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A new style of Ni-Cu mineralization related to magmatic breccia pipes
in a transpressional magmatic arc, Aguablanca, Spain

Abstract The Aguablanca deposit represents a new style of
magmatic Ni Cu mineralization in discordant sulfide rich pyro
xenic breccia pipes. The orebody is hosted by Variscan calc
alkaline diorites and gabbros which intruded during an oblique
subduction/collision event. Transpressional transtensional
left lateral structures facilitated the intrusion of primitive magmas
to shallow depths in the crust. A two stage genetic model is
proposed. In the first stage, a transitional deep magma chamber
formed. The primitive magma interacted at depth with wall rocks,
resulting in extensive crustal contamination, concomitant sulfide
magma immiscibility and settling of orthopyroxene , clinopyrox
ene and sulfide rich cumulates to form a layered magmatic
complex. Geochemical and mineralogical evidence, including the
virtual disappearance of olivine, heavy 'S wvalues (7.4%,),
distinctive Nd, Sr and Pb signatures, high Au contents, and the
presence of spinel and graphite indicate a major interaction with
the upper crust, probably with pyrite rich carbonaceous slates of
Late Proterozoic age. The second stage was related with the
emplacement of residual calc alkaline gabbroic to norisc melts
and the development of an intrusive breccia containing fragments
of the consolidated layered complex rocks and associated
disseminated to massive sulfides.

Introduction

Magmatic Ni Cu deposits form a distinct style of mineralization
which share several common features (Naldrett 1999): (1) location
either at the base of stratiform magmatic complexes, sills or flows
(e.g., Noril’sk) or as irregular bodies within the underlying feeder
zones (e.g., Jinchuan, Voisey’s Bay), (2) an association with olivine
rich rocks (usually dunites and troctolites), and (3) a spatial rela
tionship to large transcrustal faults in intraplate rifted areas. Host
magmas are Mg rich and usually of basaltic, picritic or komauitic
composition (e.g., Naldrett 1981, 1999). Extensive crustal contam
ination seems to be a major requirement in the formation of this
style of mineralization (Lightfoot et al. 1998; Ripley et al. 1999).

In this paper we describe an unusual case of magmatic Ni Cu
mineralization at Aguablanca (SW Spain), in which synplutonic
faults may have played a major role in the formason of the orebody.
The style of N1 Cu mineralization here differs from previously de
scribed deposits and does not conform to current classifications
(e.g., Naldrett 1981, 1999). The Aguablanca deposit is currently
under economic evaluation. It was discovered after a regional geo
chemical stream sediment survey which identified significant Cu
anomalies which were related to a poorly exposed gossan with minor
old workings. After systematic diamond drilling up to 760 m depth,
provisional geological resources are about 31 Mt @ 0.46% Cu and
0.62% Ni with Co, Au and PGE credits. @rtega et al. (1999) report
grades of up to 0.15 ppm Au, 0.02% Co and up to 0.6 ppm Pt +Pd
in specific zones of the orebody. Aguablanca is the only significant
example of Ni Cu mineralization in SW Europe.

Regional geologic setting

The Aguablanca deposit is located in the southeastern part of the
@ssa Morena Zone, one of several tectonic domains of the Iberian
Massif (Quesada et al. 1991; Fig. 1). The @ssa Morena Zone was
accreted to the autochthonous Iberian Terrane during Cadomian
times (620 480 Ma). During the later Variscan orogeny (390

300 Ma; Eguiluz ct al. 2000), the @ssa Morena Zone acted as the
overriding plate during the oblique northward subduction and
collision of the exotic South Portuguese Zone with the Iberian
Massif. A key feature of the @ssa Morena Zone is the existence of
major WNW ESE strike slip faults which have been active
throughout its evolution since Late Proterozoic wmes. The oblique
nature of the Variscan deformation explains many of the structural
and sedimentary features, including the transection of folds by the
associated cleavage (Apalategui et al. 1990), the intrusion of in

termediate to acid epizonal plutons along oblique extensional
structures (Castro 1985), and the formation of synorogenic trans
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tensional basms (Gabalden et al. 1985). Transpressien was alse a
key feature inthe fermaten of the majer ere depesits ofSW Iberia,
including the werld class massve sulfide depesits of the Iberian
Pyrite Belt as well as the Fe (Cu) skams, Sn and Hg replacive
minerakizawen, and geld and Zn Pb veins in the @ssa Merena Zene
(e.g-, Lacutura etal. 1994).

The Santa de Olalla Plutonic Complex

The Santa de @lalla Plutenic Cemplex (S@F Cemplex) cemprises
the Santa @lalla Main Pluten and the smaller Aguablanca Steck
(Casquet 198¢; Fig. 1). The S@P Cemplex is lecated nerth of the
Vaiiscan crustal suture which separates the @ssa Merena frem the
Seuth Pertuguese Zenes (Seuth Iberian Shear Zene and its pre
lengatien in the Zufre Fault). Its nerthern beundary 1s clese te a
narrew and high angle stnke skp fault, the @herneca Fault. The
rocks of the S@P Cemplex mtruded carbenate and cak silicate
recks, metavelcanics and slates of Late Preterszeic te Early
Cambrian age which uncenfermably sverlie a several kilemeter
thick sequence of Late Preterezeic, altematng, pyrite bearing
black slates and quarteites with miner amphibelites (Serie Negra;
Quesada et al. 1987; Egurluz et al. 2689). The inwrusien 1s eprzenal
and generated an aureele of high grade centact metameiphism,

achieving lecal migmatieaten (T, .—78¢ 75¢ °C; P, —#5
1 kbar; Casquet 1984), superimpesed en regienal Vaiscan meta
merphism of lewer greensalust facies.

The Santa @lalla Mam Pluten shews nermal zemng frem
granedierites and menzegranites i the cere te tenalites and
quartzdierites at the r'm. Magmatic feliatien, where present, is
usually subher:zental. The Aguablanca Steck represents an mtru
genwithmeremaficmmeral cempaesitien. It is fermed deminantly
of medium te cearse grained amphibele bistite (quartz) dierites
with steep magmauc feliatiens (Dieritic Unit). At its nerthem
odge, between the dierites and the hest recks, there is a 14 te 4849
m thick sheet of cearse gramed pyrexenttic gabbres (~65%),
gabbrenerites (~38%) and nerites (~5%; Gabbreic Unit). Skarns
are abundant in the carbenate country recks (Casquet 1988). @uly
waces of sulfides have been reperted m these skams.

The Santa de @lalla Pluteric Cemplex is ene of several zened
syneregenc Variscan intrusiens which eccur in the central area of
the @ssa Merena Zene, ferming a NW SE trend (Quesada et al.
1987; Sinchez Carreters et al. 19%8). The entre suite censists of I
type magnette beaiing plutenic recks demmated by bietite am
phibele dierites but ranging in cempestien frem gabbres te
granites. Magmatic cunmulates are commen in the internal zenes of
seme inwusgens, usually as slivine rich gabbres te dunites (Pens
1982; Garaa Casquers 1995). Geschemically, the suite is defined
by a high K-@ calc alkaline trend (Casquet 1984, Pens 1982;
Sarchez Carreters et al. 199¢). The geschemiswy of the S@OP
Cemplex and the mfluence of crustal centammat:en has been re
viewsd elsewhere (Casquetet al. 1998; Ternes et al. 1999). Rb/Sr
datng of the Santa @lalla Plutenic Cemplex gave an errerchrene
of 359+ 18 Ma with a high MSWD (17.1), prebably caused by the
widespread hydrethermal alteratien and cencemitant alteratien of
eriginal Rb/Sr values. The mere kkely age of intrusien is prebably
smilar te that ef the eqnivalent and nearby Burguilles Pluten
(338 £ 1.5 Ma; U Pb in allanite; Casquet et al. 1998).
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Fig, 2 Geslogical map ef the Aguablanca orebody

The orebody

In the NE part ef the Aguablanca Stock, there is & subvertical
breccia body with a pipe lile= morphology (Fig. 2) which has been
traced dewn to a depih of ¢. 700 m_ The brecdia is complex, chaotic
and highly heteralithic. It contams varmbly dzed (several mm to
4 m across), allpsoidal Fagments of fine grained orthopyroxenies,
websterites, clinopyroxerdtes and some medmum grained pabbros
and gabbronorites, all shawing cumulate textures. Olivine bearing
rocks are very scarce. The main minerals are orthepyrexene
(Etvsgs), clinepyrexene (dispside salite te augits) and plagieclase.

The orthopyrexenites centain seme inclusions of olivine (Fege_se)

rich cumulates. Mg rich phlegepite and clinoamplitbele eccur as
intercumulus phases. All these minerals, including olivine, have Jew
Ni contents (< 588 ppm Ni). A cemmen accessory phase is xene

Jithic Cr and Ni peer Fe spinel, which occurs s clusters within
plagioclase. The brecca alse includes some fragments of skam,
hornfels and marble.

On the bads eof the cempesitien of the matrix, twe different
types of breccras can be distinguished, the Ore Breccia and Barren
Breccia. The ®re Breccia has the fragments enclosed in an unde
formed sulftde rich mamix Enclosed in this treccia there are w
regular, meter smed lipsoada) massve sulide bodies which
centain onaly some Pmoadic Fagments of silicate rocks. Massive
sulfides in the Ore Breoccia hast abundant, randomly orientsd
crystals {1 3 mm in size) of brenate {BEnyq-gy) and diopside augite,
which coalesce te form aggregates of cearse grained pyrexenites
with intercumulus sulfides. The centact between the sulfides and the
fragments is always sharp, the fragments showing neither intersti
tial sulfides ner reactien rims (Fig. 3).

The matrix of Bairen Breccia is cemposed of coarse grained
rocks @imilar te these of the Gabbreic Unit and containing enly
digseminated sulfides (1 5 vel%). The contact between the twe
breccias is sharp and the Bairen Breccia grades outwards ever a
short distance inte the massive Gabbroic Unit which centains enly
minor ultramafic fragments and disseninated sulfides. The dis
seminated sulMfides in the Barrere Breccia and the Gabbroic Unit

ferm a hale of weak mineralizat'en which extends for ~100 m
away frem the Ore Breccia. Maximum Cu+ Ni grades (2.4% Cu
5.4% Ni) are found in the cere of the breccia pipe, but no sys
tematic Jateral nor vertical variaten in the CufN1ra&o (average
Ni}(Ni+ Cu) - ¢.6) has been feund within the srebody.

Sulfides consist of early pyrrhotte mtergrown with pentlandite
and later Quadcopynie with mimor cubamste and magnetite. There is
a supamnposd paragencss with coare gramed peatdandile,
chalapyiite and pyrrhotite along with some cobatkte and graphite,
n 3 SqUence smilar
and Naldrett (1997).

All the recks of the Aguablanca Steck underwent snbselidus
hydrethermal alteration. In general, the mafic recks are more al
tersd than the ultramafic recks. Mafic minerals are replaced by
clinsamphibeles of variable cempesifien (actinelite, Mg horn
blende and edenite pargasite), bistite phlegepite and lesaer clino
zeisite. Plagieclase is replaced by sericite. A secend stage of
hydrethermal alteration is characterized by the presence of talc,
clineclere ripidolite, calcite, dlite and clay minerals. Peridotitic
enclaves are replaced by serpentine, vermiculite and magtetite. K
Ar dating suggests that hydrethermal aNerat'sn took place between
325 and 307 Ma (Casquet et al. 1938}, well after the end of the
enagnakc ackivity.

The sulfides reciysalizd dmmg hydrothermal akeration,
g veins and masses which replace the smrommdmg recks. The
secondary sulfides are pyrdiotite, chalypyvite, pentlandite and
pyrite with mackinawite and bravorte, with mawer Ag Bi Pd tellu
tides and wther complex minerals of the plat'num greup {(see Lunar
et al. 1997; @rtega ot al. 1999).

A remarkable feature of the mineralized area is the censpicuous
subvertical NE SW (N40 55°E) erientatien of Jayerng in the
gabbres and ef the fragments within the breccia, subparallel to
seme of the faults of the area (Fig. 2). The zenes of major hy
drethermal altaration seem alse te be centrelled by these faults.

Geometry of the intrusions and structural control

Becane the Santa Olalla Putnnsc Complex is &amcated in the
somiteast by the important regiona) Zufre Fault, its eriginal
evcra)l geermetry remains unknown. Igneeus feliatiens in the
Santa @lalla Main Pluton dip gently inwards (usually between {
and 2¢°). The resulting concentiic pattern infeired. fram foliation
wajecteries suggests a funncl shaped geemetry, with a feedar zone
te the semthwest of the expesed part of the intrusion. The
presence of many flat lying reef pendants visible in the area, and
the herizental attitude of mest ef the upper centact along the
odge of the pluton indicate that the tep of the pluten was almest
herizental. However, the swucture of the Aguablanca Stock is
different. Faint layering vigble in the gabbres is very steep. The
atWtude of the contact tums frem almest subvertical into gently
sutward along the northwest expesure of the pluton. Thus, &
bell jar geometry with 2 subvertical fesdimg dyke scems mese
plansible, alkhough the restricted nmeber of owtovops makes it
dificult to oMtain a precisc @mage of the mtmsocn. Geodhemnical
aminmty between the rocks of the Agnahlanca Stock and those
of the Santa Ojalla Main Pluton suggpsis that the corresponding
magmas were derived from a common magma chamber at depth
(Casquet et al. 1998).

The intrusive rocks of the area seem te have a major structural
centrel. Beth the Aguablanca Steck and the magmatic breccia have
a shape and orientation censstent with their fermation along
subvertical extengional zones asseciated with Jefi lateral sheaning
(Fig. 1). @ther Jocal skructural indicaters, such as (1) the rotated
cleavage areund the pluten, and (2) the presence of antithetic
(dextral) NW SE strdke slip faults with a beskshelf geomey in the
eastern part of the pluton cenfirm such a mede]. Beth pull apart
structures and releasing bands related with the curvature of the
@hemeca Fault appear to have allewed the magmas to intrude at
shallow austal fevels.



Fig. 3a d Textures efthe mineralged samples. a Semi massve ere
in the sre breccia mcluding fragments of fine grained pyrexendtes
and large 1selated crystals of pyrexenes with equivalent cempes
ten. b Intercumulus sulfides supperting large iselated and
uneriented crystals of erthe and chnepyrexene. The pyrexenes
centain mclusens of bistite phlegepite and a r'm of clineamphi
beles due te Jate retregrade alterawen. Field of view: 2.5 mm. ¢
Gabbrenerite of the Gabbreic Unit hesting disseminated miner
alizat'en. d Breccia @re, including fragments of fine grained and
barren pyrexendtes supperted by massive sulfides

Regignal stndies have shewn that the @ssa Mearena Zene ex
perienced an impertant episedic left lateral displacement dwring
the Variscan @regeny. Mast of the displacement tesk place aleng
the old Cademian suture (Badajez Cerdeba Shear Zene) but
Quesada et al. (1987) and Reberta et al. (1991) have shewn that
signfficant displacement sccurred aleng ether WNW ESE swuc
tures. In this centext, the @heineca Fault prebably acted as a
secend erder, deep left lateral shear zene, faveiing the fermatien
of extensienal structures and cencemitant inwusien ef ignseus
recks.

Genesis of the mineralized breccia

The asseciatien of the mineralizat en with zened pipe kke discer

dant breccia bedies makes the Aguablanca erebedy rather similar
te the Veisey’s Bay depesit (Li et al. 2489). Itceuld well represemnt a
feeder cenduit of an sverlying pluten which new has ereded away.
Hewever, the geelegic pesitien and the deminance of cumulate
pyrexene rich fragments in the breccia may indicate that the pe

siwen of the pipe is different

pesed magmatic strawferm cemplex. Layers of pyrexerute and

miner peridetite, gabbre and nerite, interbedded. with ene er mere
stratfeim bedies of massive sulfides, were the seurce of the frag
ments new seen m the breccias.

Different mechanisns can explam the rupture of the strakfeim
magmatic chamber and feimatien of the breccia pipe. Smnple
speminng of a zene of weakness related te a tensile fracture within
the chamber ceuld preduce ensugh lateral sverpressure te inject
the sulfide magma inte the spen space. Altemative, equally vakd
medels include tecteric squeeang or seismic pumping.

Maest of the recks in the stratfeim cemplex had already arys
tallized when they were inceipcrated in the breccia. Hewever, the
sulfides de net shew any evidence of subselidns defermatien,
indicatng that their emplacement was m a plasuc state, mest
prebably as large immiscible blebs in the hest gabbres. The related
cearse grarhed pyrexene crystals ceuld be mterpreted asmegacrysts
wapped at depth by the melen sulfides (Arndt, persenal cemmu
nicaven). The temperature of injectien of the breccia 1s cengstent
with that ef the intrusien of the hest Gabbreic Unit and the high
grade centact metamerphism. The censelidatien of the breccia
prebably tesk place at temperatures abeve the mss selidus (near
1,689 °C) but belew the srthe and cknepyrexene sskdus (abeut
1,248 1,489 °C).

In the Santa @lalla Plutenic Cemplex, the Sr and Nd isetepic
cempesitiens suggest an eveluken which can be medeled by a
cembinat:en ef fractien
cesses (Casquet et al. 1998). The majer geschemical difference be
tween the Aguablanca Steck and equival t Varscan imnwusensin
the @ssa M arena Zene is the high ¥Sr/**Sy; and lew '**Nd/'*Ng,
of the mafic recks in the Aguablansa Steck, which have ‘7Sr)'“8ri
and *Nd/ **Nd; values which plet between thase of the unmin
eralized Variscan plutens ef the area and the hest metasedimentary
rocks (Casquet et al. 1998; Ternesct al. 1999). These compesitiens
suggest that the magma assinilated sediments breadly equivalent
te these hestng the Aguablanca Steck (Fig. 4). Mxmng with upper
crustal recks 1s alse evident in the isetepic cempesitiens of sulfur
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Fig. 4 'Nd/'**Nd vs ¥’Sr/*°Sr ratios at 338 Ma for igneous rocks
of the Ossa Morena Zone and host Upper Proterozoic Lower
Cambrian sediments and volcanic rocks. The data from the
Aguablanca Stock and Santa Olalla Main Pluton plot between
those of uncontaminated plutons and the host rocks (modified
from Tornos et al. 1999, with data from Casquet et al. 1998)

and lead. The 6**S values of the sulfides (7.4 +£0.4%,; n=19) are
intermediate between those of juvenile sulfur and those of the
Upper Proterozoic siliciclastic sediments (7 219,; Tornos and Ve
lasco, u 4publlshcd data). The lead isotope signatures of the ore
(%5Ph/24ph = 18.27 18.43; 2YPb/2Pb=15.61 15.65) are similar
to those of the host rocks and also typical of rocks from orogenic
settings with lead derived from the host rocks (Tornos et al. 1998).
Additional evidence for upper crustal contamination includes the
high orthopyroxene/olivine ratio of the igneous rocks, the presence
of enclaves of sedimentary rocks in the Aguablanca Stock, and the
abundance of spinel in the gabbros.

The commonly accepted mechanism of formation of magmatic
Ni Cu mineralisation is the incorporation of external sulfur from
the host rocks via magmatic assimilation or metamorphic sulfur
devolatilization (Naldrett 1999; Ripley et al. 1999). Extensive in
teraction with the underlying pyritic black slates of the Serie Negra
was probably the critical mechanism promoting sulfide immisci
bility. These rocks have locally significant copper and gold contents
(Locutura et al. 1990), and their assimilation may have been re
sponsible of the relatively high gold contents of the ore (Au/
AUchondrite = 5.6) and the presence of graphite in the late magmatic
assemblages. We propose that the enrichment of silica, sulfur and
alkalis associated with the assimilation of sediments resulted in the
generation of an immiscible sulfide liquid and a silica rich, chal
cophile element depleted magma which afterwards crystallized to
form pyroxenites at the bottom of the magmatic chamber and
feeder zones. Assimilation of large quantities of slates would have
increased the iron and sulfur contents of the igneous rock, pro
ducing the observed low (chalcopyrite + pentlandite)/pyrrhotite
ratios (0.1 0.2) in the ore. Naldrett (1999) has emphasized the
importance of feeder zones for contamination. This author pointed
out that in a conduit, the relative proportion of exposed wall rock is
higher than in a magma chamber, and suggested that this leads to
enhanced partial melting and assimilation of crustal rocks. The
moderately high Cu/(Cu + Ni) ratio of the ore (0.40) indicates that
the parental magma was relatively evolved (MgO close to 7%)
when compared with other mafic rocks which host Ni Cu sulfide
deposits (Scoates and Mitchell 2000).

Local derivation of sulfur during skarn formation seems very
unlikely. The skarns are always separated from the mineralization
by barren igneous rocks. The gabbros cut across the metasomatic
zoning, suggesting that the skarns formed before the magmatic
mineralization. Furthermore, where the mafic rocks show a high
degree of interaction with the host carbonates, the resulting rocks
(endoskarns and Ca rich gabbros) are always barren (Casquet
1980; Tornos et al. 1999).

Conclusions

The Aguablanca ore deposit probably represents a type of igneous
rock hosted Ni Cumineralization not described to date, related to a
polyphase and syntectonic magmatic activity which led to the for
mation of discordant breccia pipes. Important aspects of this de
posit include the extensive crustal contamination, the strong
structural control, and the evolution in a dynamic magmatic setting.
The geotectonic position, in an active continental margin and as
sociated with potassic calc alkaline magmatic rocks, is also unusual.

The mineralization is thought to be directly related to the
Variscan transpressional tectonics in SW Iberia. In this context,
extensional zones related to large and deep strike slip faults favored
the episodic intrusion of primitive mafic mantle derived magmas
into the upper crust. The geological and structural relationships
suggest a complex two stage magmatic evolution. The first stage
involved extensive assimilation of pyritic black slates in a conduit
system connected with a mid crustal magma chamber. Crustal
contamination resulted in the segregation of immiscible sulfides
from the resulting hybrid magma. This contamination was crucial
in the genesis of the deposit, as it inhibited the formation of olivine
at the very early stages. The magma then rose and ponded in an
overlying magma chamber. Fractional crystallization generated a
stratiform magmatic complex containing mafic and ultramafic
cumulates and interbedded massive sulfides, a classical magmatic
Ni Cu deposit (Fig. 5).

A second tectonic event then injected the residual melts and
partially consolidated cumulates high into the crust. Partially
crystallized cumulates were broken up and were forcibly injected to
epizonal levels, a process probably favored by the presence of the
molten sulfides. Sulfides reached the emplacement level as the
matrix of the breccia but also as large massive blebs.

The Aguablanca deposit formed in a calc alkaline intrusion lo
cated in a transtensional structure within a Variscan magmatic arc.
Transpressional transtensional settings are now interpreted as being
of major interest and are thought to control the location of a wide
variety of mineral deposits, including mesothermal gold veins, epi
thermal gold, volcanic and shale hosted massive sulfides, and
porphyry copper districts. However, there is no previous evidence
that they were implicated in the formation of magmatic Ni Cu
mineralization. Ni Cu ores related to synorogenic plutonism are
rare and only a few examples have been described previously (e.g.,
Vakkerlien, Thompson et al. 1980; Moxie Pluton, Thompson 1984).

The geologic setting of the Aguablanca deposit indicates that
magmatic Ni Cu deposits are not solely restricted to basaltic flows,
stratiform complexes or anorthositic belts. They can also form
within the more mafic rocks in active continental margin settings,
the only major prerequisites for ore formation being the relation
ship with major crustal faults and the existence of strong crustal
contamination. If this model holds true, it can help exploration for
other unpredicted breccia pipes and underlying stratiform com
plexes in the Ossa Morena Zone or similar terranes. The conditions
which led to the formation of the Aguablanca deposit should not be
unique, and deposits of similar style may be more common than is
currently recognized.
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