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Abstract

Aguablanca (southwest Spain) is the first economic Ni-Cu-(PGE) deposit found in southern Europe. Two features make it an
unusual example of magmatic sulfide ore: it is related to the development of an Andean-type continental magmatic arc, and it is hosted
by a subvertical magmatic breccia. The structural style and the geodynamic context of the deposit contrast with most plutonic Ni-Cu-PGE
deposits elsewhere, which occur at specific levels of layered mafic intrusions in rift environments.

The Ni-Cu deposit is hosted by the Aguablanca intrusion, a mafic body composed of gabbronorite and minor quartz-diorite, gabbro, and
norite. Sulfides are concentrated in a gabbronorite matrix along a subvertical (dip of 70°-80° N), funnel-like magmatic breccia that
contains barren or slightly mineralized ultramafic-mafic cu-mulate fragments. Modal compositions of the fragments reflect a wide
variety of rock types, including peri-dotite (hornblende-rich werhlite, dunite, and hornblende-rich harzburgite), pyroxenite (ortho- and
clinopyrox-enite), gabbro (gabbro, gabbronorite, and hornblende gabbro), and anorthosite. The primary silicate assemblage
includes olivine (Fog1—Forg), orthopyroxene (Mg no. 0.85-0.73), clinopyroxene (Mg no. 0.93-0.62), plagioclase (Ange—Anss), amphibole
(Mg no. 0.87-0.68) and phlogopite (Mg no. 0.89-0.64). The wide range of rock types and the Fe-enrichment trends in the primary
ferromagnesian silicates suggest magmatic differenti-ation processes from the parent melts, with the fragments representing different
stages of cumulate formation.

The ore-bearing breccia contains both semimassive and disseminated sulfides in the gabbronorite matrix. Textures vary between
meso- and orthocumulate, and the rock-forming magmatic silicates are orthopyroxene (Mg no. 0.83-0.74), clinopyroxene (Mg no. 0.89—
0.78), plagioclase (Ansp-An7), and intercumulus amphibole (Mg no. 0.86-0.70), phlogopite (0.84-0.69) and minor quartz. The
gabbronorite in the matrix of the breccia is petrographically and chemically very similar to that of the unmineralized parts of the main
Aguablanca intru-sion and exhibits a similar differentiation trend, suggesting that the matrix of the ore-bearing breccia and the
unmineralized rocks belong to a same magmatic suite. The local presence of mafic-ultramafic fragments in the barren Aguablanca
intrusion supports this suggestion.

The presence of highly Ni depleted olivine, whole-rock Cu/Zr ratios below 1, and the local occurrence of dis-seminations of magmatic
sulfides in the peridotite fragments point to sulfide segregation before and/or during the formation of the peridotite cumulates. Mantle-
normalized incompatible trace element patterns of the frag-ments along with published sulfur isotope data are consistent with crustal
contamination, suggesting that addi-tion of crustal sulfur from pyrite-bearing black slates led to sulfide saturation. These results support a
model in which sulfides segregated and settled during the differentiation of an unexposed mafic-ultramafic complex, now sampled as
fragments in the breccia, whereas the overlying silicate magma, most probably fed by succes-sive fresh magma injections, underwent
fractional crystallization, giving rise to this cumulate sequence. The emplacement of the ore breccia took place at temperatures above
the (monosulfide solid solution (mss) solidus but below the olivine and pyroxene solidus, likely owing to the explosive injection of a new
pulse of magma into the chamber, which mingled with the sulfide liquid and disrupted the overlying cumulate sequence. As a con-
sequence, fragments reached their current position in the breccia, injected along with the sulfide and the sili-cate melts, which
subsequently formed the sulfide-rich gabbronorite.

Introduction the world-class Noril'sk and Pechenga deposits in Russia
(Barnes et al., 2001), most occurrences are restricted to
Finland—in the Portimo, Penikat, or Koillismaa complexes
(Alapieti and Lathinen, 2002), which are currently being eval-
I Corresponding author: e-mail, rpinagar@geo.ucm.es uated by the Artic Platinum Partnership, and the Vammala,

Econowmic Ni-Cu-PGE deposits associated with mafic-ultra-
mafic rocks are uncommon in Europe. With the exception of



Hitura, and Kotalahti deposits (Frietsch et al., 1979). Other
known examples include Réna in Norway (Boyd and Math-
iesen, 1979) and Ivrea-Verbano in Italy (Garuti et al., 1986).
Owing to the scarcity of this type of deposit, the discovery of
the economic Aguablanca ore deposit in southwest Spain (lat.
37°57" N, long. 6°11' W) caused an important change in the
outlook for the supply of Ni and PGE in southwest Europe.
The Ni-Cu sulfide mineralization was discovered in 1993 by
Presur-Atlantic Copper S.A. during a regional exploration
program which revealed an Ni geochemical anomaly related
to a gossan (Lunar et al., 1997; Ortega et al., 2000, 2004). The
company carried out detailed work to evaluate the economic
potential of the mineralization, with satisfactory results, and
the project was subsequently acquired by Rio Narcea Gold
Mines Limited in 2001. Reserves of 15.7 million tonnes (Mt),
grading 0.66 wt percent Ni, 0.46 wt percent Cu, 0.47 g/t plat-
inum group minerals (PGM), and 0.13 g/t Au were estab-
lished, and the exploitation of the deposit started at the end
of 2004. The discovery of this deposit has promoted an ex-
tensive and ambitious exploration program in the region
which has led to the identification of more than 100 targets
with anomalies similar to those of Aguablanca.

Sulfide ores are hosted by the Aguablanca intrusion within
a subvertical magmatic breccia, mainly composed of gab-
bronorite rocks containing disseminated and semimassive Ni-
Cu-Fe sulfides which include numerous barren or slightly
mineralized mafic-ultramafic cumulate fragments. Tornos et
al. (2001) suggested that fragments came from a hidden
mafic-ultramafic complex containing interbedded sulfides

which were brecciated by residual silicate melts. More re-
cently, Ortega et al. (2004) examined the mineralogy and geo-
chemistry of the sulfide ore, defining an assemblage of PGM
hosted within sulfides composed mainly of (Pd, Pt)-bis-
muthotellurides. Ortega et al. (2004) proposed a genetic
model for the sulfide ores consisting of magmatic crystalliza-
tion and subsolidus reequilibration of a sulfide liquid, accom-
panied by the formation of a magmatic PGM assemblage ex-
solved from the sulfides. Although the evolution of the sulfide
ore has been well defined, the origin and nature of the brec-
cias, their genetic relationship to the sulfide-bearing matrix,
and their role in the geologic processes involved in the gene-
sis of the ore have not been studied in detail. In this paper we
examine the petrography, mineralogy, mineral chemistry, and
bulk rock composition of the fragments and the sulfide-bear-
ing matrix of the breccia in order to better understand the
mechanisms of crystal fractionation and sulfide-melt segrega-
tion in the source chamber of the deposit and the shallow
crustal emplacement of the sulfide melt.

Geology of the Aguablanca Intrusion
Geologic background

The Aguablanca intrusion is located in the southern limb of
the Olivenza-Monesterio antiform, a west-northwest—east-
southeast—trending longitudinal hercynian structure situated
in the southern boundary of the Ossa-Morena zone. This
zone is one of the five parts of the Iberian Massif (Quesada,
1991, and references therein) (Fig. 1), the westernmost belt
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ologic map of the Aguablanca area. The mineralized zone is indicated by the gossan in the northern part of the Aguablanca
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of the European pre-Mesozoic Variscan chain. The Ossa-
Morena zone is the result of a complex geodynamic evolution.
During the Cadomian orogeny (620-480 Ma), the Ossa-
Morena zone evolved as a continental magmatic arc, giving
rise to calc-alkaline magmatism with the formation of dioritic-
tonalitic rocks and anatectic granites throughout the northern
and central sectors of the Ossa-Morena zone, respectively
(Sanchez Carretero et al., 1990). During the Cambrian and
Ordovician, an episode of intracontinental rifting gave rise to
the formation of new ocean crust. This event was accompa-
nied by extensive bimodal alkaline magmatism (Sanchez Gar-
cia et al., 2003). Subsequently, the zone evolved as a passive
margin with the formation of Cambrian to Lower Permian
volcanosedimentary, terrigenous, and carbonate sequences
that underwent the Hercynian orogeny (390-300 Ma)
(Eguiluz et al., 2000, and references therein). During this
orogeny, an Andean-type magmatic arc with a large volume of
calc-alkaline plutonic rocks developed. Radiometric data have
given ages of crystallization for the ore-bearing Aguablanca
intrusion of 338.6 + 0.8 Ma (U-Pb in zircon: Romeo et al.,
2004) and 338 + 3 Ma (*°Ar-*Ar in phlogopite: Tornos et al.,
2004), indicating that this igneous body was coeval with the
development of the Andean-type active margin during the
Hercynian orogeny.

The Aguablanca pluton intrudes a series of interlayered
volcanic graywackes and pyrite-bearing black slates (Tentudia
succession, upper Precambrian) unconformably overlain by
rhyolitic and dacitic volcanic and volcaniclastic rocks with car-
bonate rocks at the top (Bodonal-Cala complex, upper Pre-
cambrian-Lower Cambrian: Eguiluz et al., 2000; Fig. 1). The
Tentudia succession represents the top of the Serie Negra,
the distinctive 3,000-m-thick Precambrian series of the Ossa-
Morena zone, mostly made up of black slates and quartzites.
The Aguablanca intrusion is bounded to the south by the
Santa Olalla pluton (Fig. 1), a calc-alkaline intrusive body
with reverse compositional zoning. Amphibole-biotite quartz
diorites merge into tonalite and monzogranite toward the

center of the pluton (Casquet, 1980). The crystallization age
of the Santa Olalla intrusion (341 + 3 Ma, U-Pb in zircon:
Romeo et al., 2004) is similar to that of Aguablanca pluton.
Both intrusions produced a well-developed contact metamor-
phic aureole, mainly in the Bodonal-Cala carbonate rocks,
with the formation of garnetite, calc-silicate rocks, and mar-
ble (Casquet, 1980).

The Aguablanca intrusion

This intrusion comprises a subcircular mafic body, approxi-
mately 3 km? in area (Fig. 1). A lithological study of the scarce
outcrops and drill-core samples has identified different rock
types characterized by cumulate textures: hornblende-bear-
ing gabbronorite and minor gabbro, norite, and quartz-dior-
ite. Most rocks of the intrusion contain no Fe-Ni-Cu sulfides,
although small disseminations can be found where the ig-
neous rocks envelope partially digested xenoliths of country
sedimentary rocks. In places, minor mafic fragments (e.g.,
gabbro) are found. Hornblende-bearing gabbronorite is by
far the most common rock type. It is a medium- to coarse-
grained meso- and orthocumulate containing variable
amounts of orthopyroxene (27-48 modal %), plagioclase
(23-47%), clinopyroxene (4-11%), amphibole (10-21%), phl-
ogopite (<5%), and minor interstitial quartz (<1%) (Fig. 2A).
Locally, orthopyroxene or clinopyroxene are very minor, giv-
ing rise to gabbro and norite, respectively. Orthopyroxene and
clinopyroxene are invariably cumulus minerals. Orthopyrox-
ene occurs as prismatic euhedral to subhedral crystals (Fig.
2A) and clinopyroxene as larger subhedral crystals. Gab-
bronorites show subhorizontal layering at the decimeter
scale, consisting of variations in the plagioclase modal con-
tents. In the most leucocratic rocks, plagioclase forms cumu-
lus tabular crystals, whereas in the most melanocratic rocks,
plagioclase occurs as subhedral grains interstitial to pyroxenes
(Fig. 2A). Green-brown amphibole and phlogopite are
postcumulus, often including poikilitic pyroxene and plagio-
clase (Fig. 2A). Quartz-diorite occurs as variably thick masses

F1G. 2. Photomicrographs (transmitted light) of rocks from the main Aguablanca intrusion. A. Gabbronorite showing eu-
hedral orthopyroxene crystals and poikilitic, intercumulus amphibole enclosing small cumulus crystals of plagioclase. B.
Quartz-diorite with partially sericitized, cumulus plagioclase and postcumulus amphibole, phlogopite, and quartz. Abbrevia-
tions: amp = amphibole, Opx = orthopyroxene, phl = phlogopite, plag = plagioclase, Q = quartz.



(up to 150 m) between gabbronorite with transitional con-
tacts. The quartz-diorite is composed of cumulus plagioclase
(56-63%) with a lesser amount of cumulus clinopyroxene
(<14%, but commonly below 5%) and orthopyroxene (<7%).
Phlogopite (7-18%), quartz (5-15%), and amphibole (<7%)
are postcumulus phases (Fig. 2B). The primary mineralogic
assemblages are variably altered to a secondary assemblage
comprising actinolite, chlorite, bastite, talc, carbonates, ser-
pentine, albite, sericite, and epidote-zoisite group minerals,
owing to the circulation of postmagmatic hydrothermal fluids.

The Ni-Cu Sulfide Deposit

The Ni-Cu sulfide mineralization is closely related to a
magmatic breccia situated near the northern boundary of the
Aguablanca intrusion. The breccia is poorly exposed at the
surface, but drill core shows that it is well developed from a
few meters below the surface to more than 600 m deep (Fig.
3). It has the shape of a subvertical funnel with a dip of 70° to
80° N. It is about 250 to 300 m wide (north-south) and 600 m
long (east-west) (Fig. 3). Within the breccia, the mineraliza-
tion is concentrated mainly in subvertical orebodies that are
truncated by northeast-oriented, postmineralization faults
(Fig. 3). Surface evidence of the sulfide deposit is an 8- to 10-
m-thick gossan.

The breccia consists of a matrix of hornblende- and phlo-
gopite-rich gabbronorite containing Ni-Cu-Fe sulfides which
hosts barren or slightly mineralized mafic-ultramafic frag-
ments (Fig. 4). In the gabbronorite matrix, mineralization oc-
curs mostly as semimassive and disseminated sulfides (Fig.
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4A, B). The semimassive ore consists of “leopard-textured”
sulfides (Evans-Lamswood et al., 2000), up to 85 modal per-
cent but more commonly between 20 and 70 percent. This
texture comprises black spots of idiomorphic to subidiomor-
phic silicates (mostly pyroxene, olivine, and/or plagioclase)
enclosed in a yellowish groundmass of sulfides (Figs. 4A, 5A).
In the more abundant disseminated ore, sulfides (<20 modal
%) occur as polymineralic aggregates of variable grain size in-
terstitial to the silicate framework (Fig. 5B). In general, the
semimassive ore occurs in the core of the breccia surrounded
by the disseminated ore and hosting more abundant frag-
ments of mafic rocks (Fig. 3). The disseminated, ore-bearing
gabbronorite grades outward laterally without systematic
changes in the silicate mineralogy to sulfide-free gab-
bronorite, which locally contains some mafic-ultramafic frag-
ments. Within the fragments, sulfides may occur as low-grade
disseminations and as chalcopyrite veinlets which cut both
fragments and host rocks.

The ore mineralogy has been described in detail by Ortega
et al. (2000, 2004), who observed two mineral assemblages:
(1) a subsolidus, reequilibrated magmatic assemblage, com-
prising pyrrhotite, pentlandite, chalcopyrite, and minor PGM
(merenskyite, michenerite, palladian melonite, moncheite,
and sperrylite), magnetite, ilmenite, Bi-, Ag-tellurides (tel-
lurobismuthite, volinskyite, and hessite), and native gold; and
(2) a hydrothermal assemblage, consisting of several textural
types of pyrite.

The magmatic assemblage in the semimassive ore is char-
acterized by coarse equant crystals of hexagonal pyrrhotite in

4205200

4205400

— 100m

— 200 m

Ors-bearing

breccia
— 300 m

B
— 400 m

—500m

- GO0 m

Fic. 3. A. Simplified map of the ore-bearing breccia in the Aguablanca intrusion based on drill core data. Fragments are
irregularly distributed in the mineralized matrix, but they are more abundant in the matrix of the semimassive ore. Trans-
verse cross section [A-A'] is shown in B. B. North-south—oriented transverse section across the ore-bearing breccia, based on

drill-core information.



Fic. 4. A, B. Photographs of drill core showing the ore-bearing breccia. Barren, mafic fragments are hosted by a matrix
containing semimassive (A) and disseminated (B) sulfides. C. Ore-bearing breccia exposed in an underground exploration
gallery showing the barren fragments within a mineralized matrix.

FIG. 5. Photomicrographs (transmitted light) of the ore-bearing matrix and the cumulate fragments from the breccia: A.
Semimassive sulfides enveloping cumulus orthopyroxenes. B. Disseminated sulfides in gabbronorite with camulus orthopy-
roxene and plagioclase with minor intercumulus amphibole. C. Cumulus olivine with poikilitic phlogopite in adcumulate of
dunite. D. Serpentinized cumulus olivine in textural equilibrium with intercamulus amphibole in hornblende-rich harzbur-
gite with orthocumulate texture. E. Cumulus clinopyroxene grains with triple-point contacts with interstitial plagioclase in
gabbro. F. Fine-grained cumulus crystals of orthopyroxene, clinopyroxene, plagioclase and ilmenite in gabbronorite. amp =
amphibole, cpx = clinopyroxene, il = Ilmenite, ol = olivine, opx = orthopyroxene, phl = phlogopite, plag = plagioclase.



mosaic aggregates with sparse flame exsolutions of pent-
landite, surrounded by polycrystalline, chainlike pentlandite
aggregates and minor interstitial chalcopyrite. The assem-
blage also includes euhedral crystals of Cr-bearing magnetite
and ilmenite, notably related to the areas where the amount
of sulfide is very high. The disseminated sulfides are miner-
alogically and texturally similar to the semimassive sulfides,
although they have higher proportions of chalcopyrite and
less pentlandite. Chalcopyrite veinlets and composite veinlets
containing pyrrhotite and pentlandite cut both disseminated
and semimassive sulfides as well as the silicate fragments.
PGM are mainly associated with the sulfides, mostly within
pentlandite, pyrrhotite, and, to a lesser extent, chalcopyrite,
or close to the contacts between them. The PGM are consid-
ered to be the result of the partition of PGE in the immisci-
ble sulfide liquid and the subsequent exsolution of Pt and Pd
during the low-temperature reequilibration of the magmatic
sulfide phases (Ortega et al., 2004; Pifia et al., 2005).

The hydrothermal assemblage consists of pyrite, either re-
placing pyrrhotite and/or crosscutting the pyrrhotite-pent-
landite-chalcopyrite assemblage, and is more abundant in
areas with strong microfracturing. Textural features and
Co/Ni ratios allow the identification of three main genera-
tions of pyrite, all formed by the circulation of postmagmatic
fluids, coeval with the subsolidus recrystallization and the
overall cooling of the deposit (Ortega et al., 2004).

Petrography of the Ore-Bearing Breccia

The abundant mafic-ultramafic fragments in the ore-bear-
ing breccia have subangular to rounded shapes, sharp con-
tacts with the mineralized matrix, and a size ranging from few
to 8 cm (Fig. 4). Fragments typically do not show evidence of
interaction with the host matrix, with the exception of some
dunite fragments which have reaction rims with a higher con-
centration of hydrous phases such as chlorite, amphibole, and
serpentine at the edges of the fragments. In places, growth of
pyroxene and plagioclase laths in the gabbronorite matrix ap-
pears to have nucleated on the fragments. Individual frag-
ments are usually composed of a single rock type, although a
composite fragment of clinopyroxenite and anorthosite with
sharp contacts between them also was observed.

Fragments are fine- to medium-grained and show typical
microscopic cumulate textures. The magmatic mineralogic
association includes olivine, orthopyroxene, clinopyroxene,
plagioclase, amphibole, phlogopite, and opaque minerals (Cr-
free spinel, magnetite, ilmenite, and minor Fe-Ni-Cu sul-
fides). The modal mineralogy of the fragments reveals a wide
variety of rock types (Table 1): peridotite (dunite, harzbur-
gite, and werhlite, representing 17% of 34 studied frag-
ments), pyroxenite (orthopyroxenite and clinopyroxenite,
9%), gabbro (gabbro, hornblende gabbro, and gabbronorite,
60%), and anorthosite (14%). Gabbro is by far the main type
of fragment. The gabbro fragments commonly exhibit the
least sharp boundaries and the most rounded shapes. Petro-
graphic descriptions of the fragments are summarized in
Table 1 and illustrated in Figure 5. Fragments are commonly
depleted in Fe-Ni-Cu sulfides, although some (e.g., harzbur-
gite or gabbro) host very minor disseminations interstitial to
primary silicates or in association with secondary minerals
such as epidote or actinolite. Poikilitic textures are common,

especially in peridotite fragments (Fig. 5C, D). Fine grain
sizes and mosaic textures, characterized by mutual interfer-
ence boundaries and triple junctions, are notable in frag-
ments of dunite, orthopyroxenite, gabbro, and gabbronorite
(Fig. 5C, E). Some fragments of gabbro exhibit microscopic
grain sizes and cryptic layering in the cumulus clinopyroxene,
and gabbronorite fragments show a well-developed igneous
lamination in the cumulus plagioclase.

The gabbronorite matrix of breccias containing semimas-
sive sulfides has a primary silicate assemblage of orthopyrox-
ene (<48 modal %), plagioclase (<37 modal %), clinopyrox-
ene (<25 modal %), and serpentinized olivine (<10 modal %).
They occur as early-formed, medium-grained cumulus crys-
tals (Fig. 5A). Plagioclase crystals are irregularly altered to
sericite and show replacement by pyrite along grain bound-
aries (Ortega et al., 2004). Magmatic sulfide inclusions
(mainly pyrrhotite and chalcopyrite) in plagioclase crystals
give them a turbid appearance. Locally, sulfides also fill frac-
tures in plagioclase. Embayed orthopyroxene grains and
minor olivine crystals are locally included in clinopyroxene
oikocrysts. Hornblende and phlogopite are present as postcu-
mulus phases between cumulus silicates and sulfides.

The gabbronorite matrix of breccias containing dissemi-
nated sulfides is mostly medium-grained, meso- and orthocu-
mulates of hornblende-bearing gabbronorite with minor gab-
bro, norite, gabbrodiorite, and hornblende pyroxenite. These
rocks are mineralogically and texturally very similar to those
of the main Aguablanca intrusion, showing the same alter-
ation assemblage. The primary silicates include orthopyrox-
ene (19-56 modal %), plagioclase (<52 modal %), clinopyrox-
ene (<22 modal %), amphibole (<46 modal %), phlogopite
(<14 modal %), and minor interstitial quartz. Orthopyroxene
is cumulus, occurring as euhedral to subhedral medium-
grained crystals (Fig. 5B), whereas clinopyroxene is com-
monly larger and less abundant than the coexisting orthopy-
roxene, as in the main intrusion. Clinopyroxene forms
subhedral to anhedral cumulus grains that locally include or-
thopyroxene and, more rarely, plagioclase. Plagioclase occurs
as cumulus grains and less commonly as an intercumulus
phase between early-crystallized pyroxenes. Hornblende and
phlogopite occur interstitially to pyroxene and plagioclase, lo-
cally with poikilitic textures. Orthopyroxene in contact with
intercumulus amphibole or phlogopite exhibits embayed tex-
tures related probably to reactions between orthopyroxene
and intercumulus liquid.

In summary, the sulfide content is the essential difference
between the semimassive and disseminated ore, since the tex-
tures and mineralogy of the primary silicates are very similar
throughout.

Mineral Chemistry

Mineral compositions were determined on polished thin
sections using a JEOL Superprobe JXA-8900 M (15 Kv, 20
nA, 1-5-um-beam diam) in the “Luis Bru” Centro de Micro-
scopia Electrénica of the University Complutense of Madrid,
Spain, and a JEOL Superprobe JXA-733 (15 Kv, 15 nA, and
beam diam of 10 um) in the Institute of Electron Optics of
the University of Oulu, Finland.

Compositional ranges of the primary silicates from frag-
ments, ore-bearing matrix, and unmineralized rocks of the



TABLE 1. Petrography of the Mafic-Ultramafic Fragments in the Aguablanca Ore-Bearing Breccia

Rock type

Cumulus minerals!

Intercumulus minerals

Textural characteristics

Dunite

Hornblende-rich
werhlite

Hornblende-rich
harzburgite

Orthopyroxenite

Clinopyroxenite

Gabbro (cumulus
clinopyroxene)

Gabbro (intercumulus
clinopyroxene)

Gabbronorite

Hornblende gabbro

Anorthosite

Olivine (96-90) and
Cr-free spinel (<10)

Olivine (56) and
Cr-free spinel (2)

Olivine (43),
orthopyroxene (18)
and Cr-free spinel

Orthopyroxene (>98)

Clinopyroxene (88-86)

Clinopyroxene (85-36)
and orthopyroxene (<2)

Plagioclase (35-33)

Plagioclase (64-56),
orthopyroxene (25-8),
clinopyroxene (22-7)
and ilmenite (<12)

Plagioclase (49) and
amphibole (45)

Plagioclase (84-73),
orthopyroxene (<7),
clinopyroxene (<4) and
olivine (<3)

Phlogopite (<4),

carbonates (<2),

amphibole, plagioclase,
orthopyroxene, clinopyroxene

and sulfides (tr)

Clinopyroxene (24),
plagioclase (10), amphibole (7)
and phlogopite (1)

Amphibole (25), plagioclase (8),
sulfides (5) and phlogopite (1)

Phlogopite (<2) and sulfides (tr)

Plagioclase (8—4),
phlogopite (8-3)
and amphibole (<3)

Plagioclase (50-15),
amphibole (<16),
phlogopite (<9), sulfides (<5),

carbonates and quartz (tr)

Clinopyroxene (63.0-55.5),
amphibole (<2.5), sulfides (<7)
and phlogopite (tr)

Sulfides (<3), amphibole,
and phlogopite (tr)

Phlogopite (5) and sulfides (tr)

Amphibole (<6),
phlogopite (<6) and
sulfides (<2)

Fine-grained adcumulate; olivine forms fractured, rounded to
subhedral crystals (<0.7 mm); Cr-free spinel occurs as green,
euhedral crystals intergrown with or included in olivine; sharp
boundaries between olivine and intercumulus, locally poikilitic,

phlogopite

Medium-grained orthocumulate; olivine occurs as rounded to
subrounded grains (0.3-2 mm) enclosed by poikilitic
clinopyroxene; olivine shows sharp boundaries with intercumulus
clinopyroxene and amphibole, suggesting no replacement
reaction between them; Cr-free spinel is enclosed in
intercumulus plagioclase

Medium-grained orthocumulate, olivine occurs as rounded
crystals (0.15-1.25 mm) and orthopyroxene as subhedral grains
(1-2.5 mm), both locally included in poikilitic amphibole;
Cr-free spinel form fine-grained, anhedral crystals within
intercumulus plagioclase

Fine-grained adcumulate; orthopyroxene exhibits straight or
slightly curved grain boundaries and has an uniform size
(<0.3 mm) and 120° triple junctions

Meso- to adcumulate; clinopyroxene forms anhedral grains
(0.5-1.2 mm) linked by triple-point junctions; intercumulus
plagioclase, phlogopite, and amphibole locally enclose
clinopyroxenes

Fine-grained meso- and orthocumulate; clinopyroxene ocurs as
anheral crystals (<0.2 mm) with triple-point contacts, forming a
mosaic texture with mutual interference boundaries; plagioclase
and less frequently amphibole and phlogopite show poikilitic
texture enclosing small and rounded clinopyroxene grains
(<0.05 mm)

Mesocumulate; plagioclase consists of tabular grains (0.4 mm)
coexisting in equilibrium with postcumulus clinopyroxene;
phlogopite and amphibole form large poikilitic crystal

Fine-grained adcumulate; plagioclase, orthopyroxene and
clinopyroxene form euhedral to subhedral crystals and
commonly show triple-junctions; ilmenite, if present, occurs
as euhedral crystals intergrown with plagioclase,
orthopyroxene, and clinopyroxene

Plagioclase forms euhedral to subhedral crystals in equilibrium
with amphibole; phlogopite occurs interstitially between
plagioclase and amphibole and as inclusions in amphibole

Fine- to medium-grained adcumulate; plagioclase occurs as
subhedral crystals (0.5-1.5 mm) with mutual interference
boundaries and common triple-junctions; Cr-free spinel
forms equant grains associated with magnetite and ilmentite
and between plagioclase; orthopyroxene is commonly
cumulus; olivine occurs as small inclusions in plagioclase

I Numbers in brackets refer to modal proportions; tr = trace amount (<1%)

main Aguablanca intrusion are summarized in Table 2. Rep-
resentative analyses of olivine, clinopyroxene, orthopyroxene,
plagioclase, amphibole, and phlogopite are listed in Tables 3
and 4. The magnesium content of olivine, orthopyroxene,
clinopyroxene, amphibole, and phlogopite are expressed as
Mg no. = (Mg/Mg+Fe), calculated from cationic proportions.

Olivine

Forsterite (Fo) content (= 100 Mg no.) of olivine in the
fragments ranges between 79 and 91. The highest Fo con-

tents are observed in the peridotite fragments (90-91in horn-
blende-rich werhlite, 83-88 in dunite, and 84 in hornblende-
rich harzburgite). In anorthosite, olivine has the lowest Fo
contents (79-81). MnO contents range from 0.14 to 0.40 wt
percent, CaO never exceeds 0.11 wt percent, and NiO is al-
ways below 0.25 wt percent, with the most Mg enriched
olivines containing Ni below the detection limit of the micro-
probe. No analyses could be obtained of olivine in the gab-
bronorite matrix of the breccia because of its extensive
serpentinization.



TABLE 2. Summary of the Compositional Characteristics of the Primary Silicates in the Fragments,
Ore-Bearing Matrix, and Rocks of the Main Aguablanca Intrusion

Rock type 100 Mg# ol Mg# opx Mg# cpx %An plg Mg# amp Mg# phl
Fragments
Dunite 83-88 0.84-0.85 0.91 85 0.82-0.85 0.88-0.89
Hbl-rich werhlite 90-91 0.90-0.93 81-88 0.83-0.87
Hbl-rich harzburgite 84 0.82 90 0.76-0.79 0.85-0.87
Orthopyroxenite 0.80
Clinopyroxenite 0.83-0.85 47-55 0.80 0.74-0.75
Gabbro (Cpx cumulus) 0.77-0.81 0.72-0.89 45-99 0.68-0.81 0.73-0.76
Gabbro (Cpx intercumulus) 0.62-0.80 92-97 0.76
Gabbronorite 0.73-0.81 0.78-0.84 67-78 0.68-0.83 0.69
Hbl gabbro 38-57 0.72-0.77 0.78
Anorthosite 79-81 0.76-0.80 0.83-0.87 50-84 0.68-0.81 0.64-0.84
Ore-bearing matrix
Disseminated ore 0.74-0.83 0.78-0.89 47-77 0.70-0.86 0.69-0.84
Semimassive ore 0.77-0.85 0.78-0.88 50-89 0.73-0.79 0.72
Aguablanca intrusion
Gabbronorite 0.78-0.85 0.83-0.89 51-79 0.74-0.85 0.73-0.79
Quartz-diorite 0.62-0.67 0.73-0.77 37-45 0.75-0.78 0.60-0.63

Mg# = Mg/(Mg+Fe), An = Ca/(Ca+Na+K); both calculated from cationic proportions; Cpx = clinopyroxene, ol: olivine, opx = orthopyroxene, = cpx:
clinopyroxene, plg = plagioclase, amp = amphibole, phl = phlogopite, hbl = hornblende

Clinopyroxene

Clinopyroxene in the fragments is mostly diopside
(Wos145Enys 31Fs154), although some grains fall in the diop-
side-augite series. Intercumulus clinopyroxene in the horn-
blende-rich werhlite shows the most primitive compositions,
with Mg no. ranging from 0.90 to 0.93. In clinopyroxenite,
gabbro, and gabbronorite fragments, clinopyroxene encom-
passes a wide range of compositions (Mg no. = 0.72-0.89). In
the gabbro fragments, intercamulus clinopyroxene shows Mg
no. from 0.62 to 0.80. In anorthosite, Mg no. ranges from 0.83
to 0.87. Major and minor element contents in clinopyroxene
from the gabbro and clinopyroxenite fragments vary system-
atically with Mg no., with an overall decrease in SiOz and an
increase in Al,Os and TiOs contents with decreasing Mg no.
(Fig. 6). NasO + K20 variation is characterized by a steady de-
crease in the more Fe enriched intercumulus clinopyroxene,
likely related to the early crystallization of plagioclase in these
rocks at cumulus phase, decreasing considerably the alkali
content of the residual liquid from which clinopyroxene
formed.

Clinopyroxene in the gabbronorite matrix of semimassive
and disseminated ore-bearing breccias has an Mg no. ranging
from 0.78 to 0.89. As a whole, clinopyroxene from the gab-
bronorite matrix is more primitive than clinopyroxene in the
fragments; it commonly has higher CrOs content (up to 0.75
wt %, averaging 0.28 wt %) and lower AlsO3 (<3 wt %) and
TiOs (<0.6 wt %) contents than in the fragments (Cr203 con-
tents rarely exceed 0.2 wt %, and Al;O3 and TiOz contents are
as high as 5 to 6 wt % and up to 1 wt %, respectively: Table
3). Compositionally, clinopyroxene from gabbronorites and
quartz-diorites of the main Aguablanca intrusion is similar to
that in the gabbronorite matrix of the breccias, with Mg no.
oscillating between 0.83 to 0.89 and 0.73 to 0.77, respectively
(Table 2).

Orthopyroxene

Orthopyroxene is enstatite in all fragments with a composi-
tional range of WoioEn7 soFs1704. It is relatively poor in
AlO3 (<3 wt %) and TiOs (<0.4 wt %), and has variable CaO
(0.30-1.60 wt %) and SiOs (52—-56 wt %) contents. Cr2O3 con-
tents are commonly below 0.21 wt percent. Orthopyroxene
shows an Fe-enrichment trend in the fragments; Mg no. pro-
gressively decreases from peridotite (0.85-0.82) to orthopy-
roxenite (0.80), anorthosite (0.80-0.76), and gabbroic rocks
(0.81-0.73). Olivine and orthopyroxene compositions are well
correlated in those rocks where they coexist, suggesting that
they were in equilibrium (Féménias et al., 2003).

In the gabbronorite matrix, orthopyroxene is composition-
ally similar to that of the fragments (Mg no. = 0.85-0.74), al-
though it is slightly more enriched in Mg in the gabbronorite
associated with semimassive sulfides (Wos3En7s9Fs1ss) than
in the gabbronorite associated with disseminated sulfides
(WoisEn773Fs209). The Mg no. in orthopyroxene from gab-
bronorites and quartz-diorites of the main Aguablanca intru-
sion ranges from 0.85 to 0.78 and 0.67 to 0.62, respectively.

Plagioclase

Plagioclase compositions in the fragments vary from Angg to
Angsgs. Peridotite fragments contain unzoned, postcumulus
plagioclase with compositions from Ans; to Ango. The compo-
sition of postcumulus plagioclase in gabbro fragments varies
from labradorite to anorthite (Anso to Angg). In gabbronorite
and anorthosite fragments, cumulus plagioclase is high in An,
from Angs to Anzgin gabbronorite and from Ans; to Angs in
anorthosite. The most sodic plagioclase (Anss to Ansy) occurs
in hornblende gabbro.

Individual grains of plagioclase in the gabbronorite matrix
with semimassive sulfides are not compositionally homoge-
neous and display small anorthite-poor cores (Anso_s) with
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FIG. 6. Plots of SiOg, Al;03, TiO2 and Na;O + K20 versus Mg no. of clinopyroxene in the gabbro (with cumulus and in-
tercumulus clinopyroxene) and clinopyroxenite fragments from the ore-bearing breccia. Points represent analyses of indi-

vidual grains.

Ca-rich rims (Anry ss). Such reversely zoned plagioclases have
been interpreted as a result of supercooling or abrupt loss of
volatile from the magma (e.g., Berg, 1980; Mathison, 1987).
In the gabbronorite and gabbrodiorite matrix of the dissemi-
nated, ore-bearing breccias, plagioclase varies from Any; to
Ang; and from Ansg to Anss, respectively. Plagioclase in gab-
bronorites of the main Aguablanca intrusion ranges from Ans;
to An7g. In quartz-diorite, it is notably more evolved, from
Ans7 to Angs.

Amphibole

Amphiboles in the peridotite fragments are mostly parga-
site, pargasitic hornblende, and Mg hastingsite following the
International Mineralogical Association (I.M.A.) nomencla-
ture (Leake, 1978). In gabbro and gabbronorite, amphiboles
cover a wide compositional range from pargasite to Mg horn-
blende, edenitic hornblende, Mg hastingsite, and edenite,
whereas in hornblende gabbro, amphibole is dominantly par-
gasitic hornblende. Differentiation is marked by a decrease in
Mg no. from peridotite fragments (0.76-0.87) to gabbronorite
(0.68-0.83), gabbro (0.68-0.81), and hornblende gabbro
(0.72-0.77). High contents of TiOz occur in the more Fe-en-
riched amphiboles (>2.5 wt %) relative to those with more
primitive compositions (<1.5 wt %), typical of fractionated
rocks (e.g., Snoke et al., 1981).

Postcumulus amphibole in semimassive ore is pargasitic
hornblende and Mg hastingsite with Mg no. ranging from
0.73 to 0.79. In rocks from the disseminated ore and the main
Aguablanca intrusion, Mg hornblende, actinolitic horn-
blende, and minor pargasitic hornblende and Mg hastingsite
predominate, with Mg no. varying from 0.70 to 0.86.
Phlogopite

In fragments, the Mg no. of phlogopite varies systematically
with rock type: 0.85 to 0.89 in peridotite, 0.64 to 0.84 in
anorthosite, 0.75 in pyroxenite, and 0.69 to 0.78 in gabbro. Phl-
ogopite exhibits similar Mg no. values in both the gabbronorite
matrix of semimassive and disseminated ore-bearing breccias,
ranging from 0.69 to 0.84. In the gabbronorite and quartz-dior-

ite rocks from the main Aguablanca intrusion, Mg no. values
vary between 0.73 and 0.79, and 0.60 and 0.63, respectively.

Whole-Rock Geochemistry

Twenty-two rock samples, including mafic-ultramafic frag-
ments, the gabbronorite matrix of the mineralized breccias,
and rocks from the main Aguablanca intrusion were selected
for whole-rock analyses. Major elements were determined by
fusion-ICP and trace elements by ICP-MS at ACTLABS, On-
tario, Canada. Representative analyses are summarized in

Table 5.



TABLE 5. Representative Whole-Rock Major and Trace Element Compositions of Various Rock Types from the Aguablanca Ore Deposit

Disseminated Main Aguablanca

Location Mafic-ultramafic fragments ore-bearing matrix intrusion
Hbl

Rock type Dunite ~ Werh. Harz.  Gabbro! Gabbro? Anorth. Gnorite  gabbro  Gnorite  Gnorite Gdiorite  Gnorite  Q-diorite
Wt percent
SiOs 37.86 38.79 48.50 46.80 45.52 43.67 49.82 49.73 49.41 47.38 51.08 51.79 54.14
TiO2 0.05 0..65 0.64 0.40 0.44 0.67 0.20 1.30 0.27 0.22 0.53 0.44 0.52
AlyO3 0.72 8.70 6.80 10.89 9.88 30.06 20.35 19.02 8.27 10.46 14.25 13.34 14.17
CaO 1.51 6.14 22.80 17.26 20.73 10.16 12.19 10.11 5.98 7.21 8.93 8.23 6.94
K20 0.19 0.31 0.04 0.37 0.46 2.10 0.39 0.86 0.40 0.44 1.23 0.57 1.26
MgO 39.89 25.45 14.68 12.54 10.06 2.98 8.26 6.97 17.09 14.68 10.90 13.66 9.64
MnO 0.25 0.36 0.21 0.32 0.21 0.05 0.13 0.10 0.22 0.16 0.13 0.15 0.16
NaO 0.08 0.49 0.23 0.82 0.36 1.92 1.86 3.80 1.05 1.32 2.69 1.86 291
P05 0.05 0.02 0.01 0.01 0.04 0.03 0.01 0.52 0.04 0.02 0.11 0.05 0.07
FesO3 15.21 11.14 4.94 7.61 8.89 5.07 5.67 6.16 14.58 14.98 6.73 8.27 7.72
L.O.I. 4.13 7.47 0.60 1.66 2.00 2.10 0.43 1.63 1.50 1.88 2.89 0.81 2.29
Total 99.94 98.87 99.45 98.68 98.59 98.81 99.31 100.20 98.81 98.75 99.47 99.17 99.82
Parts per million
Cr <20 112 137 405 982 209 733 222 1,220 803 556 881 559
Ni 1290 449 68 577 313 379 666 304 3,430 6,510 255 301 199
Cu 133 281 36 1510 1930 133 714 394 >10,000 8,950 180 66 10
Pb 5 14 <5 <5 27 <5 12 <5 20 36 <5 <5 <5
Rb 8 9 <2 14 17 97 13 26 19 19 49 15 38
Ba 34 229 23 181 239 1290 145 291 131 120 312 134 345
Th 0.1 1.2 1.1 0.6 1.1 0.8 0.1 1.6 2.2 0.7 3.5 1.3 4.2
U <0.1 1 0.2 0.2 0.5 0.2 <0.1 0.6 0.6 0.2 0.6 0.4 0.9
Nb <1 <1 3 2 2 2 <1 7 2 1 5 2 5
Ta <0.1 0.1 0.7 <0.1 0.1 0.3 <0.1 0.5 0.1 <0.1 0.3 0.2 0.3
Sr 11 69 40 193 115 541 510 526 167 214 434 315 347
Y 1 7 17 19 10 2 6 37 8 8 15 10 19
VAy 8 320 178 56 61 43 14 89 28 19 73 27 72
La 1.1 4 11.7 5.8 4.6 12.7 4.6 27.9 5.7 5.2 16.8 7.3 27.1
Ce 2.5 9.5 30.4 16.3 11.8 18.3 8.9 61.7 11.3 10.6 33.5 16.2 52.9
Pr 0.28 1.27 3.75 2.49 1.52 1.72 0.99 8.04 1.32 1.2 3.83 1.89 5.45
Nd 1.2 5.9 14.5 13.1 7.3 6 4.3 36.5 5.5 5.5 15.3 8.5 21.7
Sm 0.3 1.6 3 3.9 2.1 0.9 1.2 8.8 1.3 14 3.2 2.3 4.4
Eu 0.07 0.41 0.59 0.97 0.52 0.78 0.61 1.91 0.4 0.45 0.92 0.73 1.28
Gd 0.2 1.7 3 4.2 2.1 0.6 1.3 8.9 14 14 3.2 2.2 4
Tb <0.1 0.3 0.5 0.7 0.4 <0.1 0.2 1.4 0.2 0.2 0.5 0.4 0.6
Dy 0.2 1.5 2.8 3.7 2 0.4 1.3 74 14 14 2.7 2.1 3.7
Ho <0.1 0.3 0.5 0.7 0.4 <0.1 0.3 1.4 0.3 0.3 0.5 0.4 0.8
Er 0.2 0.9 1.6 1.9 1.2 0.2 0.8 3.7 0.9 0.9 1.5 14 2.3
Tm <0.05 0.14 0.24 0.28 0.17 <0.05 0.11 0.5 0.14 0.14 0.23 0.2 0.35
Yb 0.1 0.9 1.5 1.7 1.1 0.2 0.7 2.8 0.9 0.9 14 1.2 2.2
Lu <0.04 0.15 0.24 0.26 0.15 <0.04 0.1 0.39 0.15 0.13 0.21 0.17 0.31
Hf 0.2 12.7 5.2 2.3 2.4 1.5 0.5 3.2 1 0.6 2.1 1 2.2
Cuw/Zr 16.63 0.88 0.20 26.96 31.64 3.09 51.00 443 >357.14 471.05 2.47 2.44 0.14

Werh = hornblende-rich werhlite, Harz = hornblende-rich harzburgite, Anorth = anorthosite, Gnorite = gabbronorite, Hbl gabbro = hornblende gabbro,

Gdiorite = gabbrodiorite
1 Gabbro (cpx cumulus)
2 Gabbro (cpx intercumulus)

Fragments

The fragments have bulk-rock compositions that reflect
their primary mineralogy, with an overall increase in the
SiOs, AlsOs3, TiOs, alkali, Sr, and Ba concentrations with de-
creasing MgO. Primitive mantle-normalized trace incom-
patible element profiles show significant enrichments in all
the large ion lithophile elements (LILE), Rb, Ba, Th, U, and
the LREE, relative to the high field strength elements
(HFSE) Ta, Nb, Ti, Zr, Hf, and HREE, strong positive Pb
anomalies, and some positive Sr anomalies related to the

amount of plagioclase (Fig. 7A). Gabbronorite is anom-
alously enriched in Ti owing to the presence of ilmenite.
The larger variations in K and Ba compared to most of the
elements can be attributed to mobility during alteration.
The fragments have variable REE contents, reflecting dif-
ferent abundances of intercumulus material and amphibole,
but they are uniformly enriched in LREE relative to HREE
(Fig. 7A), with (La/Lu)x ratios from 2.7 to 7.7 and much
higher (51.2) in the anorthosite. Gabbronorite and
anorthosite exhibit slightly positive Eu anomalies related to
plagioclase fractionation.
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Gabbronorite matrix of the ore-bearing breccias and
rocks from the main Aguablanca intrusion

In terms of major elements, gabbronorite in the mineral-
ized matrix and the main Aguablanca intrusion have very sim-
ilar compositions (Table 5), and quartz-diorite from the main
Aguablanca intrusion has more evolved compositions (Table
5). Primitive mantle-normalized trace incompatible element
patterns of the gabbronorite matrix in the disseminated ore-
bearing breccias and gabbrodiorite are comparable to those
of the main Aguablanca intrusion (Fig. 7B). They are charac-
terized by strong enrichments in LILE relative to HFSE, and
by strong positive Pb and lesser Sr anomalies. (La/Lu)y ratios
average 4.51, 7.45, and 9.37 for gabbronorite, gabbrodiorite,
and quartz-diorite, respectively. Trace incompatible elements
and REE abundances are significantly higher in gabbrodior-
ite and quartz-diorite in the main intrusion than in the gab-
bronorite matrix of the breccias.

Discussion

Origin of the mafic-ultramafic fragments

Several features of the breccias suggest that the fragments
were derived from previously crystallized rocks that were

brecciated and emplaced as solid (or semisolid) clasts. These
include subangular to rounded shapes with straight bound-
aries, sharp contacts with the matrix, tabular crystals of pla-
gioclase in the matrix outlining the fragments (suggesting the
flow of a crystal-charged magma adapting to the fragments),
and nucleation of matrix crystals on the surfaces of the frag-
ments, indicating heterogeneous nucleation (Chernov, 1984).
The fine grain size of the cumulus crystals in some fragments
(Fig. 5F) suggests that they represent primary crystals for
which recrystallization to a coarser grain size was inhibited.
The fine grain size of the fragments indicates that these rocks
probably were at their initial stages of crystallization as par-
tially consolidated material when they were brecciated. The
transport of the fragments upward within the matrix melt
likely took place under conditions of rapid cooling, prevent-
ing the textural coarsening (e.g., by Ostwald ripening: Park
and Hanson, 1999). The subangular shapes and the lack of
embayed or penetrated boundaries in the fragments rule out
assimilation processes by the enclosing melt. The emplace-
ment and cooling of the sulfide-rich and fragment-charged
magma were rapid enough to inhibit assimilation. Heating ef-
fects during transport of the fragments by the host magma are
apparent in the equigranular and polygonal textures in some



fragments of dunite, gabbro, or orthopyroxenite (Fig. 5C, E),
which likely resulted from subsolidus recrystallization
processes (e.g., Frey and Prinz, 1978; Scribbins et al., 1984).

Four possible sources may be considered for the fragments
at Aguablanca: (1) the mantle, (2) outcrop of pre-Aguablanca
mafic-ultramafic bodies, (3) the main Aguablanca intrusion,
or (4) a hidden differentiated (layered?) mafic-ultramafic se-
quence situated beneath the Aguablanca intrusion.

The fragments have a number of characteristics similar to
those described by Scribbins et al. (1984), for similar frag-
ments in the sublayer of the Sudbury Igneous Complex, that
rule out their origin as mantle-derived nodules. Despite sub-
solidus recrystallization processes, the fragments commonly
preserve original cumulate textures, whereas mantle nodules
typically exhibit features of plastic flow and solid-state defor-
mation with metamorphic textures. Dunite, harzburgite,
wehrlite, pyroxenite, and plagioclase-bearing rocks are typical
of differentiated complexes, whereas mantle nodules are
mainly lherzolite and eclogite. In mantle nodules, the domi-
nant oxide mineral is commonly chrome spinel, not a Cr-free
spinel as in the fragments. Finally, the extensive presence of
abundant plagioclase, implying a depth of 25 to 30 km or less
for final equilibration (Green and Hibberson, 1970), is in-
dicative of a crustal origin.

An association of the fragments with outcrop of pre-
Aguablanca intrusive bodies can also be excluded, as the
nearby calc-alkaline Santa Olalla (Casquet, 1980) and alkaline
Garrote and Castillo granitic bodies (Eguiluz et al., 1999)
have petrological and geochemical features that are very dif-
ferent from the fragments.

The main unmineralized Aguablanca intrusion also cannot
be considered the source of the fragments, as some rock types
of the fragments (i.e., pyroxenites, anorthosites, and peri-
dotites) do not occur elsewhere in the intrusion. The gab-
bronorite from the main Aguablanca intrusion is also textu-
rally different from the gabbronoritic fragments, the latter
being much finer, with different mineral habits (Fig. 5F) and
more abundant ilmenite than in the main Aguablanca intru-
sion. However, the intimate relationship between the frag-
ments and the gabbronorite matrix in the ore breccia, and the
petrological and geochemical similarities between the matrix
of the fragments and the rocks of the main Aguablanca intru-
sion suggest a genetic link. The trace element normalized-
patterns of the fragments show some similarities to those of
the gabbronorite matrix of the breccia and to the rocks of the
Aguablanca intrusion (Fig. 7), including an overall enrich-
ment in LILE and LREE relative to HFSE and HREE, and
pronounced positive Pb and negative Nb and Ta anomalies.
This suggests that the different parent melts were likely co-
genetic and derived from the same magmatic source.

A mafic-ultramafic differentiated complex seems the most
plausible source of the fragments, as previously suggested by
Tornos et al. (2001), in which the fragments and source rocks
represent different stages of cumulate formation. Several fea-
tures of the fragments support this interpretation: (1) they ex-
hibit cumulate textures, with commonly poikilitic minerals
(Fig. 5C, D); (2) they include a wide variety of rock types,
from ultramafic (dunite, harzburgite, werhlite, and pyroxen-
ite) to mafic (gabbronorite, gabbro, hornblende gabbro, and
anorthosite), possibly reflecting fractional crystallization in

the source; (3) composite fragments consist of clinopyroxen-
ite-anorthosite, with well-marked boundaries, possibly pre-
serving contact relationships between preexisting layers in the
source complex; (4) the grain size and cryptic layering of the
gabbro fragments is typical of magmas that have undergone
differentiation (Fig. 6); and (5) Fe enrichment trends in the
magmatic ferromagnesian minerals (Fig. 8) likely represent
progressive differentiation of the melts.

Relationship between the matrix of the ore-bearing breccias
and the main Aguablanca intrusion

There are a number of important similarities between the
rocks of the main Aguablanca intrusion and the gabbronorite
matrix of the ore breccias. In both gabbronorites, pyroxene
crystallized as a cumulus phase, amphibole and phlogopite
crystallized as intercumulus phases, and plagioclase occurs in
a wide range of modal abundances both as a camulus and in-
tercumulus phase (Figs. 2A, 5B). The geochemistry of the
bulk rock and the compositions of the primary silicate phases
are also similar (Tables 2, 5). Concentrations and primitive
mantle-normalized patterns of the trace incompatible ele-
ments are identical (Fig. 7B). Gabbronorite, gabbrodiorite,
and quartz-diorite from the matrix of the ore breccias and in
the main Aguablanca intrusion show well-defined differentia-
tion trends as indicated by the progressive increase in the
trace incompatible element abundances from gabbronorite to
gabbrodiorite and quartz-diorite (Fig. 7B) and the more
evolved mineral compositions in the quartz-diorite in com-
parison to the gabbronorite (Table 2). The main Aguablanca
intrusion contains minor mafic-ultramafic fragments that are
similar to those of the ore-bearing breccia. These features
suggest that the rocks of the main Aguablanca intrusion and
the matrix of the ore-bearing breccias belong to the same
magmatic suite, with the main Aguablanca intrusion repre-
senting a sulfide-free equivalent of the fragment- and ore-
bearing rocks. In this model, the barren gabbrodiorites of the
Aguablanca intrusion would represent early injections of
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F1c. 8. Compositional variation in the magmatic silicate minerals from the
fragments. See Figures 6 and 7 for symbols. The average compositions of the
relevant minerals are shown for each rock type. Tie lines indicate coexisting
phases.



differentiated melts from the top of the magma chamber,
whereas the ore breccia would represent the latest injection
which contained sulfide melt, the fragments, and the remain-
ing differentiated, gabbronoritic melt.

Segregation of the sulfide liquid

The mineralogic and textural characteristics of the sulfides
indicate that the mineralization is the result of the magmatic
crystallization and subsolidus reequilibration of a sulfide melt
segregated from a mafic-ultramafic magma (Ortega et al.,
2004; Pifia et al., 2005). Geochemical data suggest that sulfide
liquid unmixed from the silicate melt before the fractionation
of some peridotite cumulates in the differentiated complex.
Mg-rich olivine in the werhlite and dunite fragments has very
low Ni contents (below 0.07 wt %), pointing to a Ni-depleted
parental melt (Duke and Naldrett, 1978; Campbell and Nal-
drett, 1979; Thompson and Naldrett, 1984). Cu/Y ratios are
positively correlated with the Cw/Zr ratios (Fig. 9) and some
peridotite fragments (hornblende-rich werhlite and horn-
blende-rich harzburgite) have Cuw/Zr ratios below 1. Lightfoot
et al. (1994), Li et al. (2000), Kerr et al. (2001), and Song et
al. (2003) have shown that Cu/Zr ratios below 1 are indicative
of depletion in Cu by the segregation of sulfide liquid. The
trace element data, therefore, support the interpretation of
sulfide segregation before and/or during the fractionation of
peridotite cumulates in the differentiated complex.

The presence of disseminations of sulfides in some frag-
ments (e.g., hornblende-rich harzburgite contains 5 modal %
sulfide) indicates trapping of sulfide liquid during silicate
crystallization, although the possibility that these sulfides
could also represent some infiltration from the sulfide-rich
matrix cannot be ruled out. The abundance of the sulfides
within the matrix of the breccia and the very low sulfide con-
tent of the fragments indicate that the sulfide liquid was effi-
ciently removed from the cumulate pile. The sulfide melt
likely concentrated toward the floor of the magmatic cham-
ber, leaving the uppermost differentiated silicate melt almost
completely free of sulfide melt. Upward injection of a batch
of silicate magma containing unsettled sulfide liquid also is in-
dicated by the presence of sulfide droplets interstitial to the
silicates in the disseminated ore (i.e., fig. 6A of Ortega et al.,
2004).

The sulfur isotope composition of Aguablanca sulfides is
close to 7.4 per mil (Casquet et al., 1999), indicating crustal
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F1G. 9. Plot of Cw/Y versus Cu/Zr for the mafic-ultramafic fragments. See
Figures 6 and 7 for symbols.

contamination. Casquet et al. (2001) and Tornos et al. (2001)
argued that sulfur saturation of the parental melt was attained
as a consequence of the local assimilation of upper Precam-
brian pyrite-bearing black slates (Serie Negra) which can con-
tain up to 3,000 ppm of sulfur (R. Pifia, unpub data). The lead
isotope signature of the ore (206Pb/20Ph = 18.27-18.43;
207Ph/204Ph = 15.61-15.65) is also similar to that of the
metasedimentary country rocks (Tornos and Chiaradia,
2004). The systematic enrichment of the fragments in Pb,
LILE, and LREE relative to HFSE and HREE (Fig. 7TA) is
also evidence of crustal contamination (e.g., Zhou et al.,
2004).

Genesis and geodynamic context of
the Aguablanca ore deposit

Unlike most of the plutonic Ni-Cu sulfide deposits, which
occur at the base or related to specific levels of mafic igneous
intrusions, Aguablanca is a subvertical magmatic breccia. This
form requires a much more energetic setting than that of the
Ni-Cu deposits in layered mafic complexes and indicates that
rupture of the inferred ultramafic complex beneath
Aguablanca was the key process in the emplacement of the
deposit. The sulfide protore was likely generated in an envi-
ronment similar to that of most plutonic Ni-Cu deposits, but
multiple magma injections likely occurred in an open system,
as indicated by the decoupling between mineral chemistry
and modal compositions of the fragments (e.g., dunite having
more differentiated olivine compositions, Foss g3, than those
of werhlite, Fogi_g0). As already noted by Tornos et al. (2001),
the brecciation of the cumulate sequence took place at tem-
peratures well above the mss solidus (approx 950°C) but
below that of olivine and pyroxene. This would give rise to a
system where the sulfide liquid enveloped partially or totally
consolidated cumulates. With the drop in temperature be-
cause of the emplacement at shallower crustal levels, the sul-
fide liquid crystallized.

Several mechanisms have been proposed to explain the rup-
ture of the inferred mafic-ultramafic complex at depth, such as
the opening of a zone of weakness within the differentiating
magma chamber, tectonic squeezing or seismic plumping
(Tornos et al., 2001), or the development of dilational struc-
tures related to major faults (Casquet et al., 2001). The min-
eralogy and mineral chemistry of silicates in the gabbronorite
matrix of the ore-bearing breccia indicate that they crystallized
from less fractionated melts than many fragments. In particu-
lar, the gabbronorite matrix has more primitive modal compo-
sitions than some fragments (e.g., gabbro, hornblende gab-
bro). Clinopyroxene from the matrix has higher Cr contents
than clinopyroxene in the fragments (many with <0.05 wt %
and below detection limit of microprobe; Table 3), suggesting
that the magma forming these rocks was more primitive than
that of the fragments (cf. Barnes and Hoatson, 1994). Al-
though there is no evidence for a volatile-rich magma in the
system, the brecciation of the cumulates and the upward dis-
placement of the sulfide liquids and the fragments might have
been caused by the injection of a pulse of more fractionated
magma into the magma chamber. This new magma picked up
the early segregated sulfide melt and disrupted the overlying
cumulates, rapidly transporting them to their current position
as fragments and concentrating the sulfides in the form of a



subvertical breccia. The high density of the sulfide-charged
batch of magma helped to entrain fragments more easily;
hence, the close spatial relationship of the fragments to the
sulfides. The barren Aguablanca intrusion and the dissemi-
nated ore could be products of earlier injections from the
main differentiating complex.

The Aguablanca ore deposit is temporally related to the de-
velopment of an Andean-type continental magmatic arc asso-
ciated with the subduction of the South Portuguese zone be-
neath the Ossa-Morena zone during the Hercynian orogeny
(Eguiluz et al., 2000). The rocks of the main Aguablanca in-
trusion display the characteristic features of subduction zone
magmas enriched by subduction-related components (Fig.
7A, B): strong enrichment in LILE and Pb, slight enrichment
in LREE with respect to HREE, and depletion of Nb and Ta
(Perfit et al., 1980). The geodynamic context of the
Aguablanca ore deposit, therefore, contrasts with most other
Ni-Cu deposits that are closely related to rift settings (Lesher,
1997) and only rarely occur in compressive orogenic environ-
ments (e.g., the Moxie pluton: Thompson and Naldrett, 1984;
the Caledonian intrusions of northeast Scotland: Fletcher,
1987; the Rana intrusion: Boyd and Mathisen, 1979). Recent
geophysical studies of the southwest Iberian Peninsula (seis-
mic reflection profile, IBERSEIS: Simancas et al., 2003) have
revealed the presence of a thick, sill-like structure repre-
sented by a long high-amplitude reflective band in a mid-
crustal decollement. This band has been interpreted as a
huge, structurally layered mafic-ultramafic complex related to
a mantle plume, which was active during the period 355 to
335 Ma, and emplaced during a short extensional stage dur-
ing the development of the Hercynian magmatic arc. This
mantle-derived mafic-ultramafic magmatism developed be-
neath the Ossa-Morena zone and may have been the source
of the parental magmas of Aguablanca. If true, the whole of
southwest Iberia could be a region with a high potential for
other similar Ni-Cu-(PGE) deposits.
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