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Abstract: New U-Pb zircon ages from the Santa @lalla Igneous Complex have been obtained, which improve
the lnowledge of the precise timing of Variscan magmatism in the @ssa—Morena Zone, SW Iberia. This
complex has a special relevance as it hosts the most important Ni—Cu-platinum group element (PGE)
mineralization in Europe: the Aguablanca deposit. U-Pb zircon ages have been obtained for seven samples
belonging to the Santa @lalla Igneous Complex and spatially related granites. With the exception of the Cala
granite (352 &+ 4 Ma), which represents an older intrusion, the bulk of samples yield ages that cluster around
340 + 3 Ma: the Santa @lalla tonalite (341.5 + 3 Ma), the Sultana hornblende tonalite (341 + 3 Ma), a
mingling area at the contact between the Aguablanca and Santa @lalla stocks (341 & 1.5 Ma), the Garrote
granite (339 4+ 3 Ma), the Teuler granite (338 4+ 2 Ma), and dioritic dykes from the Aguablanca stock
(338.6 + 0.8 Ma). The Bodonal-Cala porphyry, which has also been dated (530 + 3 Ma), comprises a group
of sub-volcanic rhyolitic intrusions belonging to the Bodonal—Cala volcano-sedimentary complex, which hosts
the igneous rocks. The hnowledge that emplacement of the Aguablanca deposit was related to episodic
wanstensional tectonic stages during the Variscan orogeny will be fundamental in future mineral exploration in

the @ssa—Morena Zone.

The geochronological conswaints on the magmatic events asso-
ciated with orogenic processes conwibute to a better under-
standing of the overall evolution of an orogen. Magmatism plays
a major role during the orogenic process as a way of exwacting
elements from the mantle that could be emplaced in the upper
crust at economic concenwations. The Aguablanca ore is an
unusual type of Ni Cu platinum group element (PGE) miner-
alization hosted in the Santa ®lalla [gneous Complex, located
between the provinces of Badajoz, Sevilla and Huelva in SW
Spain. The age of this deposit of magmatic sulphides has been
conwoversial. Two contrasting hypotheses have been considered:
a Cambrian @rdovician age related to a rifting tectonic stage
(@rtega et al. 2004), a possibility consistent with the fact that
many magmatic sulphide deposits elsewhere in the world occur
in rift environments (Lesher 2003; e.g. Noril'sk, Bistler &
Kunilov 1994; the Buluth Complex, Hauck et al. 1997; Pechen-
ga, Melezhik et al. 1994; Lesher & Keays 2002), or a Late
Palaecozoic age related to the oblique collision during the
Variscan orogeny (Casquet et al. 2001). This latter interpretation
linked the Aguablanca stock with the Santa @lalla stock, the age
of which has been waditionally considered to be similar to that
of a group of calc-alkaline Variscan inwusions cropping out in
the region (Castwo et al. 2082). The main objective of this study
is to establish the crystallization age of the Ni Cu PGE ore of
Aguablanca, to conswain the geodynamic context of this deposit.
The geochronological data will be fundamental to building a
theoretical genetic model for the mineral exploration of similar

deposits in the region. The ages obtained in this study have been
correlated with those for other similar inwusions previously dated
in the zone and interpreted within the current proposed evolution
of the Variscan orogen in this area.

Geological setting

The Santa @lalla Igneous Complex is located on the southern
limb of the ®@livenza Monesterio antiform (Fig. 1), a major
WNW ESE-wending Variscan swucture occupying a central
position within the @ssa Morena Zone. The @ssa Morena Zone
forms one of the SW divisions of the Iberian Massif, which
corresponds to the westernmost outcrops of the Variscan orogen
in Europe (Ribeiro et al. 1998). The ®@ssa Morena Zone has
been interpreted as a poly-orogenic terrane accreted to the
Centwal [berian Zone during the Cadomian orogeny (62@

530 Ma), the suture of which is exposed along the Badajoz

Cordoba shear zone (Quesada 1990, 1991, 1997; Eguiluz et al.
2000). A rifting event culminating in formation of a new oceanic
wact (Rheic @cean?) during Cambro-@rdovician times 1s re-
corded in the @ssa Morena Zone (Lifidn & Quesada 1996,
Exposito et al. 2003; Sanchez-Garcia et al. 2003). A passive
margin stage then followed, until the onset of the Variscan
orogeny Iin mid-Bevonian times. In this part of the orogen,
Variscan tectonics started with oblique subduction of the Rheic
®cean beneath the southern margin of the ®ssa Morena Zone,
where accretion and eventual obduction of oceanic fragments led
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Fig. 1. Map of the plutenic recks ef the Olivenza Menesterie antiferm
shewing the lecatien of Figure 2, which cerrespends te the Santa Olalla
Igneous Cemplex. Inset: seuthern divisiens of the Iberian Massif (CIZ,
Central Iberian Zene; OMZ, Ossa Merena Zene; SPZ, Seuth Pertuguese
Zene). The Variscan ages of sther plutenic cemplexes in the area are
shewn.

te the fermatien eof the Pule de Lebe accretienary prism and
Beja—Acebuches @phielite (Munha e al. 1986; Silva 1989;
Quesada 1991; Quesada e al. 1994), at the same time as a
medest arc was grewing en the hanging-wall, ®@ssa—Merena
plate (Santes et al. 1987). Censumptien ef the ecean finally led
te oblique (sinistral) cellisien with the Seuth Pertuguese Zene,
widely theught te be underlain by Avalenian basement that was
previeus amalgamated te Laurussia, which diachreneusly prepa-
gated seutheastwards frem the Late Bevenian te the late Viséan
(Ribeire et al. 1990; Quesada 1991). Subsequent eregenesis
censisted of sinistral centinental subductien ef the euter margin
of the Seuth Pertuguese Zene under the ®@ssa—Merena Zene until
its waning n Early Permian times. Threugheut the eregenic
precess, the @ssa—Merena Zene acted as the upper plate being
subjected te a transpressienal tectenic regime, as a result of
which the pre-existing Cademian suture was reactivated under
sinistral wrench cenditiens (Badajez—Cerdeba shear zene) and
new censtitutes the nerthern beundary ef the @ssa—Merena Zene
(Ribeire er al. 1998; Abales ef al. 1991; Quesada 1991; Quesada
& Wallmeyer 1994).

The magmatic evelutien of the @ssa—Merena Zene (Casquet
& Galinde 2004; Galinde & Casquet 2884) is mainly centrelled
by the geedynamic histery eutlined abeve. Apart frem highly
defermed and metamerphesed igneeus recks expesed in the
exhumed central cere eof the Badajez—Cérdeba shear zene
(reactivated Cademian suture), whese assignatien te any specific
unit er sequence is extremely centreversial but where the eldest
recks se far dated in the @ssa—Merena Zene eccur (c. 611—
5560 Ma; U-Pb discerdia, Schifer 1998; U—Pb sensitive high-
reselutien ien micreprebe (SHRIVIP), @rdéficz Casade 199%),
the main magmatism related te the Cademian eregeny cerre-
spends te a significant velume eof calc-alkaline recks, shewing a
classical arc signature (Sanchez Carretere ef al. 1998; Galinde &
Casquet 2004). Beth velcanic and plutenic recks characterize
this magmatic event, which has been dated in the range c. 587—

532 Ma (U-Pb discerdia, Schifer 1998; U—Pb, @chsner 1993;
U-Pb SHRIMP, @rdéficz Casade 1998). The Cambre-@rdevician
rifting event recerded in the @ssa—Merena Zene was accempa-
nied by a velumineus bimedal igneeus activity, new represented
by velcanic, subvelcanic and plutenic recks ef theleiitic and
alkaline affinity (Mata & Munha 199@; Sanchez Garcia et al
2083) that have previded ages in the range c. 530 Ma te c.
4768 Ma (U-Pb, @chsner 1993; K—Ar, Galinde et «/. 1998; U—
Pb SHREVP, @rdéiicz Casade 1998; Pb—Pb Keber, Salman &
Mentere 1999; Pb—Pb Keber, Mentere cr al. 2008).

The last main magmatic event recerded in the @ssa—Merena
Zene teek place during the Variscan eregeny and is alse
represented by velcanic and plutenic recks. Variscan plutenism,
which is mest relevant te this study, is characterized by
intermediate te acid calc-alkaline cempesitiens ranging frem
metalumineus tenalite and granedierite te peralumineus granite
and leucegranite, and by velumetrically miner gabbreic plutens.
The main Variscan plutenic cemplex in the @livenza—Menesterie
antiferm is the subcircular greup ef plutens fermed by Valencia
del Ventese, Bazana, Brevales (348 + 4 Ma ebtained by Pb—Pb
Keber, Mentere ¢ al. 2008), Valuenge (342 + 4 Ma ebtained by
Pb—Pb Keber, Mentere et al. 2088) and Burguilles del Cerre
(330 + ®# Ma ebtained by whele-reck Rb—Sr, Bachiller ef al.
1997, 335 Ma ebtained by Ar—Ar, Wallmeyer et al 1995;
338 + 1.5 Ma ebtained by U—Pb in the allanite mineralization of
Mina Menchi, Casquet et al. 1998).

Separated frem this greup ef plutens, 5@ lam te the SE, is the
Santa @®lalla Igneeus Cemplex, the subject of this study. It is
mainly cempesed of tenalite, with smaller quantities of granite
and gabbre, and seme ages have already been determined
(359 £ 18 Ma ebtained by Rb-Sr using all the recks ef the
cemplex, Casquet et al. 2001; 332 + 3 Ma ebtained by Pb—Pb
Keber in the Santa @lalla tenalite, Mentere er «l. 2008). Finally,
an extensienal Permian event generated a set of NW-SE-
trending diabase dykes (258 = 5 Ma ebtained by K—Ar, Galinde
et al. 1991) that can be feund in several lecatiens in the @ssa—
Merena Zene.

Geelegy of the Santa Olalla Igneens Cemplex
Igneeus recks

The Santa @lalla Ignesus Cemplex is fermed by twe main
plutens: the Santa @lalla steck and the Aguablanca steck (Fig.
2). The Santa ®lalla steck, the larger pluten, is made up ef
amphibele—bietite quartz-dierite in the nerthern area grading te
the main tenalitic facies in the centre and te a small bedy ef
menzegranite tewards the seuthern limit. This change in the
igneeus facies has been interpreted as due te a reverse cempesi-
tienal zening (Velasce 1976; Casquet 1988). Tewards the NW
there is a mafic apephysis called Sultana (Apalategui er al
199¢), cempescd eof hernblende—bietite tenalite and euartz-
dierite.

In the nerth part ef the cemplex the Aguablanca steck, a mafic
subcircular pluten, eccurs. It is cempesed of phlegepite-rich
gabbre-nerite and nerite, grading te the seuth te dierite. This
intrusien has undergene significant ende-skarn precesses aleng
the nerthern centact induced by centact with carbenate in the
Cambrian hest recks (Casquet 1986).

Three granitic intrusiens can be feund areund the Santa @lalla
Ieneous Cemplex: Garrete, Teuler and Cala. The Garrete alka-
line inwusien is a hernblende-bearing syenitic granite lecated
near the nerthern beundary ef Aguablanca steck. The Teuler
intrusien is lecated en the western side of the Santa @lalla steck;
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Fig. 2. Geelogical map ef the Santa Olalla Igneeus Cemplex, shewing the lecatien of the dated intrusive bedies.

it is a fine-grained bietite menzegranite that generates a magne-
sian skarn with a magnetite mineralization (Temnes et al. 20044).
The Cala menzegranite is a very small sutcrep lecated abeut
8 lan west of the Santa @lalla steck (Fig. 2), and hests the
magnetite mineralization of Minas de Cala (Beetsch & Remere
1973; Casquet & Velasce 1978; Velasce & Amigé 1981).

In terms eof structural geelegy the Santa @lalla Igneeus
Cemplex is lecated in a wedge limited by twe main faults: the
Zufre fault, a sinistral strike-slip fault with a N8@° strike, and the
Chemneca Fault, which trends parallel te the general Variscan
direction in this zene (N128°) and has sinistral strike-slip
kinematics (Fig. 2).

Hest recks

The Santa @lalla plutenic cemplex inwudes twe stratigraphic
units, beth affected by lew-grade regienal metamerphism. In the
NW margin the hest recks are alternating pyrite-bearing black
slate and meta-greywacke with thin intercalatiens of metavelca-
nic recks and black gquartzite (the Tentudia successien, which is
part of the Neepreterezeic Serie Negra, Eguiluz 1988). Tewards
the nerth, east and west the igneeus recks intrude the Early
Cambrian Bedenal—Cala cemplex (Eguiluz 1988), which lies
uncenfermably abeve the Tentudia succession, and it is made up
of a velcane-sedimentary sequence of rhyelite, crystalline tuffs,
fine tuffs, cinder slates and cearse-grained feldspar-phyric rhye-
lite (Bedenal—Cala perphyry). The Bedenal—Cala Cemplex alse
shews intercalatiens ef carbenate recks, mere abundant tewards

the tep, and their centacts with the igneeus recks presduce an
exe-skarn characterized by gametite, marble and cale-silicate
recks (Casquet 1988).

The hest recks are affected by a regienal metamerphism eof
low te very low grade and shew an intense superimpesed centact
metamerphism. The aureele is mere than 2Zkm wide, and
censists of albite—epidete facies in the external zene grading inte
a hypersthene hernfels facies near the ignesus bedy.

The Santa @lalla steck centains numereus reef pendants ef the
hest reck, scattered threugheut the igneeus recks. This implies
that the upper centact is subherizental and has been enly
incipiently ereded. This interpretatien has been cerreberated by
the deminant subherizental planar fabric defined by the erienta-
tien of bistite in the Santa @lalla steck (Eguiluz et «l. 1989)

Ni Cu PGE ere of Aguablanca

The Aguablanca Ni—Cu—PGE depesit (Lunar ef al. 1997; @rtega
et al. 1999, 2000, 2004, Tornes cf al. 1999; Casquet et al. 2001,
Ternes et al. 2001) is hested by the Aguablanca gabbre-nerite
and is clesely asseciated with a subvertical (dipping 76—-88°N),
fimnel-like magmatic breccia (250-308 m wide nerth—seuth and
up te 608 m leng cast—west) situated in the nerthern part of this
pluten. The breccia cemprises barren eor slightly mineralized
ultramafic—mafic cumulate fragments enveleped by hernblende-
and phlegepite-rich gabbre-nerite centaining disseminated and
semi-massive Ni—Cu—Fe magmatic sulphides. Within the brec-
cia, the mineralizatien is cencentrated mainly in subvertical



orebodies that are wuncated by N4@°-wending poswmineralization
sinistral swike-slip faults.

In detail, the breccia is dominated by a mawix of hornblende-
and phlogopite-rich gabbro-norite containing Ni Cu Fe sul-
phides that host barren or slightly mineralized mafic ultamafic
rock frapments. Within the fragments, sulphide occurrences are
reswicted to weak disseminations (often associated with hydro-
thermal amphibole) and to chalcopyrite veinlets that cross-cut
both fragments and host rocks (Pifia et al. 2006). In the ore-
bearing mawix, mineralization occurs mostly as disseminated and
semi-massive sulphide ore. In the disseminated ore, sulphides
occur as polymineralic agmregates interstitial to the silicate
framework, representing less than 28 modal %. Leopard-textured
sulphides (Evans-Lamswood et a/. 2008), reaching modal propor-
tion as high as 85% but commonly between 2@ and 7%, form
the semi-massive ore. This texture comprises black spots consist-
ing of idiomorphic silicates (mostly pyroxene, olivine and/or
plagioclase) enclosed in a yellowish groundmass of magmatic
sulphides.

The N1 Cu PGE ore has been described in detail by @rtega
et al. (2000, 2004). According to those workers, the main ore
minerals forming the magmatic sulphide assemblage are pyrrho-
tite, pentlandite and chalcopyrite. Accessory minerals include
magnetite, ilmenite, rutile, native gold and various platinwn-
sroup minerals. The latter are mainly Pt and Pd tellurides and
bismutho-tellurides, namely michenerite, merenskyite, palladian-
bismuthian-melonite and moncheite, with minor sperrylite and
Ir @®s As S-bearing-phases. This association is overprinted by
hydrothermal pyrite related to the skarn processes.

Recently Pifia et al. (2006) have performed systematic chemi-
cal and mineralogical analyses of a variety of imneous fragments
with cumulate textures that the breccia has enwained wrapped in
the mineralized sulphide liquid, to reconswuct the sequence of
the original cwnulate magmatic chamber. The compositions of
the various cumulate fragments can be linked by fractional
crystallization processes. With the present lnowledge of the ore
the following genetic hypothesis may be outlined. The semega-
tion of an immiscible sulphide melt took place during the early
stages of the evolution of the mamma coeval with the crystal-
lization of peridotite. Because of its high density, this sulphide-
rich melt settled to the base of the chamber while, above this, the
silicate fluid generated the cumulate sequence by crystal fractio-
nation processes. Finally, a new magma pulse inwuded the
chamber and mingled with the sulphide liquid, breaking into
frapments the differentiated complex generated above. Magma
overpressure at this position within the chamber, combined with
availability of coeval extensional (¥anstensional) fractures, led to
the explosive emplacement of the sulphide-cemented breccias
along the fractures into shallower environments.

U-Pb geochronology
Sample preparation and analytical methods

The analytical work was carried out in the Bepartment of Earth Sciences
of the Memorial University of Newfoundland, Canada. The method used
was similar, in general terms, to that described in detail by Bubé et al.
(1996). The heavy mineral fraction was concentrated using a Wifley
table and heavy liquids, and then a Frantz separator was used to
discriminate fractions with different
the least magnetic fractions yielded the best quality zircons, which were
selected according to criteria of morphology and clarity under a
microscope.

The zircons were abraded following the air abrasion technique of
Krogh (1982) to remove the external surface of the grains in an attempt

to minimize Pb loss. The abraded zircons were cleaned and purified using
HF and HN@;, and the ion exchange chemiswry was performed in
microcolunms following the technique described by Krogh (1973) but
reducing the volume of the colupms and the reagents in a ratio of 1/10.
Finally, the isotopic measurements were performed using a Finningan
MAT 262 thermal ionization mass spectwometer.

Uncertainties on the isotopic ratios were calculated at 20, considering
the uncertainty of the measurements by mass spectromewy, isotopic
fractionation and the proportion of initial common lead and its isotopic
composition according to Stacey & Kramers (1975). The ages were
calculated using Isoplot (Ludwig 1999) and uncertainties are reported at
the 95% confidence level.

Sample description and results

The sampling was carried out with the main objective of establishing the
crystallization age of the Aguablanca stock and therefore that of the Ni—
Cu-PGE ore; to constraint this, two samples were taken. @ne sample
(®7) belongs to the post-mineralization dioritic dykes that cut the
gabbroic rocks of the Aguablanca stock, and the other (B6) belongs to a
small outcrop of cogenetic hybrid rocks of more felsic compositions that
show mingling relationships with the Aguablanca stock. This sample
appears completely surrounded by the gabbroic facies of the Aguablanca
stock, and forming spectacular mingling contact area that has been the
subject of detailed studies (Bateman ef a/. 1992).

The remaining samples were chosen to determine the age of each main
igneous body, the Santa @lalla tonalite (1), the Garrote granite (BS),
the Teuler granite (B2), the Cala granodiorite (B3), the Bodonal-Cala
porphyry (B4) and the Sultana hornblende tonalite (BS).

B!, Santa Olalla (744.77E, 4200.68N UT)2%). A 17 kg sample was
collected from fresh rock in a quarry located on the road from Santa
®lalla de Cala to Real de la Jara at lam 1. It is a granodiorite with small
amount of alkaline feldspar belonging to the Santa @Ilalla stock that
yielded large to medium-sized clear high-quality zircons. The grains
show shapes from stubby (3:2:2) to large and fine (6:1:1). There is also a
small amount of flat, square-shaped euhedral prisms (4:4:1). A group of
the largest clear euhedral prisms was selected for abrasion, and three
analyses were performed and plotted on a concordia diagram (Fig. 3a).
Fraction Z1 gives a >*’Pb/***Pb age of 352 Ma, whereas Z2 and Z3 give
ages of 341 and 342 Ma. The best age estimate is considered to be the
weighted average of the 227Pb/2%Pb ages of these two analyses, which is
341.5 £ 3 Ma (MSWD = 0.65; probability of fit, # = 0.83).

B2, Teuler (738.92F, 4202.1IN UT)M29). This sample was collected from
the western part of the Teuler stock, a small granitic intrusion located on
the western side of the Santa @lalla stock. B2 is a fine-grained
muscovite-bearing biotite monzogranite. This 12 kg sample yielded dif-
ferent shaped zircons that were separated into three fractions: fraction Z1
comprised nine clear large to medium-sized euhedral prism fragments,
72 consisted of five large elongated prisms, and Z3 contained small clear
prisms. These abraded fractions provided two data points with inheritance
(fractions Z1 and Z3) and one concordant point (fraction Z2), from which
a 2Pu/P%U crystallization age of 338+ 2Ma (Fig. 3b) can be
interpreted (Table 1). Although this age has not been duplicated, fraction
73, despite giving a data point displaced from the concordia as a result
of inheritance, yields a similar age of 339.6 &2 Ma.

B3, Cala (733.00E, 4203.56N UT)M29). The Cala granite appears in a
very small (700 m X 300 m) elliptical outcrop located 7 lm east of the
Santa @lalla stock, and it is responsible for the magnetite mineralization
of Minas de Cala. This body is hosted by Early Cambrian sedimentary
rocks. The zircons obtained from B3 (a 15 kg sample) are of small size
and low quality. The main family of zircons seems to have inherited

rounded cores and new rims giving a bipyramidal shape, but two tymegnefic susceptibili

grains were separated for analysis: fraction Z1 composed of 11 very fine
clear euhedral elongated prism fragments (3:1:1 to 5:1:1), and fractions
72 and Z3 comprising medium-sized elongated prisms with longitudinal
fluid inclusions along their cores. The results (Fig. 3c) indicate that Z1
contains inherited cores, but Z2 and Z3 are interpreted to be free of
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Fig. 3. Concordia diagrams for the eight samples of this study. Error ellipses are plotted with 20 uncertainties. All the ages are calculated as weighted
averages using Isoplot (Ludwig 1999) and uncertainties are reported at the 95% confidence interval.

inheritance, and they provide an age of 352 +4 Ma as the weighted
average of the 2*"Pb/?*Pb ages (MSWD = 0.07, P = 0.79).

D4, Bedenal—Cala perphyry (731.00E, 4210.45N UTM29). This sample
belongs to the coarse-grained feldspar-phyric rhyolitic subvolcanic intru-
sions located in the Bodonal-Cala Complex that hosts the Santa Olalla
Igneous Complex. The Bodonal-Cala porphyry has been dated at
514+ 9 Ma (U-Pb SHRIMP on zircons, Ordofiez Casado 1998). This
sample was initially collected to compare its age with that of the
Aguablanca stock, considering the possibility of an Early Cambrian age
for Aguablanca. A 13 kg sample (D4) yielded various shapes of zircons.
Fractions Z1, Z2 and Z3 were composed of large to small clear euhedral
equant prisms that contained inherited older cores, but fractions Z4-Z10,
composed of long and thin prisms and needles, yield consistent collinear
data points and the weighted average of the 29"Pb/>**Pb ages of Z4-Z10
is 530 + 3 Ma (MSWD = 0.74, P = 0.61).

D5, Sultana (738.94E, 4205.69N UTM29). The Sultana tonalite has been
interpreted (Apalategui et a/. 1990) as a mafic apophysis of the Santa
Olalla Stock. It is a subcircular intrusion located in the NW of the
complex and is composed of biotite—hornblende tonalite and quartz
diorite that hosts Cu—Au mineralization (Tornos & Velasco 2002; Tornos
et al. 20044), the exploitation of which is now abandoned. The Sultana
body intrudes across the unconformable contact between the Neoproter-
ozoic Tentudia succession (Serie Negra) to the north and the Early

Cambrian Bodonal-Cala Complex to the south, being the only body of
the complex that shows a contact with the Tentudia succession. A 15 kg
sample of tonalite yielded a large amount of coarse-grained colourless
high-quality prisms with shapes ranging from elongated (8:1:1) to
elongated flat (7:2:1). About 90 clear euhedral grains were selected for
abrasion. Fractions Z1, Z2 and Z3, composed of large clear euhedral
prisms, yielded high U contents of 170 and 492 ppm (Table 1) and are
2-3% discordant. The weighted average of the 2*"Pb/?*Pb ages yields a
crystallization age of 341 + 3 Ma (MSWD = 0.85, P = 0.43).

D6, Aguablance mingling zene (746.62F, 4204.06N UTM?29). The Agua-
blanca stock shows a mingling zone in which the gabbronorite is mingled
with a more felsic hybrid rock. The felsic rocks appear completely
surrounded by the gabbroic rocks of the Aguablanca stock. This outcrop
is located near the contact with the Santa Olalla tonalite, which is
modified by brittle faults, in the eastern margin of the Rivera de Cala
River. The 13 kg sample yielded a bimodal size distribution of zircon
crystals that might be interpreted to be a product of the hybridization
process. Small grains are very abundant, whereas only a few large ones
were found. A selection of 22 large cloudy euhedral prisms and clear
fragments were abraded, with shapes ranging from stubby (3:2:2) to flat
stubby (4:3:2) and sharply faceted. Two analyses were carried out on
these zircons, both concordant and vyielding 341+ 1.5Ma as the
weighted average of the 2*Pb/**U ages (MSWD = 0.32, P =0.57,
Fig. 3a).



Table 1. Geechrenelegical data

Weight Cencentratien Measured Cerrected atemic rati os! Age (Ma)
(mg)
U (ppm) Pbrad Tetal 2%ppM4ph  201py24ph  épy DYy + T P Pt P ' Pl o
(ppm)  cemmen
Pb (pg)
D!, Santa @lalla
Z1 11 lig clr prm €877 86 4.8 9.9 2262 ¢.1537 6.65321 36 €.3527 22 ¢.65352 22 334 336 351
Z2 2 Irg clr evh prm ¢e14 441 24.6 12 1672 ¢.1658 6.65312 26 ¢.3563 18 12 334 335 341
Z3 Irg euh prm 0.045 42 24 5.7 1149 ¢.157 0.65356 2¢ €.3937 14 6.65331 14 336 337 342
P2, Teuler
Z19 Irg clr frags 6.663 55 35" 6.1 2195 ¢.2635 0.66674 38 4.4591 28 12 3%¢ 384 485
Z2 5 Irg eleng prm 6615 47 28 2 1225 0.2414 0.65384 28 4.3966 16 24 338 339 347
Z3 15 clr sml prm 0615 81 5. 6.3 683 ¢.275 0.65469 28 0.4096 21 14 34¢ 349 409
3, Cala
Z111 sml frags 2¢ 12 4.5 556 ¢.1726 0.65882 38 0.4459 46 ¢.65499 56 368 374 412
Z2 1 med prm, melt icl 49¢ 236 28 1679 ¢.1301 6.64733 18 6.3494 13 ¢.65354 14 298 364 352
Z3 3 med prm, melt icl 21¢ 1e.4 23 1683 ¢.1262 6.64851 26 €.3583 17 ¢.65357 18 365 31 353
D4, Bodoral Cala
Z1 3 Irg clr evh 0.027 39 3B 16 377 6.1548 0.03662 32 ¢.7658 28 18 535 542 571
Z2 1¢ sml clr evh (X 7] 38 32 13 331 .065 6.6357% 32 07192 45 34 531 55¢ 632
Z3 4 Irg prm 0612 183 16.8 22 5608 ¢.1123 6.65656 5e ¢.3002 37 2e 561 597 735
Z4 6 sml prm [ X ¥ 199 15.5 4.2 293¢ 0.6563 603114 42 4.6499 3¢ 14 563 568 533
Z5 8 clr leng prm ¢.¢16 385 256 29 923e ¢.0503 6.66581 44 4.558 27 24 435 45¢ 529
Z6 8 clr thin leng prm 612 369 244 23 8469 ¢.6555 6.66871 52 4.5497 36 ¢.658¢2 24 428 445 531
Z7 16 clr thin leng prm 0015 446 29.6 2 10618 0.6551 0.66524 46 0.554 35 ¢.05302 12 432 448 531
Z8 7 pieces needles 6014 153 115 12 8731 6.0629 0.03657 54 0.6438 35 24 See 565 528
Z9 9 pieces needles 6013 247 19.3 2:5 8991 ¢.058 663111 4¢ €.6471 27 18 563 567 535
Z1@ 8 pieces needles ¢e16 89 6.8 162 766 .0682 0.67853 15¢ 0.632 58 116 49¢ 497 533
»S, Sultana
Z1 18 lig clr evh ¢/ 17¢ 163 15 2679 .2865 6.65253 26 €.3855 18 12 33¢ 331 339
Z2 10 lig clr evh (X)) 492 30.1 33 24781 ¢.2804 6.65325 26 6.3912 18 1e 334 335 341
Z3 8 Irg clr evh (X 23 375 2249 3 15814 6.2853 0.653¢7 28 6.3964 18 16 333 335 344
D6, Aguablanca mingling zone
Z1 6 Irg evh (X ) 383 236 22 1788 .268 6.65419 38 €.3993 27 ¢.65344 14 34¢ 341 347
Z2 4 Irg cleudy evh (X ) 198 121 4.1 331¢ ¢.25¢7 0.65432 26 €.399 19 ¢.05328 12 341 341 341
B7, Aguablanca dioritic dykes
Z1 6 Irg frags 6042 5e 3.e 4.7 1551 ¢.2282 6.6538 36 €.3547 24 ¢.65321 26 338 338 338
Z2 6 Irg clr evh 0.042 9e 5% 55 2349 6.2691 €.05395 2¢ €.3955 16 16 339 338 336
Z3 3 Irg clr evh frags ¢.015 184 11.4 gl 1338 €272 6.6535 34 4.3564 22 24 338 339 343
Z41¢ smlclr evh 6015 142 8.6 4 1826 ¢.2506 ¢.654 26 €.3567 16 ¢.65328 16 339 339 341
P8 Garrote
Z13 clr euh prisms LX) 396 216 4.7 2754 ¢.1837 6.65124 18 ¢.3762 18 ¢.65324 18 322 324 339
Z2 5 clr euh prisms 687 38.¢ 8.7 5794 ¢.2044 665112 26 ¢.3754 18 ¢.65326 12 321 324 34¢
Z3 8 clr euh prisms 239 1358, 3.8 4923 ¢.1868 6.65158 38 ¢.3814 24 ¢.65322 22 327 328 338
Z4 2 Irg frags 1092 58.4 4.6 6610 6.1842 0.65024 2¢ €.3681 13 12 316 318 335
Z5 3 Irg prisms 243 13.9 25 2913 ¢.1858 6.65357 22 €.393 16 12 336 337 338
Z6 6 Irg clr frags 297 16.5 2.7 6395 6.1948 0.65159 26 63787 16 16 324 326 339

Z, zircon fiaction; clr, clear; Irg, large; sml, small; euh, evhedral; fiags, fragments; prm, prisms; melt icl, melt inclusions.
!Corrected for fractionation, spike, laboratory blank of 1-5 pg of common lead and initial common lead at the age of the sample calculated from the model of Stacey &
Kramers (1975), and 1 pg U blank. Uncertainties (20) are reported after the ratios and refer to the final digits. All fiactions were abraded (see Krogh 1982).

D7, Aguablance dieritic dyke(747.17E, 4205.44N UT)M28). The drilling
performed by Rio Narcea Gold Mines during the exploration of the Ni—
Cu-PGE mineralization of Aguablanca crossed various lithologies that
host the ore, ranging from norite and gabbronorite to diorite. The diorite,
as the more felsic facies of Aguablanca, was selected for the U-Pb
measurement, and B7 belongs to a dioritic post-mineralization dyke. A
10 kg sample from the drill-hole (AGU-37 from 121.9 to 125.0 m, Rio
Narcea drilling) was processed, and yiclded a large amount of clear
euhedral zircon prisms and fragments, which were abraded. The four
analyses (fractions Z1-Z4) are all concordant (Fig. 3g), giving
3386+ 08Ma as the weighted average of the *Pb/?%U ages
(MSWD = 0.29, » = 0.33).

B8, Garrete (746.21E, 4205.88N UT)M29). The Garrote inwusion is a
very small pluton of hornblende syenite granite located inside the contact
aureole of the Aguablanca stock. A 4 kg sample from the Garrote granite
from drill-hole AGU-51 (Rio Narcea drilling), was processed, and yielded
some euhedral clear to somewhat altered zircon prisms and fragments. In
general, two morphologies of grains were separated for abrasion:
medium-sized clear euhedral prisms with shapes grading from stubby
(3:1:1) to flat stubby (4:2:1) that yielded fractions Z1-Z3, and large
prisms and fragments (fractions Z4-76). All the measurements fit a
discordia line to ® Ma (Fig. 3h). The weighted average of the 2*7Pb/>*Pb
ages of all analyses except the most discordant (fraction Z4) gives an age
of 339 £+ 3 Ma (MSWD = 0.09, prob. of fit = 0.98).

Discussion

The geochronological results obtained in this study clearly define
a Variscan age (Tournaisian Viséan) for all the plutonic rocks
analysed, ranging, with errors at the 95% confidence interval,
from 336 to 356 Ma (Fig. 4). The data obtained from samples
of the Aguablanca Stock B6 and B7 (341 +£1.5 and
338.6 - 0.8 Ma, respectively), indicate that the N1 Cu PGE ore
has a Carboniferous age rather than being Cambro-@rdovician.
This has important implications in the genetic model for this
deposit, as it means that the mineralization developed during a
collisional tectonic regime rather than being related to rifting,
waditionally considered the most favourable geodynamic context
for the formation of Ni Cu PGE ores (Lesher 2003). The recent
Ar Ar (phlogopite) results obtained by Tornos et al. (20045)
indicate a similar age for the stock and the mineralized breccia:
an age of 338 + 3 Ma was obtained from the gabbronorite that
hosts the breccia and 335 + 2 Ma from a gabbronorite fragment
of the mineralized breccia. The two ages should be equivalent, as
the breccia inwuded at 1000 1488 °C (Tornos et al. 2001), so
the closure temperature was reached during the in situ subsolidus
cooling of the mineralized breccia and the gabbro together. These
Ar Ar results from Tornos et al. (2004b) should be compared
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Fig. 4. Comparison of newly obtained ages for the Santa Olalla Igneous
Complex with previous ages of rocks of this complex and other similar
intrusions of Variscan age in the Ossa—Morena Zone.

with the age of D6 (341 + 1.5 Ma), which belongs to felsic
hybrid rocks of the mingling zone found within the Aguablanca
gabbro. The ages obtained in this study are slightly older but the
interval of 339-341 Ma is represented in both the U-Pb and
Ar—Ar datasets.

Although the new data are all restricted to a short period
(336-356 Ma), different intrusive stages can be defined using
both the absolute U-Pb results and relative temporal cross-
cutting relationships found in the field.

The earliest intrusive body in this area is the Cala granite
(352 + 4 Ma); it is a small outcrop separated from the rest of the
rocks of the area. The skarn processes associated with this
intrusion generated the magnetite mineralization of Minas de
Cala (Doetsch & Romero 1973). The Cala granite could be
related to the same source as the Santa Olalla Igneous Complex,
but formed by a magma pulse ¢. 10 Ma earlier.

The next intrusive event generated the main rocks of the
complex. The U-Pb ages determined for this second stage are
341 £ 1.5 Ma (Aguablanca mingling zone), 341.5 &= 3 Ma (Santa
Olalla stock) and 341 =3 Ma (Sultana hornblendic tonalite).
This corresponds to the main magmatic stage that generated the
Aguablanca stock, the Santa Olalla stock and its mafic apophysis
Sultana. The Santa Olalla Igneous Complex had been interpreted
to have formed by two different intrusions, the Aguablanca stock
and the Santa Olalla stock (Casquet 1980; Casquet et al. 1998),
but the present absolute age constraints and the mingling zone
located in the south of the Aguablanca stock seems to indicate
that the two plutons correspond to different pulses of a single
intrusive event. These igneous rocks, emplaced 341 + 4/— 3 Ma
ago, were probably derived from a complex source or sources, as
was postulated by Eguiluz ez al. (1989) and Bateman et al.
(1992).

The Santa Olalla stock seems to be post-kinematic with
respect to the penetrative deformation of the host rocks but is
affected by left-lateral strike-slip faults of late Variscan age (e.g.
the Zufre fault). This indicates that the main Variscan deforma-
tion was completed in this part of the Ossa—Morena Zone before
c. 341 Ma or that this area was already exhumed to shallow
crustal depths at the time of Santa Olalla Igneous Complex
intrusion.

The Santa Olalla stock and the Teuler granite were previously
dated (Montero et al. 2000; Salman 2004) by the Pb—Pb Kober
technique (Kober 1986, 1987) and yielded ages of 332 =3 Ma
and 348 £ 4 Ma, respectively. These results are clearly in
contrast to the U-Pb ages obtained in this study (341 = 3 Ma for
the Santa Olalla stock and 338 =2 Ma for the Teuler granite).
The reason for this discrepancy is difficult to elucidate, as the
Kober technique does not give the U-Pb information needed to
plot the data on a concordia diagram; thus it is not known if
these results would have been concordant or very discordant. For
the age determinations by the Pb—Pb Kober technique (Montero
et al. 2000; Salman et al. 2004) several grains were wrapped in
one Re ribbon and heated over a series of temperature steps.
Each step yields an ‘age’ that can be calculated from the lead
measurements, but their significance is unclear. One poor quality
zircon might give off a lot of lead at lower temperature, and
contain more common lead, whereas another, high-quality zircon
might not break down and release its lead until much higher
temperature. Thus these data are difficult to interpret. We
consider that the most likely crystallization age for the Santa
Olalla stock is 341.5+3 Ma and for the Teuler granite is
338 £ 2, determined here using isotope dilution thermal ioniza-
tion mass spectrometry (ID-TIMS; see Fig. 3).

The last magmatic stage was characterized by the emplace-
ment of dioritic dykes in the Aguablanca stock and by the
intrusion of the Garrote and Teuler granites. These rocks have
yielded similar ages of 338.6 4+ 0.8, 339 £ 3 and 338 £ 2 Ma,
respectively. The age of the dioritic dykes (slightly younger than
the age attributed to the Aguablanca stock) is consistent with the
observed relationships in the field, where the dioritic dykes
always occur cutting the gabbronorite of the Aguablanca stock.
The age for D8 (Garrote granite) overlaps, within uncertainties,
the ages of samples of the main magmatic stage (DI, Santa
Olalla; D5, Sultana; D6, Aguablanca mingling). However, during
the exploration campaign for the Aguablanca ore, the drilling
exposed a contact between the Aguablanca stock and the Garrote
granite (these two bodies are separated at the surface level by
Cambrian marbles). In the contact zone aplitic dykes and veins
from the Garrote granite cut the gabbronorite of the Aguablanca
stock (Fig. 5), an observation that agrees with the younger age
obtained for D8, Garrote.

The ages obtained for the Teuler and Garrote granites permit
these intrusions to be considered part of the Santa Olalla Igneous
Complex, a fact that contradicts the hypothesis that these bodies
were related to rhyolitic—dacitic porphyries of Cambrian age
(Apalategui et al. 1990). Only the Bodonal-Cala porphyry,
forming part of the host rocks of the Santa Olalla Igneous
Complex, has yielded a Cambrian U-Pb age of 530 £ 3 Ma.
This is significantly older than the U-Pb zircon age of
514 & 9 Ma obtained by the SHRIMP technique elsewhere in the
region (Ordoniez Casado 1998). The difference may be related to
the complexity of the Bodonal-Cala Complex, which may well
be diachronous across the Ossa—Morena Zone, as dated coge-
netic plutons in other parts of the Olivenza—Monesterio antiform
range in age from c. 530 to 505 Ma (U—Pb, Ochsner 1983; K-
Ar, Galindo et al. 1990; U-Pb SHRIMP, Ordoiiez Casado 1998;
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Pb—Pb Keber, Salman & Menters 199¢; Pb—Pb Keber, Mentere
et al. 2000),

Cemparing the magmatic event that generated the Santa ®lalla
Igneous Complex (336-345Ma fer the main recks ef the
cemplex and 352 + 4 Ma fer the Cala granite) with the rest of
the Variscan plutons dated in the @ssa—Merena Zene, that s,
Brevales (340 = 4 Ma, Mentere e al. 2008), basic recks frem
the Valuengo complex (342 + 4 Ma, Menters et al. 2008) and
Burguilles del Cerro (335 Ma by Ar—Ar, Ballmeyer et al. 1995;
330 + $Ma by whole-rock Rb-Sr, Bachiller et ol 1997;
338 £ 1.5Ma by U-Pb from allanite mineralizatien of Mina
Menchr, Casquet et al. 1998), it becemes ebvieus that beth
intrusive complexes, the Santa ®!lalla Ienesus Cemplex and the
Burguillos~Brovales—Valuengo complexes, wese generated dur-
ing a main Variscan magma#ic event, lasamg from 353 to
329 Ma.

Recently, Smnancas ef al. (2003) interpreted a deep seismic
refiestion profile (IBERSEILS) that completely crosses the Ossa—
Morena Zone and the contacts with the Ceniral Iberian Zsne to
the NE and the South Portuguese Zene te the S¥. The most
interesting feature revealed by this seismic prefile is the se-called
Iberseis Reflective Bedy, a leng (>175lam) and wide (1.5 of
average thickness) layer lecated between the upper and lewer
crust, characterized by high-amplitude reflectiens. A mafic—
ultramafic layered intrusien has been prepesed te explain this
feature, in which most ef the Variscan igneeus recks ceuld have
a seurce (Simancas et «/. 2003) but, censidering the high
electrical conductivity found in the zene where the lberseis
Reflective Body is located (Peus et al. 2004), the hypethesis of a
single magmatic intrusion cannet be sustained. Pous er al. (2004)
prepesed instead that the Iberseis Reflective Bedy censists of a
cemplex sheet.like set of inwusiens separated by screens eof
highly conductive graphite-rich recks frem the Serie Negra. The
high-amplitude reflections could be explained by the alternatien
of the mafic—ultramafic igneeus recks and the hest recks ef the
Serie Negra, and the high cenductivity by the presence of
interconnected graphite in the Serie Negra. Follewing this
mterpretation, the magmatic actvity i the upper esust recorded
during Variscan times (353-329 Ma) i the Ossa—Morena Zone,
including the rocks of the Santa Olalla Igneous Complex dated
here, could be a shallow expression of the magmas stored i the
hypothetical [berseis Reflective Body mafic —ultramafic amrusive
complex that have undergone fractisnatien and stuswl centam-
inatien processes during magma ascent. The presence of a mafic
magma source during the time of emplacement of the Santa
®lalla Igneous Complex and asseciated fermatien of the Agua-

blanca Ni-Cu-PGE ore gives suppert te the ere-ferming medel
of Pifia e al. (2006), in which an ideal mafic—ultramafic magma
chamber has been interpreted, based en the geechemical relation-
ships observed between the cumulate mafic—ultramafic fragments
of the mineralized breccia. Hewever, the present depth eof this
pessible mafic—ultramafic magma chamber, which has been
pestulated as the site at which the inimiscible separation ef the
sulphide phase took place (Pifia ef «f. 2806}, cannot be
detesmined with the present conseaimts. Although it might be at
the hypothetical Iberseis Reflectve Body sheeted complex, it is
also possible that the chamber was shallower. This is strongly
suggested by the fact that all the fragmems forming the breccia
are mafic and ultramafic cumulates and there are no exwanceus
fragments from the host rocks. The pessibility that the source
chamber for the sulphides may eccur at an expleitable level is
focusing the mineral expleratien efferts in the Aguablanca area.

Cenclusiens

In this geochronological study ef the Variscan magmatism in the
@®ssa-Morena Zone we have determined seven new U—Pb ages
frem the Santa Olalla Isnesus Cemplex, including: 352 + 4 Ma
for the Cala granite; 341.5 &+ 3 Ma fer the Santa @®lalla tenalite;
341 4+ 3 Ma for the Sultana hernblende tenalite; 341+ 1.5 Ma
fer a mingling area inside of the Aguablanca steck; 338.6 +
08 Ma for dioritic dykes frem the Aguablanca steck;
339 + 3 Ma for the Garrete granite; 338 &+ 2 Ma fer the Teuler
granite.

The sequence of intrusiens in the Santa ®lalla Igneeus
Cemplex can be summarized as fellews: the first stage (352 Ma)
is represented by the Cala granite, with which the Cala magnetite
deposit is associated; the secend stage (341 Ma) involved the
emplacement of all the yain plutons of the igneous complex,
including the Santa Olalla tonalite, the Sulmna hormblende
tonalite and the Aguablanca gabbronorites; the third stage (338—
339 Ma) involved the intrusion of dioritic dykes in the Agua-
blanca stock and the Gartote and Teuler granites.

The centreversial age fer the Aguablanca mwusien and its
asseciated magmatic Ni-Cu—PGE depesit has been selved
yielding an age fer the steck emplacement of 341+ 2 Ma, with
a later intrusion of a set of disritic dykes at 338.6 + .8 Ma. The
U-Pb ages previde censtraints en the pessible stratigraphic
lecation of new petentially similar Ni-Cu—PGE depesits in the
regien, in connection with transtensienal stages during the
Variscan collision. The unigqueness of this depesit in terms of
geslogical conditiens has premeted an extensive and ambitieus
expleration programme, which has led te the identificatien ef
mere than 100 targets in the @ssa—Merena Zene with anemalies
similar to that at Aguablanca.

This work wag¢ made possible thanks te Rie Narcea Geld Mines, which
previded fresh drill-cere samples for the geechrenelegical samples B7
and B8. This research was financed by the BGESIC preject BTE 2003-
03599 (Spanish Ministry of Science and Technelegy), with additienal
sapport from an NSERC Research Grant te GR.B. S. Furey is thanked
for exceptional techmcal sppert in the U Pb laborasiory at Memorial
University.
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