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ABSTRACT

The epithermal gold—copper-bearing deposit of Palai-Islica, near Carboneras, in Almeria, southeastern Spain, is hosted by
volcanic rocks of Cabo de Gata — Cartagena volcanic belt (Betic Cordillera). Hydrothermal alteration occurs in the sequence:
propylitic, sericitic, argillic (extending over a surface area of somex2 &7 kn?), and silicic. Mineralization, consisting of
quartz with sulfides (pyritec chalcopyritet other minor sulfides and native gold), appears in veins, stockworks and layers.
Results of a petrographic study of the gold mineralization and a lithogeochemical study reveal a correlation betweesnthe positi
of the horizons bearing gold grains and the location of the geochemical anomalies, in such a way that different mineralized
horizons can be defined, the most important being the “upper gold-bearing level” and the “lower gold-bearing level”. The precip
tation of Au and other metals of economic interest within the mineralized horizons is systematically related to the pesence of
fluid with a distinctive salinity, which interacts within a narrow interval of temperature with low-salinity fluids to pribduce
gold mineralization. In this sense, mineralized horizons systematically contain fluids of highly variable salinity (2—29.3 wt.%
NaCl eq.) with a temperature varying some 25 ttC5@pproximately) in the interval of 217 to 3&5 In contrast, above and
below the mineralized horizons, low-salinity fluids{@ wt.% NaCl eq.) appear across a wide temperature ratgé{400C).

The various characteristics of these fluids (due mainly to the isothermal mixing of fluids and a heterogeneous entrapment of th
solutions) seem to have been responsible for the transport and precipitation of the metals studied. Gold could have been trans-
ported in the form of AuHSor AuChL™ complexes and precipitated as a consequence of their destabilization owing to the abrupt
change in physical and chemical conditions. Fluid-inclusion studies are shown to serve as a quick, inexpensive andweery effecti
method for the exploration of new mineralized bodies within the gold-bearing deposit of Palai—Islica.

Keywords epithermal deposit, copper, gold, gold-bearing horizons, fluid inclusions, Palai-Islica, Spain.
SOMMAIRE

Le gisement épithermal (Au—Cu) de Palai-Islica, prés de Carboneras, en Almeria, dans le sud-est de 'Espagne, est situé dans
les roches volcaniques de la ceinture de Cabo de Gata — Cartagena (Cordilleres Bétiques). Une altération hydrothermale s’est
développée selon la séquence: propylitique, “séricitique”, argillique (sur une superficie d’envixon Z.&n?), et silicique. La
minéralisation, qui se manifeste par la formation de quartz avec sulfures fimftaécopyritet autres sulfures accessoires et or
natif), se présente en veines, en stockwerks et en couches. Les résultats d’'une étude pétrographique de la minéralisation aurif
et d’'une étude lithogéochimique révelent une corrélation entre la position des horizons auriféres et celle des anomalies
géochimiques, de telle sorte qu'il est possible de distinguer les horizons minéralisés. Les plus importants de ceuxt&s seraient
horizons auriféres supérieur et inférieur. La précipitation de I'or et autres métaux d'intérét économique a ces nivedex est lié
facon systématique a la présence d'une phase fluide de salinité distinctive, qui s’est mélangée sur un intervalle limité de
température avec des fluides de faible salinité pour produire la minéralisation. Dans ce sens, les horizons minérahsés contien
systématiquement des inclusions de fluides de salinité fortement variable (2—29.3% NaCl éq., poids), la température variant sur
guelques 25 a 8C environ dans l'intervalle entre 217 et 3C5En revanche, en dessus et en dessous des horizons minéralisés,
les inclusions indiquent des fluides de faible salinité& @5 NaCl €q., poids), piégés sur un large intervalle de température
(=120-400C). Les diverses caractéristiques de ces fluides, dues surtout au mélange isothermique des fluides et a I'occlusion
hétérogene des solutions, semblent avoir été responsables du transfert et de la précipitation des métaux. L’or powirait bien av
été transporté sous forme des complexes ARWHISAUCE, et précipité suite a leur déstabilisation due aux changements abrupts
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des conditions physiques et chimiques. L'étude des inclusions fluides fournit un outil rapide, économique et trés efficace dans
I'exploration pour découvrir de nouvelles zones minéralisées dans le gisement aurifere de Palai-Islica.

(Traduit par la Rédaction)

Mots-clés gisement épithermal, cuivre, or, horizons auriferes, inclusions fluides, Palai—Islica, Espagne.

INTRODUCTION extensional event (Dewey 1988). Some of the conse-
qguences of this extensional regime (Garcia Duefias
A large number of polymetallic hydrothermal deposal. 1992) were: 1) a thinning of the continental crust, 2)
its containing varying proportions of gold, silver andhe formation of strike-slip and normal low-angle faults
related metals, such as Fe-Zn—-Cu-Bi—-Hg—Pb—-As-Sanrd associated structures.q., the N40O-50°E
Sn—-Ba-REE-Te, have been exploited since ancientarboneras and the NHRC’E Palomares faults),
times in the Cabo de Gata — Cartagena volcanic belt,dnd 3) the development of Neogene volcanic rocks of
southeastern Spain. More than 3,000 mining sites havalc-alkaline, potassic calc-alkaline, shoshonitic,
been identified between Cabo de Gata and Cartagenlirapotassic and basaltic series, enclosed mainly in the
Some of the sites date back more than 2,000 years, aadious levels of the metamorphic basement of the
some had considerable output in the last century whéipujarride and Nevado-Filabride complex (Lopez-
the region became one of the most important base-meRaliz & Rodriguez-Badiola 1980).
producers in Europe. A series of hydrothermal systems developed during
These hydrothermal deposits range from epithermide Miocene in association with this volcanic activity
to mesothermal in character, and vary greatly in thend the system of faults and fractures controlling it. The
nature of their host rocks, types of alteration, mineralot fluids [up to 400-45W, according to Morales
associations, textures, paragenetic sequences and [ji@94)] reacted strongly with the host rocks and thus, in
portions of precious metals. The variability makes gome districts, gave rise to the formation of broad and
difficult to establish general criteria for explorationusually zoned areas of mineralization and alteration
Nevertheless, mining activity in the region is presentlfFernandez-Soler 1996). The most important of these
increasing. An open-pit mine has recently been inaugsites are, from south to north (Fig. 1a): (1, 2 and 3) the
rated at Herrerias [Ba—Ag—(Fe—Mn)]; a mining projecAu—Cu-Te and Pb-Zn—(Ag—Cu—Au) mineralization
is being considered at Mazarrén [Zn—Cu—(Ag—Au)], andosted directly within the strongly hydrothermally
at the Palai—Islica deposit, at Carboneras in the Praaltered calc-alkaline volcanic rocks of Cabo de Gata,
ince of Almeria, exploration activity of the SerrateRodalquilar and Carboneras (Palai-Isli@ay(,Arribas
Resources Company has demonstrated the presencé& dfosdal 1994), (4) the stratiform (SEDEX?) Ba—Ag
mineralized Au—Cu-bearing horizons, which are thmineralization overlying the Herrerias volcanisarg,
main subject of this paper. Martinez-Friaset al. 1989, Morale®t al. 1993, 1995),
Here, we report on: 1) the hydrothermal alteration i(6) the Pb—Zn—-Ag—Cu—Ba—(Au) veins hosted by the
the host rocks, 2) the mineral assemblages of the geetamorphic basement in proximity with the very
posit, especially those involving gold, 3) results ofveakly hydrothermally altered dacites and latites of
lithogeochemical studies, and 4) the microthermometrgierra Almagreraie., Morales 1994), (6) the Zn—-Pb—
analysis of the fluid inclusions and their relationshiCu—Fe—As—Co—Ni—(Ag—Au) veins located in the meta-
with the identified gold-bearing horizons. Ours is pamorphic basement, related with small subvolcanic
of a broader multidisciplinary investigation designed tatrusions at Aguilas (Castroviegt al. 1991, Morales
evaluate the metal potential of the Palai—Islica deposit al. 1993, 1995, Morales 1994), and (7) the Zn—Cu—
The main object of this study is to characterize golfAg—Au) associated with the Mazarrén stockwork
mineralization i.e., the type, paragenesis, Au-bearindCorbella 1969).
phases, and their spatial distribution) and mineralizing The Palai—Islica ore deposit corresponds to the min-
fluids (nature, spatial distribution, fluid interactions, an@ralization hosted by calc-alkaline volcanic rocks. In this
reaction mechanisms with the host rock), to arrive ateaiea three main geological units are distinguished (Fig.
better understanding of the mechanisms favoring thd): (1) Volcanic rocks of the Cabo de Gata calc-alka-

concentration and precipitation of gold. line seriesmainly consist of Tortonian amphibole-bear-
ing andesites and dacites, in the form of agglomerates,
GEOLOGICAL SETTING lavas or pyroclastic deposits. These rocks are commonly

brecciated (tectonic and hydrothermal breccias)

The Cabo de Gata — Cartagena volcanic belt comnd show considerable hydrothermal alteration. The

prises part of the eastern end of the Internal Zone of tRalai—Islica area consists of an oval east-west-striking
Betic Cordillera. This Neogene volcanic belt formeaone of strongly hydrothermally altered volcanic rocks
within the context of a subduction zone, followed by anf 2,500 m long by 1,700 m wide. In this area,
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Fic. 1. a. Location of the most important ore deposits at Cabo de Gata — Cartagena volcanic belt (adapted from Lopez Ruiz
& Rodriguez-Badiola 1980). (A) Calc-alkaline volcanism, (B) calc-alkaline, potassic and shoshonitic volcanism,
(C) ultrapotassic volcanism, (D) basaltic volcanism. (1) Cabo de Gata, (2) Rodalquilar, (3) Carboneras (Palai-lIslica),
(4) Herrerias, (5) Sierra Almagrera, (6) Aguilas, (7) Mazarrén. b. Schematic geological map showing the location of Islica—
Palai deposit (adapted from IGME, 1974). Main geological units: (1) Upper Miocene volcanic rocks of the Cabo de Gata calc-
alkaline series, (2) Paleozoic—Mesozoic basement rocks belonging to the Alpujarride Complex, (3) Tertiary sedimentary
rocks, (4) Quaternary sediments (a) alluvial and (c) colluvial, (5) Faults are outlined in continuous line, and the limit of
hydrothermal alteration is outlined in dotted line. (6) Outcropping Palai—Islica deposit.



556 THE CANADIAN MINERALOGIST

hydrothermal alteration is easily identifiable by the prese record phase changes. The stage was previously
ence of light-colored rocks. Gold-bearing mineralizacalibrated by selected Mer®knorganic standards in the
tion is invariably related to these zones of hydrothermednge from —9%C to 419C. The data are reproducible
alteration. (2)Tertiary sedimentsonsist of carbonates, to +0.5°C for the freezing runs anb°C for the heating
sandstones and marbles. P3leozoic—Mesozoic base-runs. A total of 400 fluid inclusions were analyzed by
ment rocks(gneisses, schists, mica schists, quartzitéseezing cycles down to —200 using the cycling tech-
and phyllites) belonging to the Alpujarride Complex. nique described by Goldstein & Reynolds (1994) in
SubhorizontalPliocene—Quaternargediments par- order to have a more precise determination of the
tially cover the volcanic rocks and the metamorphibydrohalite and ice melting temperatures, and heating
basement. up to the corresponding temperature of homogenization
Associated with the N4650°E Carboneras fault to ensure the stability of the cavities and the repre-
system in the Palai—Islica zone, there are abundant nsentativity of the determinations. Values of salinity were
mal faults and secondary strike-slip faults, which faciliebtained using the temperature of dissolution of the last
tated the circulation of gold-bearing hydrothermatrystal of ice for two-phase fluid inclusions (Potétr
fluids. al. 1978) and the melting temperature of the last crystal
of halite for solid-bearing fluid inclusions (Sterretr
SAMPLES AND ANALYTICAL TECHNIQUES al. 1988).

In the course of an exploration program for gold in HYDROTHERMAL ALTERATION AND VoLcANIC Rocks
the Palai—Islica area, 21 diamond drill holes were drilled
by Serrata Resources, S.A., and 2307 core samplesThe Palai-Islica zone displays the effects of a com-
corresponding to 2476 meters from the 21 holes wepéex geological history involving mineralization and
collected for geochemical analyses and mineralogicalteration processes that led to the formation of copper—
studies. These samples were analyzed for thirty-tvgmld deposits. The host rocks of the mineralization
elements (major elements and selected trace elemeniB)g. 2) are amphibole-bearing andesites (and minor
All 21 drill cores were split longitudinally into two dacites), porphyritic in texture. The phenocrysts consist
halves. One of these halves was completely crushed &rgreen hornblende, normally altered to chlorite asso-
analysis. Every core sample consisted of about onmted with ore minerals, plagioclase, commonly altered
meter long of the half drill holes. The analyses wer® white mica, and minor amounts of quartz, generally
performed at CHEMEX LABS in Vancouver (Canada)preserved during alteration. The matrix is devitrified
using the fire-assay technique for gold. glass, occasionally transformed to chlorite, white mica

Samples for the mineralogical study were chosesr clay minerals.
from various areas related with high-grade gold miner- Throughout the study area, the host rocks show
alization, associated zones of hydrothermal alteratiooonsiderable hydrothermal alteration, caused by their
and unmineralized rocks proximal and distal to golahteraction with the mineralizing fluids. Petrographic
mineralization. and X-ray-diffraction studies of the altered rocks reveal

Two hundred and twenty-two polished thin-sectionthe following types of hydrothermal alteration (in
of samples collected from drill-core material were preascending order of intensity): propylitic, sericitic,
pared to determine the paragenetic relationships amaagjillic, and silicification. Late carbonation and the pres-
the ore minerals and to characterize the hydrothernwice of gypsum also are observed. A general spatial
alteration. The mineralogical characteristics of the opmttern has been established: the propylitic alteration
minerals were documented using reflected- and trarsecupies the outermost part of the deposit, whereas the
mitted-light microscopy, X-ray diffraction and scanningsilicic alteration is found in the inner part of the deposit
electron microscopy (SEM). and is commonly associated with gold.

All fluid inclusions studied in the Palai—Islica zone Silicification has taken place to varying degrees and
are hosted by quartz in samples from three drill coréslocally associated with zones of intense chloritization.
(PH-009, PH-011 and PH-008) aligned north—soutiihe mildest alteration involves a partial replacement of
cross-cutting the mineralization. Inclusions in quartthe original volcanic components by silica. In more
were also studied in samples collected from an old miaelvanced cases, alteration has resulted in the formation
located in the middle of the study area; it is very likelpf veins and masses of quartz (quartz—sulfide veins,
that the mine samples were originally deeper than tlkdica—pyrite stockwork, vuggy silica or silica caps). The
drill-core samples. economically interesting mineralization is commonly

Microthermometric determinations were made omssociated with the most intense silicification. In the
doubly polished thin-sections about 30 thick using case of the mineralized zones, the silica is massive and
a Linkan® THMSG 600 freezing—heating stage, appears either in the form of xenomorphic granular
TMS93 system of temperature control, an LNP2 freeaggregates or with growth textures typical of open
ing-control system and an image-analysis systegpaces (crustifications, comb structures, epitactic
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Fic. 2. Photomicrographs of different examples of hydrothermally altered volcanic rocks (cross-polarized light). (a) Porphyritic
texture of volcanic rock showing phenocrysts of plagioclase altered to white mica and clay minerals. The matrix is trans-
formed to quartz and clay minerals. (b) Hornblende phenocryst transformed to chlorite (in the cleavage planes and rims of
hornblende) and to quartz. The matrix is mainly quartz. (c) Incipient transformation of plagioclase to white mica in a matrix
totally altered to quartz, chlorite and clay minerals. (d) Zone of intense silicification surrounded by fine intergrowth of cla
minerals, pyrite and quartz. Scale bars are 100, 160, 210 andi@8spectively.

growths of euhedral crystakstc). Quartz crystals rarely rutile and covellite. Also noteworthy are native gold
can be found as rhombohedral pseudomorphs of carb@fig. 3) and tellurides.

ate crystals. On the basis of the most important sulfide phases
found in the Palai—Islica zone, four types of assemblages
MINERALIZATION can be distinguished. Type | is characterized by pyrite
as the major sulfide phase, with very small amounts of
Ore mineralogy accessory minerals. Type Il is typified by having pyrite

and chalcopyrite as the major sulfides; the accessory

In the Palai—Islica area, mineralization generallyninerals (bornite, galena, pyrrhotite, Bi-minerals, tellu-
appears in association with veins and veinlets of quarides, tetrahedrite) with which gold is associated are
enclosed within the altered volcanic rocks and, to more abundant and different from those in Type I. Type
much lesser extent, as disseminations. In places, thé$eonsists of pyrite with sphalerite and galena as ma-
veins form stockworks and silica caps with sulfides. jor phases; chalcopyrite, tetrahedrite and, occasionally,

The Palai-Islica mineralization is of the Fe—Cu—Agold are present as minor phases. Type |V is character-
type and consists principally of fine-grained, xenoized by pyrite as the major phase, and with covellite and
morphic iron and copper sulfides and quartz. The og®ld as minor phases; vuggy silica is associated. On the
minerals may include pyrite chalcopyrite as major whole, the Type-l assemblage is the most abundant,
phases, and minor amounts of sphalerite, galengypes Il and Il are less frequent, and Type IV appears
pyrrhotite, bornite, grains of the tetrahedrite—tennantitenly occasionally.
series, bismuthinite, Bi Pb+ Ag sulfosalts, marcasite,
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Fic. 3. Photomicrographs (reflected light) of occurrences of grains of free gold: (a) Large, rounded grain included in pyrite.
(b) Pyrite and gold hosted by galena, Type-IIl paragenesis. (c) Gold grain growing on pyrite. (d) General overview of a typical
assemblage of gold with pyrite, galena, sphalerite, tetrahedrite and quartz. (e) Xenomorphic, elongate crystal included in
pyrite. (f) Two roundish grains of gold growing on pyrite in the contact with sphalerite. (Au: gold, py: pyrite, gn: géiena, sp
sphalerite, thd: tetrahedrite). Scale bars are 12, 20, 12, 50, 12, anad, 28spectively.

i i i TABLE 1. CHARACTERISTICS OF GOLD-BEARING SAMPLES:
Gold mineralization SIZE OF GOLD GRAINS, PARAGENESIS TYPE,
. . . . AND DEPTH OF SAMPLES IN THE DRILLL CORES,

All the gold grains identified by the petrographic PALAL-ISLICA DEPOSIT, SOUTHEASTERN SPAIN
study are related only with the silicification of the host
volcanic rocks. The gold-bearing samples are closetymples Number of Size of Type of Depth
related spatially to the quartz-mineralized veins cross- goldorysals  gold erystals® - mineralization  (masl)
cutting the altered volcanic rocks.

i i i 11-1 5 10-15 v 98.2

A detailed stud_y of 113 gold grains _has been (:arr|<§q55~1 2 5 I s
out to characterize their most significant featuresiss.2 7 2-29 il 553
(Fig. 3, Table 1). The grains are irregular or subroundéd!o-1 2 9-12 I 467
A . . . S-139-1 65 2-37 il 43.1
in shape, ranging in size from 2 to gon. They are g0 2 5.7 it 415
generally found with the Type-Il assemblage (69.0% @fo22-2 1 14 1 41-;
cases), although grains also occasionally occur with tfi&>} : o a o
assemblages of types |, lll and 1V (8.9, 17.7 and 4.4%9-2 10 7-59 [ 376
of the cases, respectively). The grains are consistenty/S! 2 e o e
closely associated to pyrite, in which they are included,

113 2-89

although they can in some cases be found at the bouf
aries of pyrite and quartz. Furthermore, gold grains are
much less commonly located within quartz intersticegninimum and maximum sizes in each case.
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of the Type-1V assemblage or included within galena @ variable percentage of the gas phase (between 20 and

sphalerite in the Type-Ill assemblages. 50%).Type 3(V): a few, very small single-phase (gas at
The gold mineralization found here has a peculi@anom temperature) fluid inclusions, randomly scattered

spatial distribution. Most of the samples in which grainthroughout the quartz crystals (Fig. 5¢). The size is less

of free gold have been identified lie in subhorizontahan 10pum.

layers, regardless of the type of host rock. The main Although no petrographic differences have been

layer lies between 37.6 and 56.3 (average value of 44d¥)served among type-2 fluid inclusions, using micro-

meters above sea level (masl), which is constatitermometric data as described below, we have divided

throughout the study zone. Roughly speaking, this layirem into two subtypesubtype 2.Xvariable salinity

extends at least 1035 m in northwest—southeast diresyd fairly constant temperature of total homogeni-

tion and 300 m in northeast—southwest direction, resuitation), andsubtype 2.2low salinity and variable

ing in a mineralized level of a minimum extent otemperature of total homogenization).

155,250 M and some 20 m thick. As the average collar

elevation of the drillholes is 85 masl, the main mineraMicrothermometric determinations

ized level (X = 44.6) is estimated to be some 40 m under

the topographic surface. The values obtained from the microthermometric
In addition to the samples comprising the maistudy are summarized in Table 2. The main characte-

subhorizontal gold-bearing layer, we have also founiktics of each type of fluid inclusion are summarized

grains of free gold in other three levels, one abouselow.

(at +98.2 masl) and two beneath the main layer Type 1These are three-phase hypersaline inclusions

(at —25.9 and at —69.0 masl). As explained below, it somprising a gas bubble, a liquid phase and a solid,

logical to assume that at least the —69.0 masl positisaemingly halite). During the course of the freezing pro-

(and perhaps the —25.9 masl one as well) is a sheet-ldess, these inclusions underwent no phase changes in

gold-mineralized subhorizontal layer. the gas, suggesting that the amount of volatile present
in the vapor phase is negligible. The temperature of first
LITHOGEOCHEMISTRY melting is approximately —2C, and therefore this type

of inclusions can be related to the systep®H\NaCl
A geochemical study of the rocks in this area hg€rawford 1981). The determination of the melting
revealed the presence of two zones of gold anomalies in
two levels, one from +40 to +50 masl (hereafter termed

the “upper geochemical anomaly”, UGA) and anothey,p;x » wicroTHERMOMETRIC DATA ABOUT FLUID INCLUSIONS,

from —60 to —70 masl (hereafter called the “lower PALALISLICA DEPOSIT, SOUTHEASTERN SPAIN
geochemical anomaly”, LGA). In association with these
gold anomalies, there is also an anomalous enrichment Type 1 Type 2 Type 3
in other metallic elements of economic interest (Cu, Ag,
Pb, Zn, Cd, As, Sb, Bi, Co, Ni, Hg). Anomalies of Som@y ;e V+L+S V4L v
metallic elements are displayed in Figure 4. System H,0 - NaCl H,0 - NaCl - CaCl, nd.
VPGP 30-50 20-50 100
FLuiD INCLUSIONS Tfm , 21 ~6010-50 nd
Tm hydrohalite nd. —54 to -30 nd.
. . . - . Tmice —5.0t0-0.9 -30.1t0 0.2 nd.
Petrographic characterization of fluid inclusions DB 28910 378 nd. nd.
DS 304 to 361 nd, nd.
All fluid inclusions have characteristics of primaryTTa 304 to 361 120 to 401* nd.
inclusions; they have a random distribution or are is@gtnity 3BSt0434 04102934 nd
lated in the quartz crystals. The petrographic and
microthermometric characterization of the fluid inclu- Type2 Subtype 2.1 Subtype 2.2
sions has led us to separate them into three types and
two subtypes. TTH* 120t0401 21710315 120 to 401
On the basis of number of phases present at room (14410351)  (23910303) (14010 383)

temperature, three types of fluid inclusions have be&H{™™ 0410293 210293 Oftoll
distinguished (Fig. 5)Type 1(L + V + S): relatively o _
scarce three-phase fiuid inclusions, with a bubble of g e L lasé g s o 1 ns s o e
a ||qU|d and a solid at room temperature (F|g 5a) Th»ehy;irohal‘lite. Tm ice: temperature of final melting of ice. TDB: temperature of
size is less than 3ﬁ)m and the volume percent of thedisappearance of the gas bubble. TDS: temperature of disappearance of halite. TTH:

temperature of total homogenization. Salinity was calculated using the melting

gas phase varies from 30 to 50%@9 2('— + V): two- temperature of the last crystal of halite in the case of fluid inclusions of type 1

phase fluid inclusio ns, by far the most abundantStemere:al 1988), and the temperature of dissolution of the last crystal of ice in the
H : -case of fluid inclusions of type 2 (Potter et al. 1978). All values of temperature are
At room temperature’ they consist of gas and Ilq u Igoted in °C. n.d.: not determined. Shown in parentheses is the interval for 95% of

(Fig. 5b). The size is less than @fth, and they contain the values.
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Fic. 4. Variations in the concentration of different metals as a function of depth. Note the presence of a general anomaly for all
elements around the +40 to +50 masl interval (“upper geochemical anomaly”, UGA) and the —60 to —70 masl interval (“lower
geochemical anomaly”, LGA). Each diagram contains results of 2307 analyses.

temperature of the last ice crystal was difficult to estalas the overall temperature of homogenization of this
lish with precision, owing to the small amount of theype of inclusion, this temperature lies betweerf 204
liquid phase in this type of inclusion. Consequently, the61°C. The salinity calculated (Sternetral. 1988) for
microthermometric determinations made during thhese fluid inclusions varies from 38.5 to 43.4 wt.% eq.
freezing cycles are not very precise, but the valud&gCl. This type of fluid inclusion has only been identi-
obtained are estimated to fall within the interval of —5.fled in samples from the old mine, but not in core
to —0.9C. During the heating process, the gas bubbfamples.

disappears between 28and 338C. Halite invariably Type 2 This type contains two-phase inclusions (gas
melts, with one exception, at a higher temperature’, 30dubble plus a liquid phase). These inclusions show no
to 36T°C. If we take the disappearance of the last phaskange in the gas phase, indicating that there are practi-
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Fic. 5. Types of fluid inclusion from Palai deposit: (a) Solid-bearing fluid inclusion containing a vapor bubble (V), a brine
liquid (L) and a daughter mineral (halite) (S). (b) Two-phase aqueous fluid inclusion consisting of a vapor bubble (V) and a
liguid phase (L). (c) Vapor-rich fluid inclusion (V). This type consists predominantly of vapor.

cally no volatiles in the vapor phase. In general, incl830 + 20°C), with a salinity of 4% 3 wt.% eq. NaCl),
sions have the following characteristics: a temperatu®) fluid B (corresponding to fluid inclusions of subtype
of first melting between —68Gand —50C, a temperature 2.1), ranging in temperature (around 249300C) and

of final melting of hydrohalite between -5dnd —30C, extremely variable in salinity (from 2 to 29 wt.% eq.
a temperature of final melting of ice between -3@rid NaCl), and (3) fluid C (corresponding to fluid inclusions
—0.2C [salinity calculated after Pottet al. (1978) of subtype 2.2), a variable-temperature fluid (temperature

gives a range between 0.4 and 29.3 wt.% eq. NaCl], and
a temperature of total homogenization (L +Y L)

between 120 and 401C, with 95% of the values 90
between 14%and 352C. We are dealing therefore with 45
a polysaline fluid composed of,@-NaCl-CaCl
(Crawford 1981). On the basis of the comparison oft 40 -
temperature of total homogenizatierrsussalinity 5
parameters (Fig. 6), we can divide inclusions of Type © 35 1
into two groups: The fluid inclusions of Subtype 2.1 a & 30 -
very variable in salinity (between 2.0 and 29.3 wt.% e ©
NaCl) and homogenize between 25Bhd 318C, with °\° 25 A
95% of the values between 238nd 303C. The fluid %
inclusions of subtype 2.2 are of low salinity (betwee:;, 20 1
0.4 and 11 wt.% eq. NaCl) and have a variable tempec 15

ture of homogenization, from 126 40FC, with 95%
of the values between 12and 383C. 10 -
Type 3 Owing to the relatively small size (less tha 5
10 wm), we have not as yet been able to arrive at a
microthermometric characterization. 0
0

Fluid types

A diagram of the temperature of total homogenizq:-IG 6
tion versussalinity of all the fluid inclusions studied ;.

100

200

300

400

Temperature of Homogenization (°C)

500

Temperature of homogenizatioersussalinity
diagram from Type-1 (L + V + S, circles) and Type-2

(Fig. 6) reveals the existence of three fluids: (1) fluid A (| + v, squares) fluid inclusions from Palai deposit. Oval
(corresponding to fluid inclusions of Type 1), a high- fields separate fluid A, fluid B and fluid C. See text for

temperature fluid (temperature of total homogenization: explanation.
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of total homogenization between 20 400C), with
a relatively constant low salinity of#64 wt.% eq. NaCl.

THE CANADIAN MINERALOGIST

found at —69.0 masl, which in turn coincides with the
lower geochemical anomaly (between —60 and —70

masl). 3) In addition to these two gold-bearing levels,
there are two other horizons based on samples of vis-
ible gold that do not correspond to significant geochemi-
cal anomalies. They are located around +98.2 and
between —-25 and —30 masl.

Our petrographic study of the gold mineralization
and our lithogeochemical study reveal a correlatiofihe relationship of temperature of total homogenization
between the position of the horizons bearing gold grainersus salinity and gold mineralization
and the location of the geochemical anomalies, such that
mineralized horizons can be defined according to the Diagrams showing the temperature of total homog-
following criteria: 1) The “upper gold-bearing level” isenizationversussalinity of the fluid inclusions reveal
defined on the basis of location of the level bearing masignificant differences in the behavior of the fluid
of the samples containing visible gold (between +37iclusions as a function of their position with regard to
and +56.3 masl) and on the position of the uppeach gold-bearing level defined above.
geochemical anomaly (between +40 and +50 masl). Upper gold-bearing levelln drill-core PH-009
2) The position of the “lower gold-bearing level” is(triangles in Figs. 7a, b, c), the fluid inclusions taken
based on the level with samples bearing visible golitbove the gold-bearing level are distributed parallel to

Discussion

Location of the gold-bearing horizons

(a) Above “upper gold-
bearing level” (>57 masl)

(b) Within “upper gold-bearing
level” (37 to 57 masl)

(c) Below “upper gold-
bearing level” (< 37 masl)

20 ] 20 1 +yal 20 1
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R
‘E (d) Within “gold-bearing level” (e) Within “lower gold-bearing
\; placed at -25/-30 masl level” (-60/-70 masl)
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Temperature of Homogenization (°C)
Fic. 7. Diagrams showing temperature of homogenizatesussalinity and differences in the behavior of fluid inclusions as

a function of their position with regard to each gold-bearing level. Data related to “upper gold-bearing level” were collected
from three different drill-holes (triangles: PH-009; crosses: PH-011; squares: PH-008). For gold-bearing level at —25 to —30
masl (crosses) and for “lower gold-bearing level” (diamonds), data were collected from only one drill-hole (PH-011).
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the temperature axis. Thus they lie in a wide ba 50
(mostly between 300and 150C) and a relatively 45 |
narrow salinity belt (mainly between 4 and 8 wt. % e Fluid A
NacCl). A similar distribution can be seen for flui( . 40 1
inclusions beneath the mineralized level. However, 19“ 35 -
fluid inclusions taken from samples within the miners 2
ized horizon show a different pattern of fluid behavic g' 30 A
the data points being distributed parallel to the salin 25 |
axis. The salinity is therefore quite scattered (from 2 &
22 wt.% eq. NaCl) within a narrower interval of terr < 20 -
perature (temperature of total homogenizatd?b(— 15
350°C). =
Drill-core PH-011 (crosses in Figs. 7a, b, ¢) sho\® 10 - Fluid C

the same general tendency. The distribution of di 5 <:|
points is parallel to the temperature axis both above

Fluid B

ity (w

ni

mineralized level (temperature of total homogenizati 0 ———
~150°-300°C and salinity between 4 and 10 wt.% e 0 100 200 300 400 500
NaCl) and below it (temperature of total homogeniz
tion = 200°—35CC and salinity from 4 to 10 wt.% eq.
NaCl). In_the mineralized horl_zon, _hQWG"e“ there IBic. 8. Pattern of fluid evolution in the Palai deposit as in-
once again a strong contrast in salinity (from 2 t0 21 ferred from fluid-inclusion data.

wt.% eq. NaCl) around 25C.

Owing to the poor transparency of the samples from
drill-core PH-008 (squares in Fig. 7c¢), fluid-inclusion
data are only available from samples taken below tln.% NaCl eq.) with a temperature varying by some 25
mineralized level. In spite of this problem, we believéo 50°C (approximately) in the interval of 2170
that the fluid inclusions are distributed parallel to th815°C. In contrast, above and below the mineralized
temperature axis (temperature of total homogenizatidwrizons, the fluid has a low salinity £#64 wt.% NacCl
~ 150-300°C and salinity between 5 and 10 wt.% egeq.) across a broad range of temperates&2(°—
NacCl). 400°C).

Lower gold-bearing levelSamples from this level  As for the genetic processes (Fig. 8), we contend that
display a marked vertical tendency in the distribution a§othermal mixing of fluids is the main process respon-
fluid inclusions (diamonds in Fig. 7e), such that the saible of ore formation. We suggest the mixing of a hot,
linity varies extremely widely (from 4 to 28 wt.% eq.saline fluid, represented by fluid A (magmatic?) which,
NaCl), but temperature of total homogenization lies iduring its ascent, mixed with a cooler fluid of much
a narrow interval around 300. This tendency is similar lower salinity (groundwater?), represented by fluid C.
to that observed above in the main mineralized horizofi.this is the case, then fluid B would represent the

Other gold-bearing locationg o determine whether evolution between the two former extreme conditions,
the characteristic behavior of fluid inclusions is constaimdicating an isothermal mixing of the high-salinity fluid
between the upper and lower gold-bearing level# with the low-salinity fluid C. We have not found clear
samples were taken from other gold-bearing locatioevidence to support boiling as a generalized genetic
(—25 to —30 masl and +98 masl). In samples from thmeechanism. In any case, the variable volume percent of
position —25 to —30 masl (crosses in Fig. 7d), the verthe gas phase in some of the fluid inclusions and the
cal tendency marking the abrupt drop in salinity (frompresence of single-phase fluid inclusion suggest a het-
2 to 30 wt.% eq. NaCl) occurs within a slightly widererogeneous entrapment of the solutions, possibly due to
interval of temperature of total homogenization (225 boiling in specific areas. In addition, the existence of
300°C). This tendency is similar to that observed withithree-phase fluid inclusions (with high temperatures of
the mineralized levels. At the position near +98 madiptal homogenization), presumably located at deeper
fluid-inclusion data are lacking owing to the lack ofparts of the system, is in agreement with the hypothesis

Temperature of Homogenization (°C)

transparency of the gangue. of local boiling. These genetic processes are in agree-
ment with processes documented by Arribas (1995) for
Genetic considerations this type of gold deposit.

The different characteristics of fluids studied at
As revealed above, the behavior of fluid inclusionPalai—Islica seem to have been responsible for the trans-
in the mineralized horizons is very different with respegiort and precipitation of the metals studied. As far as
to the rest of the deposit. Mineralized horizons invargold is concerned, for example, it could have been trans-
ably contain a fluid of highly variable salinity (2—29.3ported in the form of complexes (AuFi$r AuCl,
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according to Arribas 1995) and precipitated as a condevels can be defined: the “upper gold-bearing level”

guence of the destabilization of these complexes by tligetween +37.6 and +56.3 masl) and the “lower gold-
abrupt change in physical and chemical conditions bkaring level” (between —60 and —70 masl).

the fluid. Observations relevant to abrupt changes in We have demonstrated the interest in the applica-
temperature and salinity, and mixing of fluids, and othéion of fluid inclusions as a quick, inexpensive and very
possible phenomena.@., boiling, phase separation) effective method for the exploration of new mineralized

could be responsible of this change in conditions, whidiodies within the gold-bearing deposit at Palai—Islica.
induced gold precipitation. All these factors are in agre&/e have shown that the precipitation of Au and other
ment with causes indicated by Benning & Sewarthetals of economic interest within the mineralized lev-

(1996) and Hedenquist al. (1994) as responsible for els is systematically related to the presence of a fluid

destabilization of AuHSand AuC}~, respectively. with a high salinity, which interacts over a narrow
interval of temperature of total homogenization with a
Economic potential of the deposit low-salinity fluid to produce the gold mineralization.

Mineralized horizons systematically contain a fluid of

The metallogenic study has centered until now dmighly variable salinity (2—29.3 wt.% NaCl eq.) with a
the Palai zone. Preliminary studies in the Islica aréamperature varying some2® 50C (approximately)
(a sector with strong hydrothermal alteration 500 m eaist the interval of 217 to 315C. In contrast, above
of the Palai deposit) provide evidence of the existenemd below the mineralized levels, low-salinity fluids
of similarities between the two zones, such as a simil@ + 4 wt.% NaCl eq.) trapped across a wide range of
sulfide paragenesis, the presence of free gold, lithemperature£120°-400C) seem to be the rule.
geochemical samples with anomalies of up to 20 ppm The distinct characteristics of these fluids seem to
Au, and analogous characteristics of fluid inclusions.have been responsible for the transport and precipita-

In the Palai zone, the gold mineralization studied tiion of the metals studied. As far as gold is concerned,
date is mainly concentrated in the “upper gold-bearirfigr example, it could have been transported in the form
level”. This level has been well described (mineralogyf AUHS® or AuChL™ complexes and precipitated as a
mineralized fluids, metallogenic processet;), as it consequence of the destabilization of these complexes
was cross-cut by most of the drillholes. The “lower goldswing to the abrupt change in physical and chemical
bearing level” is also interesting, as it has characterisenditions.
tics very similar to those of the other level, such as an As deduced from the presence of triphase inclusions
analogous association of minerals, the presence of frearked by a high temperature of total homogenization
gold, a well-defined geochemical anomaly, and the chan deep areas and from the heterogeneous trapping of
acteristic fluid with a sharply contrasting salinity fluids, signs of significant boiling could exist at greater
Nevertheless, as this lower level has only been intatepths. If confirmed, such boiling could indicate the
sected by a few of the deeper holes drilled in the soutxistence of a greater gold-bearing bonanza in this
eastern zone of the deposit, we have been unabled&posit.
verify its lateral extent throughout the deposit. Its po-
tential is therefore still unknown. ACKNOWLEDGEMENTS

Horizons showing evidence of significant boiling
[which could indicate the existence of a greater gold- The authors thank Serrata Resources S.A. for the
bearing bonanza: Buchanan (1981)] have not yet beleelp they have provided during this investigation. This
identified at this deposit. Note, however, the presencesearch has also been supported by the project No. PB—
of three-phase inclusions, and their high temperature®7-1211 and the RNM-0131 Research Group of the
total homogenization in certain samples taken frodunta de Andalucia. The manuscript was significantly
deepest positions corresponding to the old mine (to dateproved by helpful suggestions and critiques as a result
no such types have been found in the core samples), afideviews by Drs. J.R. Craig and M.M. Gonzélez.
the heterogeneous trapping of fluids. Both features sugditor Robert F. Martin provided his usual thorough edi-
gest that deeper drill holes would quite likely findorial handling and is sincerely thanked for his construc-
samples with a high temperature of total homogenizéive comments, improvements and encouragement.
tion of triphase fluid inclusions, and therefore possible
gold-bearing levels. REFERENCES

CONCLUDING REMARKS ARRIBAS, A., R. (1995): Characteristic of high-sulfidation
. o ) epithermal deposits, and their relation to magmatic fluid.
The petrographic study of the Palai-Islica epithermal |n Magmas, Fluids, and Ore Deposits (J.F.H. Thompson,
gold mineralization and results of the lithogeochemical ed.).Mineral. Assoc. Can., Short Cour2g, 419-454.
study reveal a correlation between the position of the
horizons bearing gold grains and the location of the & DspaL, R.M. (1994): Isotopic composition of Pb
geochemical anomalies, such that different mineralized in ore-deposits of the Betic Cordillera, Spain. Origin and



EPITHERMAL Cu—Au MINERALIZATION , SPAIN

relationship to other European deposiison. Geol.89,
1074-1093.

BENNING, L.G. & SewaRD, T.M. (1996): Hydrosulphide

565

geochemistry, and origin of high sulfidation Cu—Au miner-
alization in the Nansatsu District, Jap&ton. Geol89,
1-30.

complexing of Au(l) in hydrothermal solutions from IGME (1974).Mapa Geoldgico de Espafi&scala 1:50,000.

150-400C and 500-1500 ba&eochim. Cosmochim. Acta
60, 1849-1871.

Hoja 1046 (24-42): Sorbas. Servicio de publicaciones
Ministerio de Industria, Madrid, Spain.

BucHaNAN, L. (1981): Precious metal deposits associated withopez Ruiz, J. & RobriGuEzBADIOLA, E. (1980): La region

volcanic environmentdn Relation of Tectonics to Ore
Deposits in the Southern Cordillera (W. Dickinson & W.
Payne, eds.Ariz. Geol. Soc. DigestlV , 237-262.

volcanica del sureste de EspaBatudios Geol6gico36,
5-63.

MARTINEZ FRIAS, J., G\RCIA GUINEA, J., LoPEZRuUIZ, J., LOPEZ

CasTroVIEJQ R., NopAL, T., Pobwysockl, M. & INsuA, M.

(1991): Mineralizaciones subvolcanicas (Au—Ag—Sn-

GARCIA, J. & BeNTO, R. (1989): Las mineralizaciones
epitermales de Sierra Almagrera y de la Cuenca de

Sulfuros polimetalicos) y hallazgo de afloramientos de Herrerias, Cordilleras Bética®ol. Soc. Espafiola Mineral.
porfidos tonaliticos nedgenos en la Sierra de Lomo de Bas 12, 261-271.

(Murcia). Bol. Soc. Espafiola Mineral4, 183-200.

MoRALES, S. (1994)Mineralogia, geoquimica y metalogenia

CoRrBELLA, J.H. (1969)Etude géologique de la Sierra de las
Moreras (Murcie, EspagneThése 3éme cycle, Univ. Paris
VI, Paris, France.

CrAwWFORD, M.L. (1981): Phase equilibria in aqueous fluid
inclusions.In Fluid Inclusions: Applications to Petrology
(L.S. Hollister & M.L. Crawford, eds.)Mineral. Assoc.
Can., Short Course Handbo6k 75-100.

Dewey, J.F. (1988): Extensional collapse of orogérecton-
ics7,1123-1139.

de los yacimientos hidrotermales del SE de Espafid.
thesis, Univ. de Granada, Granada, Spain.

, BTH, R. & FenoLL HAcH-ALIi, P. (1993):
Paragenesis and regional zoning of the polymetallic ore
deposits in the Aguilas and Sierra Almagrera — Herrerias
areas, southeastern SpamCurrent Research in Geology
Applied to Ore Deposits (P. Fenoll Hach-Ali, J. Torres Ruiz
& F. Gervilla Linares, eds.). Univ. of Granada, Granada,
Spain (171-174).

, & (1995): Fluid evolution and

FERNANDEZ SOLER, J.M. (1996)El vulcanismo calco-alcalino
en el Parque Natural de Cabo de Gata—Nijar (Almeria).
Estudio volcanolégico y petrolégic®h.D. thesis, Univ.

de Granada, Granada, Spain; Soc. Almeriense Historia

Natural.

GARCiA DUERAS, V., BALANYA , J.C. & MARTINEZ, J.M. (1992):

mineral deposition in the Aguilas — Sierra Almagrera base
metal ores, southeastern SpamMineral Deposits: from
their Origin to their Environmental Impacts (JsBad, B.
Kribek & K. Zak, eds.). Balkema, Rotterdam, The Nether-
lands (365-368).

PoTTER, R.W., II, Q.YNNE, M.A. & BRrROwN, D.L. (1978):

Miocene extensional detachments in the outcropping base- Freezing point depression of aqueous sodium chloride

ments of the northern Alboran Basin (Betics), and their

tectonic implicationsGeomarine Lett12, 88-95.

solutions.Econ. Geol.73, 284-285.

STERNER, S.M., HaLL, D.L. & BODNAR, R.J. (1988): Synthetic

GoLbpsTEIN, R.H. & ReyNoLDps, T.J. (1994):Systematics of
Fluid Inclusions in Diagenetic MineralSoc. Sedimentary
Geol., Short Cours81.

HEDENQuIST, J.W., MATSUHISA, Y., Izawa, E., WHITE, N.C.,
GIGGENBACH, W.F. & Aoki, M. (1994): Geology,

fluid inclusions. V. Solubility relations in the system NaCl—
KCI-H,0 under vapor-saturated conditiordeochim.
Cosmochim. Act&2, 989-1005.

Received August 17, 1999, revised manuscript accepted April

13, 2000.






