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Abstract

The Aguablanca Cu—Ni orthomagmatic ore deposit is hosted by mafic and ultramafic rocks of the Aguablanca stock,
which is part of the larger, high-K calc-alkaline Santa Olalla plutonic complex. This intrusive complex, ca. 338 Ma in age, is
located in the Ossa-Morena Zone (OMZ) of the Iberian Variscan Belt. Mineralization consists mainly of pyrrhotite,
pentlandite and chalcopyrite resulting from the crystallization of an immiscible sulphide-rich liquid. Isotope work on the host
igneous rocks (Sr, Nd) and the ore (S) suggests that contamination with an upper-crustal component took place at some
depth before final emplacement of the plutons (eNds33 = —6 to —7.5; Sr335 = 0.7082 to 0.7100; 8348(5u1phides) near
+ 7.4%o). Assimilation—fractional crystallization (AFC) processes are invoked to explain early cumulates and immiscible
sulphide-magma formation. Intrusion took place at the beginning of the type-A oblique subduction of the South Portuguese
Zone under the Ossa-Morena Zone and was probably driven by transpressive structures (strike-slip faults). The mineraliza-
tion is thus synorogenic.

Aguablanca is probably the first case referred to in the literature of a magmatic Cu—Ni ore deposit hosted by calc-alkaline
igneous rocks.
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1. Introduction Santa Olalla plutonic complex in SW Spain (Fig. 1).
This complex is a K,O-rich calc-alkaline composite
intrusion formed mainly of gabbronorite and norite,
diorite, tonalite and monzogranite. The deposit was
discovered after a regional geochemical prospection
survey. Geological resources are 30-35 Mt with
0.6-0.75 wt.% Ni, 0.5-0.6 wt% Cu and minor
amounts of Co (0.02 wt.%), Pt (0.3 ppm), Pd (0.3
ppm) and Au (0.15 ppm) (Ortega et al., 1999).

The Aguablanca Cu—Ni ore is an orthomagmatic
sulphide deposit hosted by mafic and ultramafic
rocks of the Aguablanca stock, which is part of the
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Fig. 1. Geological map of the Santa Olalla plutonic complex and location within the Monesterio Antiform. Plutonic massifs: Al: Almendral; Ta: Taliga; Ba: Barcarrota; Sa:
Salvatierrra; Bu: Burguillos; Bro: Brovales; Bz: Bazana, Va: Valuengo; Vv: Valencia el Ventoso; Mo: Monesterio; Pa: Pallarés; So: Santa Olalla. Inset shows an enlargement of
the Santa Olalla plutonic complex and ore deposit location.



This 1s the first ore deposit of its type to be found
in Spain and is unique in the European Union.

A first study of the igneous rocks was carried out
by Casquet (1980), prior to the discovery of the ore
deposit. In this contribution, we provide new geo-
chemical evidence (wrace elements and rare earths,
and stable (S) and radiogenic isotopes (Sr and Nd))
that shed new light on the source and evolution of
the magmas and ore. Moreover, we argue that the
emplacement of the magmas and ore was synoro-
genic.

Most synorogenic Cu—Ni deposits are small and
hosted by Alaskan-type mafic—ultramafic plutonic
complexes (Naldrett, 1989a). The Santa @lalla ore is
a special case of a Cu—Ni deposit inasmuch as it is
hosted by a K,®-rich calc-alkaline inwrusive com-
plex, something which has not been reported before,
to our knowledge.

2. Geological setting

The Santa @lalla plutonic complex was emplaced
in the southern limb of the large Monesterio an-
tiform, into low-grade metavolcanic and metasedi-
mentary rocks (metapelites, marbles and calc-silicate
rocks) of Upper Precambrian—Lower Cambrian age.
To the south it ends abruptly against the Zufre fault
(Fig. 1). Regional cleavage and bedding generally
wrap around the inwrusive massif. However, in detail,
discordant contacts are common, suggesting that an
earlier stage of forceful intrusion was followed by
stoping. The stoping process is evidenced by the
abundance of roof pendants in the central part of the
massif. A well-developed contact metamorphic aure-
ole encircles the Santa @lalla plutonic complex, with
temperatures reaching hypersthene hornfels facies
conditions (760—750 °C). Partial melting of pelitic
homfelses has locally been recorded (nebulites and
heterogeneous migmatites). Skarns are also abundant
within the aureole. Probable emplacement depth was
2-4 km (05-1 kb) (Casquet, 1980) The Santa
@l alla plutonic complex is one of a series of Variscan
massifs of similar characteristics extending into
nearby Portugal (see Fig. 1).

The Monesterio antiform is part of the @ssa-
Morena Zone (@MZ), which is one of the subdivi-

sions of the Variscan Iberian Massif (Fig. 1). The
OMNZ 1s a complex terrane consisting of an Upper
Proterozoic—Lower Palaeozoic Cadomian basement,
reworked during the Variscan @rogeny. The geody-
namic evolution of this part of the Variscan Iberian
Massif has been the subject of many reviews (Silva
et al, 1990, among others).

We address here the Variscan part of the evolu-
tion of the ®@MZ pertinent to the tectonic setting of
the ore deposit. There 1s a consensus that deforma-
tion resulted from north-verging oblique subduction
and the amalgamation of two different terranes to the
southem margin of the ®MZ. The first of these is the
Pulo de Lobo Terrane, together with the allied Beja
@®phiolite, derived from the partial obduction of a
pre-Famennian oceanic basin. The other terrane is
the South Portuguese Zone, which hosts the famous
Iberian Pyrite Belt, consisting of massive sulphide
(VHMS) deposits.

Subduction of oceanic crust beneath the @MZ
took place from the Middle-Upper Devonian to the
Lower Carboniferous (Visean), with the situation
merging into type-A oblique subduction (thrusting of
the SPZ under the ®MZ) during the Upper Visean to
Middle Westphalian interval (Silva et al., 1990).

3. The igneous rocks

The Santa @lalla plutonic complex consists of two
larger plutons, the main Santa @lalla pluton and the
Aguablanca stock, as well as felsic dykes (Fig. 1).

The main Santa @lalla pluton is the largest intru-
sion. Reverse compositional zoning of the pluton is
remarkable, with amphibole-biotite equartz diorites
merging into tonalites, and these in turn into monzo-
granites, towards the centre of the pluton (Velasco,
1976, Casquet, 1980). The transitions between the
igneous types are gradational. The Aguablanca stock
is a small (less than 3 lam?), mafic—ultramafic, rela-
tively older intrusion in the northem part of the
complex that shows a discontinuous outer zone of
pyroxene-rich rocks (PG rocks in Table 2), largely
biotite-bearing melanocratic homblende gabbro-
norites and biotite-bearing homblende norites, and
an inner zone of clinopyroxene-bearing biotite-am-
phibole diorites and quartz-diorites. The first rocks



Table 1
Chemical analyses of representative samples of the Santa Olalla plutonic complex

Sample Aguablanca stock Santa Clalla pluton

C3 C19 C23 Cc4 C21 C22 C2 Cle Cl6 Cls Cl4

PG PG PG DI DI DI DI TO TO TO MO
Si0, 48.40 56.50 53825 55.60 56.00 55.60 56.60 59.00 60.00 61.10 67.80
Al O, 12.75 10.75 13.57 16.57 14.08 14.60 1835 16.44 16.91 16.15 15.44
Fe,0; 1.87 1.25 1.61 1.84 1.15 079 1.39 1.63 2.06 1.78 2.04
FeO 7.08 6.33 5.65 5.34 7.05 6.56 5.29 4.62 3.62 3.96 1.85
MnO 0.16 0.14 0.14 0.11 016 012 010 010 0.0 .07 0.03
MgO 16.23 12.62 12.24 6.65 6.89 5.93 4.23 4.78 3.79 3.63 0.8
CaO 771 8.29 210 5.89 6.69 7.49 5.05 5.05 5.55 4.91 2.63
Na,O 2.16 1.67 2.00 3.67 2.80 3.88 3.9 3.24 313 2.7¢ 3.07
K,O 0.58 0.67 0.58 222 2.02 135 2.65 246 2.16 241 4.62
TiO, 0.52 0.42 047 0.88 082 09l 0.98 0.78 0.83 9% 0.51
P,0; 0.20 0.08 033 0.21 047 029 0.34 0.17 0.27 0.25 0.13
SO, 030 .00 (X 1] 0.00 000 000 .00 .00 0.00 0.00 0.00
CO, .00 .00 000 0.00 000 000 .00 0.13 0.00 .00 000
Cl .00 .00 .00 .00 000 000 .00 .00 .00 (X ] .00
H,0 2.03 1.07 091 0.96 1.80 2.20 1.01 1.35 1=55 1.78 1.14
Total 9.9 .79 99.85 99.94 99.93 99.72 99.98 99.75 99.96 99.64 100.15
Rb 16.5 26.9 17.6 89.7 73.6 375 925 859 85.7 9.7 121
Sr 235 266 311 299 316 281 315 325 356 299 225
Ba 423 171 462 746 954 n.d 852 475 645 559 1368
Cr 1200 837 738 285 8.9 n.d 145 141 120.0 124 175
Co 74.7 57.0 573 135 55.0 61.0 125 24.0 25.0 27.0 7.94
Ni 515 351 317 132 168 169 60.5 87 62.0 64.0 9.52
Cu 109 240 10 66.9 8.0 123 523 7.00 290 15.0 4.63
Zn 89.7 45.0 117 748 61.0 40.0 59.7 38.0 77.0 76.0 182
Y 12.9 123 10.4 288 32 n.d. 250 219 244 216 296
Nb 3.53 3.04 434 16.2 206 n.d. 211 11.6 143 12.5 200
Zr 111 57 64.9 243 81 58 173 109 177 240 261
Th 1.79 2.34 1.81 9.13 12.8 n.d 3.89 8.28 10.1 10.9 103
Ta 1.20 0.34 210 4.90 144  nd 4.90 091 0.95 0.88 2.60
Hf 21 0.79 1.3 48 S8 n.d 2.9 1.33 1.24 1.46 5.60
La 10.45 8.92 34.09 33.26 3325
Ce 21.04 18.18 70.52 71.28 83.64
Pr 2.56 2.11 8.30 8.61 7.65
Nd 10.47 936 8.59 28.27 2433 2030 28.97 24.50 28.80 32.03 37.87
Sm 242 230 1.9 5.90 554 430 5.96 5.06 5.91 6.00 7.45
Eu 0.76 0.77 1.52 2.00 1.58
Gd 2.74 212 7.44 7.70 7.11
Tb 0.40 034 1.05 1.04 0.96
Dy 235 1.98 5.62 5:21 5.36
Ho 0.47 039 1.11 0.98 1.05
Er 1.44 1.16 3.26 D] 3.10
Tm 019 0.17 0.46 038 0.45
Yb 132 1.68 2.9 2:31. 2.93
Lu 019 0.18 0.43 033 0.43
SREE B 48 171 171 193

PG = gabbro-norites and norites; DI = diorites; TO = tonalites; MO = monzogranite. Major elements are from Casquet (1980). Trace
elements were determined at Actlabs (Canada).



consist for the most part of idiomorphic orthopyrox-
ene and to a lesser extent clinopyroxene, with the
OPX /CPX ratio increasing towards the noritic terms.
Plagioclase, homblende and biotite are interstitial
phases. Minor idiomorphic olivine crystals can be
found in the most basic types and allotriomorphic
quartz in the more acidic varieties. These rocks are
interpreted as pyroxene cumulates and they host the
main sulphide mineralization. Enclaves of skams and
micro-enclaves of peraluminous composition are oc-
casionally found in the mafic—ultramafic rocks. The
latter enclaves consist of plagioclase, biotite, her-
cynite, corundum and sillimanite. Very small bodies
of fine-grained porphyritic quartz-biotite norites and
orthopyroxene-biotite microgranites have also been
found transecting the Aguablanca diorites.

3.1. Geochemical features

Chemically, two main groups of rocks can be
distinguished in the Santa @lalla plutonic complex:
the noritic and gabbronoritic cumulates of the
Aguablanca stock, and the main igneous sequence
that includes the rest of the Aguablanca stock rocks
and the main Santa @lalla pluton rocks (Table 1;
Figs. 2 and 3). The cumulates (samples C3, C19 and
C23) show Si@, contents of 48—57 wt.% and are
relatively low in K,® (< 0.7 wt %) and incompati-
ble wace elements (Ba, Rb, Th, Nb). Furthermore,
they show high contents of Mg® (12.2-16.2 wt.%),
Ni (317-515 ppm) and Cr (738—1200 ppm). Total
REE contents are low (48—57 ppm), chondrite-nor-
malized patterns show moderate enrichment of
LREEs ((La/Lu)y = 11.4-12.3)} and small Eu
anomalies (Eu/Eu* = 0.9-1.1). The main igneous
sequence consists of metaluminous Hy + @ norma-
tive rocks with S1@, contents of 55.6-67.8 wt.% and
K,® values of up to 4.6 wt.%. These rocks form
regular “differentation” arrays on classic Harker plots
(e.g., Fig. 2b). LIL elements (Ba, Rb), as well as Th
and to a lesser extent Ce, are enriched in main
igneous sequence rocks. The ranges of Rb and Sr
contents in the main igneous sequence are 37.5—121
ppm and 225-356 ppm, respectively. @n the other
hand, Nb shows significant depletion. REE element
pattemns display enrichment in LREE ((La/Lu)y =
17.2-22.8) and a small negative Eu anomaly (Eu/

Eu* =0.7). Total REE contents increase from the
diorites towards monzogranite. The main igneous
sequence 1s a K, ®-rich calc-alkaline association, as
evidenced in Si@®,~K,® and AFM plots (Fig. 2).
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Fig. 2. Diagrams illustrating the chemical characterization of the
Santa Olalla igneous rocks (Wilson, 1989): (a) Na,O0+K,O-
FeO,—MgO triangular diagram with tholeiitic and calc-alkaline
fields outlined, and (b) K,0 vs. SiO, diagram showing calc-al-
kaline sub-series. Squares: Santa Olalla pluton; diamonds: Agua-
blanca stock (black = PG rocks; grey = diorites).



4. The ore

The deposit 1s a lens-shaped breccia-pipe, about
500-m long, 60—100-m wide, and more than 700-m
deep (Tomos et al., 1999). It dips steeply (70°S) and
1s found a few tens of metres from the northem
contact of the Aguablanca stock and close to an
important fault, the Cherneca fault (Fig. 1). At this
locality, the pluton host rocks are marbles and calc-
silicate homfelses, overprinted by a Ca-skarn consist-
ing of wollastonite, gamet, clinopyroxene and sca-
polite. This skam is not mineralized. Moreover,
enclaves of the skam are found within the Aguablanca
stock, suggesting that the skam formed before the
crystallization of the igneous rocks (Casquet, 1980).

The mineralized breccia-pipe consists of rounded
and subangular fragments of ore-bearing or barren
igneous rocks, including gabbros, pyroxenites, both
orthopyroxene- and clinopyroxene-rich varieties, and
a very minor, completely serpentinized rock, pro-
bably peridotite. The ore fills the spaces between
fragments. The mineralization consists mainly of
pyrrhotite, pentlandite and chalcopyrite (Tornos et
al, 1999). Textural evidence from the massive ore
suggests that several stages of mineral formation
were involved in the formation of this ore deposit.
(1) The first, probably the consequence of the crys-
tallization of an immiscible sulphide-rich liquid, gave
rise to massive, coarse-grained (0.2—3 mm) pyrrhotite
with fine (50-100 pm), flame-like exsolutions of
pentlandite (Ni,,,Fe,,,S,,) and chalcopyrite in-
tergrowths with minor cubanite and magnetite.
Sulphides are interstitial to idiomorphic cumulus
crystals of orthopyroxene and clinopyroxene. (2) A
second stage is evidenced by a new generation of
coarse-grained recrystallized pyrrhotite, chalcopyrite
and pentlandite (Ni@,,,Fe,,sS, ) that replace the
earlier sulphides. Minor amounts of mackinawite,
rutile and cobaltite also formed during this stage. (3)
A third stage is represented by the transformation of
pentlandite to violarite along grain boundaries and
fractures, and the growth of pyrite and new chal-
copyrite and pyrrhotite. Finally, marcasite formed as
late replacements of pyrite and pyrrhotite (Tornos et
al., 1999)

Igneous fragments in the breccia-pipe show low-
temperature hydrothermal alteration, probably coin-
cident with the formation of postmagmatic sulphides.

Minerals such as biotite, actinolite, epidote, sericite,
talc, serpentine, chlorite and clay minerals formed at
the expense of pyroxenes and olivine.

Lunar et al. (1997) and @rtega et al. (1999) first
described Pt-group minerals in the Aguablanca ore
deposit. These minerals are Pd and Pd—Pt-tellurides
such as michenerite, merenskyte, palladium mel-
onite, and members of the solid solution meren-
skyte—moncheite. Sperrylite has also been found, as
well as other minor phases such as tellurobismuthite,
bismuthite, hessite, volynskyite, galena and native
gold.

5. Isotope analytical work

Thirteen rocks were chosen for Rb—Sr and Sm—Nd
determinations away from the mineralized breccia-
pipe, where subsolidus alteration is larger, that
showed minor amounts of chlorite, talc, calcite and
uralite; the results are porwrayed in Table 2. Analyses
were carried out at the National Isotope Geosciences
Laboratory (Keyworth, UK) and at the Geochronol-
ogy and Isotope Geochemiswy Centre of the Com-
plutense University (Madrid, Spain). Errors are
quoted throughout as two standard deviations from
measured or calculated values. The decay constants
used in the calculations are the values A* Rb = 142
= 107" and A'Sm =6.54 - 10712 year ! recom-
mended by the ITUGS Subcommission for Geochro-
nology (Steiger and Jager 1977). Analytical uncer-
tainties are estimated to be 0.01% for ¥ Sr/*Sr
ratios and 0.006% for “*Nd /***Nd ratios and 1.0%
and 0.1% for the ¥ Rb/**Sr and '*"Sm /*** Nd ratios,
respectively. Epsilon-Nd (¢Nd) values (Jacobsen and
Wasserburg, 198@) were calculated relative to a
chondrite present-day '**Nd / Nd value of 0.51262
and "7Sm /"*'Nd of 0.1967. Replicate analyses of
the NBS-987 Sr-isotope standard yiclded an average
¥Sr/®Sr ratio of 0.710247 + 0.000024 (n = 215).
Fifty-six analyses of the Johnson and Matthey Nd-
standard over 1 year gave a mean ' Nd /"**Nd ratio
of 0511114 + 0.000026.

In addition, 19 sulphur isotope determinations
were made at the Salamanca University Isotope Lab-
oratory (Spain) on sulphides, particularly chalcopy-
rite, pyrrhotite and pentlandite from the Aguablanca
mineralization (Table 3).



Table 2
Rb—Sr and Sm—Nd isotope data of samples from the main Santa Olalla pluton and Aguablanca stock

Sample Rb Sr Rb/Sr  ¥Rb/ ¥'Sr/ ¥Sr/ eSry;;;  Sm Nd ¥Sm,  1YNd/ “INd/  eNd,;; TDM,j,
gy segr %Sro. 144 g 144N 199Ny 54
Santa @lalla pluton
c2 DI 925 315 0.2%40 08511  0.713449  0.709354 7 596 2897 01243 0.512121  0.511846 -7.0 1.64
C1e TO 85.9 325 02644 07654 0713706  0.710024 84 506 2450 01248 0.512097 0.511821 =7hS 1.67
C1s5 TO 9.7 29% 03332 09646 0.714153  0.709512 77 6.00 3203 0.1132 0.512149  0.511898 -6.0 1.56
C16 TO 85.7 356 0.2407  0.6%967  0.712670  0.709318 74 591 2880 0.1240 0512110 0511836 — 2 1.65
C14 MO 121 225  0.5357  1.5514 0717295  0.709831 81 745 3787 0.119%0 0.512091  0.511828 -74 1.66
Aguablanca stock
G3 PG 16.5 235 0.0701  0.2028  0.709243  0.708267 59 242 1047 01386 0512244 0.511937 - 82 1.51
C19 PG 26.9 266 01010 02923  0.709723  0.708317 60 2.30 936 0.1485 0.512218  0.511889 -6.2 1.58
C23 PG 17.6 311 00566  0.1638  0.709041  0.708253 59 1.9 8.59 0.1400 0.512202  0.511892 -6.1 1.58
4 DI 89.7 299 03003 08693 0713440  0.709258 73 590 2827 0.1262 0512137  0.511858 -6.8 1.63
C21 DI 73.6 316 02328  0.673%  0.712758  0.709516 7 554 2433 01376 0512140  0.511835 — 2 1.66
Cc22 DI 375 281  0.1334 03861  0.7103%95  0.708537 63 430 2030 01279 0512175  0.511892 -6.1 1.58
Metamorphic and volcanic rocks
DC4 MP 65.4 233 02807 08131  0.720221 0.71630% 173 423 2080 01229 0511912 0511640  —11.0 1.92
MON-4 MP 278 1866  0.1491  0.4319 0.716227 0.71414% 143 478 2550 01133 0.511756  0.511505  —13.7 2.00
CEM-113 V 4.64 123 0.0377 01093 0704777  0.704251 220 975 46.60 01265 0.512654  0.512374 33 0.82

Rock type abbreviations as in Table 1. DC-4 and MON-4 are metasediments (MON-4 from Schifer, 1990) and CEM-113 is a Middle Cambrian basalt.



Table 3
S-isotope composition of sulphides from the Aguablanca ore
Sample Mineral 53 S%o
o1 cpy +7.43
po +7.45
92 po +7.14
Py +7.23
3 po +7.20
cpy +7.33
%4 po +7.60
cpy +7.73
95 po +7.11
cpy +7.24
100 po +7.50
cpy +7.64
101 po +7.49
cpy +7.63
102 po +7.50
cpy +7.18
plt +7.38
103 po +7.49
104 po +7.75

cpy: chalcopyrite; po: pyrrhotite; py: pyrite; plt: pentlandite.

The Sr-isotope composition of the igneous rocks
at a reference age of 338 Ma (see below) ranges
from 0.7082 to 0.7100. Aguablanca cumulates show
Sry;e values of 0.708253 to 0.7808317, while the
main igneous sequence rocks show slightly higher
values (between 0.7885 and 0.7108, most rocks plot-
ting in the range 0.7092-0.7095). The Nd-isotope
composition, expressed as eNdj;, values, ranges
from —52 to —6.1 for the Aguablanca cumulates
and —6 to —7.5 for the main igneous sequence
rocks (Table 2). The isotope composition of sulphur
in ore sulphides is very similar in all samples, with a
mean close to +7.4 per mil («‘SMSep = +72% to
+ 7., 8'S,, = +7.1% to +7.8%; &S
+7.4%0)

pent =

6. Interpretation and discussion

6... Geochronology of the Santea @lalla plutonic
complex

The ¥Sr/*Sr—"Rb/*Sr isochron plot of the
main igneous sequence rocks yields an errorchron
age of 359 + 18 Ma, with a Mean Standard Weighted

Deviation (MSWD) of 17.1. The resulting initial
Sr-isotope composition is 0.7092 (Caseuet et al,
1999). The large MSWD suggests that causes other
than analytical error are probably involved in the
dispersion of isotopic compositions, either primary
compositional heterogeneity or secondary subsolidus
alteration.

Radiomewic evidence from nearby similar plu-
tonic massifs can help to constrain the age of the
Santa @lalla plutonic complex. Allanite from an
Fe-U-REE skam-type deposit at Mina Monchi, within
the Burguillos del Cerro intrusive massif (Bu; Fig.
1), has given a concordia U-Pb age of 338 + 1.5
Ma, i.e., Visean (Casquet et al., 1998). This value is
in agreement with the *°Ar/*Ar ages of magmatic
amphiboles from the same massif (Dallmeyer et al.,
1995)

The age of the Burguillos allanite is taken here as
the most probable age of the zoned metaluminous
inwrusive massifs and is almost within the error mar-
gin of the main igneous sequence Rb—Sr age referred
to above.

6.2. Source components of magmas

The scattering of the K,® values (Fig. 2b) is
characteristic of high-K magmatism of active conti-
nental margins and is atwibuted to contamination
with a crustal component (e.g., Wilson, 1989). The
contents of wace elements are more indicative of the
genesis than those of major element oxides. Fig. 3
shows the trace-element variation normalized to
chondrite of the main igneous sequence rocks and
cumulates. The average composition of the upper-
continental crust has been added for comparison.
Patterns from Ba to Ti depart from those of primitive
magmas and are remarkably similar to the continen-
tal crust (Rollinson, 1993). The Nb negative anomaly
is very significant in this respect. Furthermore, the
enrichment in Rb and Th is characteristic of contam-
ination with an upper-continental crust component
{(Wilson, 1989)

The radiogenic isotope evidence (high initial
¥Sr /*Sr values and very negative ¢Nd ;. values)
suggests the involvement of a component rich in
radiogenic Sr and poor in LREE in the magma
composition. Model ages (TDM@R)) calculated using
the method of Borg et al. (1990) range from 1.51 to
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Fig. 3. Primordial mantle-normalized diagrams. (a) Spider dia-
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(shaded) and PG rocks (diamonds). Circles: upper-crust composi-
tion (after Taylor and McLennan, 1981), and (b) REE /chondrite
(C1) normalized plot. Squares: Main Santa Olalla pluton. Dia-
monds: Aguablanca stock (black = PG rocks; grey = diorites).

167 Ga (Table 2). This range suggests that this
component might have derived from a continental
crust containing old resident Nd. The existence of a
circa 2 Ga pre-Cadomian basement in the @ssa-
Morena Zone has been convincingly argued for Na-

gler (1990) from Nd-isotope work on sedimentary
rocks.

Fig. 4 is an ¢Nd,;4 versus e3r55 plot of all the
inwrusive rocks from the Aguablanca stock, as well as
from other nearby similar plutonic massifs such as
Burguillos del Cerro and Brovales, where values of
(VSr/% 1) 45 as low as 070459 and of £Ney,, of
— 23 have been found by the authors (unpublished
data). Available isotope compositions of Upper Pre-
cambrian and Lower-Middle Cambrian detrital sedi-
ments from the region (Négler, 1990; Schifer, 1990,
unpublished data) have been included for compa-
rison. All the intrusives fall in the domain of
supracrustal isotope compositions (e.g., Dickin,
1995). A hyperbolic regression curve can be roughly
fitted to the igneous rocks and extends into the field
of the sedimentary rocks. Since mixing of two end
members produces a hyperbolic trend n eNdj,—
€Sr,3, coordinates, Fig. 4 suggests that the Sr- and
Nd-isotope composition of Variscan magmas in the
OMZ might result from the mixing of an upper-
crustal component with a primitive parental magma.
In the absence of rocks of primitive composition—no
earlier dykes of basic composition have been recog-
nized—and because the mixing trend extends into
the mantle-array region of the ¢Nd;;,—eSry;, plot
(Fig. 4), we can argue that the parental magma was
probably a basalt with an istopic composition be-
tween those of bulk earth (338 Ma ago) and depleted
mantle.

The Sr- and Nd-isotope composition of the mag-
mas can be explained in terms of assimilation—frac-
tional crystallization (AFC) processes (DePaolo,
1981, 1985) involving a primitive parental magma of
basaltic composition and low Rb/Sr supracrustal
rocks. Fig. 5 is a ¥ Sr/% Sr versus Rb/ Sr plot of the
Santa @lalla igneous rocks. Two groups can be
envisaged in this plot, one represented by gab-
bronorites and norites (PG rocks) that plot on or
close to a mixing-line between a hypotetical primi-
tive magma with the Sr-isotope signature of a Mid-
dle Cambrian basalt from the area (sample CEM-113,
Table 2), and two low-Rb/Sr ratio metasediments
(DC-4, Table 2; M@N-4, from Nagler, 1990). The
second group is represented instead by the main
igneous sequence rocks, which show a large range of
Rb/Sr values at an almost uniform Sr-isotope com-
position (most rocks between 0.7092 and 0.7095.
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Fig. 4. ¢Nd;;; vs. €Sry5; diagram of significant rocks of the Monesterio Antiform. Diamonds: Aguablanca stock (black = PG rocks;
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area (CEM-114).

Early crystallization of pyroxene and olivine in a
deep magma chamber, accompanied by assimilation
of radiogenically evolved crustal material, could have
led to the evolution from the *Sr/*®Sr initial com-
positions shown by the cumulates to those of the

main igneous sequence rocks (DePaolo, 1981, 1985).
Moreover, the relatively uniform Sr-isotope composi-
tion of the latter (diorite—tonalite—monzogranite),
strongly independent of the Rb/Sr ratios (0.05—
0.53), can be explained by further fractional crystal-
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Fig. 5. ¥Sr/**Sr,;; vs. Rb/ Sr diagram (DePaolo, 1981) plot for Santa Olalla igneous rocks. Explanation in text. Squares: Main Santa

Olalla pluton. Diamonds: Aguablanca stock (black = PG rocks; grey = diorites).



lization of plagioclase and amphibole at lower pres-
sures (DePaolo, 1981). The Nd-isotope composition
of the main igneous sequence rocks, which is also
very uniform (¢Ndj;, from —6.0 to —7.5), was
probably conwrolled by amphibole fractional crys-
tallization. Plagioclase and amphibole have high
crystal-melt partition coefficients for Sr and Nd,
respectively. Simultaneous low-pressure (<2 kb)
fractional crystallization of plagioclase and, to a
lesser extent, of amphibole could also account for the
low Eu negative anomaly and the increasing content
of total REE from diorites through monzogranites
(e.g., Gromet and Silver, 1987).

The 1sotopic homogeneity of the main igneous
sequence rocks does not support the magma-mixing
hypothesis invoked by Bateman et al. (1992) to
explain the tonalites and biotite-amphibole diorites.
In their hypothesis, tonalites and diorites resulted
from the mixing of two non-consanguineous mag-
mas, a cordierite-bearing S-type magma and a some-
what fractionated pyroxene gabbro.

Magmas with *’Sr/**Sr initial signatures lower
than 0.788 have not been found in the Aguablanca
Stock, probably because earlier cumulates, richer in
olivine and clinopyroxene (as expected from moder-
ate pressure fractional crystallization, see Presnall,
1999), were left behind during magma ascent from
the deep magma chamber to the final emplacement
level. The recent discovery of enclaves of altered
serpentinized olivine-rich rocks and clinopyroxenites
in the ore-rich breccia supports this interpretation.

6.3. Constraints on the source and evolution of the
ore

The &S values of the ore sulphides are much
higher than those typical of juvenile sulphur (8 + 3%o;
®hmoto, 1986). However, they are close to the upper
end of the 8**S values of igneous rocks with a large
crustal component ( — 1%o to + %o, Sasaki and Isi-
hara, 1979, Matthii et al., 1995). Although no iso-
tope data are available from @MZ slates, sulphide
mineralization hosted by Upper Precambrian to
Lower Palaeozoic slates in the northern Iberian Mas-
sif show &'S values between + 7% and +21%o
(Tornos et al., 1996). These values are consistent
with bacterial sulphate reduction. In consequence,
we think that the sulphur in the Aguablanca ore

evidences a contribution from crustal sulphur. Sul-
phur contents in most ®@MZ supracrustal rocks are
low ( < 50 ppm); however, Upper Precambrian slates,
which are abundant in the area and probably increase
with depth, are S-rich (1091 ppm) (Nigler, 1990,
Schifer, 1990). A few preliminary lead isotope da-
ta on the massive pyrrohtite indicate that the lead
mostlly derived from an U-rich source (values of
p(=2*U/*Pb) are high, in the range 9.6-9.8)
(Tomos et al., 1998). The data plot well above the
mantle reference line but close to the average crustal
curves and the expected isotopic evolution of the
nearby Precambrian sediments. This is consistent
with most of the lead being derived from the assimi-
lation /leaching of regional metasediments and rein-
force the hypothesis of crustal assimilation.

Assimilation of crust or crustally derived sulphur
into sulphide undersaturated magmas rising from the
mantle has been invoked for many well-known
anorogenic giant Cu—Ni sulphide deposits of the
komatiite, Duluth-type or mafic—ultramafic layered
inrusions, on the basis of stable isotope geochem-
istry or, more recently, Re—@s systematics (see Lam-
bert et al, 1998 for a summary). Assimilation of
supracrustal pelitic material has been specifically
invoked in the case of the Duluth-type Cu—Ni ore
(Ripley and Al-Jassar, 1987, Acuri et al., 1998) and
more recently in the Voysey’s Bay Ni-Cu—Co de-
posit (Li and Naldrett, 2000). In the latter case,
primitive troctolite-gabbro magma reacted exten-
sively with regional gneiss that shows evidence of
partial melting.

The solubility of sulphur in basic magmas is very
low (Haughton et al., 1974, ®@hmoto, 1986). Exsolu-
tion of S-rich liquid from the contaminated magma
probably took place as a consequence of AFC pro-
cesses (either assimilation of a silica-rich fraction or
sulphur contamination or both), accompanied by ei-
ther decreasing temperature, increasing oxygen fu-
gacity or a combination of both (for a discussion on
the role of these variables on sulphide solubility, see
Naldrett, 1939b)

6.4. Geodynamic scenario of magmatism and em-
placement history

The probable age of the Santa @lalla plutonic
complex proposed above (circa 338 Ma), is close to



the beginning of type-A oblique subduction of the
SPZ under the ®@MZ (Silva et al., 1990). Transpres-
sion in the SW Iberian margin was accompanied by
faulting, both reverse and strike-slip (Sanderson et
al., 1991), and high-K calc-alkaline magmatism along
the margin of the ®MZ. Northward subduction of an
oceanic lithosphere has long been invoked to explain
this magmatism in the ®MZ (e.g., Quesada et al.,
1994). In consequence, the Aguablanca Ni—Cu ore
must be classified as synorogenic in the sense of
Naldrett (1989a)

Most synorogenic Cu—Ni ore deposits are hosted
by Alaskan-type mafic—ultramafic plutonic com-
plexes (e.g., Naldrett, 1989a), which show both simi-
larities and differences with the Santa @lalla plutonic
complex. In fact, they form small-zoned inrusions in
convergent plate-margin settings (Himmelberg and
Loney, 1995). However, Alaskan-tvpe complexes
are formed of mafic and ulwamafic cumulates, par-
ticularly eunites, clinopyroxene peridotites, clinopy-
roxenite, homblendite and orthopyroxene-bearing
gabbros, derived from fractionation of a primitive
subalkaline basaltic magma (Himmelberg et al., 1986;
Himmelberg and Loney, 1995, Tistl et al, 1994).
Some of these rock-tvpes are either missing or found
as minor enclaves in the Santa @lalla plutonic com-
plex.

Wyborn (1992) has suggested that the Fifield
(Australia) Alaskan-type intrusions were mid-crustal
chambers that were probably the source of shosonitic
volcanic rocks of the Lachlan Fold Belt. High-K
calc-alkaline rocks and the shosonitic rock series are
commonly associated in ensialic mobile belts (e.g.,
Wilson, 1989). Thus, a link between the Alaskan-type
magmatic Cu—Ni sulphides and the special case rep-
resented by the Aguablanca ore, hosted by high-K
calc-alkaline rocks, although conjectural, remains a
possibility.

We envisage the intrusion as a two-step process.
Parental basaltic magma first ponded at some un-
known depth within the upper continental crust,
where AFC processes began involving S-bearing
metasediments. Contact melting probably played a
role in this process, as evidenced by the presence of
restitic peraluminous xenoliths in the Aguablanca
mafic—ulwamafic rocks. Sinking of early formed py-
roxenes and olivine then started, along with the
formation of a sulphide magma that, because of its

high density, also sank. Subsequently, cumulates,
together with sulphide magma and residual, partially
crystallized magma, were sequentially tapped to the
final emplacement level at a shallow depth (2—4
km). Fractional crystallization of plagioclase and
amphibole began at a depth corresponding to circa 2
kb, giving rise to the main igneous sequence mag-
mas (diorite — tonalite — monzogranites) that were
inwuded with a reverse gradational zonal pattemn.
Transpressive swuctures such as reverse and strike-
slip faults, particularly the nearby Chemeca Fault,
probably played a significant role in driving magma
ascent. Due to the small size of the mineralized
breccia pipe, fast ascent would been necessary to
keep sulphide magma well above solidus tempera-
tures. Fast sulphide magma ascent is in fact sug-
gested by breccia textures in the pipe. Dilational
structures related to a major fault tapping the mag-
matic chamber at depth could have offered suitable
pathways for a quick magma ascent. The lens shape
and subvertical disposition of the pipe argue in favour
of this process.
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