 7.82 .72 1.39 1.25 2.54 1.22- -
- Baco, , - - - - . - 0.01 -
. : t . 99.17 *  100.83 100.65 100.34  100.35 100.20  100.16  101.11 ;

Number of fons on-the basis of 2 cations

Mg 0.008  0.007  0.010  0.008 - 0.009  0.008 . 0.020 0.004
Ca 1.939 1966  1.848  1.945  1.955  1.95  1.900  1.547 .
Fe .0.015  0.006  0.006  0.017  0.012  0.0015  0.03  0.02
" 0.07 0.0  0.137  0.030  0.02  0.022  0.0M  0.02!
. Ba - 0.000°  0.000  0.000  0.000  0.000  0.000  0.000  0.000
L’ B A <’ « ~

(1) .Calcites 1n PS Formatton tuff. . .




, Table I¥-5. Analyses of sphalerites from the Feitais ore enviremmmt, -
Sample bis-161(a) — b1s-163.3(a) — 11-351.9(a) ! )
R Anal. no. 19 ] 23+ n 12 1 " it]
s 242 B4 VG BE N 1300 20.16  33.06 ne BN
~ 000 000 000 000 000 . 0.08 0.00 0.00 0.00  0.00 :
Fe 461, 427 48 420 AM 202 211 2.60 0.8 072
& In AN R0 6.5 0.6 & 6469 64.87 6453 66.78  66.62 s
e ~ 0.00 008 0.00 002 002 0.2 0.0 0.5 0.08 0.0
o A
TOTAL 9.8 WM NB  9MN 10007 99.82  100.20 *..100.32 W24 100.46
Fa$ mole 1 - s 148 m 1w 353 .67 450 1.8 1.2
-' Jv 4
v 'J N ‘
r U

| Smele 11-381.8{a) B VO 5(b) — - B13-180(c}
Amal. no. ] 7 $ n 12 13 ™ % “ n .
s na unn0 32.90 13.08 3.7 3331 W19 M2 33,26 0.2 *
- i 0.00 0.0 0.00 000 000 000 0.00 _ 0.0 0.00 0.0
Fe 1.4 1.88 .09 1.7% 1.68 .2 212 | 1L 40 .
H .3 641 600 643 A5 $4.06 629 - 62.50 62.64 .
o 0.0 0.2 010 0.0 0.6 0.00 0.0 0.0 9.0 -
TOTAL ny .18 9.27 99.52 WIS 100.4 5.0 .48 99.91
Fa5 mia ¥ .4 .Q 3.2 36 .08 2.9 3.8 379 6.51 7.03

L ]
ﬂ“v‘ 1] R .
. . e
Sample ' - bis~100{c) — bis-182.2(b) ———————
Aoal. ne. 7 7 7™ 1 1 R} -4 " 1"
i s 36 N nw 3.3 M09 383 1.5 NN NN NS .
- .00 080 0.00 000 000 000 0.00 0.0 0.00 000
*eo .0 3.87 .34 L % 2.1 , 198 LA B A B K
i 2s @ 02 N HI O HNE WS KO 2R 0.0 , ot
(7] 0.00 000 0.02° o0 oM 00 0M 06 R 0.0 - -
AL . < 10062 99.77  100.38 ”e 10023 10.63 10022 #.7 MO W . .
. . ’
.
Fes mle 3 &9 420 m . L M 18 .00 620
" .
« . ’ P
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Tadble Iv-S. Contimued  (Sphalerites)
»
o - b1s<187.2  bis-220.58 8-369.25(d) 8-418. 7(c)
ﬁ. "o 22(v) (20(d) 2 fn “ L] a7 7 2 \
5 . ny 3.4 O NG NI B BA wK XTI W'Y
- 0.00 0.00 0.00 _ 0.0 000 0.00 0.00 0.0 0.00 0.6 ’
) .0, 208 0.8 0% 077 0.8 072 0.5 L7y e -
23 £.38 63.04 65.16 6587 6540 6453 65.23 W5 6.16  §2.84
YIS 0.2 0.08 0.23 0.08 0.00 Q.00 40.03 b 0.00 0.0
- ' . -
<o 100.87 74 | W% NN N3 NN N2 107 0.2 9.9
-~ FeSmles " 5.5 1L L oM 1% 1.2 L2 091 ¢ 656 6.4
. ’ .. -
] - N
o
..' D - .
o tlc 418.7(c) 8-428(c) - .
. 1. no. n ‘n w @2 18 2 n F- 2% P ©
’ T Al
s .7 /e RN B NN NS WY NA DG ¥R NN v
- - 0.0 02 0.2 0.08 0.00 0.4 @08 000 0.3 0.0
: F L8 s 56 5.6 29 5, 608 573 sw 6z
Y m 63.15 1 6354 6186 61.66 $0.24  60.66 9.2 #0.21 006  60.34
w“ 0.0 000 0b0 0.m 007 000 0.00 015 0.04 0.00
ToTAL S 100.55  MZY 10083 109.05 10040 10046 99.25 979 100.06 100.60
’ , ' . i
FoS snle § 660 617 s 9. 0.8 103 1063 10.06 1030 0.8
. . o
*
/ <
L e
Somple 848 —_—— g (e — bis-228.6(e) —
sl o, 2 e ) 2 53 P W # ] -,
s - DM N0 nW I DY [ MM NN BT W . 4
~ 000 0 000 0.8 00 0.00 0.00 0.00 0.00 0.0 -
- e ~ S AT A0 s, LR 4 4S8 234 243 148 )
I 0.3 W 6.07 6.8 W07 Q.08 LSl “o e o -
4 o) ‘e 000 0%’ 000 0.00 0.0 0.0 000 000 . s
oL 100,20 W4 $O 1OKEE 9O WP W00 N 90 Mme :
RS wle 1 CY W S R N S T RS X R X "SRR IR R .
L B > v T ey e ' -
.5 > - v '
- -
. . N ' Y
' ' PR ‘ s - ‘ |
€ |’ - ) ‘ﬁ
; » ¢
. . . ! ' . - " T, -
» - 5 . ) -
g ‘ , “

2




. . . Q
L] A -
Y (=
. - . )
M ”
[Y M . - » * ~
- . '?
. . . » . B
E) - . " - R .
' R ]
) e
" Teble V5. Contimved (sames) ¢ ‘ 3
' ' R . I3
Sasple —— bi3-228.4(e) — — gt-z:c.s(c) 21-761.2(e) -
\ -Aml, no. ® o " 2 ) 6 7 .
- - . N [ . 9 "
/ s "X // B nA 3.6 33.27 NS BN 15 n8
™ 0.00¢ 0.00 0.00 0.00 0.02 " 0.00, 0.0 0.00 0.00 .
fe ' . z..u/ 238 o 2.2 £1% - TS X B U "N 2n  2m
n Q.4 8l s $4.52 6454  64.685  63.93 64.23  $4.09
- L ¢ 0.00  0.00 0.04 038 . 0¥ 023 017 0.3  0.13 ¢
1!' o™ 0013 99.07  99.29 10010 99.80 99,81 9. .  100.01 99.14
| , - . " .
-‘A FeS mole £ 447 A2 L . 307 317 2.4 282 . 370 3.
4 - - - -
' t\"‘ < ‘
. - ‘ -
. =T
. Bl . -~
[N - .
J »
:\ : N - ) P [y
y * ' L
- . e — 21-800.5(s)
© ., Amale no, 2 . n .
. -—
s . Bm P n 12
, -~ , 01 oo oo o.04 , .
., fe 1.4, 19 192 104
- 4 n. . 64.52 €5.00 6469 6509 .
- : o ca © 0.1 015 0.0 0.2 ’ i
AL 99.55 100.63 9920 100.42
L. . -
' FeS mole 1 261 2070 198 1@
‘ () In charts and Jaspers ' . *
. - : , (b) In mdium grade In-Pb massive ove (2nedb<7%) « -

(¢} In high grede In-Pb msuive ore (InePb>7%)
(€} In copper rich wessive: ore .
\ < (e} Ia steciwork ores
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° ' APRENDIX V -

o Coe ‘
WHOLE' ROCK GEOCHEMICAL' DATA o
ON ORE ZONE ROCKS INCLODING HANGING WALL

CHLM GROUP SEDIMENTS o

°
P - ' .

V-1. Stockwork zone rocks and massive sulphide o_re&'
V-2. Siliceous and'@etél1{ferous sediments {Jasper unit)‘ -
V-3. PS Formation phyllites, tuffite¢ and tuffs

V-4, tSu]m Group greywackes and shales
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Tabla ¥ « la} -

1

Woskly ore Zoms altered Mine tuffs.

bis-262

15-412

bis-306.1 8-363.3 8-263.4 bis-254.5 8-499.7 8-487.1
£

8-365.4

$10,

- §

STFEPKESL FINPEILLIFTEINXPYSE

€7.38
0.10

.o
7.85

0.08
0.50
0.67
0.09
6.8
0.09
w

.73

5.69

63.69

0.21

16.20
4.4

0.03"
286
0.8
0.09
.00
2.4
o -

4.52
8.7

3.08

69.19
e.10
9.96
1.

0.07
0.
6.0
0.21
e
e
L J

5.9
9.12
0.%2

140
129
1889
[
53

1y
4

i ]

18
N
»

1§

>

u.n
0.2

7.n

19.60*
L
9.10
L2
]
7
1.5
N
L ]

4.4
.84
14.64

iy
78

1059

n.o

Ewdsuwwhs

0§
0.3

5.,
4.600

0.08
n
0.3
(&4
1.9
5.18
0.02

6.03

z.58
0’
.

199

n.e
3

56.90
Q.04
.78

poe
0.01
0.10
L]
0.18
0.25

0.8
o

18.73

9.53

a
7
1596

47.08
0.08
¢ 5.88

21.60¢
0.14
1.
.30
G.08
0.22
1.00

0

*15.25
95.91

16.77

ysyn=,.8,. 89, fus

«

.18
d.10
7.0

14,70
0.00
0
[
0.06

0.3
1.6
o

9.79
90.68

.29

4.

6.5
M
131

Eononn.

1
197

7.6

N

19
© 2.0

§7.31
.z
2.57
0.2
2.66
0.08

0.9¢
4.9
0.03

N
%.n

1.8

ns
106

2.0
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Table ¥ - 1b) - Outer steckwork rocks” (Quartz-serfcite-sulphides)

£y

kJ

~

8-508  185-376,6 9-B24.7 bis-289.7 bi3-2B.5 bis-22%.)

bis-zy $367.9, 8617 dis-230.5

s10, 79.001 T8 6.&2 483 6LEl T 6.3 .40  66.00 54353 17.88
0, ) 00 0.18 0.14 - 0.08 0.29 0.2 017 0.3 0.17
A0, ) 5.4 698 5.7 12.00 812 LE PR (N R NI X 9.68
fa 0 ® 0.54 L] ) 4 ‘ : :
Fel 5.73 5. 97 1.89 .09 14.90* 2.98* 19.41% 5. 14> 4.00* 40, 44*
mo 0.6 028 007 "0 0.0 .02 027 0.01  0.06 0.2
o 1.08 1.8 2.08 0.47 L) 0.49 0.4 0.93 .m 0.25
a0 ] 1.8 1.70 0 . [ 0 7.69 o " w0
80 ) T 0.0 1.06 0.2 0.34 0.45 0.93 1.23 1.68 0.07 0.50
0. 0.19 0.2 0.43 0.2 0.2 0.6z 0.29 0.4 0.3 0.13
0 1.3 1.7 .57 n 1.4 3.8 Ln wn .8 P}
PO o o . oo w0 0 ) (] 0.R 0.00 w0
o1 R 6.6 0w - 40 9.98 .98 19.14 " .3 285
TOTAL 90.81 98.66 9952 N.9 97,16 97.59 97.10 9.4  100.22  99.84
58 1.70 3.2 063 2.7 11.59 2.4 13.10 3.58 .28 28.9%0
N\ ™~ '

» 62 - 20 ] »“ 1[3] m o n? 9
$r 2 » x 5 ) n 1% % “ E7J
Ba 889 9492 27 2078 4004 8298 o1z 1%0m s 454
sc - - - - - - 6.6 7.5 2.0 -

Y 52 2% 0 57 % 2 @ 2 »' 2
r 6 190 o) m 1% 287 29% wr »7 o,
L4 - - - - - - 7 [} 1% -
™ . 23 1 2 16 1 5 5 () . ”
Ta - - - - - - 6 ‘6 0 -y
- er 0 2 16 10 2 7 " 8 » $
[ 9 ] 17 . [ kY] 5 18 1 &
M 4 [ ] 3 18 7 “ 13 n [] : 1
@ » - ¥ e % o 62 57 7 r
—i(ppe) - - - - - - - - - -
n . 2 a3 6 o " 5 6102 n 2 108 265
[ ] 103 2 3 5 128 s ) @ 049
™ - - - - - - 1.0 .0 %.0 N

L .3

Ce . . 15.6

~ n.s

- - 14.7

o 2.1

“ N 12.0

Dy 1.9

tr 1.5

n 1.2

#6110 o , e

L -
** Total Iron
. . z -
- .. %
' s .

o
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Table ¥ - 1B) - Contimued  (Outer stockwork rocks)
11-422.2 8370 W5 21-696.1 21-688.2 15-409.3 21.793.2 Dbis-250.8
P - '
510, . 5.3 7491 0.7 6874 ne s %7 7.1
Mo, - 0.4 0.06 023 0.0 0.16 0.18 0.15 0.08 -
" . A0, 18.92 “n R’ .. 134 6.7 13.20 5.2
o Fa,0, o » 0.33 0.72
6.77 2.4 N.ee N 1.97 e 2. 21.07¢
[ 0.18 0.2  0.0% 0.06 0.03 0.07 0.4 . 0.07 .
g0 . 1.09 0.58 °  0.72 2.13 3.63 1.44 0.8 .
a0 0.2 5% W » o L4 ] )
820 .88 Lan 2m .27 o.n 0.19 0.06 0.1 _ ' .
M0 0.18 ] ] (] L] T W (] n ' .
& K0 142 0.7% 2.1 ERT .54 .2 3.13 0.54 )
(xR 0.04 w0 © w » [ o w0
- T ) 813 - 7.33 a2 5.87 3.26 7.4 2.58 12.33 .
L1 T 9%.28 N2 WM NG .66 99.28 %.98 0.9 .
ss 1.9 .00 1%, 1.2 0.62 1.68 0.70 13.15 .o
1
- 127 % ” 160 mn - 43 K] n
sr 5 1}/ T L T R '3 1. 12
- m 80 10003 19036 2 7 1687 1373 1020
. - Sou - - X I - 12,0 .0 - -
Y o » 2. ® @ n DI 29 ¢
r 69 100 108 198 m 3 208 20
o - ] - - s s - '
™ n ) © 1 a 1 2 10
Ta - 7 - - 6 5 - -
o ) n 3 13 8 s s )
o ] (] n % 13 u n
" 12 13 » 8 13 17 Y )
o 0 40 b4 0 » @ 1108
i prb) - w - - - - '
nz £ 2 ny » ™) ) m
. m 1] @ ] W n » 1] -

. 5.8 - - 5.0 16.0

FOLLCFESE FIVEE
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Table V - lc} Stockwork rocks (Quartz-chiorite-sulphides).
-TT5.6 217115 8-506.3 15-382 21-735.9 8-511.1 71-721.2 bis-240.6 15-390 bis-248.3

510, 7.9 75.88  66.50 .25.8 S2..2  T7S.18 .29 A6 6.18 9.9
Ti0, 0.1 0.07 0.1 0.8 013 0.8 0.08 0.09 o.n 0.04
A0, 9.4 7.45 10,66 2272 198 7.39 “n I'R1J 0.45 4.8
Fe0, 0.73 0.62 1.08 ™) .56 0.07 0.9

Fe 6.4 04 o 9.6 220 Y 6.83  29.69¢ - .70  15.76+
o 0.09. 0.08 0.13 0.48 0.40  0.14 0.08 0.% 0.16 0.08
0 5.9 .10 37 1.2 3.5 124 2.08 1.60 %Y 0.68
a0 w o ™) ) (™) " " o 0.2 )
820 0.1 0.1 0.08 0.19 0.08 MW 0.0¢ 0.08 0.01 0.m
M0 o w0 ) o o ") o ) ) )
X0 0.5¢ 0.27 0.2¢ 0.39 013 0.07 ) o 0.08 o
X8 -] w L o ] o w0 ) " T
wr, . Lm 258 .98 1.8 8.2 2.4 1.02 12.76, s 6.
TOTAL 100.27 9.0 9.0 .4 9.5 9.6 %0.52 .04 100.09  97.16
. on 0.40 1.9 1.8 47 om® 0.5 13.29 0.0 7.3
B 3 2 ] 2 13 10 s " 5 7]

s 3 3 10 1 s ‘. 1 4 . 6

& 12 ) 3 a7 w 57 m 522 7 8
5 - . - 10.0 Mo 5.6 - [ % -

¥ 5 2 N 100 LY a “w ., 6 “
v, 158 . 108 181 PR S P 8 1% ™ “

ne - . - " 7 s - 3 - - .
™ 1 10 1 1 0 16 8 f2 i 21

T - - - 2 1 1 .- 7 . .-
cr o w 0 9 3 13 3 n 7 3
. E) % ot “ ® 8 .8 16 n, 9 )
" "o » w n ) w0 [ ) - w
Cu 2 33 2768 97 183 k] 121 1028 3% . s
Aulppb) - - - - - - - - - -

ln 72 m 9N 20 FL)| “ - )] sés 9 :
”m -] - 0 w " o0 n Y “ . 5
‘T - - - 1.0 12.5 - - 8.2 - -
'’ 3.4 189

Co m.3 .0

~ a.s a1

S 13.3 47

En 176 on

o - 12.8 3.7

oy .5 -

€ . 0.9 2.8

n - AT ¥ '

Fo2*/2re * o oM o 100 0.94 0.m . 0.8

* Tots] iron expressed as Fe0

i g s o < 2

R

U
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Table ¥ /- 1c) Cowtinved (Stockwork rocks)
L] . ’
/ ‘ 21-738  21-756.5 8-504.4  Dbis-246.5 8-466.1 08-479.5 08-483.5 21-7M4  21-778  21-800.5
»
510, %7 A2 @A 6.5 M8 215 352 €. 348 20.08 .
' 140, 0.08 .+ O o.10 0.00 0.10 0.4 0.4 0.09 0.11  0.26 .
A0, . 5.33 1n.5 8.73 0.07 8.04 n.s 13.08 7.9 ' 10.83 2117
Fa0, 0.28 1.07 0.97 . ' a.n 1.62
Fa0 8.74 13.9% 11,92 1500  28.33% 20.91*  27.64* 14.86*  10.66 6.49
() 0.43 .14 * 0.12 013 .02 0.2 .M 0.7 0.1 0.4
[ . 6.9 473 1.73 .9 A% 5.3 113 .1 2.2
a0 L7 w0 0.08 0 ) ) ] " w0 0.5
820 0.02 0.04 0.01 "] w0 ) o0 " o o
a0 L] ] » o 1] ] o w0 o w
N 5,0 o w0 a0 w0 » 0, - " ) o
P,0% o % W (] ) [ L] ] N ] ]
L1 a2 %] .60, 18 12.69 6.9 8.21 4.9 5.3% 1212
. TOTAL .31 9e .8 NZ/ e %5 .16 %78 99.82 10049
L Y
B ! o.a7 w0 2.13 L4 139 42 s.62 2,47 1.70 ° w
RO 5 7 7 5 7 s 5 3 ) ©
sr 2 2 4 1 2 ) 3 ) 3 12
n 158 mn 129 % L ) N 19 n [
s - - 6.7 6.8 6.6 8.1 - - - 18.0
Y 27 67 & “ 1] 51 53 Q 0 132
r n 202 48 14 13 1. 143 14 170 ne ¢
Ht - - ] $ 5 6 - - .- 10 .
» 7 16 1 12 18 1”7 2 n s 2
Ta - -7 s 12 17 15 - - - 3
cr | 1 n " 0 ) 1 H MR
G 9% ] n ] ] “ % n Q'
’ n ) w0 "o » o o o ") ™) 3
& 120 0 2 7 o an 1729 m % )
< Mulpph} - By £ - . 100 -. - - .
> 1 ne '™ .’ 100 e w 1] Wi 1086
. 1 a 1 o o @ & » ke e
_ T - - 8.3 1.9 7.0 10.0 - - v 21.0 ,
T la . .9 “%.9 163.3
Ca n.? 8.7 .1%.3
(] ».1 as 133.0
- 7.9 2.1 25.2
& 1.03 . 1.24 2.3
« 7.3 8.5 ' 16.5
o 5.8 7.8 10.3
L 3.5 4.7 71
™ ¥ 5.0 .6
1?'/2re 0.9 k 0.6 o.M om
: = ) 2,
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Table V - 1d) Massive sulphide ores.

3Q‘EEE‘TI£‘C FEELYIFIFCREY 1

) bis 168.5 bis 180 bis 107.2 bis 196.7 ‘bis 201.7 £-368.25 §-360.8 8-371.1 A.304.8 8-397.2
. LY
s 0.52 * 0.19 0.16 0.2 0.2 0.12 0.2 0.13 0.13 o.n
n R, 10.24 2.60 - 4.5 2.0 3.5 1% e 0.36 .88
" L %] 0.63 2.23 0.18 290 290 Le 015 1.8
As 1.08 0.27 0.4 1.09 0.14 0.8 0.0 106 0.8 1RV
.05 %.5 9.8 .16 52.00 WA M0 % 0.4 30.39
Ppm ‘ 13 n2 a 7 5 129 2 27 a
567 T 2548 o <t 326 1229 2300 210 39300
<05 <0.5 - . 0.2 0.4 <0.1 . 0.2 0.}
52 9% 4“ 28 N .2 ] 9% . t9 17 n
™M 108 101 s 2 2 ™ M N %
] <5 - - <t <l <5 . - <$ <5
<$ <5 - - 2 [ «§ - 10 <5
<5 <§ § [ [ <5 <5 <5 <5 <5
% " “® 5 R \F3] ”* 2 8’ .n =
- “a a ] 7 « < 2 7 P 18
<0.§ 1.5 - - o9 1.5 <0.1 - <t} <0.1
0.8 N
2.9
n.a
3.1 [
1.63 -
31 &
.3
2.3
2.7

(*) Cus Zn. Pb and As are drilThole assays of 1 metre long intoryels (Pirites Alentejaggs. unpubl tshed data).
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Table ¥V - 1d) Comtinued  (Mussive sulphtde ores) N
B-404.6 8-413 B-414  8-425 B4 O0-446.08  B-464.4 34347
cux 0.2¢ 0.20 025 0.3 0.6 072 1.8 2.9
) 5.48 596 7.5 1,26 - 168 327 2.1 X
L .7 332/ 3am 222 o082 0.8 o 07
As LS - 108 o7 061 _ 055 .00 0.%0 0.80
A
3] 41.40 é.zs W08 223 582 ame %08 BN
Sr pom 2 n n <2 7 15 » 15
» 19 1y el 103 - ] 56 m
3 - - 0.3 <0.8 - 0.7 - 3.6
v’ (4] “ “ 7] 15 » o =
Ir n ] 5% - 2 57 b 70°
L4 - - <1 <2 - - - 4.
w - - ¢ - - - "2
cr <5 <5 <5 <§ <8 <B 7 n
@ 55 © 6 0 9 - n. 37
M 13 7 5 12 <8 9 <5 <
™ . R A .6 - - 5.0
L . 7.8 .
G 1.6
[ . 6.3
T
- 1.5
& . 0.5
& R ‘.40
oy 1.4
e ~# Y
» T on
. ’ N -
. -
- . .
L4
” L "
‘« -
1 . w -
- -
’ a>
N k)

LY
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Tadle V-22) Charts and jaspers :
i -
. bi5-160,2 bfs 161 bis 166 LCS 243.8 3-61.F 11-32  NI-31.9 115 14134 15-315 s
4
sio, M N ST LY 59.09 96 TS 8.8 BT .47
o, 0 () ] o 0.01 W ) w "o )
My, 0.0 022 000 * 266 127 1.8 0.26 0.25 0.08  0.37
Fa 05 5.67 0.20  1.10v 9.53* 10.29* 0.26 1.2 9.8 1.89 6.5
Fe0 5.3 2.00 3.3 ) 5.2 3.9
~ 0.09 0.38 0.0 0.3 0.2¢  0.69 0.24 0.72 0.29  0.59 -
"o L) .2 W 0.8 0.8 0.8 0.07 0.14. 0.0  0.18
a0 0.97 797 0.2 0.93 67 W .22 ) w )
a0 o 0.4 W ) 52 W " ) [ 0.01
Ne,0 L » [ ] ] o ) © ) o ) ,
%0 ] () o L ") 0 w o o )
50, 0.07 0.08 - W 0.04 [ J [ ) 21 0.09 0.02 0.72 .
101 208 682 0.9 .83 13.57 1.8 1.8 5.36 216 ,~1.08
v
TOTAL 99.27 10020 99.58 °  99.57 95.95 99.46  98.40 100.25  99.00 99.29
4 0.64 0.61 0.8 2.8 H.28  0.08 0.08 3.19 0.81  0.10
T 3 3 3 2 10 2 'S 3 1 3 .
5 2 2 17 " 3 129 5 3 6
. m a q03 1 10 40800 5 " 4 » 104
s 0.4 s <0 - - - - - . 03~ ¢
v F4 10 ) 10 6 © ) 3 9 .
Ir % 2 16 18 ®© 1 bl 2 4 =
.4 . <] <) «l - - ‘- - - - <l
» n 9 17 5 ] 14 L] 9 0 1,
T ] H 14 . . - L. . . n
o 7 ’ 5 18 6 n o 9 13 17
o 12 ] s LY 148 9 151 148 F3]
“ 2 ' [ ] L] - 7. -16 v, 1”
@ 52 n %0 ] 5 % n 59 0 8
M (ppb) N L '] - - - 1) = 1to 20
‘- » s o] n n 129 2 2 288 2 5
" ™) » » o =n ‘0 127 n ] -
™ 0.4 0.2 0.2 - - - - - - 0.3
u ¢ w.r 7.0 ’
Co 15.7 1.7
" 9.3 6.5
- i ! 176 .
o . 0.57 0.39 .
“ ' - .33 "2
Oy 4 - 2.3
tr 2.7 e 1.8
w 2.8 1.28
fol*/em - 0.5 o 0.5 075 9.4

-

v Tetal Ires

(n) Major

‘(o) ?Rﬂslﬂ Jaspers 500 & sy frem knewn wiphide wingrsltzstion. All ethers sbeve Feltata-Estacas

shundances mitimsted from meds) malysis

-iver
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R . . -
) a. B} ~ .
. , A .
) . . o A .
. . Tablev-2a) ‘Contimed (Cherts and jaspers) ’ ,
@ . . i to »
) (a) @ (@) (ap)  (a.0) (a,b)
‘ 19-319.3 15-329 16-282 11-MIN $1-28.7 ST-AN8 S2-4% S2-377.8 $3-380  R-38-R
3 L. 510, 83.69 .64 %19 % 8 8 85 8 s %
». 10, 0 W 0 0 .
1,0, 0.2 0.0 0aL  0.07 _ . .
- Fe,0, 0.60¢ 7.48. 2.8 EN0B . 10 10 0 10 2
‘ , Feo .3 os 232 387 .
N L #0310 021 1.M 0.5 1
. "0 w0 o) o .01 ) .
' ca0 0.48 049 0.9  0.64 2 1 1 1 1
8a0 o o ) 0.01 .
‘ - "0 0.00 W o w0
K0 ) 0w 0 o . .
P 0 0.67% W ) "o )
R Lot ¥ ] 0.90 2.07 , 0.74 - ‘
>’ TOTAL 9.3 99.49 99.55 * 99.12
st { 0.22 o.u. 0.0 ™ - \ -
Rb 1 2 2y 5 o . "3 3 3 L] ?
sr 0 M % M 2% 2 " % .. 3 3
" B c--32 3 19 . 1) m Mn 0 L] ] 2
S <0.1 0.3 - - - - hY - - ’
Y 18 s 2 6 19 6 AN 9 ‘
"o Fx 2 % 2 2 2 2\ » u \n ‘
He a el - - - - - - - .
™ § 0 10 15 3 4 2 9, 18 Cis
Ta 14 7Y - - - - - - - -
° Cr n 20 i 9 7 4 12 n L
PR 208 13 88 152 o ’ 180 120 135 7
oM 2 16 18 n 12 110 7 p] - ©
2 . o 54 ] z ) na ) 3 12 - n
Au (pob) 2 . . - . e - - . - -
. n 15 s 19 0 2, - w0 2 o s
Py 13 m W 20 2 20 o © o
’ ™ «0.1 <0.1 - - P - - - . .
. L W9 58 49 ) '
Co 9.7 o486 15 o
. | 4.4 3.8 3.9 N '
So 3.4 0.8 1.06 k 2
Eu 0.2 0.2 0.m . ,
@ - - .3 "’
oy 1 4.6 1.4 L6 -
~Er ! 2.6 1.8 1.2 . ,
™ 2.2 L& 1.2 ) - '
. i
Fe?*/1re 0.26 0.0 0.5 ) 5
. * (a) Major slemat sbundances estimted from mode) amelysis .
e (b) Agsy fram sulphide sineral{zation -

’
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Table ¥-2a) Comtimved (Cherts and jaspers) « '
() - (5)  fab)  (a) (ab) (&b} () (a,8) (a,0) la,b)
g v OR-34  JR-35  SP-11  SF-12  SP-31  SR41  SFNZ  SI3A  SH-138 SH-130L
* 510y T oM PY oW W % 97 W % % 9
N Ta, © " .
> A0, 0.03 W .
: B XX 1.99 205 5 2 3 0.5 - 05 2 5 0.5
[ ‘ ) - "
"o 0.00 0.6 3__ : 0.5 0.5 0.1 P 5 0.5
0 " o ; .
ca0 n N ) '
8a0 "0 w0
0 m e -
. X0 . ) ©
- POy’ 0 0.02 N . q ..
P Lo1 0.09 W d
&
v TOTAL 100.00  99.73 -
3 ] ) - - - - - - -5 . ’
R ) 3 0w © ) © ) ©  ® ‘
sr 2 3 9% 158 20 4] 133 12 19 )
fa L) L) 10 9 17 hn o 1 209 2
) ' 5 - - - 0.9 K 0.2 -, - - 0.2
Y 7 9 7 7 (] 8 H -3 7 6.
r . % 2 23 ] 2 ) 1 " 23 20
He - - . 1 . A - - - 4
» 1} 7 0 " 1 - 13 'Y 7
T - - - ] - (] - -
- cr 9 n 3 15 T 8 (") 19 5 7
; Cq & » &% ' n n o m “ 49 63 , .
. L ) ] w w0 n ] 0 w 6 [}
‘ o 0 23 N 17 » 15 . 2 2% « 1 w0 .
A (ppb) - - - - - < - - - 8
In ] ) 16 ) 9  w 1 20 n .
” " 1L ) ® 2 ] " L] 18 -
™ .. _— - 0.5 - 0.2 - - - 0.2
L, ' T
7
o .
w . ° .
: - ] .
Eu .
4 -
“ ; 4
“ -
oy -
[T i
'“ , .
X S ‘ ) L
. L] P ’ “
{a) Major slement sbundances estimatad from medal amalysis . - ’ .
, ()’ hmy frem sulphide mimeralization ) . . )’
. .
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Table ¥-1a) Contimued (Charts and juspers)

13.24*

0

0.00

<

L I

253%- 4502533 2a¢8¢ 332033258

.

L]

e

(pes)

£l

N
3




Table ¥-2b) fetalliferous sedimmts

' e P : N (a) ~ da) (a)
LCS-240 6-103.4 6-106.9 9-205 11437 W-283.4 S1-2297 SF.21 SF-22 W13

@09 T M08 118 L2980 L% - B A% a1 @ {2
.0.00 0708 0.3 0.04 ol 0.8 .13
.5 1.72 6.49 1 2.04 1R .78 .54
L oM 1B 120 mP e 18e (3] 051 011 - [0.8)
611 Bs e o .56 .
WA W 121 LI 1296 1704 L (8] [e6) [0} [98)
c L7 1.0 .07 0.58 .8 7 L 1.8
1 1.6 5.20 04 6.9 10,07 0.78
5 0.08 o w s 0:53 4 [ .08
Ll my o ] n ] ]
w0 W w » e ~ oo 9

*

o0 0.02 .% 0,12 .24 L J 0.3

a

a2 “ud e eN SERTY )
N5 ws W 95 0N 0.1y
. ’ .\
006  6.30. 0.2 0.g ow
2 .
.2 ‘; P | 1"
8 1 m o

48 B

4

.

PP

.

\.
e w
I
P> ]

.

sEIV-FKE
2%, 38
g

.
.

-8 _8K,

P

2cstwctn_8
‘l‘

slen. ¢
2823,

a

L u,

.

~gling
g,

177

B

2
2
2
“
%
w»
a
«
n
n
5

8

‘1m0
1.8
© &8 M3
“13.2 e
' a2 ER LA
i *oes
e 103 -

B3, AT

P
B
!

s

STERCTVEST FINFECEET
8
-

k]
1y
¢

o be o4

*  Total tren IR e 4
) h;-r,ﬂ.-t shundenons thl-ul fren weded aillysis; hise samples 800 8 -’q‘h- suiphide stnerelization.
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Table ¥-30)- Continued (PS Fm phyllites)
TSN () (b}
. 8,306  &ME.7  S2-428.3
$10, .18 . 6.75 .00
o, 0.7, on 0.66
M0, s 155 18,
" Fayy 1.03
Fa) 3.4 00 5.4
"o 0.17 0.9 - 0.06
"o 1.8 2.9 .97
a0 066 W o
a0 ° 0.29 0.22 0.3
0 . 0.9 ]
ky0 f2 2. e
0% 0.62 0.09 0.0
oo ER <) iy .2 e
TOTAL 100,31, .25 9.2
I Y 3
> 0.0 0.02 . ]
Rb e 2% 277
sr ] 9 u’
C . ., u% 080"
¢ - noe - 1.0
Y - k] 2
r " i 188
W 4 - 4
Y 2 15 o
Ta " 2 - 4
1 R 1 7 8
2 2 0 .7}
" 2 n 12
(™ 19 2 »
, hu (poo) ¢ - -
- n “ 1% o ¢
[ [ L) u
™ 9.0 . 8.9
W -
e
"
P
[N
[
oy
tr
o
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Table ¥-30) Little altersd and unaltered PS rocks. h
- .
(a) (s) (a) (b) (b) {b) (b) (b) {b) (b) .
16-330.2 15-280.5 GF-86 Dbis-)M bis-143.1 Bis-150.2 L05-242.6 9-291.25 8-308.5 8-310.6 -
$10, 777 .01 Sh46 8093 8290  -80.M 9.40 6029 7911 7459
™o, 0.0 °©0.19 0.8 0.26 0.74 (X} 1.19 0.63 047 0.5
A10, 2358  23.76 22337 7.8  20.51 8.9 29.96 1654 10.63. 12.61
Fa 0, 1.60 1.28 1.86 0.57 .20 0.93 .
Fe0 1.0 .00 524 2,09 1.4 .06 863 6.3 1.8 2,37 - ®
"o 0.26 0.10 0.2 0.40 0.6 0.21 0.14 .M 007 0.
Moo 3.09 1.8 1.98 0.9 0 1.6 1R 7] 140 093  1.04
ca0 0.9 [ 0.5 0.3 0.9 0.3 0.07 2.6 W 0.73
Bas 0.09 0.93 0.07 0.8  0.82 0.19 1.99 0.06 0.08 0.04
ka0 LM .4 28 0.2 0.64 0.3 0.1% s 0% o.08 :
X0 . 1.01 607 a7mm L& “ 1.7 "5 299 . 2.6 1.3,
U 0.08 (] 0.09  0.04 0.02 0.02 0.27 0.y W o 3
w1 wn .10 510 442 649 2.48 .13 .4 2.8 4N '
TOTAL 97.70  98.84 100.72 99.5%  98.43 99.67 97.86  100.04  99.93  99.55
5% 0.08 o 0.03 0.3 1.08 0.03 2.04 .Y 0.1 o0.08
L
™ ‘g 6 18 M 22 % M 16 15 106 N
sr % In s % n “ ] | 7 »
sa 810 8387 (501 16M 7% 1608 17800 “w 0 76
s 9.3 - - %0 - 19.0 - . 13.0 .3 -
Y % ] 49 1 n - w 0n '] F]) 2
r 2% 48 0y " 165 -7 7 248 n7 104
W ) - 10 - 3 . - 7 3 -
™ 15 s ® n 1 18 15 51 % ]
Ta 2 - 3 - 2 - - 4 -
cr ) L T A ] 3 ne :N7 (1]
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APPENDIX VI

UNDERGROUND GEOLOGY
AND KEY TO SAMPLE LOCATIONS

-

VI-1. Geology of level 200 o the Aljustrel mines

VI-2.

(After Freire d'Andrade and Schermerhorn, 1971)

Geologic cross section 2-2' across the Feitais
orebody (ibid.)

. Projection of the Feitais orebody and surface

dri]].héles on a horizontal plane (Pirites
Alentejanas, unSub]ished)

" VI-4. Key to sample Jocations

-
»

337



Figure VI-1. Geology of level 200 of the Aljustrel mines.

1, massive gulphide orebodies; 2, upper tuffs (mostly

. ~ Green facies of both the Quartz-eye Tuff and the Mine
Tuff; 3, lower tuffs (QET and MT); 4, phyllites,
tuffiteqland tuffs of the Paraiso Siliceous Formation;
5, Jasper unit; 6, Cdlm Group; 7, Messejana dolerite.

After Freire d'Andrade and Schermerhorn (1971).
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'FiguFe VI-2. Geologic cross section 2-2' across the Feitais orebody.

]
- o

3 Co, PS, Paraiso Siliceous Formation; J, Jasper unit;

' . - AV, Aljustrel Volcanics5 shaded area, mas¢ive’ sulphide

© [N

L - ., ore. After Freire d'Andrade and Schermerhorn (3971).
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VI-4. Key 40 sample 1ocat1ons .
A1l sample numbers start1ng with numerals refer to FS .drill
ho]es;.the.number after the’hyphen represents metres from surface
.(e.g. sample 15-315 was col]ected in drillgore FS-15, 315 metres ~
below surface) 'bis’ and LCS refer ‘to dr1l] ho]es LC1-bis and
LC5, respectively. ‘For dr1]1 ho]e 1ocat1ons see f1gures V-2 and

K VI-3. Samples’ MD4F were;co11ected from that drillcore (see Fjg.

v
3

3.4b). . ' _ ‘
. Samples Tabelled GF were col]ected fﬁ the Fe1ta1s tunne] ‘ ’

«

- ¢ L (Fig. VI-1). Surface samp]es were collected on h11ls where the

-

Jasper umit outcrops (see Figs. 3-2 and VI-3). FS means, surface
v T . ‘ N ' ’ s

‘ o _in. Feitdis anticline; MS surface in the Moinho .area; JR- jaspers

"+ 2 vemote from sulﬁhidelminefa]izatidn; PM, Moinho querry.
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