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‘an exhalative siliceous-sinter cap. - This cap would at times prevent boiling -

.. ABSTRACT . . o

‘." . . Q

The Albian-Ccno‘;ﬁanian. stratabound strauform mmcralrzatlon of . La'
B .

Minita, in Michoacan Province, MCXICO consists. of rcp-lacemcnt bodlcs in -
rccfal limestones and . of ~exhalative, .scdim'cmary pyritites. and‘-‘.F_e-Mn

formations. The mineralizatioh. developed . within the- tropical-subtropical,.

shallow watcrs of an ancncm 1sland archlpclago

. v

Fluid mclusron and oxygen 1sotopc data suggcst that lhc soluuons whrch

formcd lhc replacement bodies. cooled from tcmpcralurcs of about 327°C 10-'5

less than 134°C, with a progressive dccrca,sc in ﬂurd salmrty frqm -9.2 10 2.4

- wt% NaCl. Boiling of the solutions was an ' important- cause . of mineral

deposition. The intricate variance in textures exhibited, by the replacement = -

bodies prf)bably resulted from h‘ydraul‘ic fra'cturrng of systems confined by

L]

of the fluids and thus sponsored ‘their recirculation causing replacement of
paragenctically carlier mineral associations.

Sulfur- and carbon-lsotopc data suggest that scawater sulfate and

‘rnorganlcally rcduccd sulfur "(an'd/or _igneous sulfur) were the main

sources' of sulfur in thc system. Oxygcn isotope @a point to an extensive.

rcplaccmcnt of rccfal limestones, at low walcr/rock ratios, during the pre-.

- ore slagc Fe- oxndc mmcralrzauon and larger wal'cr/ro'ck r‘at'ios during -

'sulfatc sulfldc mmcrahzauon In thc laltcr slagcs of mmcralrzauon (poSt-

orc ‘stage) vcry largc walcr rock ratros prcvalled
Sr in barites was apparcmly dc-nv'cd from two $Ypurces 'icvolcanic “rocks

and lrmcsloncs ’I‘hc volcamcs had a large influence upon Lhc Sr ratio  of the’

'flurds "The banum may thus be  traced ' to the .host - trachync rhyolmc

volcamcs ‘

’

The pyrmc and Fe-Mn strauform bodies - rcprcscm cxhalauvc scdlmcnts'

of both proxrmal and dlstal naturc -



w

’

Thc La Mmua d.cposnts cxhlt&x somc broad. snmllarmcs 1o classncal

Kuroko modcls ‘but certain’ featurcs dxffcr notably '  .  -

N

Im general, the mmcrahzalro‘h at La Mmlla was both hlhologlcaliy and

structurally controllcd thcsc fcatures provndmg clcan cxploratxon criteria.

- . £
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Figure IvV.3. Homogenization temperture of ore and post-ore stage quartz and
sphalerite from Vulcano and Tabaquito, o : "
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is shown in figure IV3 Ore stage quartiz has a more (&wthd range' of 'I‘h
s g

than the banlc Morc than 75 % of the data occur in* {hc rangc from 150 to

200_°C the average Th bcmg '188°C. The post-orc "‘sta.gc\ quartz hqs a-‘ #

i f N

b D Y 4

#A\ R : & LI
,

sorncwhat lower avcragc Th of 169°C ' *

A post-ore stage quartz samplc §#85) yiclds a wide rang,c ™ @}ﬁ from %0

}'

to 219°C with an average of 178°(E which is close to the ore stagc a\‘rcra&,%"v';
: B ?
for quartz. Thns ‘sample shows cvxdcncc of{l‘lrappmg of a hctcrogcnco'as' o
fluld some mclusnons homogcmzcd to thc gas phase at an undctcrmmcd
_temperature. This phenomenon was also obscrved in some inclusions inr

‘baritc‘

P

Sphalcmé from ore -and post orec stages have dlsuncl pallcms Th of ore
slagc mclusxons range from 160 to 200°C with an. avc}agc of 181°C. The
post-ore stage mclusxons havc a wider range from 90 1o 150 C. however
there is a prommcnl p¢ak at ,145°C, the avcragc b&g 134°C,

In s_ummary_,_ the formatioh.tcmpcrat'urc of the ore and post-ore _sta'gc
minerals is as follows: d |

i) _ore stage. cons:slcd of two hydrothermal cvents, onc 100k Dlacc at 240 C

-and_the other at 205 10 181°C o,
. ) .
ii) _post-ore stazc,\_occurrcd al lower ﬂ_uid temperatures of from 169 1o 134°C._

Data Correction and.»lnterpretation

A prcssurc cortccuou of Th is rcquxrcd when ﬂuxd mclusnPns were
K I»‘x

w0

trappcd abovc 1hc Boxlmg P-T conditions.. Samplcs from Vulcano and
Tabraqulto ‘,vshow cvidcncc of tragping of a heterogeneous f:luid. ,Il has also
been commented upon that sorﬁc .of‘ the inclusions in, thosc'samplcs
homogenize to ‘the gas phase whilst othcrs homogcmzc to ‘the liquid - phase.

In fact, the large spread of valuqs for ore stage barite mlght bcv rclatcd to

A Y



@y,

_.s;ySlcm open to the surfacc under hydrostatic pressure, according to the

'I'.l, ,

<

the prcécncc of inclusions which ‘trapped a heterogencous fluid, altlloqgli

sccondary cffects may also account for such a feature. Varialzlé filling

- ratios of primary = inclusions have been considered as evidence of boiling

(Bodnar et al., 1985). However, in OrdCl"!‘O;f:_pl“Q_\/C that boiling  did occur,

homogenization into the gas phasec and into . the’ liquid phase, by coeval
: . o
inclusions, over the same' range of temperatures must ‘be ob\taincd'

(Shcbhcrd et al., 1985). The samples from Vulcano and Tabaquito do

homogenize into the vapor and liquid phasc.lhowcvcr the Tp of the gas-

rich inclusions could ng} be checked, due to the absence of inclusions with

capillary reentrants.

‘Independent evidence also points to trapping of the inclusions at

conditions nCar the . boiling point At the  temperatures of trapping - and

.sallmucs mdlcalcd by ore stage mclusnons (240 and 205 -181°C, and 6.2 wi%

FNaCl). bonlmg would take place al dcpths of between 350 and 80m in a

[

“boiling curves for NaCl solutions of Haas (1971).

. ». .
These depths are not incompatible with the mineralizing event at La

e )
‘Minita. Palcontologic evidence - suggests shallow depth environments of

dcposition of up to 55 m deep (Fabre, 1940; Bergquist et al., 1957). In
addition, the fact that geothermometers  independent ,of'v,&_-/prc‘ssurc (oxygen
and sulfur isotopes) yiclcl similar temperatures as Tt;. suggests that the
pl'gssurc‘ effect is ncgligibl‘c:. Thus, a correction for pressure “is th.ought to
be ~unnc'cvc‘csary in 'thc casc of samples fromr La Minit;c\. and it is thought

that the. fluid was in _tlic range of boiling conditions. Boiling of the ore

»‘sblution must have bccn a 'common feature in these env:ronmcnts

An mtcrcstmg aspcct is the lack of cvxdcncc of boiling in some of the

samples. It would be cxpcclcd that all of thcm would show, ths feature,

56



57
since they were formed at rclauvcly similar dcplhs and lcmpcraturcs high
enough to cause boﬂukg H0wcvcr boxlm;, would be prcvcntcd in cases
where direct acuon of a hydgoslatxc regime was prcvcntcd This could hn'vc

happened 1f an lmpcrmcablc cap dcyclopcd on the rcplaccmcm bodies.

-

Formauon _of ‘z_m‘ m@ug:cat?lc cap 'i\s'"'a rqcognlzcd proccés, in
cn‘yironmcnts of“sgggl‘arlnc ‘exhalative mi‘nc’raliz'al.i‘oh (Golﬂfarb et ﬁl-
1983' Hekinian et al“ 1983; Von 'Da‘mmv et al., 1985) Formauon of thls cap has‘
been considered. an essential part- of massive sulfide cvoluuon (Eldridge et -
al., 1983; Bar{_on. 1978). Constraining Qf.lhc‘hydrothcnnalvﬂuids by su;h_ a
cap faQéQrs circulation of the fluid within the ‘sulfide zonec, establishes a
higher tbemp‘craturc regime v&)ithin the mov.undv than in the c'xlcrior
cm)ironménl._and promotes 'rcplaccmcnl okf" éarly d;cpositcd phascs
(Goldfarb et al., 1983; Lyndon 1988) "At La- Mmud the prcscncc of a Jaspcrl
: cap (c.f.. thc lclsu_sekxcn " horizon in» Kuroko-type deposits) has becen

o recognized on the Vulcano and Tabaquito - replacement: bodics, which ‘might
X N , e )

“have prevented boiling by confining the system.. In _.}iadi{ion; lhcv.‘cxtcnsi‘vc

2

replacement shown in these locahucs .ls.;‘m‘ agrccmc;nl wnh pcrvasnvc

circulation ~of the fluids within lhc orc zone. ‘\'Thc ‘«facL (hal lhc Jaspcr is

-

' 4 u ’ ’
brecciated and that mlxturc of tcxturcs ocsurs wrlhm lhc bOdlCS must havc
resulted from hydraulic’ fractunn& dunng rclcasc of prcsswc and boiling,
o . DR . »

e

-
a2

®



D) Conclusions

2

The sulfate-sulfide mincaliz’abtion of the Vulcano and Tabaquito

"‘rcpl‘accm‘cnl bodies were formed by a hydrothermal - system which cooled

f,rorh a maximum‘;crripcrturc of approximately '310°C to less than 120°C.

There were three main thermal events at 240°C, 205 - 181°C, and 169 -

134°C, the first two rcpr@scnting'thé ore stage. Minor amounts of CO» were

present  during ~the' highest temperature-formation of the ore stage

minerals. °
e

%idt reflect the contribution .of COz to the system by
dissc;lutioh/«'“b;,t’giﬁ%tc-aragonité during the rcplaccrricht' f)ro\cc}sscs. Bo.i'ling

L\
.

of the hydrothermal fluid was a not uncommon situation, although it was

prevented at times due to the formation of an impcrméablc jasper cap over

the mincralized bodies. Replacement during confimfg of .thc"

hydﬁolhémlal'ﬂuid was cnhanced, which combined with b'rcc(:iatién of the
-.ores produccdi‘ a mixture of (cxturc§ within the Orebddy.

Fluid salinities ‘h_ad aﬁ average value between 9.2 and 6.2 wt% NaCl, the
highest salinitics having<b‘écn acquired’' at the highest temperatures when
CO2 was pfcscnl..aih'i:h‘é"';;stcm. The bbst-oré stage fluids were niuch more
_ dilulg (2.4 wl%oNaC@"Thus salinities of. the fluid at La Minita, were close to
thc range ofAl}K;rcgrl‘;o-"ty'p'ét-' fluids, thchr the presence, of more saline
fluids a'nd of a WIdér 'rrzlmgc of salinities at La Minita, sugg‘c’st;s that the
ﬂuids wcrc‘mqrc similar to" those which prod'uécd‘c'p‘ilhcrr‘nal deposits

(Roedder, 1984).

.
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V STABLE ISOTOPES (OXYGEN, SULFUR, AND CARBON)

A) Introduction.

®

Stable isotopes of low mass have bccn_widcl}f utilized in the study of orc .

dcposits. Their application has been, twofold in that theyv have provcn"
. . A -
useful both in geothermometry and k4 petrogenetic investigations. They .

- provide geothermometers  which are indcpcn'dcntvof pressure (Claylon.
. » . o . *

1

= _.‘:. ,én o ] . )
" - the origin of both -the 'source of certain elements and of the ore fluid. In

1981; O'Neil, '1987)., Thus, ‘in _somé instances,  they may yiecld more reliable
temperatures tha"nv fluid inc'lusi‘ons, whose propertics arc somecwhat

influenced by prcésurc. In petrogencsis they help place constraints upon

addition, since- isotopic fractionation, especially of shl,fur and carbon
isotopes, is largely dependant upon redox reactions involving the isotopic

sp¢cie$ ‘(Oh.mcvno, 1986), the physico-chemistry of the environment plays a

‘major role in controlling the isotope partitioning. Converscly, by mecans of

the measured fractionation between substances, it is possible 'to make

inferences concerning the conditions of the depositional environment.

In this study . stable 'is'oto,pcs of oxygen, sulfur, and carbon were studied

in order to critically examine the data obtained from ‘the fluid inclusion

study and to gain a clear insight into the origins of the mineralization.

B) Methods and: Résults - *

“ Samples from Vulcano, Tabaquito, and. Ojo de .Agua "were studied. “These
included representatives of - the  three minc’ral.izin'g ‘stages and of different

zones in ecach locality. Mineral grains which were large cnough to be .

[}
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resolved under ‘a  stercoscopic microscope were hand-pickcd. Finc-graincd-

’samplcs were crushed and the 'diffcrcm phascs scparatcd by mechamcal

means ‘using hcavy liquids and a magncuc scparator Mmcral concentrates -
were chcckcd for pumy undcr the pctrographlc mxcroscopc, thc lmpurc,

samples bcmg dlscarded thncvcr poss:blc,. minéral / panrs,_wcrc

» ot
oy

prcfcrcnually scparalcd for the isotopic study Cd R

% .

Oxygcn in magnculc and quartz. was extracted by lhc means of thc BrFs . "

tcchmquc of Claylon and Maycda (1963) Oxygen i bagte w$ cxu‘aotcd ‘ o

using the graphite rcducuon mclhod (Longmclll and Cralgp J96‘f))
4" "é’

corrected by Sakai and Krousc (1971) for memory cffccts IOxygeﬁ and : : S

C i N Fa I “‘“i‘

carbon from carbonates were’ cxtractcd by . rcacuon wnh 100 % phosphonc
acid at 25°C (McCrea, 1950) for one hour in thc case of czgcuc, and’ for - 7 o

days m the casc of dolomite. Sulfur from sulfides’ and bantc was cxlractcd

by rc_acuon with metallic coppcr (Ucda and_Krousc, 1986).“ . / I -: .

Stable isotope concentrations are ex‘préssc'd as delta '(8) in units Q'f""p,cr*

mil. &is defined as:
SR = [(’Rminefal/Rs[andard) - 1] X 103 | ) o

where R is the ratio-‘ of .-the hcavy isbtonc to the lig'nt,is.'otppc.' and _thc;-
s’l’andard varics’ accordxng to the Vc.lcmc'nt in qucation For oxygcn"thc"‘
slandard is SMOW ‘which has a valie of 180/160 = 20.052x10-% (Baertschi,
1976). Carbon is referred to the PDB standard .whose 13C/12C ra‘uo is
1123.75x10°5 (Craig, 1957). Sulfur isotope abnhdan(:cs are measured relative
to the Cafion Diablo Troilite (CDT), in which 34§/325 = ‘44‘9.94)&1‘0".‘ (Thode e
al. 1961). - |

Tnc analyticai error | involvad in isclopié ‘mcasurcmcnts of | each

A



co 'mmcrals ‘was from -3 to +33 %o

‘clcmcnt was generally +0.2 %o, thi: rcproducxm showing a similar

\

range of + 02 %o. In the case of_isulfur ’\cpcal runs onc sample gave poor

féproduéibility (c.g. 2.3 %o) which is lik%ly due to contamination of the

sample. All the results are presented in tables II- (oxygen in magnctitc' and

quartz), Il (oxygen and carbon in carbonates), and,'l‘V {oxygen and sulfur
in sulfates and sulfur in sulfides).

Quartz showed a cnnsistcn_t 180-enrichment,. .in- accordance with
experimental  and theoretical informalidn (O'Neil, /1‘98“6). 81'80 for this

" mineral ranges from +15 to +27.8 %o, thc' largest 180-enrichment. being
a '

-

cxhlbucd by.; lhc lowcsl tcmpcraturc quartz.

Magncmc 'showcd as expcctcd, the lcast !80-enrichment of all ihc
phascs analyzed. It a.lso s_hchd a more restricted range of variation than
<q_nax,tz.'from -1.6 to +8.3 %eo.

' Calcite is also‘ largely enriched in 180, Although both f.rcsh and

DN

‘vr‘t:'i‘cr?ys'tal‘lich 'li'mc'st'onc were analyzed, 580 only varied between the
_;né';'n_ow rangc from +I.7.1 to +24 %o. Two dolomites (31-9* and 31-7*) showed
”; consistént 180 _enrichment  with respect ln their associated calcite, as
)vlprcdlctcd by 'cxpcriméntal' informatfon ’(No'rthrup and Clayton, 1966;
. Mauhcus and Katz, 1§70).‘ On the) other hand. carbon isotope abundances in

Lo

calcucwand -=dolomlte 'wcre indiStinguishablc: The 8!3C range for both

\
Oxygcn lsolopc abundanCcs in barite were rcmarkably uniform. The
-‘8130 ranged from +9 to +144 %o havmg an average of +11.2 %o. Samples

8

,‘ from Tabaquxlo and O_|o dc Agua had a more restricted range from +9 to +11

b'%o. whereas thosc from Vulcanolx'rangc frOm +10 to +14 %o. Far more sulfur

)

_'lsotopc dala ‘were bbtamcd for lhls mmcral Thcy are graphlcally prcscnlcd

. !

in. ﬁgurc V.l'. _Most- of the 8348 ’valucs ~for barite cluster in a nanow range

a
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TABLE I1. 5!80 OF MAGNETITE AND QUARTZ FROM VULCANO AND TABAQUITO

ceyt
. .‘l'

SAMPLE|

LOCALITY

3180

MINERAL S . DESCRIPTION
31-7- | MAGNETTE| VULCANO 1.3 |very fine-gralned, Intermixed wnh calcite- dolomlte
Cop alteration of limestone -
—G*’ i 0
[a1-9 [macNETME[ - 58 [t v e e e
74 MAGNETITE * -1.3 cellular network of fine- gramed magnetlte mtermlxec
' T lwith barlte
78C MAGNETITE " 3.1, f ne- grained massive maLetlte enclose- by tabular
" ibarite and anhedral chalcopynte
78D MAGNETITE = .| 8.3 |massive magneme apparently replacmg patches of
QUARTZ - . 16.2 mulky quartz_ -
DD 92-1] MAGNETITE * 6 . {fine-grained ‘magnetite-quartz aggreggte replaces
QUARTZ - 25 _|colloforme her‘natlte '
85 MAGNETITE|[” " "-0.6 lirregular pat&hgs and veinlets of magnetite replace
QUARTZ " _27.8 |limestone; occurs intermixed with quartz which
replaces, .p're'ferentiailyl fossil shels
19 MAGNETITE [ TABAQUITO| -1.6 saccharondal lntergromh of magnetite and quanz;
' QUARTZ " ‘15 |fossit rellcts are present
118 _ QUARTZ - 20.8 fihe-g’rainedi re"pl'aces barite
27 MAGNETITE |~ -4.2 .~ - . - -
‘ - QUARTZ " 15.6 »
35 MAGNETITE " 5.9. veryfme-ggmed occurs mtermlxed wuth barite and

- mmor sumdes

A
I
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R iTS ' :
‘TA “g;em. 8180 - 813C OF CARBONATES FROM LA MINITA, MICHOACAN
SAMPLE 188N, 013C LOCALITY DESCRIPTION N
568 243015, 3.3 Vukcano |olistostrome within tutfaceous matrix
59A 23. '51.7 * 1" . . " .
78" 19.4 2 " recrystallized limestane, overlies the ore body
806G 19 Xy - coarse-grained calcite_hosting pyrite velns
85 22.9 x5, " fosslliferous limestone; replaced by quartz-magnetite
31-7 ] 19.1 12 ~ * recrystallized, mt-replaced, - fossiliferous limestone
31-7° 21.7 4‘-‘.{{7*”. - - " " ] . " .
-31-9 18.4 0.4 - " " " " .
31-9* 25.1 0.1 ° * " * * *
17B 22.4 2.2 - Tabaquito |recrystallized limastone: replaced by magnetite-barite
38 19.7 -3.1 fresh_limestone: upper unit : :
44 17.1 -041 Ojo de Agua|limestone altered to -hematite-barite
89 17.6 -1.1 Sapo Negro {bedded, fresh limestone

*dolomite
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TABLE V. 534S AND §'80 OF SAMPLES FROM LA MINITA, MICHOACAN -

034S

MINERAL

LOCALITY

SAMPLE 3180 DESCRIPTION
118 | 14.7 10 |barite _Tabaquitd fine-grained, in replacement body
11C- | 0.6 .| --- |sphalerite * subhedral, hosted by barite-quartz
11C 2.2 --- |chalcopyritd ° fine-grained, disseminated '
11D 14.7 | 9.7 |barite ' * laths in replacement body, along banDs
11D ‘| 0.4 - -- |sphalerite " coarse-grained, for irreqular bands
11F 15.7 1 --- |barite * fine-grained disseminations
“11F 0.4 - -- |sphalerite - " " - .
11F 3.6 --- alena ° euhedral, fine-grainegimdisseminated:
11G | 15.6 | --- {barite - |fine-grained laths r d by quartz
11G | 1.1 - - - sphalerite . fine-graified, replace quartz
111 16.8 | 9.4 |barite . " coarse-grained vein in replacement bod
12 16.6 | 10 [barite - - " . "
14A 17 10.1 |barite " coarse grained vein in jasper
18A 14.8 | 10.9 |barite " coarse grained laths replacing limestone
18%‘ 14.9 | 10.3 |barite * " " - " *
32C 15.6 9 [barite " vein_in tuff . .
34° 14.7 | 10.4 |barite " fine-grained in replacement body (limestons)
35 16.3 | 10.5 |barite - c " " .
107 16.1 ] 11.2 Ibarite " ' coarse-grained vein in replacement body
t 117 15 10.8 |barite - fine-grained, in silicified tuff
31-6 | 14.6 | 11.4 |barite Vulcano | coarse-graifted in replacement body
31-6 1.8 - - - |sphalerite * fina-grained, replaced by quartz
31-6 0.8 - - - |chalcopyritd . ) N, "
33-2°1-14.41 --- |pyrite " cubes in veins which transect barite
- 33-3 | 15.6 - - barite " coarse-grained .laths enclosed by sulfides
"33-3 |-13.5]| --- |sphalerite - coarse-grained crystals in contact with barite
33-3 |-13.8| -- pyrite " fine-grained cubes interlocked with sphalerite
33-5°] 13.6 | 13.9 |barite . coarse-grained, replaces jasper
33-5 |-13,2| --- [sphalerite - idiomorphic, in_contact with barite and. pyrite
33-5°"| -9.7 t-- |pytite " veins. transecting barite-quartz body
33-7 | 16.8 10 “|barite - laths largely replaced by quartz
133-7*1 1.3 - - - _|sphalerite - fine-grained crystals ‘replaced by quartz
33-8 16 --- |barite " coarse-grained laths in_contact with Fe-oxides
58A |.14.5.| 10.5 |barite - céarse-grainedJ forming concretions in tuff )
588 14.8 --- |barite " coarse-grained, replacing jasper
seB [T 1 | --- sphalerite 7 cbarse-g}rained, partly replaced by barite
61 15.6 | 14.4 |barite - coarse-grained replacing fossil (rudist) in tuff
628 15.6 | 11.5 [barite o coarse-grained, replacing limestone
63A. | 14.7| --- |barite " coarse-grained, replacing chloritized. tuff
67B | 16.3 | --- |barite - coarse-grained, replacing chloritized tuff
87C 16.4 | 11.3 [barite " coarse-grained laths and plates in tuff
67C | 3.5 - - - |sphalerite " fine-grained; occurs between barite-laths -
68A 15.2 12 |barite " coarse-grained, replacing chloritized tuff
.73 | 14.5] 11.4 |barite . fine- to coarse-grained bands
73 | 3.2 - -- |sphalerite . fine- to medium-grained bands




74 | 14.5| 12 [barite - coarse-grained, intermixed with_magnetite_
758" | 15.7 | 10.2 |barite - sheared-laths within brecciated volcanics
758 2.8 - - - |sphalerite " fine-grained; occurs between barite. laths

~77A 15.7 | 13.4 |barite " coarse-grained sheared crystals ' replacing tuff
77A 3.2 - - -_|sphalerite " fine-grained, - occurs_along barite margins

778 | 2 -- - [sphalerite fine-grained, -interlocked’ crystals
78C 15 10.5 [barite " medium-grained; occurs In silicified limestone

78C** 0 - - - |{chalcopyritd " fine-grained, clustered around barite zones

798 16.8 1 13.1 [barite ‘ " fine-grained, occurs near pyrite rich zone
80C 14.4.] --- |barite " coarse-grained veins in jasper limastone zone
80D | -8.1 pyfitg\ " fine-grained, in massive, exhalative body °
80F |-10.6| --- ipyrite " - N . " -
80F -8.7 -- - ipyrite o~ ) - - -
80H -2.6 - .- p'yrite ’ ;" ! fine-grained, replaced by post-ore stage sph.
B0H | -4.7 | --- |sphalerite |~ ° coarse-grained replacing massive-pyrite body.

. 82 15.5 | 12.1 |barite - - coarse-grained, in replaced limestone

86D 7.1 --- |qalena - fine-grained veins in silicified tuff
112-3| 13.7 | 12.4 |barite " veins hosted by chloritized + silicified tuff
113-1] 11.8 | 12.7 |barite > medium-grained in replaced Iimeétone(?)
113-2 ] 15.1 | 12.6 |barite " coarse-grained veins hosted by altered tuff
114-D{ 0.9 -- - |pyrite " thin layer in black calcareous shale
114-D| 10.7 | --- |pyrite ' ) - " -

114-11 12.7 | --- |pyrite ' - - . . L

45 16.3 | 10.5 [barite - {0jo de Agud coarse-grained laths in massive limestone
46 17 -- - |barite - “|laths replacing limastone
47 17.2 11 ({barite . " laths; coexist with hematite veins in limestone
*Average v

of 2'1data[
**Average )

of 6 datal




(Woan

from +14 to +18‘%6 (average +15.4 %o), despite the fact that barites from

different- bodies and distinct mir’icra'lizing stages were analyzed. In
contrast, th_c sulfides "have much lower §34S values and a wider spread.

The - different sulfate-sulfide occurrences are characterized on the. basis of

their 8348 valucs in figure V.1. The replacement bodics'of Vulcano and

Tabaquxto show a sxmllar dlstnbuuon of 8348 of sulfides, rangmg from 0 to
+3.6 %o, howcvcr at the center of thc Vulcano dcposn pynte and sphalcme
éxhibit large negative v‘alucs (from —9;7»[0 -14.4 %o and from -13.2 to -13.8
%o respectively). The body of massive pyrite at Vulcano is characterized by

ncgat‘ivc 8348 ';/alues ranging from-10.6 to -2.6 %0; it should be noted that

the highest '834'8“valu‘c was obtained from a sample’ of massive pyrite in

contact with posl orc stage sphalcrnc vcmlcts (534Ssph = 4.7 %0). Pyrite
© ’!?
layers. of thc shale-limestone (upper) unit at Vulcano, which are not

rclated to the mineralizing events, have positive 8343 .values ranging from

+0.9 1o +12.7 %o.

The barite occurrences at Vulcano, Tabaquito and Ojo de Agua show

slightly different 834S values. For each locality the average value is:

Vulcano 834S = +15.2 %o, Tabaquito ‘§34S = +15.5"%o0 and Ojobdc Agua 8348 =

+16.8 %o. The differences, although small, migfn be, real since the geology -

of the:threec localities is somewhat different.

v
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1. INTRODUCTION

VA) Settbing and . Geology: General

LI
0

The La Minita mmlng district occurs - in lh.cv norlhwcstcm sector of the
Mlchoacan ‘Province, near the Michoacan-Colima-Jalisco provmcral bounda‘fy..
Its central gcographic coordinates arc Lﬂ‘rj8° 52' 06" N and Long 103° 17° 06" E
(figure L1). T'hcvrc"arc two ma.in’-‘acccs's’-r‘outcé o La Minita. The ‘mosg

convenient begins - at Manzamllp City which has " an_ mlcrnatlondl airport,

- From™ Manzanillo {hc hlghway MEX 110 lcads to° Plhuamo vnlla;,c lhroug,h

a Clly. 12 km beforc this vnllag(, ‘the 58 km long,. unpdvcd rd‘:?d ) 11
la _starts. A lcss convcmcnt way - to reach La Mxmta is lhrou;,h Guadalajar.x
ity. Thls cnly ‘also has an mlcmauonal alrport and is (.onncctcd lo Pihuamo by
hxghway. bul is loc;alcd farthcr away (man Manmnlllo -

| La Minita occurs within. a Latc Jurassic-Cretaceous lsland arc bcll Al La
Mimta,A a seriecs of strauform stratabound Fc-Ba-Zn-Pb- Ag dcposnls lic within a
'Mld Crctaccous ‘vulcano-sedimentary ‘umt of island arc typc. The
mineralization jis ‘of two~lyp¢s’. nﬁmcly: (i) epigenetic, anq (ii) syngenctic. The
‘formcr devclopc'd by the rcpiaccmcni of biohcrm‘al. 'fringihg“rccfs.. ‘w.hilc ihc
latter by uvndcrwatcr‘ hql-spring deposition onto - ncarby scafloor. Thus, La
Minita represents a vvcry shaliow-dcpth cnvirOnhcnt of 'd'ﬁposition dc‘vclopcd

during the evolution of an island arc archipclago.
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B) Physiography qnd_ Cllim‘ate

'i‘he La Minita disirfct is loc;atcd .within"’lhc so-'cﬁllcd ‘Sierra M#dr’c’ del Sur
(Southcm Slcrra Madre) physnographlc prov1nCc “defined by Rzm (1964) Thlb
provnr;éc parallcls the ‘west coast of southcm Mcxxco and extends from - Jalisco
"P,rovmcc. to ~ Oaxaca Prqvi»n‘cc. /' Ivt' |_s disting'uis_hcd by ns "mo_u-ntai‘n'ous,
morphd_logy dcvcldp.cd_ on rock chucnﬁcs.lhalt‘ sp_axi ffom-..L.alc-Pr',ccva’mbrian
“(in Oaxaca) to Téniary; In the Sierra Madre dc_l Sur a Vscr'ics of NW-SE trchding'
compressive structures _(ami’(‘:li‘ncs._ syﬁclinés and thrusts) have controlled the
- dcve’lopm'enp of .c'los‘clyv-spacc:d bran'gcs and Vall.cys, ~which - arc us;xally'
‘chara'ctérizcd' by . steep slopes. "I“Ihi‘s array is' fr'_cqucmly 'dis‘rupt‘c‘d by the
p»reé.;:ncc (_Sf -plutonic inl;Usivcé. The rugged. tqpogr‘aphy. (l)'f ’l’ﬁc sicrra - reflects
its iﬁtric_ba‘tc. terrane assemblage. |

| At La Mini'ia. the most rugged. arcas Corr.\c‘spond ‘to volcanic rock -imils.t
vwhil‘c the rolling zones to sc‘dinblcmary-volcanosccrii-mcnlziry‘4uni‘ts‘. The ‘highcsl'
_ peaks, made up of submar.inc volcanics, reach up to 1800. m.a.s.l. and-cx-hi_bit,‘
cliffs and sharp valleys* of steep gradients and dendritic pallcrns'. The l'ow
arcas,‘ usually 700 m.as.l., ‘show a smoothc.r iobographx of wide “hills and -~
_vallcy.s that cut into less rcsis.tam' scdimcmar; and :Apyr‘oclasti‘cf; sequences. Rccf
‘patchcs gcncrally stand out -of thc cnclosmg pyroclastics, aﬁd a p&orly-dcﬁncd
karstic relief has dcvclopcd on r‘hcm o . |

'.’I“hc ﬁnensc weathering  and erosion ‘at La Minita i'cﬂcc'ls the ‘scvcrcA
wéa‘_thcr. This region is charact.crizdd by ba_ warm-subhumid climate, wilh'van
average ;m,nﬁal iemp’cratu’re > 22°C and. an aycfagc annual rainfall of between

950 and 1215 mm (CETENAL-Instituto de Geografia, 1970)



C) Hdisior{y of Mining "Activity - o 5

Thc‘rc"is very little published information on the mining activity. of the
district. Allhoughb Fe and basc-metal c‘xb'lofaiion has 'buccn_'carricd . bul for
sc.vcrél decades in the rcvgionb',“b_y fcdcfal. and by‘priyatc‘companics, thc‘rc is 5no'
~report that prc,dags»- those of Cvdmpaﬁ.(a Pefioles. Small-scale mineral cxtraciién
had bccd l’g‘o_ing‘. on:' béi’o_rc this cq}npany started. its ibr‘ivcstiglalion_ of. ‘the .ore_sb
(Ga)"tan:_ et al,, ._19.79). | | |
| In 1976 C_o'lm'paﬂ{a': Peioles. bcgar;' a_;i intensive cx{ lorz;tion_'“program of the
La Minita's mincraliza(ion.-By l§79 a Tmine,ral-izcd body with more th’_aﬁ 6 x 100
toAnncs‘v grading- 48.0 % barite, 4.0 % Zn,‘ 0.33_%- Pb'aqd 78 g/l Ag had bcén .
c')u’tliincd. A “mill and ’bcncficélion plant. were bﬁil; for prd‘duqli_bn’ at an
csti d rate of 6.00.00'0 tonnes/year.’

n’fc idcclim‘:' of the price - of barite arid silver has been anb imponaﬁl factor
in the dccrcascvof: the brc;rcscrvcs. The invpntory of reserves as of VOclot‘)cr,v
1986 indicatcd. lﬁul the orebody. consisted of over é.7 x..IO6 Atjonn.cs of mineral
‘grading 34.9 % baritc, 4.48 % Zn.v0.34 % Pb énd 58 ght Ag (Alonso and‘Jimvcnéz,
i986).‘ At that time the expected life . of the mitha_si S yéars. and éﬁploralion of
the nearby mincralized zoncs _(Tabaquilo: Ojoidc"Agua, and La Cuchilla) was
intchsiﬁcd m order to”incrc_asc the rcscn}cs van\d extend the life-time of thc‘
mining  district. | |

ooy
D) Present State of Knowledge .

.Th_C‘ investivgal'ion of the _La "Minita_. mivncrfaliz-at_ion’ was r;p(.)‘nch by Gaytan

et al. (1979). The district: was defined to occur within an Albian-Cenomanian

*
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volcanoscdimcntz;ry fcrrénct which was 'propquy related to lhc dévclopmcng
of the Early Crclacvcous island arc of southwestern Mc‘xico. The mainlorc
oécurrcncc. namcqv Vulcano, Consjs’ts of‘ oxidcs-sulfafcs-suiﬁ;dcs. k'.I‘:hcsc occur at
the base of a’.rccf limcs_tjonc .ar_ld':prcscm a \}crlicgl zo:nli'ng. with s‘ult."at;:s-"
sdlfidcs. ’ai the bottom and oxides. at t:h'c' top. .Scdir.ncr.uary. _cov!lf)lform and
'rcplacem‘cm textures were described as occﬁrring intermingled in the ore
zone,’ which Wés arscrib'cd to undcrwélér mass mvovcmcnts |

‘Thc ‘deposit was classnflcd as volcanoscdxmcnlary and comparcd with . the
Kuroko - typc “t‘hc Vulcano dcposni .being oldcr and assocnalcd w‘nh rccful.f
,hmcstonc On lhc basxs of palcomologlc cvndcncc. it was suppoecd that, the . ores
were dcposncd on . thc scaﬂoor al very low tcmpcralurcs (0 ;.,2(). 6] gnd Vcrt.'y,
shallow depths (< 50m)'. In this qucl it 'was_ propqscd that subscquent buriulb o{‘
the zone and rc‘aClivalion of‘ the hydrélhcmal system made éosSibl_c the
krccrystallizalion“?ﬂ" tﬁc _ba;ite‘ and lhc‘ ni'cpllaccn{cnl of the rccf limestone.
Further, il‘. was inferred that the Vulcano deposit . f(‘)rrﬁégi in- a Su’bmurihc
caldera, where frcqucr;t vertical m’ovcm‘c.:nts léok ,“placc.

Addilibhally, lcsé dclallcd descriptions -of other ncarby occurrcncu
(Tabaquno Sapo Ncgro La Cuchllla) have been madc by [,COIO[,IS[S of Compmm
Pcﬂolcs‘ In all -of  them ' the aulhors have concludcd that the mmcrah’ll.auon It
vol;andscdimcnlary_ and that it occurs at a simila_r slra'ligraphic level as

Vulqano.

E) Purpose of the Study

P
Thc only prcvxous study . “of the’ La Mlmlas mmcrallzauon was. done by

Compaiifa ‘Pefioles. In it, detailed mapping and a pctrographlc mmcragraphxc'



investigation was carried out which led to the delineation of an economic
deposit. However many details concerning the origin of the mineralization
were not clarified and some inlcrprcvlalions (e.g. formation temperatures)

were based upon. inferepcey and upon comparisons with classic Kuroko models.

In this study an  actualized rcview of the La Minita's mineralization has

‘been. undertaken, with the following objcc‘livc's:
(i) to dctcrminc the formation temperature of the mineral deposits.

-(u) to charactcrxzc thc ore fluxds

5 - (m) to dc(crmmc thc sourcc of - Sulfur ‘and . of the ore- mctals

(iv) -to definc the mechanisms of orc—formation.‘

S

. ‘(Y)f, 2

and lhc Kuroko dcposns
(vi) to define fulufc cxploration criteria for this ‘kind of deposit.

In order to [fulfill these o‘bjhccli_v,c‘s' the study was divided as follows: i) field

stage, which consisted of 30 days of vﬁcld work; ii) lab stégc, ~which included

préparal_ion of  samples and pctrographic  study of ores and ecnclosing
lithologies, prc;ﬁaration of samplcé and fluid inclusion—study, andv analyses of S,
O. C, Sr, Rb and Pb isotopes of various orc materials “and their enclosijlg

lithologies. :

This study is thus intended to give a fresh insight into the natu
Crctaccous" island arc mincralization of southwcslcm Mexico, and to contribute
to the creation of a modemn databasc on Mcxxcan ore. dcposus, whcre isotopic

tcchmqucs should be- mcrcasmgly uullzcd

oy

10 cvalualc lhc similarities and dlffcrcnccs between  La- Mmuas dcposus ”



II. REGIONAL GEOLOGY

”~

The Sicrra. Madre del ~Sur ,'is a r;:gion'of complica‘tcd gcolog!i/?al :
rclation’shipsT This, augrhented lr)y the inaccessible topography, has hampered
the aéchratc identification and mapping of rock units and, thus, the prcéisc
applicatiqn of - strali‘graph{c criteria. R

In thc ”past,_rcgional co'rrcia:tion's have proven ‘unsucccssful duc 10 thc{l
mlncatc terrane assemblage of juxtaposcd hlhologncs whnch show rapld facies

.
changcs and mhomogcncous dcformauonal s(ylcs

.T’crhaps thc bcst approach tc thfe soluuon of these dlfﬁClﬂllCS has bccn sct
'forth by Ortcga Guuerrcz (1981) and by Campa and Concy(l983) W‘ll}'] their
-apphcauon of the conccpt of ,tcctonoslraugraphxc t'crrancs.- Each
.tectonoslr‘éti_g’raphici terrane 1s charactcriicd'by coherent  rock asscrﬁb‘l‘agcs'
and -dc.fo’rmation, 'Which suggcsls a uniform c_)rigin."ln most cases it appears
- that lhg basemén} of ~each bo‘f the lc_rrancs'i's distinct and has playcd an
important role in the dcvélopmcm of‘ the lcr’fanc i‘ls_clf. |

“According to lCémpa and'Com;; (1983), thc; soulh@cslgm sector bf Mexico is
charactcrizcd.'..,by “an "hct.crogc.ncous ésscmbiagc of .J'urassié-Crélaccous
volcanoscdimcntary tcrrancs.v' (Guerrero aﬁd Juarc‘z) and of older metamorphic
terranes (Oaxac#._Xolépa; Mixtcca} (see figurc II.1). The o‘ld lcrranes whosc age
is Precambrian (Oaxacﬁ) and Palcozoic (Mixlcca) arc restricted to. a narrow .
area, and seem io’ have evolved i;ldcpcndcnlly énd. to h"avc-bccn' w.éldcd
"togcthcr dunng thc colhsnon of North and South Amcnca (308 M.a,, chpxc‘A'

1977) A_ll the aforcmcnuoncd- lerranes  were avpparcmly accrc,tcd to North

America during Late ‘Mesozoic to Early Tertiary times (Campa and Coney, 1983).
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) Figure 11.1. Tectonosxratigraphid terranes of Southwestern Mexico (adapted frayn Campa
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A) Stratigraphy ofv",t‘hé Guerero Terrane

The Gucrrcro terrane, within which the La ana mineral deposits occur,
cxtcnds along the wcst coast of MCXICO up to Sinaloa Provmcc Off the. -coast of

Smal‘oa. the - Alisitos terrane, which extends along—‘BaJa California, s

_Lapparcmly correlative with the Guerrero terrane.

The Gucrrero terrane constitutes an accrclcd ancxcm 1sland arc, which has
been 'generally r!lalcd to thc Crctaccous subducllon of the. Pacnﬁc Plate, off ‘the
'wcslcm coast of Mcxlco (Campa and RamlrcL 1979; Vidal et al. 1980' ‘Concy.

1983; Urrutia, 1981). The abscncc of .a cryslallmc bascmcnl below this terrane

has 'been consxdcrcd as an mdlcauon of lhc gcncrauon of this lcrranc cuhcr'

“upon young continental or upon oceanic crust (Moran, 1986; Urruua-1981).

The Guerrcro terrane -has _bccn furlhcrvdxvndcd into 3 sub-terrancs of similar
stratigraphy but  of contrasting structure, namely: the Zihuatancjo, the

Huetamo, and the Teloloapan sub~tcr‘ranc's (Campa and Coney, 1983).

The Zihuatanejo Sub-terrane

The Zihuatancjo sub-terrane, which includes the La Minita district,

consists of a thick sequence of andesitic volcanics intercalated with reef

limestoric” and some shale-sandstone. interbeds (more than 3000 m of this unit_

were ‘recovered from the Ja‘lisco 1 drill-corc (Lopcz - Ramos, 1981)) The

cxlstencc of cvaponuc strata lmcrcalalcd with- these llmcstoncs. and of' local

clastic shallow-water - sediments with dinosaur footprints, has been: dcscrlbc_d'

elsewhere (Lopcz 'Ramos, 1981; Ferrusquia er al., 1978). The upper pgt "of‘thi,s

sequence grades into a clastic unit. According to thc palcontologic evidence, -

this volcanosedimentary ass_cmb‘lagc‘was formed in Late Jurassic-Middle

- Cretaccous time, although there is a prcdommancc of Albxan Ccnomaman o
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scqucnccs._Foldirig and faultirig " have _affected 913/ s'u’bi-,terr‘ant:. but no

mctamorphism has been imp‘rimcd.

The Hu.eitarvno Sub-terrane

| .'Thc'. Huctamo sub-tcrrdné consists _of’ Uppdk 'JUrassi-.cr vol_cani'clasticv
scd‘i'x'nch'ls.' Qvéflain by. a I;lcocor‘rilvian -sandstone-shale 'scqucncc-wh‘ich“ grades
into. an Albiarf unit of limcstonc,"tuff and’redbcds. Lalt;-Crctaccoﬁs- redbeds and
lgmmbntcs form the upper membcr of the scqucncc Tighf upnght folds and '
an absence of obvious metamorphism charactcnzc thxs tcrranc '

The Teloloapan Sub-terrane'

The - Tcloloapan sub- tcrranc consnsts ofva low grade mcﬁnorphlc scqucncc
It contains intensely dcformcd. andcsmAc Iavas. andv volcamclastic malcrial
imcrbcddg:d' with shélc._ sahdslonc- and 'limcslon.c ', oAf. Latc-Jurass_ic to Early
_ Crcladcous age (Campa, 1978;H'Campd and Concy,‘" 1'983)'_. |

- /
In both the Zihuatanejo - and ‘the Huetamo sub-terranes, the lithologic

facies ,dcfinc" a scries of tobdgraphic’ highs wﬁith shallow- to dccp-ba'sins.' The
prcscncc of patch reefs within volcamc pyroclasuc scquenccs, vcry common
in- l.hc. La Minita- Coalcoman arca.. suggests seamount-like enviroments with
fringing_a,lolls." ‘_Shall_ow-watcr' and lr'ansitioinal environments al'so‘ suggest ihc
"ékistdnc‘c of dn ancient _archipciago. |

The presence of the mclamorphbécd Teloloapan sub-terrane _‘ id between
the apparcmly ' und\étarhoipﬁoséd' Zihuatahcjo and” "H.ucta‘rAno "éu‘b-terrancs, Call
three bcmg -of similar agc. has consututcd an enigma. (‘Za'm‘pa '(4_19731) _'bsdggcs‘tcd

that thcsc sub-terrancs were toctomcally Juxtaposcd and. that the outcrops of

thc Tcloloapan terrane rcprcscm ‘the uppcr' ‘block of a nappe, for in soge



-

mstanccs lhcy have bccn found ovcrlymg unmctamorphoch scqucnccs The

prcscncc of thcsc tcrrants of. snmllar agc but of comrastm;, dcformauon. could
be cxplamcd by stackmg of trust bclts durmg lh‘c proccss of accretion, srmllar'

10 the ongm of xhc accrcuonary bclls of Japan and ot" thc wcxlcrn coast of

-

North Amcnca

B) The Sierra Madre” Metalliferous -Domain
From a 'lmctallogcﬁic Viewpo‘inf_t, the: Southery  Sicrra  Madre hag
experienced two principal epochs. In the arca of l_h_c Guerrero. terrane, these

arc associated with distinct magmaiic' events. -

Upper Jurassic- Mlddle Ci‘etéééous Epoch
The ﬁrst cpoch was rclatcd 1o "an 1sland arc volcdmsm of prcdommdmly

mafic composnuon Zn, Pb, Ba, Cu. Ag. and Au consutulc lhc mosl mlpormm ore

"mctals whxch were commonly cmplaccd as volcanoscdxmcnlary dcposlls and as

’hydrOlhcrmal veins.” It has been pointed out that all lhc ‘masswc s'ulfidcs of"

soulhwcstcm Mcxxco were formcd durmg lhns cpoch (Campa and Coney, ibid);

thus, they arc*conccntratcd within ' the Gucrr;:ro-and Juarcz terrancs. R"ar"c'-,ly.'

ultramafic intrusions. carrying Fe-Cr-rich . assemblages™ ‘were ~ tectonically

émplaccd within the. island_'aré complex (Dqlg'ado and- R’lor_alés. - 1984).
Late Creiaceou.s-’l‘e'rtiary Epoch' _

The sccond mctallogcmc cpoch was assocxatcd wuh a phase of plutomcr'
activity of calc-alkahnc affmny Durmg thxs cpoch Fc--skams and Cu-

porphyncs were wndcly dcvclopcd along subparallcl zonces !rcndmg NW SE.

" The copper porphyncs corrcspond o the possxblc mcndlonal cxlcnsnon of lhc

S
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COrdilicran Copper Porphyry Belt (Damon et al.._ 1983; S;illitoc; 1975). This béit _
is well cxposed in northwestern Mcxico: but i'tsvs‘outhcm cxte'n.sio‘n' .i's.‘not
‘l(:'lcarly defined. - Most of the pbrphyry copper chosits _wé_rc emplaé’cd' during
l_h,ck period 75 to 504. Ma ago, synchronous wilh the Laramide qugény. although
those .of tﬁc' southemn porti(v)h'_of the belt "appcar to have fgrmcd ~15 M.a. after.

According to Damon et al. (1983), the occurrence of cbppér po'rphyrics
_appears  not 10 ‘be  related to. the -terrane intfudcd. On the basis. of isotopic
ihformalioﬁ lh(;,y concludcd, in Acdntr>ast‘, that these. deposits. are éloscyly.related‘
o an casfcrly migratipg maématic arc originating ‘in the .mantle. Thc copper

was ‘dcrifvcd, from a mamlé source and sqme: ii‘lhophilc clcrhcnts asgoclia{cd with
(fn'c, mincralizalion were acquircd by assim’ila(.ioh of c‘rus‘laljmalérials.’

On lhé other hand.'bthc v‘ésl majdrily of the importanl Ag-Au énd Pb-Zn
‘mincral occurrences of Mc:‘(ic.o.,‘which, formed d‘uring this cpoch, show a clear _
affinity 10 the lérranc distribulion. Thus a cléér influence of the “basement” is
rccognizcd.vsir.lcc .lhcsc d‘_cposits‘ wcrc : gcncral-ly produced afier the acﬁrc_!ion of
gcrrancs‘_' .t;) North Amcrica./Fori instance, .AgsAu mincral_i_zation is
pbrcfcrcn.liall-y"conccnlrétéd in rc}givons with  Mesozoic vulcanos"cdivmcntary

basement (Guerrero and Juarez terranes) whilst Pb-Zn mineralization occurs

- preferentially v'in ‘regions floored by Precambrian  basement (Campa and Concy.

i983). .
‘C) Petrogenesis o _ ‘
P r

It is worth noting that initial Sr ratios "of all the Laramidic and younger
plutons ‘of the - meridional portion of the Guerrero, terrane are rather low

(0.7041 1o 0.7055). Damon et al. (1983) interpreted these ratios as being. cvidence

P
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, . -
of negligible crystal contamination of mantle-generated magmas. In  addition,

the lack of cryslallmc bascmcnl in. the region of the Guerrero terranc suu,csl\

that the Latc Jurassic-Middle Crclaccous magmauc rocks could not h.m bccn
derived from m.cltmg of continental material; that is, they rcprcscnl ‘r(')cks

prdduccd by primary magmas as well. Should this be the case, assimilation ot

these older magmatic rocks would not affect, signiﬁéanlly. the initial Sr ratios

of the Laramide plutons. A low initial Sr ratio at La Minita obtained ' by the

present  author (0.7'0493&2) sdpport‘ this -statement. Therefore, this rcasoning fits

reasonably well. the hypothesis "that ‘the  southern Guerrero terranc  did not
evolve. on ancient contincrital crust. -

In .comrasl. evidence of crustal contamination is present in the Laramidic
plutons of the septentrional sector o‘f. the " Gerrero  terrance.” They - exhibit  the

influence of the vNor-th—An')cric,an bascmcnt_ as high initial Sr- ratios, brobubly

acquired by assimilation. of old crustal matcrial. ~

It can be concluded, therefore, that the vulcanosedimentary sincralization
of the Gucrrero terrane scts an . cxample -of the -mincralization ‘g,cncralcd in a

primary terranc. - It must represent the mincralization associéted  with (he

initial stages of continental crust-formation.



‘2 Tabaquito = Little Tobacco

IIIl. LOCAL GEOLOGY

i
The la Minita district typifies the  voldanosedimentary mineralization' of
the Guérrero terrane. As was pointed out carHer, this type of mi‘ncralizalion:‘is-,
restricted to  the Late Jurassic-Early Crétaccous' island arc of southwestern

Mexico. At La Minita shallow water environments around volcanic islets

favored the formation of fringing reefs which were frequently draped by

volcanic eruptions of pyroclastic - material. -

A) Lithologic Set;ing
. v SR
\A.t. La Mnf’ three principz"ll' lithologic un‘il.s may be recognized. The lower
unit " is of predominatly mafié. \{olca-nic charactcr_. v"I‘he";.rr;iddlc unit inélpdc; |
volcanic (l;va‘ flows and. pyrbcl,aslics) and scdimcn,t;ryu cdmponcnis ofb

intermediate  to felsic composition. The upper wunit consists = of an

uncomformably~dcposilcd turbiditic sequence.

~In the following sections reference is made to several localities within the

district, 'namc'ly: Vulcano!; Tabaquiloz; Ojo de Agua3; Sapd Négro4.' These are

shown in the map of figure IIl.1. The . description of. units is based upon the

petrographic study by the author.of over 140 thin sections, and complements

that of Gaytgn et al. (1979).

1 Vulcano = Volcano -

3 Ojo de Agua = Spring
4 Sapo Negro = Black Toad

14
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Lower = Unit "(Volcanic)

This ‘unit ¢ccurs ‘at »tl.lc flo\.w‘c_st slraiigraphic level in the district,. although
vlopographic‘ally it may be found forming the highest peaks. Its main outcrops |
arc localéd‘ in the northemn vand eastern scctb;'s and it’ pro'bably .ﬂoors the rest
o_f‘lpc region |

Massive lava ﬂo»Qs and‘proxinial pyraclastic bcds. are the sole ;omponcpis.
The .lavas are porphyritic, autoclastic '.andcsitcé»and aph_énitic basalts. In the
“andesites, the only surviving . csscntiél compéhcm is oligoclasc; which
frequently . is altcréd to epidote (pistachite) and calcitc.,' Thcsc‘ 'phcnocrySts are
scl in malr:lx of chlorﬁc-albitc-calcitc:hcmatitc/ commonly show.ingv relict
glassy structure.”. The basalts show .a trachytic texture of andcéine-pligoclasc
“microlites; As it is the case with the andcsilcsT the _basa_lls show a lypical.spilitic
-~ alteration to chloritc-caléitc-hcmatitc. in addition to tremolite-actinolite,
clinozoisiic. zqoli;cs. and “melilite (or vesuvianite?). These basalts occur.
inlcrcalatcd with bedded, micritic limestone at the Sapo Negro locality. The
presence of melilite "has been ‘long known 'vlo occur where - basaltic dik¢s or
lavas were chiplaccd in contact with carbonate -rocks. The a.l_tc;'cd andesite-

.

basalt aésoqiation corresponds to the greenstones described elsewhere as
spilitic. All‘houg‘h the (v)r‘i'gi.n of‘ spilites  (and “related kcratophyrcﬁs) was a
cg,nA(cmioﬁs‘issuc for some tiﬁc (_A‘mstutz;' 196é; Axvnstu'lz‘ aﬁd .Patwardhaﬁ, 1 974; :
Vallancc, 1974), it is ﬁqw g‘cﬁcrally a‘cccplcd that they are prbduécd during
éubmarinc alteration of basalts-andesites (and éssociatcd rocks) by add_i.tionV of
Na+ at varying Pcoz (Condie ‘et al, 1977; Moody, 1979; Best, 1982; Hyndman,
1985). | R |

Similarly, the pyr‘oclastic‘ members a\'rc.of. andesitic composition and ‘show a
chloritic a.ltcralioh as well, They afc&blc{micl breccias and lappii]i vtuffs, apd

occur in massivé structures. It is clear that they_represent the proximal facies
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of cxplosivc cruptions. In fact, the whole unit dcfines a submarine volcanic

center, probably a secamount within "an island arc.

Middle U‘nit,v (Volcanose_dirﬁenﬁtry)‘ .' . .

| This unit. consits of pyroclasliés. volcaniclaélic scdimcntQ, and ‘patch rc‘cfvs.
It. occurs  at Vulcano..’I‘abaquito, and Ojo dc“Aguﬁ and is characterized by‘ a morclb
felsic composition of the volcénic .matcrial.
| - The vpyvroclastics are mainly ash fall tuffs and ‘sporadic .‘a“sh flow tuffs.»’lv‘hcy
consist ’6f trachytic lapilli and altc.rcd~ ash. Aligned sanidine ’microlitcs set 'in a
glassy .matrix are widcly representied in _lh‘c Jlithic fraction ‘o‘f the lﬁffs. Thcrc
“are also lithic fragments which'aré totally - devitrified. In fact, vcry' rarcly has
the glass been ,p‘rcscrvcd. vbcing'lafgcly zjxllcrcd to 'aﬁ aslsociation'of chlorite,
quartz, and scricite. B ‘ -

Lévas arc far less common in lhis‘unil. Tﬁcy arc aphanitic and porphyrilic‘

»

rocks highly altered to chlorite-quartz, where  scricitized sanidines are  the

only lrcmaining. phcnbcrysts. Some rc')c'ksAshow promihcnl glassy relict
1cxtgrcs; Qilh chlorite flakes ,avligncd along lh(; contour of p.crlitic stfuqlurcs.:
Gaytan et al. (1979) have. dg:scrchd the wide occurrence of fluidal, vjtric
rhyolitic qompohcnts and of "sm'all. imrusivcv‘s"'wivthi'n this unit. -

The volcaniclastic sediments- of this ﬁnil_ consist of re-worked volc;micu
‘material. These are sandsl(;ncs and conglomeratic san,dsloflc made up . of round,’
clongated clasts Aof trachytic and aphanitic lc*turc. Gradcd Bcdding may- be
pfcscht. These rocks are suggestive of’ ncar-shore crps:oh of the volcanic
'rbcks‘ d'escﬁbcd' above.

Clearly .‘thc volcanic 'and‘ volcaniclastic rocks have been affected . by
hydrothérmal alteration.* In'avddilic')n to the wide "occ‘u."rrcnc'é of chlorite, quanz.”

and sericite, barite laths and hematite veinlets have . often replaced thgi_ rock.
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Likewise, secondary fresh K-feldspar occurs in some instances, although it is
" more restricted. |
Biohcrmal patches. of fossiliferous limestone are intc.rcalatcd' with  this
volcamc scqucncc The outcrops of this mcmbcr are concentrated along a bclt
whlch extends NW-SE through the SlUdlCd area (figure III 1). At Lhc Tabaquxto
occurrence, the limestone is more than 40 m- thick. It contains a -large number
of fossils, ‘among which the caprinulid rodists afc the most. comm_on. Gradation
from fresh vlimcsvt.onc into a zone of toagnctilc-quanz and '.thcn‘ into ttIc 'orc
booy can be clearly traced. On tho Wholc it appears that thcsc reefs dcvclopcd'

fringings the volcanic islet dcﬁncd by -the lowcr unit.

The main cxposure of reef limestone occurs in the center of the district,

adjaccnlv to the ,Vulcéno orebody. Here, it consists of 'moI'é than 150 m "of,

-

biohermal reef limestone ‘bearing ga‘stropods' and .pcleoypod_s. Among the
polcoypods._‘g':glgringlgi'q;g sp. and ( :Qélggmgng r‘amgga aré¢ the most common
rudi'sls. which are lypioal of Cretaceous carbonate sequences of Mexico,
spchfical_ly ’lhc Albian-Conomanian (Palmer, 1928;v Machilla\é'ry,' 1932;
D;_:chasc‘aiuxi and Perkins, 1969; Harris and I—IodSon, 1922; Pantoja and Estrada,
-1986). ItA has been postulolcd thaI ‘rudists were organisms which tolerated
c'ncrgclic.,shéllbw-watcr. warm marine covironmcms (Bése aod Cavins,>19.2=7_;’
Cox, 1933'- Enos, '1974- Palmer, 1928; Mulleried, 1934), which is in agreement
with thc facncs apparcmly defined by the middle unit. |

~ This reefal body ,compnscs at least two growth stages, as suggested by the
prcscocc of .a disconformity marked by an horizon of shalcy'x;lat"crial and
dis;olution cavitic.s i‘n ‘the lower member. This panvicular"bi_ohcrm did notv grow
}f'ringix‘xg a volcanit island, but ralher above a shallow shelf covering an
or'odod (7). volcanic pile. The di_ssolulion;_v cavitics suggest a short periocI of

cmcrgchcc or -uplift.
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Most of the bio:hermal reefs of the dlstnct show ;:xlcnsivc cvidcﬁcc of
coeval reef growth and b'antc sulfldc/magncmc hematite mincralization.
Barite ahd hematite-magnetite commonly alter the limcsloné, and it is .not
uncom‘moﬁ to find fossils finely replaced by .quanz, magnctitc.or by” barite. In
fact"this kind of alteration is an ‘important indicator -of min;;alization in the
. district, lhc main occurrcnées havi%xg:originatcd by replacement of lhc,rccjt"
1tsclf (at Vulcano and Tabaquito).-

: -

Thc aforcmcnnoncd alteration also occurs in margmal zones of the reefl as
Qemlcls, ~with rare rccryslalhzauon of the cnclosmg .limcstonc. chlaccmcm
of.ﬁ_.foséils .and veinlet devclopment coul‘d havc clearly l‘bccn the result of
hydrothermal ;qtivily developed in the reef cnviror;mcnl. The del that
organisms - flourished in the area mig‘ht well be r;:J'ulcd 10 thc‘p.rcscncc‘ of
cihalative hot-springs in the vicinity of thé reef. ‘Such hot-springs would
,dclivcr‘pulricnts rcquircd »for' the support of large thcrmophilib cpnnﬁunitics.
Further evidence of . the coeval ch'clopmcm of.lhc biohermal reefs “and
cxh’al‘ativc'isiles comes from the common occurrence, at a similar stratigraphic
level, of syngenetic pyritic bodies and ,bcddcd'iron‘ formations whi;h probably

-

formed in off-recf,” fault controlled basins.
Lalerally,,thc main reef body at Vulcano 1hins‘_out..gi'ving way to tuffs and

volcaniclastic sediments. The presence of olistostromes - within a shaley-

,

tuffaccous 'matrix suggests .mass movement, probably triggercd by volcanic

seismic - activity. In other cases, slump folds within iron formations (at El Sapo

'

Negro) - also. suggest disn@ption of the seabed.
'On  the basis of the previous informatlon, a palcogeographic
rcconslructxon suggests the existence of a sballow marmc, sub lropncal/

-tropical environment. This cxlstcd around volcanic islets, with submarinc hot-

springs issuing waters during hiati between eruptive cycles. Also, during

1
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" these hiati reef- forming biota _ flourished on and around the islets, "Evidence
from the Vulcano and ‘Ojo»-dc Agua sectors indicates that pyroclastic flows
commbnly, buried lhé “reefs. Thc presence of ~well-preserved rudists within

ash-fall twffs is a common featurc that has been also noticed in the -Huetamo

and El Encino Mine regions  (Pantoja, 1959; Pantoja and Estrada, 1986).

Uppér Unit (Sedimentary)

In contrast to the dbxﬁinanlly volqanic' character of the tv;/o prcvious; units, -
‘lhc‘ upper unit is solely 'of‘ scdimcqlary 'naturc, The base of the _uﬂit consi€ts of
turbiditic - strata of sandstone-shale and limc_stdnc. »Towards the top, it is
-corripo‘scd" of ‘av black shalc-limestone scquence “with frequent thin - pyritic
lzi}'crs. This unit ‘w’as unlco.rﬁforinva‘bly dcpositcd on the mi(-idl‘c‘ unit. At Vulcano

it slics on a-kaolinized-chloritized tuff which in turn overlies the main reef, No
) .

basal conglomcrate has becn observed at the unconformity [dvel, however the

lack of altcration and of volcanic material on thc upper unit suggests a sharp
change in the tcctonic/volcanic rcgimc of the region.

This unit ‘seems to havc been dcposncd on a faulted terrain, within small

grabcn -like basms of variable depth (Gaytan et al, 1979).

Correlation and Age‘

The Albiah-Ccno.manian'is a3 period widely represented in southwestern
Mc;gico. In the Guerrero lerra\%xc and its’ surroﬁnd‘ings. sequences of ' this agc‘
have been described ;l§cwhcrc (The Morelos F‘onﬁation ‘(Pahtoja, 1959; Frics.J
.1960' and the like); The El ‘Pochote Formauon (Campa 1978); The Vallecitos
Formatlon and The El Encino Formation (PantOJa and Estrada, 1986) ctc)

 Apart. from dating by the means of fossils, there are but a fcw examples  of

~ the absolute dating of the volcanic-Scdimcntary .complex. Czerna et al. (1978)

.,
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rcportéd a Rb-Sr age of 311x30 ‘M.a. for the volcanic scq_uéncg:, west '6f

Zihuatanejo. Gastil er al (1979) détcnnincd a 114 M.a. age for the volcanics of

Puerto Vallarta. Dcl”gado and Morales rcported a 96 M.a. K-Ar age . for the

ultramafic complex of El Tamarindo, Guerrero, which s suspected to be
"gcnvctically related to the Guerrero- terrane. Finally."Pantoja “and 52(71986)

reported K:}r:.a. (mcthod"Waé not indicated) age for the volcanc imcnt'ary
at '

Sequence cino Mine,

At La Minita, the Rb-Sr study carried out duﬁng this irllvcs't'igal.ion. yielded

a pscudo isochron. The age calculated by means of - this lmc is 100 M.a. and lhc
r

initial Sr ratio 0.7049. ThlS ~age and the mmal rauo appcar reasonable for . the

'1sland arc volcamsm of the region. Thc palcomolog_lc evidence agrees  with

such an ‘age, for the Albian-'Ccriomanian boundaty has been placed at 97.5 M.a.

\

l

(Harland er al., 1982). However the pseudo-isochron rcndcrs, some degrec of

uncertainty due to the lack of precision. This a’spcct will bc dlSCUSSCd in the Sr.

isotope section (chapter VI)



B) Structural Géology.
' \.

The ‘structuralvfcaturcsv of the La Minita district were dc\)clopcd during two
main dcfom;alional stages. Thc first onc was .probably initiétcd even bcf‘orcv
thc d"cposition' of the ores, wﬁi‘lsl the sccond onc formed after depositon of the
.upp;:r lithologic unit. |

F‘irst‘ Deforr'national Stagg

| This'is manifested as prominent normal faults of NE-SW trend. Evidence of
‘the existence of these’ faults -prior to the mineralization is found -at Vulcano
(sce figuf‘c ‘111.3). {'ﬁ\+his 10@@“[)' ‘a normval faullt- wi‘lh-'NESISS‘vW oricm_alion'
transects the rcplacct&gcm and pyritic Bodics (wﬂich w‘ill be fullygdescribed in
the Deposit ».Dc3criplio.n§ scction), and has .raisﬂcz:d tﬁc underlying volcanics. A
m‘inimum 50 m throw s 'dcduccd fr()..;n‘ lhé reconstruction of the lower  part of
lhcv "rc;')laccmcnl'body. The .si'gniﬁcanl obscfyalion is that this fault does not
affcct the upper 'l,ilh‘ologic Qpit, and th-crq,forc it cxisvl’cd prior.td the
sc_dimcmalion bf this _uni't. i‘T'hcrc arc, on the oth€r hand, other normal faults
which clearly affect the upper unig. |

ThcA faults of this deformational _stage ‘migh} ‘have provided a. vent for fluid

circulation and deposition of the ores, as suggested by Gaytan et al. (1979).

Second Defofmétmal ‘Stage

| This :sta'gc was of compressive nature and developed aftcr/depoSitiOn of all
the litﬁblogic units. Dc_pcnding upon the strc.ng‘thv of tlll/c r_‘ock,:diffcrcnt
'v;i;..fc)rmé_tionai _y'stylcs. were - imprinted. -T_hﬁs. fwo regimes are distihghisb,cd |

. namely: a ductile and a brittle phase.



Ducti'lc dcforr_naﬁon is exhibited by the upper. unit. A gencral NW-SE
oricmatio.n’fo.r the strike of the sratification i‘s‘~'apparcnl althou.gh il.’”is
dxsruptcd at Vulcano where, in the southcm sector, it trends NE- SW Thc uppc;
unit dlsplays tight, lncllncd anticlines and synclmcs whosc axcs parallcl the
general stike. Thc folds 'have a short wavclcnglh (in the ordcr of meters) and
and larger amplitude (mctcrs"lo tens Qf meters)s in the northern area close to
the Vulcand deposit. Far;hei away, thi:‘folding becomes more gentle, - For
,instance, at Tabaquit6 no folding is apparent and, réthcr. the stratification dips
30;50° SW; in the southem sector of Vulcano it dips 20-40° SE.

Brittle dcformation'.is ménifcs[cd . in the . reef hmcslonc\,and vkin the
volcamcs Thc most dramatic example is- exhibited by the reef. at Vulca.no m
which a prominent _)Ol.nl system has dcv_clopcd. Thq.‘101nts arc closely spaccd at
~1m intervals, -have a predominant NE15SW- oricntation, and dip W >al 84°-86°
(sce figure I.IIV.2). L |

In the Vulcano scclbr_ thcrcv' is a. prominént reversc  fault which has_
brought inlo.coma-ct the middle and uppcr ur;its (see figure lll'.3).> -l\l:lalso*
appears 10 scparatc the nonhcm block with NW-SE strikes from lhc soulhwn
block 'with NE-SW strikes. Its avcragc oricntation _is NW35°SE 55°SW, and the
southcm block is lhc hanging wall. Due to the faullmg the reef limestone has
overriden onto the upper unit, whiéh.has adoplcd the orientation of the 'fault N
and ymay appear turned-over and more ]ntcn__scly folded in this zone, '}as‘ was
" mentioned previously.

Thc reverse fault must be rcsponsnblc for the different _orientation .of thc
upper unit in the hanging and footwalls. A co_‘umer-clockwnscA. rotauon’ of the.
overriding block would explain” such a feature.

The last brittle deformation manifests itself as NE20°-SO°SW-lrcﬁding

normal faults. These faults are diagonal to the normal fault of the first



'dcfoﬁna;ional_ stage. at Vulcano, pérpcndicular to the general slri‘k_c’ of .\Lhc
upper unit, and ll"oughly' parallel to the joint system of the reef liméstone.
.Thcslc' faults afﬁ;ctcd,all the units of the district, a;'ld were probably controlled
’by. dcczgcr discontinuities reactivated after the culmination of the second
deformational - stagc. |

On thc Mioic the deformation exhibited at La Minita affords a localized
cxamplc of the rcglonal dcformauon ’éf SW- Mcxnco Similar NW-SE. trending
folds and - quasn perpendicularly onemcd systems of fracturcs and faulls have

bccn dcscnbcd and mapped cls¢\:whcrc (Pamo_la 1959; Pantoja and Estrada, 1986;

Campa, 1978; ectc.).
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Figure 111.2. Contoured and shaded equal-area prolectlon of the poles of joints in reef
limestone at Vulcano



C) Deposit 'D,esc_riptlons

‘Mineralization in the La Minita " district lS apparcnlly domma(cd by iron

3
oxides, but in some instances thcsc are outwclghcd by sulfalc-basc~mc;al_
s'ulfi(.ié: mincralizatioﬁ -:Th‘c_ prmc1pal mmcral -ocurrences .arc found at
Vulcano, Tabaqulto. Sapo Negro \and OJO de Agua (scc fxgurc I11. 1) The
mmcrahzauon \is' of two principal varieties, namcly' (i) cplgcncue.
stratabound mmcrallzauon which consists of iron oxndcs. bantc and Zn Pb.

sulfides and rcp]accs. mostly. carbonate honzons (at Vulcano Tabaqux-tov and

probably O_]O de Agua) . (i) syngcncuc-cxhalauvc slrauform minc'ral.inlion'in

-,

e .
the form of massive, beddcd pynutcs (at Vulcano) and .iron . formauom (at

Vulcano, Tabaquno ‘and Sapo Negro). -

Syngenetic and epigenetic mineralizati often occur in the same area.

_ This led Gaytan er al. (1979) to invoke car@mgcnclic,dcposilion followed by

recrystallization and(rcplac_cmcnl of ihc primary ‘mincraliialion. during later
resurgence of hydrothermal a‘ctivity.‘ 1

- Taking into 'cons'idcrat.ion ‘both ‘types of " mincralization, - a géncfal' mineral
zonation can bc dcﬁncd at Vulcano and Tabaquno In these localitics bamc and

'Zn Pb sulﬁdc mmcrallzauon is bordcrcd by 1ron—mangancsc'mincralizalion in

the form of vcins and strauform dcposxts Anothcr'c‘xamplc of zonation exists

. {
in the rcplaccmcm body at Vulcano Hcrc the zmc conlcm dccrcascs lowhrds

thc top, . whxlc that of barite and silver increases. in lhc same du'ccuon (GaytanA

et al., 1979).
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The Vulcﬁnp Orebody
A 'rcccntv' invcstig}alion, of 'this .orebody, at:icr extraction o‘f ;he cen;raT
-'rﬁ‘inc'raliz'cd zone Had cxboscd tl'hc .in;cri'lcnfffof the body; _has’ pct.’miltcd'-'thcw
id;_n't_ification of 'lhrcc. kinds of‘ mincréli;ation,” nafncly:A (i) ivronb ‘boxideebarit‘c;
Zn-Pb-sulfide Carbonale,‘fcplaccmcnl ‘mineralizal,ion; (ii) hassivc, inte}nally-
bedded - pyri‘tc' xhincraliiati()n‘ (iii) | slratiforrﬁ jdspcr-hématit‘e mmcrahzauon

The map of ﬁgurc Il[3 may be consultcd to more casxly visualize thc gcologlc

‘rclauons at this localny

(i) lron" ‘oxiide-barite-Zn-Pb sulfide replacementv miné\ralization'
Thc main rcplaccmcnl body occurs. at the center of the mine and exlcnds
vrddlally oulwards followmg a domal slructure (Gaytan et al 1979)‘. It consists
“of irrcgular hematite, magncmc pynlc-. ~and spha}lcmc" zones, ‘prinéipally in
the lower ban o’f'. the 'b_ody. 'Hcrriguilc-mvalgncti‘lvc_‘ are imcrm‘inglcd and the l,a[tcr‘
may replace thc .for_mcr. Most of the .orcbody contains radial v;'intcfgro'Wft’ls-:‘o.f
fin?:-gfainéd _ barite with disscnﬁnaléd sphaleritc, pyrite,. galena and
lclrahcdri}c (f?cibc}gitc).. The top of the vbodyv is rich in jasper which 6ccurs
.intérmi-xcd with brecciated - limestone: this zone grades upw‘ardsv into
‘ rccry§ialliz;:d limcstonc and finally“ into fresh hmcslonc Gaylan et al (lbld)
rccogmzcd thc presence of -sphalcmi: with colloform bandmg. which is often
broken probably as a rcsull of submarmc slumps \
| " The Whol_‘c body is_ ufanscctcd by bari}c-quaftz-pyritc ‘vc‘ins._Spqradic'
'ocl:CL.m;cn.ccs of‘limcstoﬁc remnants and 'off‘x’:‘rél.)lacc-d fossils within thé‘_iérc' zone

strongly suggest ‘an epigenetic origin_ f6ér -this body.
il
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At depth, thc’rc are two liﬁcs;onc;magnctitc beds, only detected m the
dccpc‘s‘t‘ ;drill-holé;s. whose thick'néss”';'rcachcs‘ up to 20, m. Finc~grainc‘d
ma_gnctitc. 'hcmatitc, and jas;pér ‘arc’ ubiquitously prcscht wihth min‘or associated
vsUlfi_d.cs (sphalcritc pyntc and chalcopymc) Rccrystallizc}d calcite and some
doblo‘mit‘c. are lhoroughly mlxed wuh thcsc minerals. Veins andb,irrcgula;.
.rcplacbmc':m have largely af__t"¢ctcd ,th¢ limcstonc. o
H._ow.cvcr'. some samples still rcontai&n fos‘sil ‘shells despite the ihicnsc altcration;v
’Th.csc strahla arc enclosed by dominantly At;achytic-andcsitic pyroclasucs
thch are highl-y' chori"tiz”cd-sili-cificd Disseminatcd’ sphalemc bame and
vg&na veins are found in thc volcamcs |

At the southtwcstt:m sector of the pxt thcrc is a zone of rccfal flmcstonc
i'argcly snl»nﬂc:fnc‘d, andvrcplac.cd by magncute. Hcrc almost all of ic fossnls,_
mainly caprinulid .fﬁdisls’. are fmcly ‘fcblacéd. by quartz and - magne.ti[c"..‘
Similarly,. ‘irrcgular magnetite- quartz vcinlcts cxt‘cnsiv'clil transect - theé rock,
-howcvc_r -no' apprcc_iablc ‘rccrystalli_zation of the limestone remnants _occurs.
This sccms to suggest that the alteration of the limestone Alook.'placc at low
tcmpicraturc.‘ allo‘ng Atht}. most pcrmc:abl'c zones, pe;haps. during the diagenetic
stsgc. |

'on_ the whoic. it “appears . that i&u;a'l' iron-silica ”mvinvcraliiation was’ follOng
by »Bari'l"c-sulfigcs-ﬁla'g'nciiic-\quartz. : n;incralization '~ and finally by minor

‘baritc-pyr_itc-sphalcrit-c 5

(i) Massive»-pyrite' mineralization
Massive, mtcmally bedded pymc of syngcncuc exhalative ongm occurs
in lhc northeast sector of the pit (samplc locauon point #80). ThlS ~5x10 m

bady is intensely shattered and occurs at a shcarcd zone of the fault of tl;c first
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'dc’f‘on_national ,slt.agc. ‘Graddgd bcdi.ng. p_scudo-laycrin'g. And framboidal textures
are present and  witness the exhalative-sedimentary na‘turc of this body. In
addition, there ar¢ pieces of crust up to a ch centimeters long and two to three |
.mili.mctcrs. wide (and ‘srﬁallcr). _‘médc up’ of pyril;-marcasitc ~with ‘-minqr
sphalerite  and barite (see | pléié l')v. ‘These pro_bably ,c'onstilufcd bar.ls of
exhalative ‘chimnéys (as those described at the East Pacific Rise (Haymon '@nd
K'asincr,‘198i; Stynt ei al., 1981) and in Papua New Guin@:a (BoLb erv-al., 1986)) or
of the outer shell of the pyritic body:. |

On the whole, this body conéists of fin.c-gré'incd. byritc wiih minor
‘spha’lcritc-baritc ~and 'trac‘cs ot""g'alcna. There is also coarse barite and
sphalcr.it;‘ 1which ‘cross-cut, and congain _lcﬁ overs of (island and continents
textures) the previous associéti_on (sce plate 2). - |

Latcr'ai'ly' thc. b'yrilic 'body grades into a zonc‘ of pyritc-marcasilc-bériic-
calcite with minor sphalerite. The who'lq body is overlain- by ‘massive limestone
‘and -seems to bc a 1latcral.cxtcns'ion ‘of the lr'cpl.ac‘cmcnl body.

Thus, it would‘ appear that there was a structural control for~l‘hc.dc;‘)osilionb
of this suifidc(fgdy.‘ ‘Ore-solutions dis‘c’hargin‘g into thc sca affected the
.palfcms _I of ,;:aybonatc vscdimcntationf whichv 'bécam-c ‘d'ominanl aftc.r t:hc
waning of the hydrqthcrrﬁal activity. |

\

(iii). Stratiform iron. mineralization
Stratiform iron-silica mineralization occurs at the. southeastern sector of
‘the mine- (sample’ location points 61 and 88). It consists of at least ' (wo

‘intcmally layered strata of jasper-hematite, enclosed within pyroclastic rocks.

The unsorted, massive structure- of the uniderlying pyroclastic member, which

~

may coastitute an ignimbritic unit, - points to a shallow environment  of
‘deposition. Chloritization and baritization ‘of the enclosing tuffs is extensive.
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~Plate 1. Samplé 80D: pyrite-marcsite cryst set in a matrix of‘_ framboidal pyrite with

barite and minor sphalerite. Reflected light.

-

" Plate. 2. Sample 79A: Sphalerite transecting and replacing py-marcasite. Bari
.~ black mineral) may replace all the minerals above mentioned. Reflected light .

te (the
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~ Fossils replaccd by baritc may be foq‘nd in the tuffs underncath the
fcmfcrous layers. Addmonally. olistostromes of limestone wuhm the tuffs are;

as wcll hxghly allcrcd to jaSpCl' and  barite, and. late -bar{lc-sphnlcrilc

assocxauons : - /.\ ’ E e

It is thus apparent that epigenétic and syngenetic ores w'crc_ formed . almost
synchronously at Vulcano. The former resulted from replacement of . reef
limestone by sulfate-sulfide-iron oxide mineralization, while the latter formed .
by precipitation onto the seafloor of proximal pyritic and "morc .«distal" jasper-

hematite beds. ' - ' . -

The . Tabaqu:to Deposit ’

n thc whole, the mineralized zone at Tabaquuo is stralabound and hosted
‘b (Ohc volcgino-se'dlmcmary scqucnce. The proportio_n of limestone is much"
lcss‘ lhan "in" Vulcaho “however the mmcrallzauon is ag'ai‘n clcarl); spullally‘
assoc:alcd with thls rock- -type. The main ore ionc is massive andrconsms of an
assoc:auon of barite-quartz and minor sulfides and sulfosalts (sphaleritc,
-‘c‘halco'pyri;é, galena and proustite). ‘Althoug lh'é .prescn.l, continuity of the
"bOdy has bccn'.dismplcd b.y ahscrics of no' al faults. it. scems that its lélcral
equivalent is a massive bxohcrmal llmcslonq \§hlch is almost totally replaced
by magnculc and bears snlxcnﬁcd barmzcd fossils. Fanhcr away the magncuu,
coment dccrcascs .and ‘the limestone bccomcs cxlcnsxvcly rcplaccd by baritc
lvaths, this - zoqc-’gradcs into an ‘unal*tcrcd limcstonc. Covdring the main
rcplaccmcnt body, there is  an irregular mass of subtly- laycrcd ‘jasper a few

“meters in diameter, Wthh is transected by barite vcmlcts , 2*1
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‘Thc main body is gchcrally fin‘c-:grained. It consists of a crystalli;nc.
association of radial barite and cuhedral, often doubly terminated quartz.
.yyhic,h commonly replaces  barite. Occasnonally. irregular zones of coarse barite
'arc present. The sulﬁdc cdatent of this body is vcry low, locally reaching " a
‘ma.ximu.m of .10 %. Sphalcntc and galena’ are. gcncrally assocxatcd w1th thc most.l_'
Sllllelcd ‘zones and aw often rcplaccd by- quanz Coarsc-barltc vcins and -
hematite-quartz veins frcqucntly transect the body. In a few caséa _romnan'ts
of hxghly sericitized Kfcldspar arc rccogmzablc in xts upper pan Slrnxlarly.
occas_lon,al cxrcular-structures vwnhm_ the ore-zone are ~prcscnt and could
rcplc_scnt lotally-r__cplaccd fossils. -

The mincraliacld rb_\ody ‘is underlain by chloritizéd-sili_cified-barit-izé‘d.' |
andesitic to 'vtrac‘hylic-yolca.ﬂios. It is overlain by a lcss-altercd: volcanic- -
.volcaniclasli.c‘ sc.qucncc..Laﬂlcrvally, the volcanics. are kaolinized and .transcct.cd
by black» vcins. ol’ pyrolusilc-brauditc;_ in "a gencral sense, this type of
' alteration- rims t,hc‘main minc‘ralizcd zonc,

The effects of rthc altcration and weathering have been extreme. Patches of
fossiliferous lxmcslonc‘ which occur castwards of the mineralized zone already
described, hayc been totally wcathcrcd to a.n earthy, fnablc. material, where
silicificd;lim'oniiizcd vfoss;ls' (similar to lhoSo desc':ribvcd_ for Vu‘lcano) aro vthc‘
only residua, |
| In short, as it is the case witll Vulcano, Tabaqulto presents evidence of a
scqucnual development of initial iron mineralizing, followcd by barite- sulﬁdc
minecralization. 'I‘hc stratabound naturc of the . body and some rclxct textures
again poml to a sclccuvc ‘replacement of limestones and of assocnatcd voleamc

rocks. Furthcr introduction. .of barite-quartz and hematite through veins

- affected not only the main body, but the base of -lhc‘»ovcrlying lithologies as
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well. “In contrast, the 'jasper body 'seems. to have been deposited -in an aqueous

' environment, prior to the last mineralizing cvent.

The Sapo 'Negrb Deposit
At ihis locality a sc/rics of Mn-Fc-ricH strata (Fe-formation) arc encloscd
by a vo'l‘c'anicv unit which grades upwards into a ‘laycr'cd.r scquence ‘vovfl
carbonates (see’ ﬁgufc I11.4). Thc.sc" strata,,c'klcnd over an arca ~200x100m _'and-‘ |
i v
are 10-cm to ~1.0 .m thiék.; The Mn  and Fc/ contents of the richest stratum' are 27
- % and 14 % rcspcétivcly (Ca‘sti'llo-Méadrid, 1986). Two. scquences can  be
'divstingvuishcd.' scpératcd by ,a,‘horizon oiL kéblinich “tuff. v~Thc upper. ‘.mcmbcrv
consists ;)f’ lwo‘ strata céﬁiposc‘d of laycfcd jasper, hcmati_lc a.ndi M‘n'-‘bc'aring '
brownish beds, separated v by a thAi~n layer of ;brownisvh-pinkyish'
(mont'morillonivtic). tuff. The lower member consists of four strata of shaley
mavtcrial, rich in Mn oxides (psilomclané-j'acobsilc) %md hvcmat'itc. wi.th almost
ricgl.ig:"iblc jasper. Internal folding. dﬁc to‘scismically induced (?) gravitational
slides are commoﬁ in this lbﬂwl.cr member.’ | | |
Covcriné ‘. this * iron format{on is-.a unit of spilitized, spheroidal ._‘bagsall which
| grades into layered carbonates. There are ';wo,spilitizcd “flows,. the thickest
lying - directly upon the irbn for;riation. Th.c other two. are intcrca'létcd with .
léycrcdb éarbon;tcs which fcoritain jasper at the bottom of the sequence. The
limestone s vvcry' finc-grai‘ned (micritic) and contains poorly preserved
‘,.microf.ossil‘s; .p_robably‘ Calcispherulac, |

The Sapo Negro deposit probably "corrcsponds‘ to the jasperoid formations

! LY

of the vdlqanogcniC'formation of grccnétonc type _defined by Sha'ls'k_iy (19'66)'.

)
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The Ojo de Agua Miner#l - Occurrence

At ‘this locality, barite and Fe-Mn oxides replace a biohermal mound of
massive li,mc’stor_le. Barite laths occur disseminated | and lésé Vfrcqucnllly.
concéntratcd along irregular zones. In some cases, f.ossilsv are replaced by
barite >an.d by recrystallized calcite. Hematite gcn_cral'l)" occurs along irrcgular
veinlets containing anFerite-siderite and cal°cit§ aésoéiations. Mn  oxides alter
th"é rog_k"mainl} along irregular zones of the ‘mic'rit‘ic xﬁatrix which hosts the

1

. fossils.

In contrast to the other areas, the alteration of the limestone is mild at Ojo
de Agua. Although there are zones where hematite-silica veinlets are
plentiful, no major occurrence of mincralization has been yet found. However,

gcophysiC}l/ evidence indicates the presence of a magnetitc body at  depth.

/

357
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D). Paragenetic "~ Sequence -

An ‘idealized order of mineral deposition deduced for the Vulcano gnd.
Tabaquito replacement bodies is presented .in figure ‘Il‘I.S. Since both dé';)osits
display similar, common fcaiurcs,. the observations made for both them have

‘been integrated. The three stages portrayed in the diagfam are based upon the

relative time ‘of formation with respect tof the main ore.

Pre-ore Stage , '\”~ 7 v .

. ‘ S j , .

Iron oxi‘dkcs and quanz wc'r_c prcdomi{n_z{mly deposited in this stage. Minor
‘d.amouvnlsl ‘o-f 'baritc-pyrite were' also dcégsilcd; in ‘f‘act_.‘a few grains. of pyritcl
: occur dispersed in jaspcrfhcmatité. In a few bcases the hcniat’itc exhibits
-colloform banding and is" replaced bgl sp.ccul.ar hematite and by gran‘uvlar
magnctitc;'\’l‘hc‘ hcxﬁaﬁtc is ailcrcd 1o magnectite, which “according to Ramdohr
(1980) impiics the transfom_lation of -hematite “under higher  temperature or
under more rcduvcing cbnditions. Thc -magnctitcgbodics which‘ 1’mdcr1ic the

replaceméent body at Vulcano, and the lateral iron-oxide zone of the same . body

and that of Tabaquito were formed during this stagc.

Ore Stage

This . stage wi_mcsscd 'lh.é,_.r_nz‘ljor dcposition of barile—spha‘lcrite;;Béritc' Was
cqmmon‘ly deposited intc‘rg-rown with sphalcritc.,Thcﬁy may “ altcfnalc in bands
suggesting, . likewise, al'.tcrnating' ’d‘c;‘)os’itivo_n. These minerals = represent,
apparently, coeval assemblages for no replacement among them was clearly
observed. Spha'lcritc and galc’né-chalco’pyr‘ité _'are’ cxtrérhcly . rare associations, .

however sphaleritc scems to have formed after the - other two for it"vc;l_closc"s'_;f.‘ k



re-ore stage Ore 's‘tégé vbost’-oto; stage

jasper - —— e wun  epm— |

| hematite ——— ———
magnetite — — | i
béi’lle _— — —
pyrite — - —_ |

| sphéléﬁie : — S— —
galena . e
chalcopyrite ——
tetrahedrite ) — |
pfoustlt.e —

| A v |

lquartz —_— —t
calcite | SR

, Fi_gUr‘e III.S.-Parag,ehetic sequence of the Vulcano and Tabaquito orebodies.
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them both. Finally, therc was a late stage of chalcopyrite deposition where it
rcplaccs sphalcmc along clcavagc plancs and irregular zones.

Barite-sulfide mmcral dcposmon durmg this stage may account for more

than 90 % of the sulfide mineralization.

: Post-ore 'Sta.ge
Hctﬁ_aiitc. -barite, 'sphalcritc., quariz and pymc were dcposucd during this
stage. Thc occurrence of the mmcrals of this stage is far more restricted. Thcy'
were dcposucd along veins and vcmlcts, and coarse- gramcd crystals were
formed (barite up to 5 cmolong.bsphalcmc up to 1 cm across) Bt - and
’sphalcntc of this stage affectéd not just the rcplacemem body, but the pyritic
body of Vulcano as wcll ‘This seems to indicate that the pyrmc body was formcd'
coeval to the rcplaccmcm body
- Quartz-pyrite .vcins affeclcd “the lower part of the replacement b’ddy' af
Vulcano. Here a .clcar rcplaccmcm~_of the drc.-slage barite-sulfides ass‘ociation
’ ldok place. In Tabaquito the o;c stage assemblage was affected along irregular

zones by cuhcd'ra.l-subh'cdral, -saccharoidal quartz.

It is impossible .to discern the sp'an'-'of., time which . clépsc'dﬁ bet»\:rccn
dcpos-i.l‘ioril'al 'stagcs.‘ Nonetheless, all the stages appear to.rcpr_cscrl_l d_”morc or
less cqminudus__ 'spcc'trdm ' of ~mineral déposilon under Qgriablc oxidizing‘
conditioné: o'xidiiing cdndit.ioqs prevailing at the bcginn‘ing"a'nd reducing
conditions later. This dcpdsitioddl sequence will be addresed in a subsequent

section. -



E) Hydrot‘herrhal Alteration

Hydrothermal - altération at La Minita is intense. It is however restricted to

. the 'thc_lowcr unit and most of the middle unit. The mineralogy .of the

altcrauon wxll be dcscnbcd only” for the volcanic rocks, - which shéw thc‘

grcatcst modxflcauon of thcxr ongmal mmcralogy carbonate rocks have
becn thoroughly ~mineralized . andfor rccrystallizcd, with minor formation of .

dolomltc and sndcmc as alteration products

Alteration Exﬁi_bited by Andt}sites-Basalts.
Thi< alteration has beé‘h“ f-avlrcvad»y cdmmcnléd upon, and gcncralucd as
-'.spilitvization. In all respects, the spilitization of thc andcsucs and basalls'l
co'rrcspondys_'.to a pr‘.opylilic alteration. Chlorite (pcpniriitc) + 'cpidolc v

tremolite-actinolite - + calcilc + hematite " form the main mineral assocnauon

r

Mmor clmozoxsnc + zcolite + melilite is rccognucd in the basaluc mcmbcrs

:
»

Thc ongm of propylmc assocxau ns has been dcmonstrably aecnbcd

addmon of C02 to basaltic rocks (Rese and Burt 1979 Gnlbcn and Park 1986),  :

e Though cpxdotc and calcite may cxxst undcr a wide rangc of COz prcssurcs. the
of zcolue and clinozoisite. is indicative of a more rcstnctcd rangc The
% .

l‘v'»._,clmozoxsuc assocnauon stability ~ficld has bccn dclcrmmcd at COp
g - . :& C -

"'-<‘0.01-0_03 % (Kerrick, 1974; Thompson, 1971).

)

- Alteration of Felsic Members

The more felsic rocks. exhibit an alteration assemblage consisting o‘fv'

sericite + quartz '+ chlorit¢ + barite. Minor phases include K-feldspar (adularia)

and calcite. Sericite rcplaces not only sanidine phenocrists, but also
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plagxoclasb and the matrix of the rocks ‘as wcll Quanz is the most widespread

'mlncralxéf this altcrauon it ~occurs as crypto-microcrystallinc aggregates ' in
L
assocnauon wuh sericite or mdxvndually in lhc matrix of . the rock and vemlcts

\

Chlomc occurs in. the originally vitric matrix of some of the rocks, as allcrcd

- glass shards and as flakes along concentric, perlitic cracks. Barite occuré és
crystal “laths which replacc the: matrix of the rock, and may contain inclusions
of‘ quartz and cfuomc. Sccondéry _K-fcldspar‘ is very rarely 'sccn;~.ii' ,may be.
found near scncmzcd sanidine as a clear, inclusion- fr‘é, subhedral “mineral.
Calcite is found along veinlets in some rocks ¥

This ah'eration associatio’n is suggcstivc of hydrolysis-type reactions (Rosc-

and Burt, 1979). The presence of secondary K- fcldspar pomts to an ‘increase in

the ag+/ay+ ratio and/or-i'n the temperature. The calculaled aK+/aH+ for the

- |I»é
range 600° to < 100°C is 102 - 105 fMonloya and Hcmlcy. 1975). This information

points to a variable mobility of K+ ind H* which will be considcrcd - for .
A . ) ' -, »

thermochemical ‘calculations” in chapter V. N

,‘}

To co‘nclude, the type 'of> alteration ‘dcv-cl.opcd was chicﬂy cohtro’llc_d b‘y‘ the’
A.Clhcmistryr of the rock, with some i_nﬂ’uc.ncc b)‘" tﬁc hlydrothcrmal fluid and. the
thcrmody;lainic environment. Propylitié‘altcration was dcvlepcd in the mafic
mcmbcrs'.wwhilsg. sericitic alteration affected the more felsic units..Thcsc
altcraiion, _lypes are .)corﬁpatibl; " and represent - similar. ranges of temperature

%
and pressure.

P ad



Vo

IV. FLUID INCLUSION INVESTIGATION

A) Background. Information

-Fluid inclusions represent  fluids tra'p'p_cd"in minerals during or
subsequent to their crystallization. Thus these fluids® may pr,o'vidc an
insight into . the properties of the parcm‘fluid. and of late fluids. In the

. : 3 ’
most general case, fluid inclusions provide information on the chemistry

of the ﬂuid. provided that it can be analysed. There arc, however, some

~arguments against the validity of fluid inclusions  as representative  of ore

solutionsY :since the - very process of mineral formation impov.cris‘hcs the
solution in ccr'tain componcnts.. Ngnélhglcgs. fluid linclusions have been
long used to give an estimate of the amount of dissé!vcd material in oré
solu-tions.' Most fluid -inclusions are galinc brines ranging, in NaCl content
from 0.1 to 50 % (Roedder, 1984). |

By far [h‘c most uscfg{ ‘tcchriiquc of ﬂdia inclusion analysis, lhough‘
difficult to propc_ﬂy'apply. involves the detérmjnation of the volumetric
properties of the fluid. Two of the main propertics analyzed in this

. . L “ . . . .
technique are: melting temperature (T ) and. homogenization temperature

(Tn),

~Melting Tempera(ure.

Under cooling the fluid inclusions solidify. Wai’in_ihg caﬁscs‘ melting of

the ice at a specific temperature. This is known as the melting temperature.

. , Shpee
It can be used to calculate the amount of salts dissolved in thei-Buid, since

“depression of the melting temperatute of ice is a function of its salinity.

.he



The presence -of ions other than Na* and Cl- (e.g. K*, Ca*, Mg+, etc) has .
been recognized. Nonctheless it has been proven that the properties of the -
- ‘brine are predicted within + 1 % by a solution with an.cqliivalent NaCl

‘;g:orucm (Potter et al., 1978), él least: for_ solutions with < 17 % wt NaCl. Fluid"’

inclusions ‘may '-conlain.“in -addition, CO3, Nop, hydrocarbons. an‘»‘d other
gases, which complicate the behavior of the mclusnon undcr coolmg. and

allowance for this must be made. <

Homogenization' Temperature.

Undcr. favorable’ conditions, fluid inclusions nucleate a "bubble during

-

o cooli,hg,; duc - to differences in thermat _coptraction between  the fluid and

the _hosi'_mi,ncral (Rocddcvr, 1984)). Heating of the inclusion produces the

rreverse  cffect (vacuole disappearance); the temperature at -which this

phase change takes place is the temperature  of homogenization. This

temperature is considered to be the lower limit for the formation of the

P

mincral. Deccrepitation of the inclusion after continuous heating provides

an upper temperature limit for formation/entrapment.
g

A‘scgies of assumptions prccascly stated. and discus:‘scd by Roedder

.(19'_79)..hav¢ to be made 1f tTuxd inclusion’ data are o be used in any

z

thcnnochcmic'al study Thayf’ are?

p3
RE

1- The fluid trappcd‘:’was a smglc, homogcneous phase.
{ No volumeu:f;; changcs have. occurrcd after sealing of 1hc cavity.
3.- The 1n91us§ons remain closed systems after 'sealing. -

4.- Thc préssurc of trapping is known or is insignificant.

S.- 'ﬁc ongm of the mclusnon is known.
Y
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Paragenesns of Fluid Inclusnons and Thelr Recognltion

a

Thrcc typcs of mclusnons ‘may be rccogmzcd on :thc basis of lhcnr‘

, sequcncc of fprrnauon rclauvc to the host mmcral namcly prtmary,

secondary and pseudo secondary Oély pgmary and pscudg sccondary

Lo , ‘
‘mclusxons @rovxdc mformauon on tite rmlurc ~of the pagent fluid;

'secondary inclusvions characterize late fluids.

,,'Pr»im'ary mclusxoné form wnth the mm.cral during its initial growth,
_ v - o
’ They - are gcncrally felatively largc and occur isolated or forming planar

. arrays along former crystal surfaccs

fr

Sccondary mclusxbns form durmg hcalmg of post-crystallization
§ - - ’
,fraclurcs within the mineral. They occur as curved planar scts that crdss-
cut. the ' crystal ~and transgress crystal boundaries.

o Pseudosecondary incluSi.ons rcprcscnl an mlcrmcdlalc casc between

the former two. 'Thcy originatc by hcalmg of fracturcs produccd.;n the

r

crys[al bcforc cryslalhzauou ‘has bccn complclcd Thcy oc,(,ur m Slmlldl'

way to .secondaries, howcvcr do "-n.ot FCross bcyond _crystal bound’arics and
terminate sudenly vwith'in thc crystal...’

,

V B

’

A comprchcnsxve hsl of cmcna fd? dlstmgullshmg between lhc three

types of. mclusxons has bccn set foqh by Rocddcr (1979)

o

~
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'B) Fluid Inclusions in Samples from La Minita

No apprcciablc difference was dctcctcd between fluid mclusnons from
Vulcano and Tabaquno. and thus their dcscnpuon will' be done in unison,
Only‘ samples from the rcplaccmcnt} bodies contained inclusions suitable

for- this study. Dﬁc to the presence of multiple generations of scconcfary

fluid inclusions, only primary and pscudo-secondary inclusions were .

studied.
. \
Barite, quartz, and sphalcnle contained thc best mclusxons In all cases

the fluid inclusions consisted of one or two fluxds. namely llqu1d and/or

gas. The gcncral ‘'situation is the coexistegce of llQUld and vapor in thc same

inclusion, with vapor content in the rangc from 51t 20 % volumc al room

temperatures. No COz was VISually dclcctcd

Barite. : ’ . ' T

This mineral contains by far the largest number of inclusions.’

However the great majority are secondary. In addition, evidence of

dissolution, hcaling, and necking is' extensive,. thus making the. study of

inclusions in this mineral rather difficult. Nonetheless it was found that
. O

apparently wcll-preserved primary inclusions still. occur.
. o ‘ '
Some of the primary inclusions are vapor rich. Additionally, variable

filling ratios (i.c. volume of gas/total volume) are commonplace.. This may
constitute cvidence of trapping of a non-homogeneous fluid, for leaking or

any other secondary process was disregarded as the cause of such a feature.

Quartz

‘ ‘ - . . . ) )
Quaniz 'was found to be a very useful because discrimination between
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primary and secondary inclusions was much more simple than 'for barite.

. Healing and ncck'ing-downA appeared 'ncglig-iblc in this mincral. The vast

»

- majority of primary inclusions occur in ‘the central part of the crystals and

"have similar ﬁlling ratios. Only one samﬁlc (#85) ‘was found‘ to c'omain‘

'_;p‘ﬁmary pscudosccondary fluid mclusnons with' a variable gas - contcnl of

!.'!

up to 80 % volumc As it is thc case with some samplcs of barite, tlus quartz

‘samplc ‘must . ha@’ trapped a hctcrogcncous fluid.

.

A

Sphalerite

Duc to the low transparency of most sphalerites, only few grains were

"suitable for study. This problem s panichlarly important in sphalerites of

‘the ore stage, which are generally affected by alteration 1o chalcopyrite.. A

more limited number of inclusions arc present in this mincral- and many -of

them show evidence of necking; thus, the proportion” of primary-

pscudosecondary inclusions - is rather small. Sphalerite  from  the  post-ore

stage was more adequate for the study, and appcars to characterize the fluid
.‘ .

of this "depositonal stage quite well.

On(the whole, despite the fact that fluid inclusions in barite, quartz,
and sphéle'f{it; from two dcbositional sfagcs were studicd, mbstly -simp]c
llqu1d vapiq‘!‘ ”COmposc allA{of -the primary-pscudosccondary- inclusions. In
addition, some mclusnons in barite and quartz contain a large proportion of
gas.k which cannot bc ascribed to Icaking but ralhcr to trapping of a

heterogeneous fluid.
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study. Rock sl‘abs 1 mm thick o; less were polis_hé

-\D ’
- L
°
CE ) & T . % I
B 7 8 M &

C) Fluid Inc,iusio'n. Gneothe%rm“bl:‘}gt_ryf'

Method and Results

.
g

Twenty samples werc sclected but only f were sui\ablc for the

&

on both sides. After
. a ‘ ,Hy*j ‘u. ) ,
pctrographic descriptiom " and  identification of

suitab inclusions,

crushing was performed followed ‘byf,lhcrmor'nctric determinations.

" Thermometric measuremént were pcrfonhed on-a CHAIXMECA VT2-120

heating-cooling stage. Heating is produced by a resistance ‘heater within

the stage. Cooling: is accomplishvcd,)vby circulating nitrogen-cooled nitrogen
gas through the sample - stage. Th‘c[. stage was calibrated using th;: melting
points of solid compounds, ‘and ‘it was fqu'nd that the accuracy.vari‘cd
bctwccn.i:l"‘.C' ovcf_thc range -frbm 0 - 30‘0°C.. cht;,at' runs were performed
in the samc inclusion whiql)ri gave reproducibilities” of;%? 1°C. Caliboration' of

the stage at temperatures below 0°C  was not performed. Instead, the

calibration by Fluet (1986) on the same stage was adopted. At temperatures

below zero degrees the correction ‘is ~0.6°C; this has been applied to. the

appropri‘atc data in table L

Only  primary and pseudosecondary inclusions were chosen for

- analysis. Addit‘ionally,' in  order to avoid study of fluids originally

heterogencous during trapping, only those inclusions which showed

similar filling ratios in .the samec gfain were selected. Thus, hereafter the

term  "fluid inclusion” - will imply a primary-pscuddsccondarﬁ incl‘usion."

unless otherwise noted. £
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TABLE I. SUMMARY OF FLUID INCLUSION DATA
SAMPLE SIZE (um) %VAPORl Th °C + Tm °C + % NaCl +
11C ‘ - B C
QUARTZ (P) .13 -5 8 145 - 1785} --eemeanoo | ciiiiilll.
. do 159.1- (13)
S 11H i
IBARITE * (O) 28 - 13 15-8 | 140 - 257 | .78 23| 11.5 - 38
s ' .|/ 215 (8) -6.4 (7) 9.7
BARITE (O) 20 -10 ‘15 -10] 160 - 203 | -8.7 -2.8| 125 - 4.6
: 192 (13) | -6.4 (9). 9.7
QUARTZ (O) 41 -9 10-61| 139 -276°| -74 22| 110 - 3.7
- ; |- 183 (53) -3.2 (18)" 5.2
SPHALERITE (P) 22 - 13 20 | 135-149 1.4 0 24-0
: . ' 142.6 (23 -0.7 (20) 1.2
111 . - - -
BARITE (O) - 30 -9 10-8 | 205 - 5128 ( ....... N T
o ' . . 209 (3)
32¢C , ,
BARITE (O . 15 - 10 10 160 - 229 | 39 -34| 63-55
- v 3196 (21) -3.6 (13) 5.8
T-11-7 ,
QUARTZ (P) 12 -7 5. 138 - 177 | --cciecaen | el
‘ 163.9 (8)
DD-31-1 .
QUARTZ (O) 1 -7 8 154 - 239 | ccceceevcen | eeaiill
212.5 (5)
DD-31-6
BARITE  * (O} 19 - 6 10 -5 | 204 - 278 | -64 . -34]| 97 -40
' ' 254 (7). -4.8 (5) - 7.6
BARITE (O) 25 - 10 15 -8 ] 171 - 309 | -32 -24| 52 .40
' o ' 229 (25) -2.8 (2) 4.6
QUARTZ (0) £ 26 -7 8 -4 | 166 - 202 | -ccceeaa | oLl
187 (10)
DD-33-7 ,
BARITE (O) 20 -9 5-8 | 179 -294 | 48  -1.4| 76-24
' ' 224.9 (4) -3.2 (4) 5.2
QUARTZ (O) 16 - 8 5 159 - 204 .3 8.3 -
o 184.8 (8) -
SPHALERITE (O) 28 -.11 10 164 - 193 | 42 36| 87 -58
‘ ' 181.4 -3.8 (3) 8.1
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+
) ,
58D
SPHALERITE (P) 20 - 15 15 93 - 149.4 09,0 16 -0
L , 124 (19) | -0.3]/(s) 0.5
| Lt s \
71 3 1"
BARITE (P) .. 10 -6 49| 10 -3 & ----------
: ,‘.. ] 5:’ ‘aa , BN
7T1A e - Sl AR N
|BARITE * (O) 15 - 12+¢ § 15 - 5 |'139.5+-"300 YR . 128 - 2.1
. > .. |.243.6 (12) -5:6 (3P 8.7
758 .
BARITE (O) 19 - 10 8 150 - 229 | ---ioo-eol faioenenns
: | 490.6 (20) .
85
QUARTZ (P) 26 - 7 10 140 - 219 | -4.4 14| 7.0-24
178:4 (21) 1o -3.8 (9) 8.1~
DD-113-2
BARITE (P) 38 - 15 5 "4 [*122 212 | a-eaaaa b ool
: 154.6 {13)
(O) Ore stage
P) Post-ore stage °
* CO2Z-bearing Inclusions
+ Range and average of values
{ ) Mumber of inclusions
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Crushing ' .

Crushmg cxpcrlmcnts revealed the presence of a° compressed ’

u'ncondcnsablc phase in some inclusions. This ph'asc occurs in  some
samples of ore stage baritc‘ (11H, 3126, 71A) and quartz (11H). It appeared
that baritc' contained a larger prOponion of this phase in comparison with

quartz Inclusions of this type in barite expanded up to 100 umcs the initial

volume aftef fractunn*g of the mineral. It is suspected that CO;)_ forms the’

uncondensablc phase; since no liquid COy occurs, the vapor prcssurc of this
gas meﬁ%l be well below 63 atmosphcrcs (Rocddcr 1971).

Thc,fact that mclusrons which contain such a nonéondcnsablc phasc
did not frecze completely abévc -58 ta -60°C during freezing cxperiments
(the other intlusiorrs rlormally bcihg frozen at -40°C), also suggests  the
vprcscncc of CO‘2‘. Howcvcr. no reorganization of the. inclusion was observed
during warmmg at the Tm\%f CO2 (-56. 6°C).- ;

Another gas detected’ in the barite is ‘H2S. This was only found out in
po§t-9rc stage barite (”3-'2) by, means of its characteristic odor upon

.crushing.

Freézing experiments
It was found that inclusions > 10 pm produced an identifiable ‘phasc change

‘durihg cooling. The inclusions were initially rapidly"coolt‘:'d unti! they

appeared totally frozen. Subsequent heating was effected by warming the "

inclusion at 0.3 to 0.5 .°C/minutc. within_,l'O"‘C of the melting point..until all

: /
solids had melted.

The Tm has been used to to calculate the salinity of the fluid. It is known

that the degree of freezing point depression is ‘@ function of the salinity.

N . ‘

.49



I3

.The ecquation advanced by Pottegx et al. (1974) relates salinity and Tm“as

follows : R ‘ ’

»

NaCl w1% cquivalent = 1.76958Ty, - 4.2384x10-2T2 + 5.2778x104T 3 (i0.028)

Neither hydrohalite nor gas hydraics were dctcctcd Presence of these’

sohds would make lhc appllcauon of the formcr cquauon mvahd Thus it is

considercd that T ylclds an accurate estimate of the ﬂmd salinity. Table I

contains the NaCl wt% cquivalent calculated for several samples. It should

be noted that samples with suspected CO; contents have the lower Ty and

thus yield the higher aipparcm salinities. v

" The prcscncc of solutes in a brine. have an additive ‘effect on the - degree’

of dcprcssxon of the ircezing point (Rocddcr 1984). Thus lhc occurrcncc of

C02 must provide some ‘contribution to Tm.- Inclusnons with a CO; content of

‘up to 1 wt% producc a depression in’ Ty, of -0.6°C (Higgins, 1980). On the

other hand, méﬂxsnons which contain hqu1d COz at room temperatures may

contain up to 7.6 wi% CO3; this amount of COy can account for a- -3.6°C
" ' =

depresion -of Tp,.

The samplés from La, Minita do not contain liquid CO;. Thc;#gctual amount of

this gas was not possible to determine, and an var'bitrary Iwt% will be

'asumcdS. A proper corrcctlon to allow for the presence of lhlS gas has bccn

applied to the COg3-bearing inclusion  data in table I.
Figure V.1 presents “an histogram of all Tm, from ore “and post-dré stage
fluid inclusions. A distinct distribution for Ty from each stégc is clearly

delincated. Ore stage inclusions have Ty between -8.9 and -1.2°C with -4.4°C

S fact, 1pwt% would represent a rather high upper lxnm bccause. as noted in the
alteration section, the propylitic alteration’ conslraxns lhe COy content of the fluid to
0.01-0.03 wl%

i
W
*

W o T, .‘,
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ORE STAGE }
% Twi% NaCl . o v

POST-ORE STAGE
2.4 w1% NaCl

Figure IV.1. ;\dgﬁti’ﬁé temperatures of ore and post-orestage inclusions in
barite (Bjd_)',-\’i‘q‘uartz (Q), and sphalerite (S) from Vuicano anq Tabaquito.
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-
in avcrégc. which corresponds to 12.8, 2.1, and 7.8 wt% NaCl rcspcc?tiv’cly.
In morc dc'tail', although'.not shown in this figure, COz-bcaring mclusnons

have an average Ty of -6°C and salmuy of 9.2 wit% NaCl, whilst the rest. of

the ore stage inclusions yield an average salinity of 6.2 wi% NaCl. Post-ofc

stage inclusions have lower salinitics in the range from 0 to 7 wt% NaCl~

- with an avcrégc"of 2.4 wt%mNaCl.
To conclude, the ore stage flulds were clearly saline (~6.2 wt% NaCl)

wnb the.CO»- bcanng ﬂutds bcmg the most saline. ‘oncs (~92 wt% NaCl) The

Rad
. post-ore stage ﬂulds were cons:dcrably more dxlutc (-2.4 wt% NaCl)

-

W
Heating ~ experiments
Many morc Th dala than Ty data were obtained. This is b'ccaklsc

homogcmzauon of the mclusxon upon heating was easier to obscrve and

mcluslons as small as 5 um could be studied. The summary of Th data is

S

ot corrected for presstire.

The h;s.r_ r,am\ of figure IV2 shows the Ty data for ore and post-ore

stage bantcs It can be seen that ore stage barite exhibits two populauons

% peak values at 255°C and 205°C Although pctrographlcally it was
e'f* h

‘S‘@m sxblce #10" Lcll thcsc populauons apart, the dlagram strongly suggcsls

-
P d
s

‘u;;two rangcs vof tcmpcraturcs of trapping. The high temperature populatlon

.\’(

4.,’:';134 charactcnzcd by a cgnsxstcnt concentration’ of data from COj3- bcarmg

1
R

‘s mclusxons If lhcsc mclusxons only are considered, an average Th of 240°C -

is obtamcd The pnncxpal lrappmg cvcnt took placc in the range of 220 to

' 160 °C with an averagc Th of 205°C. The post-ore stage barite has a rather

low average Thp of 140°C.

The Ty distribution of both ore and post-orc stage quartz and sphalerite
',:..: . ,m

esented in table I and the respective histograms® in figure IV.2 and IV.3,

52
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C) Stable Isotope Geothermometry

‘Fraciionation of 'O and .§ isotopes has been frequently used for
determinations of the temperature of formation ‘of ore deposits. This is
because of the common occurrence of oxide- and sulfide-minerals in these

. s

cn,vifon‘hcnts. Additionally, ~these types of mincnals furnish the best

geothermometers, since the fractionation factor/bctwccn some mineral

pairs is highly sensitive to. tcmpcraturc. thc fracuonatlon of oxygc:nx \and
‘ : R B \ N -\‘.
sulfur isotgpes in nature i“large in companson to,thc analyucal error, and

the ‘modi,fication'_;of,thcir initial isotope composition is negligible in low

temperature _cnvironmcnls ‘(O?Nc’il,. 1987, -Lon‘gstaffc. 1987).

Noncthc?lcss the épplicatiOn of stable isotopcs presents two,‘.major

o
l‘imua_uons Flrstly. attainment of cqunllbnum lS one of the most. 1mportanl
af . :
condmons for lhe valxd apphcauon of lSOlOplC gcolhermomctrlc methods.
For - mstancc at 200°C, complete oxygen rsotopc cxchangc bctwccn q&anz

and walcr produccs an 180 enrichment in lhc mmcral of 12 %o In contrasl

;11' say oply 9%%7 cxchangc occurs 18O ennchmcnt will only be 11. 25 %o and

68

thc calculatcd tcmpcraturc 230°C. Thus an error of 30°C is mvolvcd in thc o

« -,

,mfcr’rc,d' temperature.. Secondly. cxpc_nmcntal difficulties’ have resulted in

. . . . . o ” . . .
-disagreemcnt among the fundamental fractionation factors obtained in

diffgrent laboratotrics“utilizing diff‘cvrent tcctmiquf:s Thxsi‘rcsu‘lts_‘ in

L . - \
différent calgulated temperatures, depending upon the fracuonauon factor

‘chosen. - Even  so, - bcé:ringh . these - limitntions in mmd.n valuable geologic

information may still be obtained. ' oo .

3 . e . N s N N -
. ’ - A . . . .

Oxygen Isotopﬁ Geéothermometer

B - ~

Tablc v s&w_s the tcmpcfaturcs calculated ~with thc._.ovi'ygcn isotbpc

-

-‘9

~o



B 69
g TABLE V. OXYGEN ISOTOPE TEMPERATURES
SAMPLE LOCALITY MINERAL . 9180 - A3180 TEM’ERATURE ’
DD 31-9 (PR)] VULCANO | MAGNETME 5.8 : :
~ CALCITE 18.4 __12.6 327110
, . ’ . D "
DD 31-7 (PR) - MAGNETME | - 1.3
' CALCITE 19.1 17.8 22615
FO74(0) | - MAGNETITE | . .1.3 . i
) BARITE 12~ 13.3 24117 '
, |FO 78D (PR) - MAGNETTE | _ 8.3 v : . \
' . QUARTZ 16.2 7.9 526120 ’
FO78C(PR) | " _ | MAGNETITE 3.1
: BARITE | g.s - 7.4, 365115 .
> . . . t" e ’ . ‘ '; .
DD 92-1 (PR)] "~ | MAGNETME 6 : | 233435 y
. _QUARTZ 25 19 233 .t
FOB5(P) % | MAGNETIE | -0.6 | . -
o QUARTZ 27:8 284 - | 100" -
CALCITE 22.9 - _27.1 100"
FO19(0) ~ | TABAQUITO | MAGNETHE | 1.6 P 27117
: QUARTZ 15 166" 272-"
Do FO27(0)" |- = .| MAGNETITE 4.2 ' u 22415
SR QUAR'IZ 156 19.8 233"
. [Fossqo) i MAGNETE | 5.0 4.6 489144 |
1 s __BARIE ! 10.5 . - .
Notes: . ; . ;
PR) pre-ore stage, (O) ore stage, (P) post-ore stage ;
5 * _magnetite-water 1ract|onat|on curve of Becker (1971)]. L _ N
’ - magﬂeme -water 1ract|onatlon of Blatner et al. 11983) ‘ _
Tcmpcralurc Equauons R S . S A )
- quartz-magheltite . I “
: ' Y TCK) = 2.19x103/(A-0.39)0-5 L
_,.'cal‘cilcfm'agn'clilc S ' . ' L .
e ©UT(K), 5 2.0’6x103/(4.-o gnos o .
"',jbar'ilc-m_agnc(it.c . - T .’ I R
S e . (°K)—2 12x103/(A 360)05 e ‘
. - equations obtained. f,rom ‘magnectite-water fracuonauon (500-800°C) of Bomuga and N

.. Javoy (1973) and Javoy (1977); -quarnz-water . fractionation. (250-500°C) of Matsuhisa et
- al. (1979); barite-water. fractionation (110-350°C)» of Kusakabc and Roblnson (1977,

calcuc ‘water fracuonauon (0 500°C) of ONc:l et Ql (1969)." "

-



values | éf mincral palrs from Vulcano and Tabaq‘guto Only, thosc palrs
mvols)mg dpparcntly “coeval mmcrals havc been mcludcd. Equauons for
calculating the temperatures of mincral paifs erc derived by combining
the proper mineral-water vfractionation cquat'io‘ns." These '.tcmpcralur‘c

s

cquations arc listed at the bottom of the table. In -addition, the error in the

.
. .

calculated temperature is included; this corrcsponds to the analyucal error

S

and ‘to the crror in the equation of fractionation. In the case of magnemc-

mincral pairs - the error contributed by the magneutc-water fractionation

‘ : ) . , .
curve at T < 500°C is unknown; thus the calculated temperature error is

smaller than the actual error.

.

Magnctitc-quartz _and magnetite-calcite afford the most sensitive

gco‘thc'rmomclcrs. It appecars lhal‘ the prccision in the calculated

i

lcmpcraturcs is drastically reduced below 200°C, duc to the prcscncc of a

minimum -’ in lhc magncmc water fracuonahon and of . a cross-over in thc

<

samc palr and -in the. calcite-water palr (Blalncr et al 1983; ONexl et al

1969). Apphcauon of the magncmc quartz geotﬁﬁmomctcr to""low

.

temperature ‘ass‘cmblagcs has bccn ‘a'major problcm. ~as noted in

inwestigal.iqns of iron. formations (Pcrryv et.-al.. 1973; Blamc’r'iet- all.' »1983‘

HOc‘fs"el .al., 1987) Thxs hmuauon has to do with the slow ratc of isotopic

cxchange and’ the conscqucnl ancertaigty in thc cxpcnmqma!"

fractionation faclvor. s S

.

-

As commcmcd upon in’ lhe paragenctxc -dxscussnon at’ Vulc"z{no and

Tabaquno. OXIdC mmcral:zanon was dommant dunng the prc ore stage. Fhe

; e

-

" prc-orc v slagc samplcs from thcs'c Lo,cahtxcs : ylclded oxygcn 1sotopc.‘=

70

tcmpcraturcs abovc 200°C in lhc rangc from 226 to 526°C Samplcs 35, 78C

,and 78D yxcldcd the hlghcst tcmpcramrcs. ‘and. seem. " to rcprescrrt

7

‘ dlscqulhbnum associations. Nevertheless, combination of s 180 of barite



from samplc 78C with that of quariz from sample 78D ylclds T—270°C which

is sxmllar to. those tcmpcralurcs calculated 'usmg othcr mincral  pairs. -

Al;hough the -barite and quartz do not occur in contacl they ,ar'c‘closcly.

Tocated and( belong to the prc-orc stage; thus ;I\cy_ might have begen

deposited in equilibrium with 'a similar parent* fluid.

Samples 31-7 and 31-9 are pc’lrographically almost ‘identical and comeé

from the same drill-core (20m ‘of separation). In thesc samples introduction -
of fmc-graufcd. magnetite into ;hc limcstdnc was accompamcd by

rccrysta_l'lization of the carbonate. However their calculatcd tcmpcralurcs

(226 and 327°C respectively) differ by over 100. °C, Thus it appears  that

equilibrium  was not  attained and/or that these samples were attually

formed at different temperatures.
v od

o

On _lhc other hand, samples 19 and 27 arc also closely located to cach

appedr “to. have . for'mcd;-uhdcr rather similar - conditions.. These

i, consist of a’ saccharoidal mixture of quarl/ and magnetite

calculated for these samples -aré somewhat: diffecent (224 and 272°C).

- . ;f_" ) . e a . k" . . * .
Probably they, represent near-equilibrium “associations.

- . [

~ o N . -

3 . .. Sample 92.--01"';.shows- an early 'cpisodg of -colloform "‘hcbr'nalilc Qcposilion.,

‘This was fqllowcq byb magri’ctitc-,qhartz fcplaccmcnt of t},’lc‘ hcmalitc; ‘lhc

-

s . ¥ - "~ i
magnc'utc-quarlz ‘ assocxanon seems .10, be compaublc "smcc no mutual
1] L A‘ .
" reRlacement s dlsplaycd Addlt;onally, the lcmpcraturc ylcldcd by lhlS palr

Y > reprcscm ‘near cqulhbnum condmons

. . . S W

Thc magncme quartz of samplc #85 »_a -POst- -ore cxamplc. gives ja'n

(VIR

lSOlOplC tcmpcraturc of ~100°’C Althoﬁgh lhls tcmpcraturc is ,~70°C. lowcr

which’ 'réﬁ‘la'ccd a fossiliferous llmcslonc Quartz generally replaced the

fossils, whilst magnetite replaced the ¢nclosing - matrix. The icmpcralurcs'

-Slmlla‘f to that of other - prc orc stagc palrs (239°C) -whnch may agam

71
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~

than the average of Ty of fluid inclusions from the same quarnz sample. it

IR

suggcsts a waning of the thermal event during the post-ore stage. Even

mote, the fact that the temperature  calculated using the calcite-magnetite
pair is almost identical to the quartz-magnetite temperature Ssuggests near-
cquilibrium for those two pairs. Calculation of these temperatures  was

p.crf\orm'cd by co‘mbihing ;hc vmagnctitc-walcr curve- of Becker. (p?l)f" with

the proper cquations for quartz-water ‘and ~calcite-water referred to in

table V Becker's curve seems 1o be - more adcquatc at tcmpcraturcs below

175°C than Blatner's (Blatncr et al., 1983) Whl,Ch,' for sampl_c #8_5-, yiclds

worse results (i.c. ralhcr low temperature). Thus. it appears ‘that Blatner's

curve is more uscful in 'thc"rarigc 175 to 300°C, where the minimum in the -

magnetite-water  fractionation’ occurs. - : : ta

In conclusion, despite -the large error. produ&éd both - by cxpérimcntal'

: N v
uncertainty and by qu_cstionablé dcgrces of oxygen- lsotOpe cquilibration

in La Minita's samplcs. ™ apparcnl lemperalure range is mfcrrcd Prc-ore
stage, dcposnuon possnbly took placc at tcmpcraturcs m the range from 327

10 224°C; thus somc dcgrcc of temperature-overlap bclwcen lhc’prc orc and

< . .

the ore , stage occurrcd. 'Probably 'lhis supports th‘e rdca of a . continuous

mincral dcposmon from stagc to stagc Po’st orc stagc isotopic tcmperaturcs

. - ~

are below: the average of f]uxd. mclusmn tcmpcralurcs Thls reflects. the

more, difficult ‘approach to cquxllbnum al low tcmpcraturcs

. . - DY

Bantc sphalcmc is” 1hc ‘most “‘common br; stagc mmcral assocxauon at -

It :

“_La Mlmta Pyrue and sphalcx’itc coextst‘i‘arely and lh@cocxxstcnce of lhcsc

o
\

f‘sxﬁ(ﬁdgs with galcna is even morc rare. Tablc VI summanzcs'\thc A834S

o
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TABLE VI. SULFUR ISOTOPE TEMPERATURE CALCULATED FOR MINERAL PAIR§

FROM VULCANO AND TABAQUITO

pyrite-sphalerite  T(°K)=0 '55+0 04x1 03/A1 12

L} - . N .

- obtamed-from the summary of Ohmoto and Rye (1979) T /

SAMPLE LOCAUTY 'MINERAL PAIR Ad T°C *
11D TABAQUITO barite-sphalerite - 14.3 47036
11F K R 15.3 445133
411G . - - 14.5 465+35
588 VULCANO - _13.8° 483138
67C - . . " , 12.9 7| 509+42
73 . , - 1 11.3 56351
758 I - S 1 129 509+42
77A . [ " S - 12.5 _522+44
« 78¢C | o ._barite-chalcopyrite 15 463131
' 33-3. - barite-sphalerite '29.1 . 200+8
33-5 N I | "26.8. 22519
. 33-7 - s W Bk | 155 441+31
~33-3 - > . 29.4 1731:6;(%"
_-33-5 N 1. 233 245+9
" 33-5 | & - . 3.4  25:31 ()
» 80H N 2.1 -106+49 &
. ] . P
&, 3 f
Temperature equations: - _ D Do T .
barite-sphalerite . T(°K‘)=‘={7 9+0.Qgx106/(a+1)}1/2 T-> 400°C
SRR N ! T(°K) 5 16:!:0 05x108/(A-610.5))1/2 T < 400°C .
N S bérite-pyrite - (°K) =2. 16x103/(A 6:t0 5)1/2 T < 350°C-
bante chalcopynte T(°K) 2. 85x103/(At1)1’2 N T > 400°C



(l\ .Qb v

‘mineral pairs, accordmg to the summary of Ohmoto and Ryc (1979). Thc

calculated tcmperatures in * excess of 400°C (in almost all  pairs)- are

unrcalistically high far thc_mincralization temperatures at- La Minita. Ty, of

fluid inclusions 'in barite gavc average tcmpcraturcs frome 240 to 180°C
" Q

Only the barite- sphalcmc and barite-pyrite palrs of samplcs 33- 3 and 335

‘produce similar.temperatures (~173°C - 245°C) In comrast. {wos pyrite- .

sphalerite pairs, inclyding one from sample 33-5 gav-c isotopic .

&

tcmpcr‘aturcé that are” toq Tow. Thﬁs. the ' sulfur-bearing mincrals_ gcncrall.y
do nol appear to have been formed. in isotopic cquilibrium
It is well 'known that sulfatc sulﬁdc assocxauons gcncrally do not - reach

cqulhbnum at lcmpcraturcs'b.clow,-300°C. (Ohmoto and Ry_c. 1979;

Zhang.1986;’0hmoto, _1986;). ‘Ohr'noto and Lasaga (¥982) have shown that at

high temperature and low pH‘. 90 % *equilibration between aqueous sulfates

and .sulfides is reached in a matter of hours. However, at low temperatures

(<150°C) aqd;ban alkaline pH (=9) equilibration would not be -attained even

for sulfate-sulfide mineral pair‘s' of the oldest -tc_nési;ial -rock. Similarly,

- the sourcé of- SO4= and H2S may ‘inﬂuc_nce the attainment of equilibrium i.e.

» . ’ . i

. S.O4= and HyS which are delivered 16 the mineralizing site by, discrete

solutions ~would' not produce minerdF aSsotiations in isotopic equilibrium.

 The cocxlstencc of succcssnvcly deposited ‘ore stagc mmcrals has becen

'

- alrcady - commcmcd upon It bccomcs clcar thcn._ that paragcncncally late -
& .

and carly mmcral associations r_csult¢ in an apparc'ntly» xsotoplcally

“J— o

'd:scqulhbratcd assocnauon Howcvcr. 'it &oés sccm that locahzcd ncar-

'cqulhbnum condmons were actually attamcd m%ihc rcplaccmcnt body at
:Vulcano Thns xs dcduccd from»bantc-sphalc’étc and “barite- -pyrité mmcral
'palrs of samplcs 33 3 and 33 5 (and from .the ncgauvc 8348 of pyntc of _-

samplc 33-2), whosc ldotopxcally calculatcd ."tcmpcraturcs.- are in closg

.
v

m.
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.agrecmcm wuh thc rangc dcnvcd from Tha of. ﬂutd mclusxons“Thc fact that

s L. “ 6

' the pymc sphalcrnc’-paxr;‘of;h thcsc shmplcs is " of 0 usc. as a

4 kK

-geothermomcter must° bc due to mcomplctc equlhbrauon, to subscqucnl

‘ .ﬁ;modlﬁcatlon of thc 1sot0pxc composmon and to us low scnsmvuy (lc “for

small changcs m A534S large ° acmpcraturc 'changcs arc dcriv‘cd). ln the -

I u

-'_'subschcnt scc{xons it, w111 be assumcd lhat fracuonauon faclors bctwccn

o

:thc bamc sphalcrltc pair and the bamc -pyrite palr of thcsc two samplcs,

vmay mdlcatc equ:llbnum condmons

To - symmarize,  since La Minita's - ‘deposits  were formc’d “at . low

<tcmpcrat'urre..° the stable i§otopc géothermometers are of limiled rclubllny'

»”

-It 1s apparcnl that lhc oxygen isotope gcothcrmomctcr may provndc morce-

>

'reasonablc tcmpcralurcs The sulfur isotopc gcothcrmomctcr ‘on the olh'cr

_.,hand 1s gcncrally of little use, 16r lhc largest isotopic fracuonauon occurs‘/

bclwccn mmcral pairs (sulfalcs-sulfidcs)- which rarcly form cquilibriUm

, assoCx_auons. _ ﬁ’, %, :

D) Stable Isot_ope Petrogenesis

. N . . L.
. B . -

F) K
A . a

.

. » ' .
In ’is»' section’ a characterization of the sources of carben and. sulfur,-

of the hy_’drélhérmal _chironmcnt,. and of the ore fluid is pursucd. Thus
: C P o 3 v

~ isotopic .data will now be combined wi‘t'h .gcologi-é lnf‘ormauon Smcc

b

luQ::stonc is the host lnhology of thc rcplaccmcnt ,bodxcs. this dlSCUSSlOl’l

Y LT e

e -

PR

Source of Carbon -~ ' L T .
vvCa”rbo‘nalcs‘of marine origin have a restricted §13C - §!'80 range of

75
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‘ I

values. Keith and Weber (1964) obtained a 813C zﬁ}'mgc of -0.13£2.61 %o and

abundanccs of carbon and oxygcn of La Mmuas samples is comparcd wnh

" Y

the marinec hmcstonc ﬁcld of Kcnh and chcr (ibid).- 1t is obvnous from the

ot

: ',dlagram tl}gt ;hc carbon isotopic composition of La: Minita's samplcé‘ is

identical to that of“the marine limestone; however, ‘the oxygen isotopic

composition is shifted to;wards lower values. This shift is more apparent in

" the " recrystallized samples, allhough%thcrc are few data to make a

gcncralizatioﬁ.out of this behavior.

Accordlng to Ohmoto and  Rye (197 J, there are, thrcc pnncnpal sources
of carbon in hydrothcrmal systcms namcly an 1gncous sourcc organic

maucr, and llmcstonc The 813C of the first source ‘Qay vary bétween a wide

range of posxuvc and negative valucs Noncthclc
derived carbon has. a naraowcr »r'ang‘c of -5# - as determined for
carbonatites (Denis -and Gold, 1973). lgncous o .
crustal matcnal may" have a wndc range of 813C vanaixon of reduced and
OXIdLZCd componcms. h,owevcr the average value could hc close 1o —5 %0

(Qhmoto and ' Ryoa 1979) Noncthclcss thc §13C of coz coptributed to the

"hydrothcrmal symstcm by an igneous source is dctcrmmcd by the

témpcraturc. by thc‘-81'3C‘of the. source, _.and by the CO2/CHy4 ratio. Thus

carbonatcs could aqunrc a variable amounts of 13C e

“the - prchmmance of rcduccd carbon spccxcs COz dcnvcd from lhxs ‘source

A

~ iy

‘Lin¢stone-derived ,. COy gcacralcs' sc_)lutidas with 8§13Cco2 of ~0" %o

=.-5180.olfl 25+3.7 %o for marine limestone. In figure V.2, the isotopic

. is llkcly that mantlc-'-

fved from melting of

v

Orgamc carbon is charactcnzed by largc negatlve 813¢IValucs.'-due to

~v\1L PR -y

'w1ll acqmrc valucs <. -10 %o in. hydrothcrmal syStcms (Ohmoto and Ryc. '

"1979) lhus carbonates cxhlbmng 13¢. dcph:uon wrll bc produccd m lbcsc

&
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- during dissolution reactions, while decarbonation reactions may prod’ﬁég

. sﬁlfur ahd

'Mmua anurc V3 lllustratcs the bchavnor 0

13C-c,nrichcd solutions.

On the basis of the previous information, it -is clear that the §13c

composition of the rccrystallized carbonates of La Minita is compatible with

local derivation of the carbon, from - the host' limestonc itself. 'Neither

'magmatic nof organic carbbn appears to have bccn comhbutcd ‘the
system, cspccxally organically derived carbon which would havc produccd‘
ncgatlvc- 8_13C values in the carbonatcs. Produclxon of 13C.-dc~plctcd '

© carbonmates® by 'bactcrially‘ released CO, has - been documented elsewhere

(Keith and Wecber, 1964; Ross and Qana, 1961). This is of relevance in the
casc of the La Minﬁa mineralization. Organic processes were ‘épparcmly
. !

not invc'ved during the mineralizing events. This  statcment sets the

background’ for the discussion of the origin of the sulfur in these deposits.

Source of Sulfur ‘ - B

Although a mmcralxzcd body may mhcm ‘the 8348 of its sulfur -source,
its final 8348 is usually dlffcn:nt from that of its provenance. Thxs is mamly
duc to' the xnflucncc of the physico- chcmxcal cnvnronmcm'upon'thc

3
conccnlrajlon of various sulfur spccncs and upon the lSOlOplC partitioning

among thcem. Depending upon the .dcgrcc of cquxllbrauon.'thc' 634_S of the .

-
0

ur-bearing minc‘ralé' will thus rcﬂcct both the provenance of the
¢ ecnvironment of . dcposmon -

An cvaluauon of thc variables affccung thc 8348 valucs of barite and of

' - R ¢

,'sulﬁde& sheds “some '(hght upon thc ongm of%c mmcrahzauon at La

L B lgy

“"'&]hc 534g of,thc barite-

sphalcmc panrs chardlcss of thc mmerahzm '

ncarly constant 8348 whilst thc 8345 of lhc su-ﬁdcs t‘angcs from +36 to

~stage, barite exhibits "a

78
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-13.5 %o . Thc' calculated curves that- best fit the two scts of data poinys

R’"

intersect the 534 S axis at +15.8 %o which is very close to thc avcrage"gfor
S : '

' &
barites. Although this diagram ponrays an induced c'orrclatlon- betWecn

534S of sulfates and sulfides, it is thus apparent that SO4= must have

v

‘constituted the dominant sulfur species in the hydrothermal system at La

Minita. Shelton aod Rye (1982) pointed out somc of the ambiguities in

interpreting thc‘.834S" versus A834S plot.

In the case of the dominant discquilibrium conditions at La Minita, the

ey

§34S of bamc and of sulfides may be directly rclalcd to the source of sulfur
Accordmg to Ohmoto (1986), the 8348 of minerals prccxpxtatmg under

"'dlscquxlxbnum conditions is very closc to. that of the SO4 and HQS Of the ore

vr(.

solution and of. thc source rchon For bantc the average §34S is +15.4 %o,

which is whithin the acccptcd range of Cretaceous seawater ulfatc

G

<*,,L§Niclsc'n. 1979; ,Claypoolv et al., 1980). Thcrcforc, thc marine origin of the

baritc's sulfalc bccomcs self-evident. In the case of the majority of the

s

sulﬁdcs from Lhc rcplaccmcm bOdlCS at Vulcano and Tabaquno, the 8348

-‘valucs range  from 0 to 36 %o with one valuc at +7 %o. Thesc valucs are

suggcsuvc of .an igneous source and/or of inorganically-rcduccd‘ sulphur.

. by reaction of seawater sulfates thh 1gncous rocks at 300 to 500°C (Ohmoto
et al., 1976) ’I‘hc predommancc of submarine- volcamc rocks at, La meta is
compatible with enh_cr -of these two sourccs.'S,uc_h an  interpretation has
been generally apolicd'to the classic. Kuroko district mi_nérolization and to
the sulfide deposits of the East Pacific Rise (Ohmoto and Rye, 1979; Styrt eg
al.. 1981).
o £ : .
Clcarly. the prcvnous conclusion does not- c,xplam thc ncgauvc 8345 of

\
the pynllc body and of some-, sulfides at thc center of the rcplaccmcnt body

‘

Pl

at Vulc_gno. Thns body of- massive pyrite is .ch‘aractcﬁzcd by 8§34s. v.al'ucs‘

. —

80



rangmg from -10.5 to -2,6.%o; the prcscncc of coarse sphalerite (late . stage)
veinlets whose 8348 -47 %o might mdlcatc that heavier sulfur, from late

fluids, interacted with the pyritic ‘body. . Bacterial reduction of marine

P sulfate in an open, system %i:lh an infinite supply of SO04=, could well

v

bacterial “reductien of marine sulfate .may produce AH2S§-S04 ~ -25 %o,

althorugh in natural systems this value is frequently larger (Nielsen, 1979;

q Rye and Ohmoto, 1979). The maximum Apyrite-504 of the pyritic or®

- (assuming SO4= of Crclacéous scawater ~16 %o) is -26.5 %o, which would be

i

- .within  the anticipated' fri€tionation range produced by bacterial

rcducuon “Coomer and Robmson (1976) hayc interpreted -the sulfur 1sotopcv.

‘data of the Sllvcrmmcs dcposns, Ireland, * (which exhibit a similar

dlsmbuuon to La'Minila's sulfides) as indicative -'of, both -‘inorganically_.

; » . c o’
denvcd sulfur and sulfur derived from bacterial reduction.. The same

“.rcas,oning could be applied to the mincralization of La Minita, however it

©

"""..;‘f'”s‘ulfau\: were not "m'ct at the time of imincralizatio\p. '
) _._Alih0ugh -fﬁc A53_4..Spyrite-seawatcr-SO4 of the pyritic orc falls between
,Jo l‘hc"‘fractionétion range achieved by bactcrial‘ S04= reduction, the
‘ gc'cl).logical‘ evidence docsv not support such a biologic 'rcduci;lg méchénism

&: o
at La Minita. No prganic-rich sediments deposited in an cuxinic

cnvironmcnt “are di_rcctly associatcd' with thc-mincralizc’d horizon. Thc‘

pyritic body is undcrlam by altered volc,gmcs ~atid - llmcstonc. is latcrally,

boundcd by thc rcplaccmcm body. and is covcrcd by massive limestone.

These lithojogies a’rc' not partxcula;l.y indicative of the po;sxblc

preservation of | organic matter, which ‘would favor the dcvelopment of

bacterial  activity in  the depositional covironment. Even "more, the

a

explain such a negative rangc’ of values. Isotopic fractionation during

~appears ‘that the conditions required for bacterial reduction of  marine

81
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oxldlzmg charactcr of * the' ‘efivironment . has - bt:cn alr€a-<']y~strcsscd andj

‘v

addmonally thc carbon lsotopc mformauon docs not’ suppon thc process of

i

organlc reducnon al La Mlmta ’I‘hxs is in agrccmcm with thc prescncc of

i 3

-

rccfal colomcs whnch; would rcqulrc &’Vf wcll oxygcnalcd cnvnromcnts “in.-

_"‘Wl.llch<.0rgan‘ic compound_s- are- not presctved. In the: light of lhlS‘ evidence,

a_ different 3ourcg of sulfur must _be ssought. *

‘The tcmpdra'lvan_dv spatial rclé‘lionship's ,Cbctweén lhc pyrmc and the.
Y .

replacement bodies imply ccrt‘ain gc‘nclic rclat'ions It is llkcly lhat thc ore

. %
‘so'luii‘ons which prodticcd' e rcplaccmcnl body had cxhalcd mclals lo the

scafloor whcrc the pynuqaorc formed. Thc avcragc 8348 of thls ore (91

k %o) and that of some pyrucs of lhc rcplaccmcm body (12/6 %o in” avcragc)

are - potably snmxlar Thus, the pOSSlblllly should bc c&'nsndcrcd thal vth"c"

,‘pymlc ‘body -was dcnch from cxhalauvc ore soluuons ‘whose 834Sst was
v &

similar to that of the samplcs wxlh ncgauvc 8345 of the rcplaccmcmﬁ)ody
. . h

e g
: __',:Coolmg of%hc ore. solunon would prccxpnalc pyrllc rapldly. as the ﬂund was

"'.-.cxhalcd onto thc scaﬂoor such lhat little cxchangc bctwccn lhc sulfur of.

N

‘thc ore soluucn and lhat of thc ‘scawater  would .occur. Thls could prcvcm a .‘

drasnc increase of the §34S valuc of the cxhalcd gyntc Modcllmg of the

e -

‘.proccsseg that occur dunng mlxmg of hydrothcrmal soluuons with sca.

"'watcr “has - show“é that mixture of 9‘Q % hydrothcrmal ﬂuld wuh 10- %

seawater can producc nearly complctc sulfide dcposmon (Drummond and

Ohmoto. 1980) thus thc43 lSOlOplC compOSmon of thc sulﬁdcs cannot pc

largely “modified dunng thc mlxmg proccss Framboxdal pyntc compnsmg

the pynuc ore suggcsts thc proccss of rapxd dcposmon

. .“.'

‘Hydrotherm_al “Environment
hed ‘ o

_' in'ordcr to illustrate how the 345-depleted ’s'ulfidcsv ‘were: generated, it
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should bc rcmcmbcrcd that thc some sulfat.c sulfldc pairs at thc"’ccntcr of
the rcplaccmcm dcpos‘t of Vulcano appcar to mdlcalc lsotoplc cqunhbnum

Inn such a casc. cvaluauon of the hydrothcnnal cnv:ronmcnt may bc donc.

.

'and as it \@- bc shown cquxhbrz\on of SO4- and HzS at Vulcano may- well =

.

-

,cxplam §uch "d;plc;cd" sulfur.. ) o ;55,"

The 83_48-25 of' t‘h.c bydrolhcnnal solution can only be deduced from the - . -

1 ..

8345 v‘alucs ‘ot" sulfur bcarmg mmcrals in sulfur-syStcms' whcrc-'

" cquxllbnum was. attamod Assummg local cqulllbrauon at Vulcano pcrmns

. -the calculauon of thns'vanablc- The prcsencc of magncute hcmamc

~

. assocnalcd wuh thc sulfatc sulfldc mmcrahzauon (scc paragcnctlc dxagram

ﬁgurc 111.5.) mdxcatcs that mH23K<mso4, thus swppomng thc conccpt of an’

S04= -dommatcd systcm * Under these condmons v v
LT :534523 = 83“.‘S'sumdc + AsO4-H2S
2 I's : : .\ . 4

' thcn at T— 250°C and using. thc avcragc 8348 of pymc of samplcs 33- 2 33- 3
S g LN
ot o / o and 33 5, 834525 = +13 %o.

From this and the 8348 dala for bamc and sulﬁdcs. it is clcar that the

SO4/H28 rauo of thc mmcrallzmg syslcm was very - hlgh Thus it is not |

‘surprising 1ha(v the rrclam{c volumc of sulfides at La Mmua is very’ small
compared ‘with "that of barite: even. if‘/largc amounﬂ' of m'ctallic ions  had

\

beéen in 'sol'ulivon -there was clcarly insufficient HpS prcscnt to prccxpnatc'

LY

: any '\largén'ﬁﬁanimcs of sulfides.

8
e Thc 8348 of cocxxstmg sulfatcs and sulﬁdcs can bc used to place

f.'constramls on ‘the" postulatcd fOz and pH condmons of the solutrorts— Flgurc g
-'V4 lllustratcs lhc stabnluy ficlds of the mmcral phases observcd in the

Vulcano,rcplaccmcnt body_.‘ at ‘T-—.-250f’_C. l - also shows scvcral comours for

834S of pyrite and barite at 634823 = +1_"_3 %o as a f_unction of fO2 __and pH,

[N
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assummg cqurllbrrum cxchangc condmons,_ accordmg to- Ohmoso (972)

From ‘the - 6348 valucs of bantc and pymc and thc stabrlrty fields of

hcmalrtc magncmc pyrrtc. lhe rangc of fOz and pH of thc mmeralrzmg

ﬂurd can . bc csumatcd lo havc lam in thc uppcr scctor of thc dlagram Thc

4

fact that calcrtc was marnly drssolved and w. scldom being prcserved
- .

- or rcdcposxtcd suggcsts that thc solut"O‘n W,

—y

solu.brlny curve of calcrtc (at EC 001 m/kg HzO)6 , rt is-clear that thc fOz -

pH of Lhc flurd could bc furthcr restrained to the lcft (acrd) sector of lhc

uppcr half of thc dlagram In fa_ct the pH range can be further restrained

. by -the .kaolmnd <====> ~sc‘ncitc_ _and'by the sgrrcrtc _<—===> k fcldspar phasc

L in ‘ﬁgur,c V.4, Ad‘d'ilionally., the aﬁprogirnatcd lower limit of the Bat +.

¥
I

;bd’undarics to ‘have Jﬁiﬂ. between ‘3 and less rhan 6.7

‘On the basis of the previous d_iscuss,ipn, the field - which represents the

possible conditions during the sulfate-sulfide 'dcp,ositidn- has b_c;cn indicated

conccntration- in lhc ‘ore .solution is 'also illuétratcd ~Thus under “the

v

" assumpuons already madc thc flurd would have had pH betwccn 3 and 5, f02

: bctwccn 'lO -34 and 10 32, and a. Ba**. conccmrauon of at least ld 2m/lchzo

In fact, - cvcn lf cqurllbnum in thc sulfur rsolOpe systcm was not attamcd

‘ thc calculalcd pH and. fOz would rcmam valld on the. basis of the stabrllty

condmons of ‘the 'mmcral association. |
A vértical -evolution .of the fluid system can. also be inferred. Figure V.5

ill'usl‘ratcs tha decrease in 53‘48.‘ of pyritc in- mé uppcrmscctor o'f tlic

v N ,
6 ZC=0 01 m/kg is in. agreement with the -presence of zeohte clinozoisite in _ the
propylmcally altered rocks as. was comrncnted upon in" the "hydrothermal alteratron
section,

7 X* has a large cffect upon the pH, the lowcr activities slufung the reaction
boundaries lowards less . -acid pH. From fluid inclusions data of - Kuro osits
~(Pisutha” and Ohmoto, 1983) and - fréfn the K*/H* ratio for the stability rangd of

sericite menuoned in Chaptcr Ill it seems " that l(*‘ OQS m/kg H20, is a reasona

valuc

EN

dic to neutral From thc -
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’ rcplaccmcnt body "at Vulcano If pyrilcs from. saniplcé 33-2, "'33-3' and' 33--5.
wcrc formed undcr cnrcumstanccs ~similar - to thosc prcvnously mfcrrcd

increase in fOz has to be assumcd,to cxplam'lhe decrease xn‘.834S. 'Howcve-r.‘

"a drcpm tcl‘ﬁpcvratUrc.'Wvould.'_aléo' contribu;é";lg)“,‘ such a dccvl"cas‘c, / ‘/ "

" The Nature of the Parent Fluid

N

&

In submarine volcanogenic 'dcp‘obsits it s generally - assumed that

- seawater vwas the main .ore ﬂuid '(Margaritz and Taylor, 1976' Spodner :e': al.,.

1974; ',O"hmot_o'a_n_d’ Rye, 1974). At La Mmlta thcrc is’ plcnty of gcologlc

cvidence ,in favor of ‘the prcdommancc of marine - water in the. -

environment.. No. hydrogen isotope dal_'ta ‘were obtained; however a

characterization of the ore fluid will bé made with the aY-éilable -o.xygﬂé.n

" isotope” mformauon - o PR A

In ﬁgurc V.6 the 8348 and 8180 of barites from La ana have been .

[

) plottcd The marine sulfatc of Alblan’Cenomaman agc oadoptcd from Faurcs o

. curves (which has been adaplcd from “the work of Cla/ypool et-al, 1980), is

'also plotlcd. Il is noted that mosl of the data for the bantes clustef'_closcly
,'around the composmon of such seawater sulfate, a few sampl.éis being
slightly dlsplaccd towards larger 8180

¥ A .
Thc 1sotop1c composmon of Kuroko bamcs and of MlOCCIlC sulfate havc

'also bccn ploucd in figure V.6 for companson Thc Kuroko barites have a-

‘wx er range of 8348 than thosc of La Mxmta Ohmolo et al., (1983) ‘ cxplamcd

the composmon of t.hc Kuroko barues as the - rcsmt of lhc mxxmg of ﬂuxds-,

.

E _from two Sulfatc sources Mxocenc ‘seawater -,sulfatc -.a_nd

I\

sulfate. -

-

K
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~suffate,

6O with respect to ‘
samples from La Minita.” -

and- of Kuroko bérit_e's-v suttéte_. An apparent ' shift towards larger-
the Cretaceous - seawater " is - displayed by the

¥
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The seawater orrgm of the sulfur in the bantes of La Mmrta has been
'already.commcnted upon, Oxygen lsotope 1sotope_ data remforce this

- argument. " The 8130 versus time curve of evaporitic sulfate minerals,

. 3

mdrcates 25180 = 4135 %o for%e oxygen of such sulfate mmerals during

| 'Mdele Cretaceous thm§ Thns value is 3 5 %o hlgher than that of the sulfate

. the kinetic oxrdauon of sulfrde (8180 ~+46 %0 ). wrth funher 180-'_‘

ion (Lloyd, . 1968) thus. seawater sulfate must haVe had 8180-f0 %o at that

time, which IS close to the values for La Mmttas bantes However, it is

'
known that the SO4 ton is ‘not “in- tsotoplc equlltbnum wrth the scawater
!

oxygen: for modem. marine sulfate the 8130504 is +9.6 %o tnstead of the +38.

% o expected for an equrlrbnum sxtuatron (Lloyd 1968) Thrs may be. due to_

'ennchment of the sulfate by bactenal reductton, and to the\iery slow rates-

of lSOlOplC exchange between the - sulfate ion.. and the dissolved oxygen .at

marme t-emperatures (Lloyd' 1968 O'Neil, 1987) Therefore. av drrect..‘

.‘tsotopic equrltbrauon is. more lrkely

comparrson bctween the 5180 of hydrothermally produced sulfate mmerals

and that of evapormc sulfates is -mvaltd,b_ since . at hrgher temperatures L

f

There is no evrdence to " support oxygen tsotope equlllbrlum between o

the bante and the ore flurd at La Mmlta The sulfur tsotope data generally

mdrcate dlsequtltbnum condmons Nonetheless. by companng the lengths

equtltbrauon of the former IS more readlly and rapidly attamed (Kusakabe

and Robmson. 1977 Ohmoto and Lasaga, ‘1982 Ohmoto, 1986) If thrs was the

case at La thta. the nature of the ore ﬂurd could be better defined

-

fof time - requrred to eqmllbrate oxygen and sulfur. it can be concluded that - -

Instead of a- dtrect compartsron between the 1sotop1c composnton of"j;

) _»..:manne ‘sulfate and bante. a. more reallstlc companson may be made by"'

consxdenng the 8180 of scawater and the equlltbnum fracttonation of -
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bantc and water ‘at hydrothcrmal tcmpcraturcs The 8180 of seawater can

-

‘_?/\Lc/asonably be assumcd to have been 0 %o through Phanerozoic times

'(Muchlcnbachs and Clayton? 1916 Taylor. 1979) Thcn. bantc prccxpuatcd
‘ 'm cqu:lxbri’um with. hcated seawater (200 - 250°C) would acqulre— 8‘80
valucs —+36 to +6 %o (usmg t.hc cquauon of Kusakabc and Robinson, 1977).

On Lhc othcr hand the 8180 of the hydrothcrmal walcr in cqunllbnum with

- barite whosc 8180 was +11.2 %o (average of ‘barites) wolxld have had a valuc _

~of +5.1 to +75 %o at thc mdlcatcd tempcraturcs The hydrothcrmal sulfate

_'would havc clcarly bccn more PBO cnnchcd than normal scawalcr sulfate..

Thus. it is clcar that the ore fluid was .some’ form of modnﬁcd seawater (l80~

~

cnrlchod)._

Table viI ;soinma_rizc's the _°calclxlated 8180 ,compo‘sltion'._ of the olc fluid in

. : '\
'cqu'ilibri'um with . the analyzed 0- bcarmg mmcrals at’ thcir rcspccuvc
_ _ .

g tcmperaturcs of formauon From thls._ it can be ooncludcd lhal thc ore fluid,

through “the different paragcncuc stagcs, ‘was 18O cnnchcd wuh a possnblc

.cvoluuon from the most cnnchcd fluid durmg the prc ore stagc o .the lcss-'

cnnchcd ﬂl.lld durmg the post-ore stagc (see tablc VII)
. g
" A slxght 180. cnnchmcnt of thc scawatcr may bc rclatcd to the shallow

naturc of the marine palcocnvnronment at La val,mta. Smcc the

mincralnzatxon took ‘place in -a_"tropical;sub-tropit:al rcg'vion.. partial

‘el/aporali'on of "the - seawater must "havc occurred. Undcr lhcsc

€

"cucumstanccs. thc scawatcr would havc rctamcd thc hcavy oxygen lsotopc.‘

- thus becommg a potcnual ore solutlon with a lnghcr l80-contcnt However,
it s known that cvaporauon -of scawalcr produccs only mmor increases in

‘ 'thc 8180 of lhc scawatcr, whxch would bc msufﬁc:cnt to explam the largcr

90

i 5180 of the mmcralnzmg ﬂuxds at La ana (Ohmoto et al 1983. Faurp. _19486?_

--;.,-'Longstaffc. 1986) . ", - T
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TABLE VII. CALCULATION OF THE PARENT ORE FLUID §!80 -
SAMPLE MINERAL . 9180  |TEMPERATURH PARENT FLUID 9180
31-7 MAGNETITE - 1.3 226 * 9.5 '
31-7 - CALCITE 19.1 226 *- 10.8
31-7 DOLOMITE 21.7 226" 10.2 - .
31-9 - MAGNETITE 5.8 327 °* y 12.8 '
31-9 ~ CALCITE . 18.4 327 * " 13.6
31-9 DOLOMITE 25.1 327 * . 17.6
35 MAGNETITE 5.9 262 - 16.3
78D MAGNETITE 8.3 262 ° 6.2
78D ' QUARTZ . 16.2 262 ' 15
78C - MAGNETITE 3.1 262 ' 11.1°
192-1 MAGNETITE 6 234 * 14.2
92-1 QUARTZ 25 | 234 * 13.9°
' ' . . C pre-ore stage average . 12.6
CALCITE 19.4 . 204 " 10.1
- .CALCITE - 19 204 " 9.7
MAGNETITE | . -1.3 241 * 6.8
1™ - BARITE. 12 - 2417 ¢ 7.9 .
19— MAGNETITE -1.6 271 * 6.4
19 7 - QUARTZ M5 271 *. 7
MAGNETITE] -4.2 224 * 4
27 QUARTZ 15.6 _224 * 5.4
1118 BARITE - 10 215 A - 4.7
- [11D L ' 9.7 - 215 A 4.4
1111 - 9.4 209 ® 3.8 N
12 B 10 204 " 4.1
114A d S 10.1 204 " 4.2
18A " '10.9° 204 . 5
188 " 10.3 204 * 4.4
'?LC - 9 196 8 2.6
134 . 10:4 196 A 4 B
135 - - 1Q.5 196 * 4.1 '
107 11.2 196 A . 4.8
T-11-7 - 10.8 - 196 A F 4.4
131.-6- K 11.4 . 254 8 7.8
33-5 " 13.9 224 A 9
33-7 10 224 & . 5.1
61 . - 14.4 204 -* 8.5
628 115 204 " 5.6
67C . 11.3 204 " 5.4
“lesAa » 12 204 * 6.1
|73 . 11.4 243 ~ 7.4
{758 ... 10.2 190 8 3.5
77A - 13.4 190 A 6.7
78C - . 10.5 204 " 4.6
- 13.1 7.2

798

204 "

';-91 .
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82 - 121 [ 204 " T 6.2

- ) ‘ _ore-stage average 5.8

58A " 10.5 124 A, -1.3

1112-3 " - 12.4 154 ~ 7 3.3

113-1 - T T12.7 154 » . 3.6
113-2 " 12.6 164 3.5

post-ore stage average 2.7

1 oxygen Isotope temperature .

' average oxygen isotope temperature of the p

! Th of inclusions in the sample

re-ora stage

A Th of inclusions in telated sample

" average Th for barifds (without CO2)

92
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On the other hand it .is wcll known)thal a 8180 shift towards higher -

valucs is cxpcrlcnccd by flulds mtcractmg with carbo{:atc arﬁ)’or srllcate

rocks‘ (Taylor, _1979). Dc,pchdmg .upon ‘thc.' mmal- oxygen 1§otopc

'com’position of the fluid and of ihc ro k, the tcm.pératdrc. and the

'watcr/rock ratio of Lhc hyd.rothcrmal systcm “a) fluid wrlh a pamcular 8180'

# .
will be produced and, conscqucnlly, this wi

composition of the altered rock and of the. hydrothcrmal minerals.

' ,Thcrcforc., if the isotopic ,compositiorx' of the altered rock and of the

- hydrothermal mincra'ls is. known, the : origin. of the parent  fluid may *be

deduced.

At La Minita, - the. oxygen isotope . information permits some important °

deductions to be 'drawn“ Firstly, since thc\ -oxygen isotopc compoS‘ition of_

be rcflccted in the 5180

93

.‘unaltcrcd hmcstonc and ‘of rccrystall(rzcd hmcstonc are srmllar wnh a

possrblc shrfl towards lowcr 5180 produccd by the hydrothcrmal fluid; - one':"

A : Ly
.must infer’ that cuhcr very low watcr/rock rauos cxrstcd ‘or

at A parcnt

'ﬂu1d with a 8180 composmon srmrlar to lhat of thc lr_j"

' 'dcposrls Sccondly, the obscrvcd dccrcasc in - 5180, from one: mmcrahzmg

'-stagc to lhc othcr could havc been produccd by mcrcasmg volumcs of--

walcr wnh rcspcct of . .the volumc of rock mvolvcd and by a decrese in

*

o

‘lonc formcd Lhcv';v

tcmpcralurc as dcduccd from thc modclmg of Taylor (1976) and of Ohmoto;y

(1986) 'I‘hlrdly. smcc lgncous rocks (basalts andesues) gcncrally have -a

‘v'8180 - 6.5¢1 %o (Taylor, zb&d) a morc 18O cnnchcd rock must _ havc\'( v‘

coumbulcd largc ‘amounts of such an lSOlOP¢- this clcarly suggcsts a largc

'180 comnbuuon by thc lrmcstonc Thcrcforc. thc oxygcn 1sotope data »arc?:-j‘."i‘f

,a.’
i

© well cxplamcd by ‘8 modcl m whxch hcated “oceanic watcr mteracted with

both marmc hmcstonc and 1gncous rocks. mcrcasmg ns 8180 Mmcrals :

_dcposrtcd .at hrghcr tcmpcraturcs (pre- orc stage) were forrm:d dunng a*



. . . .' K . . “ . [ .
lower water/fock regime than for subsequent, somcwhal coolcr slagcs

- P

Although c nmbuuon of rmagmauc water to the hydrothcrmal systcm'
cannot- be. ruled out, thc influence of metcoric water can. This is because

mctconc water would havc produccd minerals with a largcr 18O -deplejion

-

than obscrvcd Nonethcless. minor conmbuuons of lhm kind of watcr -are

not possxblc to dctcct wuh oxygen isotopes alonc ' A

~

94
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E) -Summary and Conclusions .
The afyplicaﬁon of stable isotope gcothcrrriométry té‘ samples from La
) Minita, has 'bcc_n complicatcd by their low temperatures ‘of -formation. .On

-

the’ bas’is of oxygen isotopc studics, " the pre-ore - stage -is dcduccd‘ 10 havc .

takcn placc at lcmpcratures in thc range from 327 to 226°C, whrch has some
dcgrcc of ovcrlap wrth thc ore - slagc range of temperatures (2’72 to 224°C
wrth oxygcn 1sotopcs, 240 to 181°C with’ fluid mclusrons) Oxygen rsotopc

lcmpcraturcs of post-ore stage assocxauons (~100°C) are much lowcr than

the. Th of fluid mclusrons, rcﬂecung the longer times rcqurred for 1sotop1c‘

cqurhbratxon at low tcmpcraturcs .
Sulfur_, 1sotopcs, .on‘ the othcr hand,_’pro‘vcd generally “useless in the

gcothcrmomclry: StUdy Only*‘ rarcly did’ sulfatc-'sulfivdc pairs, 'givc'

tcmpcraturcs (245 10 173 C) which agrcc wrlh the. Th of fluid inclusions m

barllck. Consc‘qucnlly. |sotoplc.'¢|scqu|llbrrum in the sulfur syst}em prevailed

through most of the- mmcrahzauon
o T
C_urbon and sulfur- lsotopc‘ mformatidrl 'suggc'st‘s: »lh'a't at least two
| mc'cha'nisms'. were involvcd‘ d'urihbg sulfalc sulfndc dc’positiobn..v 'Firstly,
I dlscqulhbnum dcposmon ‘of mmcrals must havc been tthc’ result ofv' rapid

‘prcc1pr(auon-. such that rsoloprc cxchange -bctwccn HzS and S04 was

minimal.ﬁ '-U:ndcr_ thcsc crrcumslanécs the  isotopic composmon of bolh

sulfur spccrcs rcmaincd. idénticél to tha’i'of thcir rcspcctryc sources. The
sulfur of Lhc bantc was dcnvcd from scwatcr sulfatc whilst‘that of the

sulfrdc rnmcrals_from " inorganically-reduced sulfate (and/.or ignco.us'

sulfide). ,_;Svccondl.y,» and less importanlly; prolonged recirculation “of the vorc'
fluid permitted, at times, cilcnsi\?c cxchangc between thc sulfate and  the
H2S, such that ;ﬁcar’cqui'librati()n 'occurred; t,his_"could have happcné_:d

-



i..‘.»‘:.

=

'dunng thc formauon of thc lmpcnncablc cap on the ore zone. Exhalauon of

such ‘a fluid mlghl “have provokcd thc dcposmon of thc pyrmc “ore ’\51

. Vulcano Thc fact that the rcplaccmcm ?body at thxs locality rarcly shows

a

~ evidence of cqulxbrauon in the sulfur isotope” ‘system, probablyvhad to do
wuh the more cxtcndcd interaction ‘Qf the ﬂuxds-in that ' particular zone,

which - produced scvc_ral episodcs of replacement.. Sulfur derived l'r.om‘

be rulcd out due - to the cxicnsnvc cvxdcncc of the oxydizing naturc of (the

S

cnvnronmcnl and. to the
. - . °
estone, ' o o -

associated carbonates and ;
A general cvolulion_ of the hydrothermal system  can- be dcduccd in' the
light of lhc isotopi¢ mformauon Flrslly. the prc ore stage took pla(‘c at the

hlgthI temperatures, under rather oxidizing condmons. and at' low

wajer/rock ratios. Secondly, the orc stage occurrcd at “lower temperatures

~under more reducing (or, rather, less-oxidizing), conditions, and at greater .
walcr/rock' ratios than in the prcvious stage. And thirdly. the "posl-'()rc

. .A-stagc ‘was characlcnzcd by ‘the lowcst lcmpcralurcs and probably the more

rcducmg condmons an thc }argcsl walcr/rock rauos of ‘the three stagcs

L

It is apparem that the ore fluid was prcdommanlly cvolvcd scawalcr

The 18O cnnchcd nature of such a ﬂuld was lhc result of the recplacement

of he host -lnmcslonc and of interaction wilh the igncous rocks
chlaccmcm of the "fxmcstonc was. extensive durmg the. prc orc .stage as

’ mdxc_alcd by the largest 180. c_nnchmcnt of ‘the mfcrrcd_ parcnl» fluid.

‘.

orgamc rcducuon of marine sulfalc. as the source for the pynuc ore, may

rmal” -carbon'~ isotopic .composition of * the

96
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VL. STRONTIUM- ANpP LEAD-ISOTOPE INVESTIGATION

A) Introduction

Isotopes of Sr and Pb are commonly applied in studies of

. geochronometry and petrogenesis. However, in hydrqthcrmal ore deposits,”’

géochronomc;ry using the ‘Rb-Sr and i’b-Pb-mcthods is g‘cnc-rzilly‘

'unsucccsvsful.l'vD_uc to the inhomogeneity of the Sr isotope composition of

hj{drot'hcnnal ‘syst'cms. the isochron method of dating is uhaplica.blc.v

Although model dates of Rb-Sr would thporcticaﬁy yield adcqua'tvc ages,

)

rarcly have th::y been “applied. Dating of ore deposits by t:hc_P'b-Pb method.

_givcs essentially mddel 'd‘atcs,‘- which 'r.zir.clyA agree with _si-r'nplc: models of Pb

growth, This may be due to multi-stages -of Pb 'produc'tiOngundc.r/differcm

U/Pb r'cgimcs. and @o mixturc of Pb of various provenances. -

anvcrsély. “isotovpcs of Sri and Pb ,hgiwv/d‘provvch 1'1scful tracers in ore
deposits. Sinc‘é._isotopiq _fraétion;tion of these elements does nof ,océu_r. they
provide direct evidence of the cOmposit:ion of Sr and Pb.‘in'thc-orc sOthiohs

at. the time of ‘deposition. Sr, duc to its strong geochemical similarities to Ba,

~

may help infer the -source of barium of barites.. Thus, an msxé\ht into th_c

provenance of some orc metals can be gained via the study of Sr and Pb

isotopes.

A
B) Method and Results -

Barite and - whole rocks from scveral localities in the La Minita -district

were analyzed. Barite was dissolved by‘t'hc' sodium carbonate method. 100 . -

97
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.. mg of the mineral were fuscd with 1 g of sodlum carbonate8 in a plaunum
'vcss-cl - The rcsulung cakc was dnssolvcd in distilled water; thc msolublc

rcsndue ccntnfugcd and -the soluuon discarded.. Tl‘c rcsnduc was dlssolvcd

98

in HNO3. and the Sr, Ba, and Pb prccxpnatcd as mtratcs with an excess HNO3. _ o

the soluuon bcmg dxscardcd and lhc precipitate dncd The nitrates . were
then dlssolvcd in 2N HCl and thc soluuon cvaporatcd -to dryncss chl the
Pb and Sr .were extracted by ion- cxchangc chromalography e
For Pb extraction, 04 cm x 4 cm columns packed wnh BIORAD AGl X8
100 - .200 mesh anvxon cxchangc resin were emp ycd.. The sample was
.di‘s“sol'\‘/cd in 2 ml of ISN HCI, loaded in the 'colnmns; and .clulcd“Jwith 4 ml of
1.5N HCl. The cyl_ut_cd_‘ solution was z:oll-cclc.d and\evglporalcd_ for. furlncr’Sr
scparalion .Pb waé collectcd-' during final elufion Wilh' 6 ml-of'dis{illcd HzO/

: For St two stcps were folJowcd a) I cm x 18 cm columns packed with DOWEX

,SOW X12, 100- - 200 mcsh cation cxchangc' resin, wcrc uullzcd - The samplc

“was Ioadcd in 2 ml 125N HCl then scqucnually cluted wuh 38 ml 125N HCI L

and 65 ml 2.5N HCl then, thc Sr was collcctcd by clution with 25 ml 25N HCI.
b) Thc. sample collected 1n thc previous step was. c_vapo_ralcd and then
~dissolved in 0.5 ml 23N HCl and -transfcrrcd lo-‘04 cm x 8‘crn columns packed
with the same- typc of cation cxchangc resin. The sample was cluted with 7

ml 23N HCl and, next, the Sr collcclcd by passing 5 ml of lhc samce acid.

_/For the 'analysis‘ of wholc rocks, 200 to 300 mg of finely ground samblc :

were dissolvcd in three stcps. every step being carricd out 'lwiéc 1) The

samples were placcd in teflon beakers -and moistened wuh ‘distilled. water. A

mixture of 2/3 HF + 1/3 HNO3 was addcd and lhc beaker covcrcd with a hd

8 The Sr co’ntent of the carbonate was detcrmined by spiking a solution -containing 1g

of NaCO3. It was determined’ th'c _873,- and_86Sr content of the carbonate is -
respectively 0.073 pg/g and 0.1025 pg/g. Such low contents do not affect the Sr isotope

ratios of the barites, which generally have several thousand ppm -Sr.
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, '
.'and left ovcmlght at approxxmatcly 80°C The lid was thcn removed and the
'soluuon »takcn- to dryncss 2) HNO3 was addcd to the fluoride salts, the

jrcsultmg solution covcrcd and lefl on. lhe hot plate ovcrmght Next, the

soluuon was takcn to ‘dryness. 3) ¢ mtratcs wcrc converted to chlondcs

99

- by édding 4N HCL. The c"ovc'rpd solution was left on _th_c hot platc chmnght.

. and then taken to dryness.

Bcf’pf; spiking, - the diss'é'lvcd "s'amplc_ was split' into two aliquots, one for

Sr.and the othc'r' for ‘Rb analyses. The .aliquots' were wéightcd and an’

'spcc“ific‘amounl of spike added. Samples which had an insoluble residue |

werc centrifuged to get rid - of thci solid rf\ateriﬁ’i‘%’ .The‘ sovlution was
| cv‘aporatcd,.' then tr;iris_fcrrcd in 2ml' 1.25N HCI to thg St columns. Separation
- of Sr ‘wasv as dcécribca 'abévc'for baritcs'. On the othcf hand, Rb was
‘cxit‘ra.ctcd in the s.amc columns, - although wfth, diffc‘rcntv amounts of elutant:

for the large columns, Rb was - collected inv'-thc fraction between 25 and 40

ml of the elution phas‘cfvwith' 2.5N HCI of the method " described for Sr. In the

,_smal‘l 'colu‘mns‘. Rb was purifi’cd. b‘y. loading the sample in 2ml 23N HCl.'r ’

~ cluting and dxscardmg 2 ml 23N HCI, and finally collecting 3 ml of 2.3N HCl

.
clutant

Pb isotopc ratios were mecasured ‘in ‘a - MM30 -solid ..source mass-

spcclromclcr Pb was loaded on- single rhenium filameénts using the

‘ standard  silica gel technique. ‘Mass-spectrometric mcasurémcn'l- of
37Sr/86Sr “were ‘p‘ctrformcvd in MM30 and VG35V4F solid source mass
’-spcctrdmcte;rs'. 'A_lthough_' more precise results are gcn'qrally _obtained in the™”

VG354, similar precision may be attained in the MM30 (e.g. samplc_68Av

L)

.baﬁtc) Sr was loaded on tantalum sidc-ﬁlamcntsy~of double filament beads;
=,

W
the ccntcr ﬁlamcnl was made of rhenium. Rb mcsurcmcnts were made in a

Thome bunlt 12 _inch, 90° magnct sector, solxd source mass spcctromctcr

%
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Tablcs VI and IX contain the Pb and Sr- Rb lsotopc data Thc measuring

100

1
error of the spectrometer, ~as dctcrmmcd by succcswc runs * of NBS

standards. is mdfcatcd at’ thc bottom of thc tables. As can be seen in the

tables, - for mdnvnduaL runs sqmc samplcs have a relatively large precision
. » N a N ’ - ’

~error (the error is given as 2 o). U

- . ’

Sr lsotopc ratios havc a wxdc rangc of variation: Nonctheless, groups of

matcnals prcscnt a consnstcnt range. Bamcs havc 87Sr/85$r ratlbs in thc'

rangc from 0.70492 to 070535 The volcamcs may bc subdmdcd into lwo_

groups a) maﬁcivolcamcs, wnth 87Sr/S(’Sr ratlos bctwccn 070451 and‘

070557 b) fclsxc volcamcs wnlh 87Sr/86Sr rauos bctwecn 070660 dnd

075709 " The carbonatc samples have a 87§r/865r rangc from 070571 “and

070685 Thc magmlude of thc 87Sr/S(SSr ratio of the volcamcs corrclatcs.

~ with' the amount of Rb in- lhe samplc. the ‘more radiogenic Sr occurrmg in

“the ‘more Rb cnrlchcd samplcs ' |

T

The Pb lsotopc ratics are rather peculiar. The galena hais "normal’ léad

ratios, howc‘vcr ' . barite ' contains extremely radlogcmc lead, with.

206Pb/204Pb ratios of up 1o 82 and 208Pb/206Pb ratios up to 70.

A)
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TABLE IX. Pb ISOTOPE DATA FOR BARITE AND GALENA

T
. -SAMPLE |__206Pb/204Pb 207Pb/204Pb | 208Pb/204Pb
82 . barite (V) 55.1 : 17.89 . 57.06
111 barite (T)| - 59.22 _-18.21 - .59.04
188  barite (T)| - 82.32 - 19.51 = 70.13
46 barite (O} 52.24 17.84 . 55.63
|68A  barite (V) ~.30.35° . .16.27 1. 44.35
186 -ga_lena. (V) 18.45 ' ’15 56 - 38.23

Mass 'dlscrimmatuon factor was: 206/204Pb 1002664 207/204Pb-1 004054
208/204Pb=1.005959. Factor determined with the NBS SRM 981 standard ___ ‘
Reproducibility: £06Pb/204Pb=0. 24%, 207Pb/204Pb-0 31%; 208Pb/204Pb-
'10.36% determined with the samie standard. , .

V) Vulcano; (T) Tabaquito; (O).Ojo de Agua

5
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. C) Sr Isotope Systematics -

The Sr’ isotope’ data from the barites and the various host rocks shed

some. light on the origin of  the mineralization. . Baritc being an abundant
mincral at La Minita, has an impo‘nanl bearing upon the genesis of the"

deposilts.. ln ordcr to makc a valid companson bctwccn the 87Sr/86Sr ratios

of the different Qmatcnals. the " initial 87Sr/86$r of the volcanics ‘has to bc

. calculalcd. In tablc vl lhlS has been donc. however ‘a Jusuﬁcauo/n for the

choscn age must be advanccd

Thc prcscncc of rudlsts (Cap[mulmdga) in the. llmcstonc mdlcatcs an

Alblan-Ccnomaman age ‘for the: dc-posu,', (lhc boundary ‘bclwccn these

cpochs has bccn placcd “at 975 Ma ('H'arlénd ct_al., 1982)). An ~attempt 1o

calculate lhc absolutc agc of the dcposu was madc. since coeval ‘volcanic -

.'-rocks wnh vacﬁlg Rb/Sr ratlos were analyzcd Flgurc Vll is 1hc 87Sr/868r

Versus 8"Rb/“Sr plot of - the volcamc rocks The inset is an cnlargmcnt of’

the pomls Wthh lie closc to thc vcmcal axls éﬂlculauon of the bcst fit

line, ‘by the mclhod of Cummmg et al. (1972) gives- a slopc m_=0.001427i17'
and initial 87S1/86Sr ratio of 0.704963+260, with M.S. w D.2 = 74. 72 The .age
. calculated with such a slope is 100.4 M.a. Thc same information for the data
_p_oi'ls"‘ of ihc inset -are m=0.001986%260, initia.l~..b87-Sv_r'/868r‘ratio of
kO..'70461.8i'154- IM.S.W.D.=10'.83 ~ the vcorrcspgp(?ing age being- '139.7' M.a-

x Allhough an 1sochron is not{@dcﬁncd 100 Ma and 0704963 might be closc»

to the actual agc and initial 87Sr/86Sr ratio, since such an age is ‘in

9 MSWD stands for mean squared weighted devxates It represents the error from an

vlmpcrfcct fit ‘of the data on a line. When MSWD=1 there Is a porfect fit. Values <l

indicate that the points probably fit the . line, but an overestimate of the analytical
error limits has been made. Values >1 indicate that the points' do not fit the line,

" provided lhal the analalycal' error has_ not: been underestimated (Krstic, 1981)

k3
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approximate - agreecment  with - the paleontologi¢ age.Thus, not having a

bcticr estimatc of the age of the deposit, 100 M.a. has. been adopted.

Samples 94 an d 68A were not included for. the above calculations as

they plot a considerable distance from the line, \bc former .above while the

. latlcrj'bc'lbw. It seems that sémplc 94 has gained radi‘oghcnic Sr, whilst

sample 68A has lost it. -Noncthclcss, inclusion . of these sa‘mplcs in the
ca-lculations did not considerably modify thc _results,

The range of initial 87Sr/86Sr ratios of the volcanics " is rather wndc

Two factors ha_vc contributed to this fcaturc. F;rst of all, (hc alteration of

105

the rock has -modificd,thvé' original-’conccmraiion of Sr aid Rb vin the

h samplcs Sccond the assngncd agc is , at bcst approxnmatcd hus, from the

"'solc Sr. data it would not be possnblc to cvaluatc the Sr contnbuuon to the

barite by the various lnhologlc_s of the La Minita rchon."ir_x'.,facl,;

conlrlbuuon of such an ‘element by limcStqnc wmjld not be required- to

explain thc‘ Sr isotopic composition of such a mineral. In- shor, at’ this point

~the Sr data are ambiguouS» Considcraiion' of the bch‘avior of 'Sr' in
'hydrolhcrmal systcms may hclp clanfy lhc origin of the 873,/863,- in the

bantc

'W‘ater-rovck " Interaction -

In geothermial systems it has beeen noted that the compositibn of the

fluid " can be intcrgrctcd_rby mixing lines (Eldc’r‘f»icl'd and G’ravcs.i 1981;

~ Stetler and Allegre, 1978). For instance, it has been found that the

v

- composition of the Sr of the fli;id lies between that of the host-rock and the

original fluid (pure seawater or meteoric water), the proportion of the Sr
contribution of both sources determining the final 87Sr/86Sr isotope ratio

 of the geothermal fluid, However, if ‘more than ‘ong. source’ was involved,
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modclling of the fluid composition is hampered and, ‘at the most, - a
h companson and . a mere quahtatwc esu}c of .the possible contribution by

the dlffercnt sources may "be made. U @

An addmonal hmxlauon lo thc mlcrprctatnon of the Sr compoqmon of

thc “fluid wnvolvcs the process of »lcachmg itself. A bias in the Sr

compos_ition_of the fluid, due to selective leaching ‘of the components of -a

rock, may occur. This is particularly important in cnvironments where K-

fcldspﬁr and  quartz-rich’ rbcks are prcr;cni Thcsé mincrals appcar to be

more resistant ‘to lcachmg. thus such rocks would conlnbulc less  Sr to the

. ﬂuxd Thxs 15 apparem whcn the tcmpcralurc-dcpendcncc of thc K/Ca 'ratio -

'of thc ﬂuxd is consndcrcd Smce Rb and Sr behave sxmnlarly 10 K and Cd
N

rc3pcct;vcly, a srmllar lcmpcraturc dcpcndcncc of the Rb/Sr ratio with

.rcspcct to Lhc K/Ca rauo is cxpcctcd (Slctlcr and Allcgrc 1978).

In other instances, the amount of Sr conlribulcd ‘to_the fluid is much

less than expecled. Formation of ~alteration "mincrals which take . large:

'amou'ms‘ of 'Sr."limils'v the yield: c‘va this c‘lcmc_nl-. For instance, cpidolr:, _arnd
'chloritc are vali\cra_tion.. minerals whose Sr contents '\brar'y,r rcspcc.liycly,
between 215-220° ppm and 10'5-‘130.‘_ ppm (Elderficld and Graves, .1_9-8._1). At
first sight thcsc figurcs are 'not srgnificaht hhw’cvcr if lh(_:‘ zrycragc

‘contcnt of Sr in basalts (465 ppm (Turcklan and Wc'dcpohl 1961)) is

tonsxdcrcd they | are. Eldcrﬁcld and Graves (tbtd) concludcd that up to 15%

of thc Sr. leached from a basalt may reprecipitate in alteration mmcrals as

those -above mcntiohcd Noncthclcss although the 'Sr comrnbulron- by the

rock in these ‘kind of situations is small, “the rock plays an imponam role in”

controllmg thc 87Sr/858r rano of the fluid “system. Seyfried et al., (1979)

T cxpenmcntally demonstrated that * the . 875r/86sr. ratio of scawater is .

lowered by interaction with basalt, and that thc magnitude’ of the shift is

- .



""dcp'cndcnt ‘upon -both, temperature ~and " water/rock ratio. This ‘has been
long postulated for cxplaining the . Sr isotopc comp‘osilidh of -the oceans

(Dasch et al., >1973' Spooncr 1976 Eldcrf“cld and Grave@ 1981) Dcspnc thc
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facl that their Sr content appcars normal, " it has bccn _obscrvcd ;hyaltcrcd_'

Mid-ocean basalts have a higher 87Sr/36Sr,' ratio -than’ fresh basdfts, which
suggests the . effect of seawater ‘on the basalts.
From .the previous. discussion somc aspects of “the Watcr-rock

interaction may be summarized. Firstly, the temperature of the system .may

affect the Rb/Sr- of the fluid. ‘S'ccondlby,“_tfﬁc amount of Sr supplied to the

hydrothermal fluid rhay not be cqual to the Sr content of the host-rock

(this is particularly . important of ‘rocks in .which Sr-bearing alt'era.tio,'n
mincrals arc ‘produced). 'Ba'sablls:.*r and'vma‘fic rocks in’ gcncral, will yicld

lower” aniounts of Sr'during alteration, whilst dlssoluuon of - hmcstonc may

"yicld rather largc propomons of such an clcmcnl Thus, modelling of a
mix'i.ng process in hydrolhcrmal systems should lakc this process intb

~ account, in order o postulatc adcquatc ‘end mcmbcrs Thxrdly, the 87Sr/86Sy

of ‘the orcm is not ,ncc,c_tssarlly controlled by the amounts of - Sr

contributed by  the sources. »Sr-isotopc cxchangb "between rock and water

takes 'placc. lowcnng or mcrcasmg ‘the Sr ratio of the ﬂUId Thls 1mpllcs

that thc Sr budgct of a hydrothcrmal ﬂuxd is not mﬂucnccd by certain °

"lnhologlcs. allhough they may control its 8_’Sr/36Sr ratio. 3

At this juncture it is apparcnt that . ‘the Sr lsotopc ratio. cannot bc_

ccnamly cmploycd to - ndcnufy thc source of Sr and hcncc, thc source of
Ba In thc followmg section’ thc Sr composmon of baritcs will bc lookcd at

“more. carefully in order to cvaluatc, the origin of their 87Sr/86Sr.



Orlgm of Sr 1n _the ‘BariteS' i
Sch thc Rb content of lhc bamcs is ncgllgxblc Ihcy mUSl rctam hv
.St 1sotopc composnuon of the ﬂuld at lhc umc of dcposm()n At La Mlmtn

’thc possxblc sourccs of Sr wcrc the ., volcanlcs thc lxmcslonc. and the

seawater (lhc lasl two havmg snmllar 8-’Sr/86Sr rauos) Takmg 07049 as lhc

~thvcy and. the bamcs had a sxmxlar 37Sr/86Sr [;mo al(hough that of barites

bemg somcwhat hlgher On ,'c" othcr hand t-_hc llmcslonc has. 'a'
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B ’consndcrably htghcr 87Sr/86Sr ratio Wthh on lhc wholc as lower lhan lhc -

Aavcragc valuc for Alblan Ccnomaman hmcstoncs (~- 07072 (Burkc o .1{

1982)) Evcn more, lhc rccryslallucd limestoric -shows both lowc,r Sr isotope

ratio and - lower Sr comcnls than frcsh llmcsmnc ‘Al this stro?gly suu,csls,

a very large mﬂucncc of lhc volcamcs m conlro!lmg the Sr raua of not

only the hydrothcrmal flund.’>but‘ pcrhaps of'v the Iocal scawater

cnvironment  as well. Localized, short-term fﬁjctuauon of lhc 87Sr/365r'.{',:"}_

_rauo of thc sca hias: prcvnously bccn reportcd by Faurc (1978) and by

’ Brookmgs (1976)

A clcarcr plcturc -of - the mlxmg of componcms from vanous sourccs in

the ore fluid at La ‘Minita is ‘better shown‘ln figure Vl'2'- The 87Sr/86S‘r |

- versus - 8180 plot pomts again, to a mmglmg of clcmcnts from lhc ltmcstonc

with thosc from the - volcamcs Thc oxygcn 1sotopc"composmon: of...thc

vvolcanics from: La Minita: is unknown lhus lhc avcragc composmon of

»

_.-frcsh volcamc rocks- summanzed by Taylor (1974) has bccn uscd In the

dxagram the scawatcr mﬂucncc is’ clcarly dnscardcd duc 1o lhc oppos'i'tc"

. N
trend defined by- thc bamc and thc altcrcd llmcslonc

In hght of lhc prev:ous = dlscussmn it is apparcnt lhal in this dxslnct \_

.thc volcamcs controlled the Sr rauo of lhc hydrothcnnal system.  Although
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Figure Vi.2. Comparison of the Sr- and O-isotope composmon of La Minita's ba-

rites With that of carbonates and volcanic rocks of the district, and with that of
marine limestone and seawater. The Sr composition of ‘the. volcanics is - the
average and variation obtained in-this study, whilst the O-isotope composition
was addopted from the summary of Taylor (1974). The composition of - Sr of

Albian-Cenomanian limestone .is from Burke et al. (1982). The O composition - '
. of limestone was taken from Kelth and Weber (1964)

»
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thcy might not have supplicd the large -amounts of Sr required to explain
the  contents of this clement in the barites. »Probably a large Sr-

contnbuuon came from the llmcslonc Such * an Sr suffcrcd some cxchungc

with thc volcamc rocks, which thus lowcrcd the 87Sr/86Sr ratio of the .

fluid. Howcvcr'. if large vo_lumcs of volcanic. rock were involved,  the
limestone contribution is not required. The variability in the 87Sr/86S
ratios of the barite may have resulted from temperature - fluctuations and

variations “in the water/rock ratio of the hydrothermal sjstém.

Origin of the Barium -

" Direct apphcauon of the prcvxous conclusnons . may cxplam the orll,m
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of banum at La Minita. This would be a logical procedure, duc to the .

geochcmlcal similarities between Sr and Ba. However, it would be unlikely’

that all thc‘diffcrgzm-vlypcs of volcanic rocks" contributed Ba in similar
proportions. ‘Farrel “and Holl'and "v1983) conéludcd that thc Sr ratio of barilc§
of the Kuroko dcposns do not provide a catcgoncal conclusion wnh rc;,ard
. 1o thclsourcc af Ba. Thcy rathcr -combined such ratios with Ba contents 1o

identify the possxblc sources.

Average barium concentrations of - such lithologies as arc present at La

Minita, as obtained: from the literature, arc: trachyte 1177 ppm; rhyolite

1127 ppm; andesite 703 pprﬁ; basalt 300-600ppm';‘ ‘and limestone. 92 ppm

'(Puchclct. 1978). ThE rf:‘asoh that trachytes and rhyolite conlain large

amounts of banum is thc presence of K- feldspar prmcnpally samdmc This

_ mmcral cxhxbus banum contents avcragmg 3370 to 6850 ppm (Carrmchacl

| -1965. Hewlet, 1959) On the other hand, the }ow barlum content of basalls-
andesites is due to thc fact - that plagioclase (andesine-oligoclase) usually

has lower bariiﬁm;contcnls of up to 3480 p.pm (Anderson,  1966). The larger



Ba content of the sanidine is due to the similar ionic radii of Ba and K,

- which enables more complete diadochy. During initial differentiation of
, 4 . ’
basaltic “magmas, barium is preferentially’ concentrated in the melt. With

further crystallization; the melt bcco’meswdcpletcd' in  barium  due <ty

crystallization of ‘sanidine and micas. Consequently, both the initial and.

final stages- of crystallization may produce phases with |comparatively low
'Ba contents (Puchelet, 1978).

This discussion lecads to a more definitive identification of the source of
‘barium. It is apparent from the Sr isotope information and from the
avcragc\@g'c_omcms of the rocks, that trachytes and rhyolites are the most
‘viable sources of barium!®. Contribution by andesite, basalt, and limestone

must have bcen minor, its relative importairice, 'following thc indicated

order. Therefore, it is  concluded - that the 87Sr/368r 1sotopc ratio. cannot
’ >

alonc distinguished . the somgce of barium. due 'to_ the complex numerous

"steps  that intervene in the proccss of hydrothermal leaching and isotopic

‘exchange.

To summarize, a scries of cvents weré involved during the evolution of

the 87Sr/86Sr isotope ratio of the ore fluid. The process  started wilh.

pcrcolation‘ of scawater into the substratum, through the volcamc pile. Thc

4

Sr.content. of thxs ﬂuld was low and its 87Srlg‘SSr ratio comparatlvcly high.

As the tcmpcratur¢ increased a larger rock-watcr exchange took place

-

which decreased the Sr ratio of the ﬁuid and probably inc‘rcased, slightly,
its Srf(:p‘n’tcm Interaction of the fluid" was not only wuh thc volcamcs. but‘

wilhv'lhc limcstonc. as wclj Lcachmg of Sr from thc llmcstonc consxdcrably'

10 Formation of sericite. zmuscovite') by allcration.of 'sa'r':idiné in tfachytes' and
“ thyolites may decrease the Ba content.of the solution. Nonetheless, muscovite- can only

capture less than 1/3 of the Ba that sanidine can yield, thus samdme (anq ‘then- its

containing rocks). IS sull the major supphcr of thls elcmem
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increased thc Sr content' of the fluid. However this would have to suffer

some. exchange with the volcanics (or mixing with fluid ‘;Vsl‘rcdy, affected by

such rocks) in order to lower the global 87Sr/86Sr ratio of the

hydrothermal ﬂdid. The process of isotopicvcxchangc caused the Sr ratio of

‘the volcanics to increase in  variable proportions (the rcason why - the

a

volcanics do not form ‘an isochfon at present). Mafic volcanics were

probably more affected due tb'bthp_fc")rmalion of alteration minerals which:

- : '
consumed some of the Sr in the solution.

On- the “other hand the cxplanation of the barium seems to be more .

straightforward. - Since the Ba concentration in the trachytes and rhyolites

overwhelmed that of the othcr'ro’c‘ks, there was just onc possiblcvdvirc‘clion

of mo‘n\‘/‘cmcnl‘ of this element. That is, -as soon as the solution leached it from
the ,sa_ni.diné. the final destination -of ‘this clement would. 50 the barite.
Rrobably the - concentration. of.'tt_iis- clement in the ore solution was
'augm;:nvl'c‘d by minor con'_lribul-i.ons fvrorjn ‘lhcibasalts and from ‘the

limestone.
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D) Pb Isotopes: Discussion

Only a brief account of the Pb isotope data will  be undertaken, due tov

the few analysis p’crfor‘m‘cd. Addiibtionally, duec to the lack of rcgionéal "Pb

_ isotope investigations in the study area, most of the interpretations are

nccccs'sarily speculative, although in accordance with conventional Pb

systcmatxcs : o . -

~In figures VL3 the 207pb/204ph vs 206Pb/2041>b and the: 208Pb/204pb
Vs 206F’b/zo"'Pb' compositions  of the samplcs from 'La Minita havc‘ been
plouéd. The two-stage Pb g'rdw,lh-chrvc of Stacy and -Kramérs (1975): has
bcen included for reference.” Two features of - this vplo‘t'aré.not_c.d. Firstly, the
éa!cna sample,  pIols ‘well bcléw v such a growth-curve and.  seccondly, .thc Pb
in. vb‘afilcs is cxtremely. radiogenic. Addilionally, nol‘ »only érc .hth.c barites
cnrichcd‘ in - radiogenic. 206Pb‘. but Valso they aré cnri‘ch‘cd in radiogenic
208pyp, Thus it becomes épparc,nl lh‘at the Pb: of ihcsc dcpbsits does not it

the lypical models of Pb cvolution and may be  considered "anomalous".

The fact that the galcna samplc plols well below the two -stage growth-

curve, mdlcalcs lhat its Pb evolved in a dcplclcd reservoir (IC a reservoir -

with u<9.74). In fact, it plots wu‘hm the field of Pb Qf oceanic _volcahiés,
which ~also . ¢contains the Kuroko bficld ,(fro:ri thC' sur’nmary'_ of Dd’c and
.Z,artir‘lan. ; 1l979), ” | | o |
Mixing éf leads ' is oric_ "of the ‘poss-ib_lc cxplanatidﬁs for the A‘array

-
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depicted in figure VI3, The slope of the line passing through the data -~

pointé.has gcncrally been intcrprctcd" as bcing" rcprcscntativc of the age of

the source of - the Pb contaminant. Howevcr, it is apparcnt that thc dala_-

~ points do not ﬁt a lmc Undct these condmons, the age oOf the contaminant
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source cahnot .be - calculated.,; In any case, by the previous mode of

4

‘imcrp;ctation, in order to explain the extremely radiogenic lead of the

béritcs. an old, higﬁky U- and Th-enriched sourcc would have to be -

pds‘lulalcd,' This kind of source s unaéccpt_able. since the geologic and

“isotopic (Sr) evidence indicates that the area of. ‘La Minita. (andllthcv

s

Gucrrero . terrane  in general) ' is- not underlain by ancient continental

crust.

) Another possibility for the origin of the radiogenic: Pb of the baﬁtcsl i‘sv

the prdductio_n of such Pb within the barites themselves. For this kind of

cxplanation, it w0).|ld be rcquircd that both. U and Th were present in ‘-thc

mi‘néral“ In thr way cvcry bantc would behave as - an indépcndcm

rcscrvoxr with particular 238U/204F'b 235U/204Pb 232'I‘h/zo"'Pb ratios. In

©

order to producyc» such radiogenic. Pb, lhcsc ratios -must ,havc been rather

, sinte the age of the deposit is approximately known (100 M.a.). it

ctive slope equivalent to 100 M.a. 100 M.a. reference isochrons have
been drawn in ﬁg\lxrcb VVI.3.. and a clear dcpahurc from the expections from

such a model is noted. L ~

Scveral rcasonsy can be advanced .in order to explain the above-

dcvscri'b?;d diversion. Firstly, thé«di'ssc.)'lution‘»_and rehealing displayed by the
barites hasv_bccn‘élrcady' .commérﬁcd upon. Evidently, »lhesq minerals have
not vb.cha_v'cd as  totally " closed ~sysicms and addition ;'md/o,r rcmoval o‘f
material has .lak'chl plaqc, Sccondly._ it is unhkcly lhat ‘the ore soluuon had

_homogcncb_us Pb_ isotope composmons, as indicated by thc mhomogcneous

Sr.ratios. Thus, since the barites did not have }hc same Pb initial rano._ they

would not define an isochron -at any time of their evolution. The best

be expected that : the data»bdinls would plOl on a line with the *



¢

approxxmauon to the. lnl[la] Pb ratio lS glvcn by the galcna however its

rangc of variation cannot be rcvealcd wnth lhc prcscm cursory data.

Although there arc no dala ‘available in the literature with rcgnrd of '

.

the UTh contents - of bantcs. the sccond model is the most appcahn;, An
example- of such a model has been rcporlcd for pymc chalcopynlc of the
Copper Belt,- Zaire (Rnchards et al., 1988). In fact, the U-Th content of the
.rﬁihcral is not the conlrollmg faclor in this modcl rather, the U/PB and
Th/Pb ratios of the mineral dctermine its- 207pp/206pp and 208Pb/2°6Pb
evolution. In accordance 'with the inhomogencous initial Pb. ratios and the
“open-system behavior of 'the baritcs,‘ cvol_utiori' of Pb ffom radii(’)aclch
‘decay ‘within  the mineral would producé’,a ".fan" array instcad of‘ an
isochron. o | |

| In Shorl‘.'"lhc Pb of galena and that of .barilcs at the time  of
minc_rélizalion was derived “frorp a depleted - source with- U‘/Pb and Th/Pb
ratios being considerably _lowcr'than for con‘l.incnu:xl crust mat._cria‘st. '1:hC
presence 'of'v'cxtr(’:mcly. rad-iogcpic‘ lcad in ‘barites may be due to U- and Th-
decay within such- a niineral. The fact tha'n the Pb ‘dala of the barites do not
define linéar arrays (isochrons) has ~to do wilh.lh‘c ‘inhomogc-nco,us Pb

-composi‘tion of the fluid.‘and_ with the open-system behavior of the barites.

7’
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VII. CONCLUSIONS
The mincral deposits of the La Minita' district -weret formed below the
shallow, marinc watcrsbf the Cretaceous volcanic island arc of present-day

southwcslcm., Mcxi‘co. ~Emplacement  of sulfatc-sulfidc mineralization was

' controlled both hlhologlcally by carbonate facies and slru\cturally by deep-

scalcd fractures. The main orebody  of the district _-was ‘formed by

replacement of a limestone reef whi'éh\dcvelopcd in the vicinity of one

such fracturcs (namecly, the replacement body at Vulcano). . The ‘occurrence

of the mincral deposits within a .restricted stratigraphic interval indicates
a  rclatively short-lived mineralizing episode. The closc relationship

between mincralization and centres of volcanic activity is manifested by

N i .

the presence of lavas and coarse-grained pyroclastics ~underlying and,

somctimes, ovc_rlying thc mincral bodies. This is indicative of periods of

-

mincral dcposi(_ion and rccf growth du'ring volcanic hiali. It is possible that

\

mmqah/auon and reef growlh were somchow related: perhaps the rudists

of the region could ﬂounsh m ccologlc niches where nutrient-rich, warm -

water was issuing from ‘lOW-lOXlClly subm.armc cxhalatwc vents.

N

Nonectheless, such a rcl‘a'ti-onship mighl have been purely comcxdcntal

since in ncarby districts: no mmcrallzauon has‘és yet bc¢nv reported

asSocialcd -wiihv'sﬁch rccfs A dctalled palcontologlc/famcs investigation is

rrequired in ordcr 1o clarlfy this uncertainty.

A) Origin of  the Fe-Ba-Sulfide Repiacement Bodies

The mineralization of La Minita reflects a spectrum between proximal

~and distal depositional sites.. Proximal minc‘raliza(io_n in the form of Fe-Ba-
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sulfige replacement bodics is seen al Vulcano ~and - Tabaquito. Distal

mineralization is present at the Sapo Negro locality in the form of ‘Fe-Mn
" formations.
- The most complicated cvolulionary ‘hislory '.is cxhib'itcd by lhc

'rcplaccmcnl bodics. A scqucncc of cvents from hxgh- 1o low- tcmpcmluu

1
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gaxe rise to such mmcrahzahon The high lcmpcralurc cvcms look place at. -

327 to 224°C ‘with the dcposmon by replacement of carbonatc rccf’.'of
‘hcmamc-m#gnclitc-quartz. -During lhis ““&JQ" ore fluid was largely 180-

enriched, ‘probably as a result of the dissolution of the limestone. The

highly-oxidizing conditions of the mincializing cnvironmcn'l‘-"urc-

compatible with:" an open-, shallow-water facies conductive to recflal

“development cnvironment during .reef formation. It is not entirely clear

1

whether submarine exhalations produced the iron formation facies of the

region during this cpisode. ‘However, the ' jasper beds which 'ovcr_ly the

rcblaéémgm bodies (Vulcano"and. Tébaquilo)_ could-havc 'bccn formcd

'durmg “this stagc These beds well rcprcscm siliceous sinter caps analogous

to the tetsusckici of the classic Kuroko deposits. -

The fol'lowing mincrali‘zing’ stage  occured under less-oxidizing
‘conditions alnd_ at lbwﬂc‘r ‘tcmpcra»tur'es. . Barite and. sulﬁdcs werc
prcdominamly deposited .in the mlcrval when  the solutions éoolcd 10
bétwcc‘? 240 and’ 1'81‘;'C. The orc'ﬂuid was still l’80-cnric‘hcd' ‘and  had
salinities of bctwecn 9.2 and 6.2 wt% NaCl equivalent. The hydrolhcrmal

sulfur isotope systcm was gcncrally under dlscthbnum, probably duc 1o

mixing of seawater-derived sulphide - with morganlcally-rcduccd sulfur .

and/or igncous sulfur. The negative character of the §34S of some sulfides
at Vulcano and its absence at Tabaquito is one of the main differences

between the mineralized bodies of thd two localities.



]

vdcplctcd sulfur of the Vulcano dcposu Nevertheless. neither the geologic
"cv1dcncc nor the carbon isotopc data support such a _.contribution‘from a
biologic reducing ‘mechanism. The ‘hypothesis  of a system which

approachcd cquilibrium between oxidized and reduced sulfur-species, thus
. , :

lowcring the 8348 of ‘the HpS in solution is preferred. Equlibration could
have bccn effected durmg.closcd system rccyclmg of the ﬂuld below tllc
seafloor, due to containment by the jasper sinter cap. |

Anoxhcr feature which distinguishcs"hc Vulcano deposit from the
Tabaquuo deposit is lhc existence of cxhalauvc pyrite at Vulcano. ThlS body
: _provndcs cvndcnco} of the auammcnt.of local lcss-ox:dlzlng conditions at
Vulcano and' ol" proximal cxhalativé '«v_sulfidc ~deposition outside the
rcplaccmcnl cnyi.ronmcnl Fa'.nhcr away from the 'vcnt under lnorc

oxldxzmg rcglmcs. jasper- hcmatuc b&s wc;\ dcposucd Prccnscly this kmd

of - undcrwatcr activity has. been’ m‘icscrlbcd from present- day sncs in the -

Bacterial rcducuon of scawater- dcnvcd sulfur couldm 345,"
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Atlantls I[I Deep (Blgncl et al 1976), the East Pacific Rise (Franchetcau ef .

al., 1979), the Bauer Decp between the Galapagos‘ and the East Paclﬁc Rise
(Sayles and Blschoff 1973), etc. lThcsc "are, however, deep-water cxamplc,é.
‘, Modern shallow subsea llydro_thcrmal systems occur  at Santorini. Italy
(Smi’thb and Cronan, ”1975;- Puéllclctv »(1975)‘ Baia di L‘cvamo Vulcano

(l-l,onorcz et al., 1971), Matubi Harbor, New Britain (Fcrguson and Lambcn

1972), among others. All lhcsc shallow -water systcms arc comparauvcly‘

similar among themselves. Howcvcr only at Baia di chamc are sulﬁdcs
being prccxpnatcd (mamly pyme marcasnc) -Although  the sulﬁdés are not
being actually cxhaled onto the seabed as-particulatcs (they. accumulatc

within the pore spaccs of trachyuc luffaccous sediments) they provxdc

cv1dcncc of the dcposmon of sulfldcs in- a shallow ox_ygcnatcd,mannc,

>
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setting. In mé'n'y' of the shallow susbsea springs.‘ the »scgrcgalion‘ of Fe from
Mn has been documenied, supporting the aforementioned cohccpl of

"distal” and “proximal" mineralization. Cronan (1980) has coniparcd '.lhc

zoning of chemical -'sediments away from the submarine springs off » o

Santorini with that ‘of' the Atlantis 11 Dccp.‘.”"A clear similarity was
dcmonstréné‘gt~ for both rcg.ions. wilh sulfide deposition taking .‘pla‘c,c zil the
vent, iron-bearing sediments being _dcp’o'silc,d‘ further awéy, and
man’gancsc-bcaring_ sediments bcing. deposited more di'stally. In cascs
Wl;eré onl'); iron- and mangancsc-bca'ring sédimcnls arc being produced, i'l
was considered rcaso__na.blc to amicipélc ‘lhat sulfide scgrégalion had taken

place at depth.

Thus, at La Minita, similar processes must have operated. In order for

sulfides to have. been exhaled and precipitated to generate the . pyritic ‘body, .

the environment .must have attained 'sufficicntfy reducing conditions right

lo‘th.c point- of hydrothermal discharge. Otherwise Fe-Mn ’o'xidcs would have

precipitated as proximal deposits. Such a reducing environment (or rather

less-oxidizing) could have  been attained "during the abovc-,mcnliohcd‘

recyrculation of the hydrothermal fluid beneath the siliccou's éinlcr cép.
This would have isolated the sub-seafloor cnviro.nl»m:nt,,~ p’rcvcmin'g its
oxygcniz}atiorik. Fﬁrthcrmore. boiling of the ﬂu’id'vwm'lld likely Bc gencrally
prevented by such ‘a eap. Ai times, ..du‘rin_g hydraulic'- fra_cl.u'ring. the fluid
- must have boiled, in addition to have exhaled sulfides.

If the above-described model 'is valid, the m_:gativc-'834S of"thc Vulcano
. pyritic” body could represent H2S cquilibrated with 'SO4= at depth. Likewise,
iboil‘ing of the solutions would help cxplain.' in parl,‘thc large 180

cnrichment of the ore fluid and the actual mineral deposition.



Finally, the ofigin of barium and lecad in these deposits can ‘e tn

the ‘volcanics in the host sequence, Trachytes and rhyolites ch\c the most -

likclvy sour‘cé of barium, whilst the lead has less clear origin. It can only be -

~deduced that it was derived from a source similar to oceanic volcanics,

pérhaps the whole submarine volcanic pile -of the district.

B) Comparison of La 'Minlta' Deposits with the Classical Kuroko

Model

- In rtable X ‘the principal \\fcaturcs ot".La Minita's dcbqsits and ofrthc’
Kurdko ores .are _compércd. Some Simiiariliés. but also "rr‘xajor differences,
are cvidcnt.- Thc'simil.ar; features a'rc the salinity, the _lcn{pcraiurc and the
pH of the oré-fofrning solutions, the mineralogy (with the exception of the
‘presence  of magngtitc and the abscncq of anhydrite-gypsum at La"Mini_ta);

and the close association with proximal felsic ~ volcanics. The major

- differences are the age "of' the. mineralization, the overall chemical

character of the deposit, the depth of mineralization, the occurrence of
‘rcpl'aqcmcnltf bodies after limestone at La Minita, and the isotopic

composition of S; O, and Sr.

The noted differences with regard to the isotopic éomposiliqns of sulfur

‘and strontium in barites may be in -part due to the evolution of ~the
composition of the seawater reservoir. Nonetheless, the presence of

. \
negative 534S in the ‘sulf'%dcs of Vulcano is another major difference. As far

Ll

as oxygen is concerned, the isotopic composition of barites is heavier in

samples from La Minita than in kuroko deposits. This difference cannot

be- explain by such an evolution of the seawater for. it has been noted

N\

T
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' (Claypool eg al., 1980) that the isotopic composition of seawater-sulfate has
remained almost constant since Jurassic times..

-

In short, it appears that the two types of vulcunoscd}irucm,ary deposits

123

share many basic characlcrs, but that they do differ in. a. ‘numbcr of

¢

aspccts Global conccpts may bc applied for rcgronal prospcctmg for this E

kind of dcposus. but is clcar that umquc criteria must bc utilized accordmg

P 4 R I
to the largcts "

[

- Q) Exp-loration Criteria for Future Discoveries in the District

'Frorrl t‘hc results of lhrs study a list of gcncral criteria for furthcr
. &
_‘cxplorauon for 'Fe-Ba- sulphxdc deposxts of the "La’ Mlmta" type can be

r

.gcncratcd Thesc mcludc

partlcularly reefs related to fclsrc vulcamc domams, such fclsxc domams
L 3 - 9. . = o

; should also\ be revcated by scmullomcmc or gamma spcctromctnc survcys

. _?(u) Altcrauon of the lrmcsronc to - assemblages of magncme and quartz

formauons in the vromrty of reefal llthologlcs is very important.-

'b) S_Lm_c_uu_al_ The prcscnce of major fracturc zones bcncath thc reef,

4

.prcdaung rccf growth possrbly v1srblc vra VLF—EM surveys
¥
c) Is_o_mp_m_ (1) Sulfur The rnost sulphldc nch dcposrts may cx‘inblt a "light”

\sulfur isotope composruon in sulﬁdc minerals’ found ln outcrop or. corc, (ii).

”

- a) thg_LQm (1) Rudrst reef palchcs wuhm broad areas of volcamc rocks.‘

clearly “detectable with a magnctomctcr (m) Thc prcscncc of iron o

Sr nnd 0. Thcsc- may bc sxgmﬁcant mdlcatou of m‘meralxzauon in

hmestc;ne Both the Sr 1solopc ratio - and the 8180 of thc hmcstonc would be-

J,
lower than their normal" values. A "7&-‘“’5?
=
- 25 o
: N JL;ﬁff.j. EE
& "~ T .:‘
8 LT
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v

It is at this_ point -interesting to speculate that if limestone was being

dcp.ositcd' during underwater spring activity, lower' Sr . ratios would . be

'acquircd not only by the altered limestone but by the fresh limestone as

well. This statement must be further tested, for in this investigation it could

v

not be done.
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