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Abstract

The Santa Olalla Igneous Complex, a late-Variscan group of intrusions located in the Ossa-Morena Zone (SW Iberia), has been the focus of
a gravity and structural study. The structure outlined by the foliation map is complex, showing two different structural domains: one character-
ized by vertical, and the other by horizontal, magmatic foliations. The vertical fabrics are restricted to the NE half of the complex, which is in
direct contact with a Variscan sinistral strike-slip fault (Cherneca fault) whereas the horizontal fabrics are developed in the SW half of the com-
plex, which is characterized by a horizontal tabular geometry. Gravity modeling indicates that the deeper floor of the plutons is closely related to
the NE margin and the Cherneca fault. An emplacement and structural evolution model for this igneous complex is proposed following these
structural and gravity results: (1) magma ascent was favored by releasing bends in the trace of the Cherneca fault; (2) when magma reached the
present level it intruded to the SW with a horizontal sheet geometry generating the subhorizontal foliation domain; (3) after emplacement, the
NE half of the complex suffered the external tectonic stress field provoked by sinistral motion along the Cherneca fault, subsequently generating

the subvertical magmatic foliation domain.
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1. Introduction

Structural analysis in combination with gravity analysis on
plutons is a powerful tool in developing emplacement models
for magmas in the upper crust. Plutonic rocks usually show
preferred orientation of minerals formed during the magmatic
state (magmatic fabrics, Paterson et al., 1989, 1998; Park and
Means, 1996) or during solid-state strain (deformational fab-
rics, Paterson et al., 1989; Vernon et al., 2004). The study of
the geometry of these fabrics and their comparison with the
host rock structure can be used to interpret the emplacement
of the magma in a geodynamic context (Paterson and Fowler,
1993; Brown and Solar, 1999; Petford et al., 2000).
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E-mail address: iromeobr@geo.ucm.es (I. Romeo).

In the present contribution we report an extensive collection
of structural and gravity data obtained from the Santa Olalla
Igneous Complex (SOIC), a Variscan group of plutons located
in the Olivenza-Monesterio antiform, a major Variscan struc-
ture in the Ossa Morena Zone (SW Iberia). Although these
kinds of studies have been carried out in several plutons crop-
ping out in the Ossa-Morena Zone (Burguillos-Brovales-
Valencia del Vetoso-Salvatierra, Brun and Pons, 1981; Bazana
granite, Galadi-Enriquez et al., 2003; Castillo granite, Eguiluz
et al., 1999; Cardenchosa granite, Simancas et al., 2000), the
structure and geometry at depth of the Santa Olalla Igneous
Complex still remains unknown.

As this contribution reveals, the Santa Olalla Igneous Com-
plex features a complex and intriguing magmatic structure
characterized by two distinct structural domains: (1) a horizon-
tal tabular domain characterized by subhorizontal fabrics



parallel te the upper and lewer intrusive centacts, and (2)
a cress-cutting subvertical demain prebably related te Varis-
can tectenic transpressive strain suffered during emplacement.
The structural study ef this igneesus cemplex is alse impertant
because it can be used as a palace-strain indicater ef the late-
Variscan tectenic regime in this study area. The S@IC, mainly
fermed by tenalite (Santa @lalla steck) and a small bedy ef
gabbrenerite (Aguablanca steck, AS), has acquired a special
relevance since the recent discevery and expleitatien ef the
Ni—Cu—PGE Aguablanca erc depesit (Lunar et al, 1997,
@rtega et al., 2004; Pina et al., in press), lecated in the nerthern
centact of the Aguablanca gabbre-nerite with the hest recks.
The geechrenelegy ef the igneeus cemplex is well censwained
after the U—Pb results ebtained by Remee et al. (2006) shew-
ing that the plutenic bedies yield ages within the interval ef
340 + 3 Ma. These ages are similar te ether plutens dated in
the @livenza-Maenesterie antiferm (Dallmeyer et al., 199S;
Bachiller et al., 1997; Casquet et al., 1998; Mentere et al.,
2000), defining a main Variscan magmatic event, lasting
frem 353 te 329 Ma.

The main ebjective of this werk is te establish the erienta-
tien of the magmatic fabrics in the S@IC ebtained using beth
classical structural geelegy metheds and gravity analysis.
Cembinatien ef beth ef these sets of data suggest an emplace-
ment medel, that has been discussed censidering a geedynamic
centext characterized by a regienal late-Variscan transpres-
sienal regime (Abales et al., 1991; Abales and Cusi, 1995;
Eguiluz et al., 2000) indicated by the geechrenelegical data
(Remee et al., 2006).

2. Geological setting

The Santa @lalla Igneeus Cemplex is lecated en the seuth-
ern limb ef the @livenza- Menesterie antiferm (Fig. 1), a majer,
WNW-ESE trending Variscan structure, eccupying a central
pesitien within the @ssa-Merena Zenc (@MZ). The @MZ
ferms ene of the SW divisiens ef the Iberian Massif, which
cerrespends te the westernmest eutcreps ef the Variscan ere-
gen in Eurepe (Ribeire et al., 1990). The ®@MZ has alse been
interpreted as a pely-eregenic terrane accreted te the Central
Iberian Zene during the Cademian eregeny (620—530 Ma),
the suture of which is expesed aleng the Badajez-Ceérdeba
shear zene (Quesada, 1990, 1991, 1997; Eguiluz et al,
2000). A subsequent rifting event culminating in fermatien
of a new eceanic crust (Rheic @cean?) is recerded in the
®M?Z during Cambre-@rdevician times (Lifian and Quesada,
1990; Expesite et al., 2003; Sanchez-Garcia et al, 2003).
This was fellewed by a passive margin stage until the enset
of the Variscan eregeny in Middle Devenian times. At this
peint in time, Variscan tectenics started with eblique subduc-
tien of the Rheic @cean beneath the seuthern margin ef the
OMZ, where accretien and eventual ebductien ef eceanic
fragments gave birth te the Pule de Lebe accretienary prism
and Beja-Acebuches @phielite (Munha et al, 1986; Silva,
1989; Qucsada, 1991; Quesada et al, 1994a) and ceeval
grewth of a medest arc en the @ssa Merena plate (Santes
et al, 1987). Subductien ef the eceanic crust finally led te

eblique (sinistral) cellisien with the Seuth Pertuguese Zene,
presumably an Avalenian part ef already amalgamated Laur-
ussia, which diachreneusly prepagated seutheastwards frem
the Late Devenian te the Late Visean (Ribeire et al., 1990,
Quesada, 1991). Subsequent eregenesis censisted of sinistral
centinental subductien ef the euter margin ef the Seuth Pertu-
guese Zene under the ®@MZ until its waning in Early Permian
times. During the whele eregenic precess, the ®@MZ acted as
the upper plate subjected te a transpressienal tectenic regime,
censequently reactivating the pre-existing Cademian suture
under sinistral wrench cenditiens (Badajez-Cérdeba shear
zene) which new censtitutes the nerthern beundary ef the
O®MZ (Ribeire et al, 1990; Quesada, 1991; Abales et al,,
1991; Quesada and Dallmeyer, 1994).

The structural evelutien ef the ®@MZ during the Variscan
eregeny was mainly geverned by transpressienal tectenics
threugheut its time-span (frem the Middle Devenian te the
Early Permian). This transpressienal regime resulted in the
fermatien ef a significant basement invelved, thick-skinned,
strike-slip duplex structure, mainly after inversien ef the
pre-existing herst and graben tectenic cempartmentalizatien
acquired during the Cambrian-@rdevician rifting event
(Sanchez-Garcia et al., 2003). Internal defermatien ef each
herse is variable and includes several felding and eblique
thrust generatiens, as well as ceeval extensienal (transten-
sienal) events. In the case of the @livenza-Menesterie anti-
ferm, the basement was shertened by develeping an
antifermal stack, which tightened in several steps, whereas
the Paleezeic cever detached frem it and initially fermed a,
typically thin-skinned, SW-verging imbricate fan and large
asseciated recumbent felds (Vauchez, 1975; Quesada et al.,
1994b; Expesite, 2000). A secend felding event, alse SW-
vergent but characterized by steep axial planes, affected the
already defermed thin-skinned imbricate fan after an interven-
ing extensienal event, during which seme syn-eregenic basins
were fermed (e.g., the Terena flysch basin). Finally the everall
NW-SE trend of the eregen was rewerked by late sinistral
strike-slip faults striking NS@0—70° that generated the carte-
graphic sigmeidal shapes that characterized the tectenic struc-
ture of the ®@MZ (e.g. the Zufre fault, Fig. 2).

Variscan plutenism in the @ssa Merena Zene is character-
ized by intermediate te acid calc-alkaline cempesitiens rang-
ing 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 sub-circular greup
of plutens fermed by Valencia del Ventese, Bazana, Brevales
(340 = 4 Ma ebtained by Pb—Pb Keber en zircens, Mentere
et al, 2000; the methed is described in Keber, 1987), Val-
uenge (342 + 4 Ma ebtained by Pb—Pb Keber en zircens,
Mentere et al., 2000) and Burguilles del Cerre (330 + 9 Ma
ebtained by tetal reck Rb—Sr, Bachiller et al., 1997; 335 Ma
ebtained by Ar—Ar en amphibele, Dallmeyer et al., 1995;
338 + 1.5 Ma ebtained by U—Pb en allanite, Casquet et al.,
1998). Spatially separated frem this greup ef plutens, 50 km
te the SE, is the Santa @lalla Igneeus Cemplex, the subject
of this study (340 + 3 Ma ebtained by U—Pb en zircens,
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Fig. 1. Plutonic rocks in the Olivenza-Monesterio anform. The location of Fig. 2 that corresponds to the Santa Olalla Igneous Complex is shown. Inset: Southern
divisions of the Iberian Massif (CIZ, Central Iherian Zone; OMZ, Ossa-Morena Zone; SPZ, South Portuguese Zone).

Remee ct al., 2006). A later extensienal Permian event gener-
ated a set of NW-SE-trending diabasic dykes (250 + 5 Ma eb-
tained by tetal reck K—Ar, Galinde et al,, 1991) that can be
feund in numereus lecalities acress the @MZ.

3. Geology of the Santa Olalla Igneous Complex
3.1. Igneous rocks

The Santa @lalla Igneeus Cemplex is fermed by twe main
plutens: the Santa @lalla steck and the Aguablanca steck (AS)
(Fig. 2). The Santa @lalla steck (Eguiluz et al., 1989), the larg-
est pluten ef the cemplex, is cemprised primarily ef hern-
blende-bietite dierite and quartz-dierite in the nerthern and

nertheastern area grading te a main tenalitic facies in the cen-
ter that grades te a small bedy ef menzegranite tewards the
seuthern berder. Alse seme small leucegranite bedies appear
scattered threugheut this steck. This dispesitien ef the igneeus
facies has been interpreted as due te a reverse cempesitienal
zening (Velasce, 1976; Casquet, 1980). Tewards the NW there
is a mafic apephysis (Sultana) (Apalategui et al, 1990), cem-
pesed of hernblende-bietite tenalite and quartz-dierite.

The Aguablanca steck, a mafic subcircular pluten, creps
eut in the nerthern part ef the cemplex. It is cempesed eof
phlegepite-rich gabbrenerite and nerite, grading, in the seuth,
te dierite. This intrusien has undergene significant endeskarn
precesses aleng the nerthern beundary induced by centact
with marbles in the Cambrian hest recks (Casquet, 1980).
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Fig. 2. Geological map of the Santa Olalla Igneous Complex. The location of the igneous bodies and gravity profiles are shown.

The Aguablanca Ni—Cu—PGE depesit (Lunar et al., 1997;
Ortega et al, 1999, 2000, 2004; Ternes ct al., 1999, 2001;
Casquet et al, 2001; Pina et al., in press) is hested by the
Aguablanca gabbrenerite and is clesely asseciated with a sub-
vertical (dipping 70—80°N), funnel-like magmatic breccia
(250—300 m wide N—S and up te 600 m leng E—W) situated
in the nerthern part ef this pluten. The breccia is cemprised of
barren er slightly mineralized ultramafic-mafic cumulate frag-
ments enveleped by hernblende and phlegepite-rich gabbre-
nerite centaining disseminated and semi-massive Ni—Cu—Fe
magmatic sulfides.

Three granitic intrusiens (Garrete, Teuler and Cala) can
alse be feund areund the igneesus cemplex. The Garrete intru-
sien is a hernblende-bearing syenitic granite lecated near the
nerthern beundary ef AS. The Teuler intrusien is lecated in
the W of the Santa @lalla steck; and is a fine-grained bietite
menzegranite that generates a magnesian skarn with a magne-
tite mineralizatien (Ternes et al., 2004). The Cala menzegran-
ite is a very small eutcrep lecated abeut § km tewards the W
frem the Santa @lalla steck (Fig. 2), and hests the magnetite
mineralizatien of Minas de Cala (Deetsch and Remere,
1973; Casquet and Velasce, 1978; Velasce and Amige, 1981).

The geechrenelegy ef the S@IC has been recently estab-
lished (Remee et al, 2006) by U—Pb technique en zircens

and with the exceptien ef the Cala granite (352 + 4 Ma),
which represents an elder intrusien, the bulk ef samples yield
ages clustering areund 340 £+ 3 Ma: the Santa @lalla tenalite
(341.5 £3 Ma), the Sultana hernblende tenalite (341 +
3 Ma), a mingling area at the centact between the Aguablanca
and Santa @lalla stecks (341 £+ 1.5 Ma), the Garrete granite
(339 + 3 Ma), the Teuler granite (338 + 2 Ma), and dieritic
dykes frem the Aguablanca steck (3386 + 0.8 Ma).

Swucturally, the S@IC is lecated in a wedge limited by twe
main faults: the Cherneca Fault, a SW-verging structure trend-
ing parallel te the general Variscan directien in this zene
(N120°) with a reverse and sinistral kinematics (Fig. 2),and
the Zufre fault, a late N88° sinistral strike-slip fault.

3.2. Host rocks

The Santa @lalla Plutenic Cemplex intrudes inte twe dif-
ferent swatigraphic units, beth affected by lew-grade re-
gienal metamerphism. In the nerthwest margin the hest
recks are cemprised ef alternating pyrite-bearing black-slate
and meta-graywacke with thin intercalatiens ef meta-velca-
nic recks and black quartzite (Tentudia successien), part
of the Neepreterezeic Serie Negra (Eguiluz, 1988). Tewards
the N, E and W the igneeus recks intrude inte the Early



Cambrian Bedenal-Cala cemplex (Eguiluz, 1988), which
lies unenfermably abeve the Tentudia successien, and it is
made up ef a velcane-sedimentary sequence ef rhyelite,
crystal tuffs, fine tuffs, cinder slates, and cearse-grained
feldspar-phyricrhyelite (Bedenal-Cala Perphyry). The Bedenal-
Cala Cemplex alse centains intercalatiens ef carbenate recks,
mere abundant tewards the tep, preducing an exeskarn charac-
terized by garnetite, marble and calc-silicate recks aleng the
centacts with igneeus recks (Casquet, 19%0).

The hest recks are affected by a regienal metamerphism of
lew te very lew grade and shew an intense superimpesed cen-
tact metamerphism. The metamerphic aureele is mere than
2 km wide, and censists of albite-epidete facies in the external
zene grading inte a hypersthene hernfels facies in the internal
200 meters.

The Santa @lalla steck centains numereus reef pendants ef
the hest reck, scattered threugheut the igneeus bedy, implying
that the upper centact has undergene enly slight eresien.

4. Magmatic fabric

The Santa @lalla Igneeus Cemplex was cempletely de-
fermed during the magmatic phase, and ne evidence of a sig-
nificant sub-selidus swain has been feund. Censidering that
quartz is the last crystallizing phase and that enly quartz shews
undulese extinctien and subgrains, ene can interpret a weak
sub-selidus defermatien. Nevertheless, plagieclase, bietite
and hernblende remain undefermed. The igneeus fabrics are
generally evidenced at mese-scale by the erientatien ef plagie-
clase (1—4 mm leng) ferming magmatic feliatiens favered by
the planar habit ef this mineral. Alse, as a secendary mineral-
ferming fabric, the bietite seems te be eccasienally eriented,
shewing planar fabrics defined by the preferred erientatien
of its planar habit. Mere mafic recks (ie. gabbrenerites and
quartz-dierites) alse shew magmatic feliatiens defined by
the preferred erientatien ef plagieclase. Hewever, in the
mere mafic facies pyrexene alse plays a rele during the fabric
generatien. In these cases pyrexene usually displays the same
planar fabric as the plagieclase, defined by the randemly eri-
ented clengated axes of the pyrexenes internal te the feliatien
plane. @nly at twe lecalities a magmatic lineatien has been eb-
served defined mainly by the randemly eriented elengated
axes ef the pyrexenes included in the feliatien plane. Taken
tegether these data may cerrespend te the ascent area ef the
Aguablanca gabbrenerites surreunding the Ni—Cu—PGE
mineralizatien.

In erder te study this magmatic structure, 223 measurement
statiens scattered aleng the S@IC area were analyzed. The
magmatic feliatien map and the feliatien trajecteries are
shewn in Fig. 3a and b, respectively. The feliatien map reveals
a censistent erientatien pattern, where twe different structural
demains can be distinguished: a NE area, striking parallel te
the leng axis ef the steck, where the feliatiens shew demi-
nantly a NW-SE strike and vertical er high angle dips, and
the SW area where feliatiens are predeminantly ef lew dip an-
gle or herizental (see the distributien en the dip values of the
feliatien in the steree plets shewn in Fig. 3a).

The vertical (N140° striking) structural demain ef the NE
margin ef the Santa @lalla steck is cencerdant with the trajec-
teries of the hest reck (Bedenal Cala velcane-sedimentary
cemplex). The magmatic feliatien wajecteries of the subverti-
cal demain shew a unique dispesitien centaining twe main eri-
entatiens: bands (100—200 m wide) with a N130° strike and
a dip of 90° te 70° te the seuth, and, in between these bands,
eblique feliatiens with a N155° strike and vertical dips. As
seen in the feliatien trajectery map this pattern defines rhem-
beidal geemeties (A in Fig. 3b).

Alternatively, the sub-herizental structural demain ec-
cupies the SW area of the S@IC. By analyzing the relatien-
ships between the wajecteries within the hest reck and the
igneeus cemplex feur impertant cenclusiens can be drawn:
(1) the magmatic feliatiens are deminantly discerdant with re-
spect te the intrusive centact, but the hest reck structure is
deminantly parallel te the pluten margins; (2) a wiple peint
in the hest recks wajecteries with an asymmetric dispesitien
with respect te the leng axis ef the cemplex has been feund
(B in Fig. 3b); (3) the transitien between beth demains (verti-
cal and sub-herizental) is mainly characterized by medium
dips (60—30°) te the SW and a N14@° strike parallel te the
vertical demain; (4) in this wansitien area and alse in the
sub-herizental demain, narrew bands with vertical feliatiens
striking N155° seem te cresscut the subherizental feliatiens.

The Aguablanca steck exhibits a cemplex structure demi-
nated by a vertical feliatien, parallel te the N and NW centacts
of the steck, with vertical lineatiens in the nerthern area where
the gabbrenerite appears surreunding the Ni—Cu—PGE miner-
alized breccia pipes. Alternatively the center of Aguablanca is
characterized by predeminately herizental feliatiens. Never-
theless, te the seuth, the fabrics shew a N150° strike and
high dip angle tewards the NE that seems appear te be linked
te the magmatic structure of the surreunding tenalite charac-
terized by similar erientatiens.

Cemparisen ef the relatiens of each main fault (Zutre and
Cherneca) with the general igneeus structural pattern preduces
very different results. @n ene hand the Zufre fault has a clear
pest-inrusive character as it appears te cut all the feliatien
wajecteries of the tenalite. @n the ether hand, the Cherneca
fault shews a significant parallelism with the subvertical de-
main ef the Santa @lalla tenalite and the Aguablanca nerthern
berder.

5. Gravity study
5.1. Gravity survey

A gravity survey was carried eut in an area ef abeut
230 km”, cevering the entire S®IC as well as the Cala gran-
ite separated frem the S@IC abeut & km te the W, using
315 gravity statiens in tetal. Measurements were taken at
evenly distributed lecalities with an average density ef
137 statiens per km”. The measurements were perfermed
using a LaCeste & Remberg G-meter 953 frem Universidad
Cemplutense de Madrid (UCM) with a neminal precisien ef
+0.01 mGal. A statien lecated in Menesterie, Badajez,
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structure.

(abselute gravity: 979862.77 mGal) was used as gravity base
statien (linked te the Spanish Geegraphic Institute base sta-
tien at Fuente de Cantes, Badajez). Elevatiens were deter-
mined, where pessible, frem geedetic bench-marks but
alse using a digital baremetric altimeter with a precisien
of 0.2 m. Paths between statiens with knewn geedetic el-
evatien never exceeded 2 heur intervals in erder te minimize
the effect of baremetric variatiens in elevatien estimatien

errers. This precedure enables ene te estimate errer margins
of +0.1 mGal.

The gravity measurements were, cerrected fer Earth-tide
effects, free-air and Beuguer reductiens were applied and ter-
rain cerrection up te 22 km was alse perfermed. A cemparisen
of 10% duplicate gravity measurements revealed a reet mean
square instrumental errer of +0.22 mGal in the determinatien
of the ebserved g. The density value used in the Beuguer



reductien and terrain cerrectiens was 2.75 g cm™°, matching
the average density ef the recks in the study area. Kriging
was used te interpelate the Beuguer anemaly values in a square
grid of 250 m.

5.2. Bouguer anomaly map and residual anomaly map

The Beuguer anemaly (Fig. 4a) decreases frem ESE te
WNW with an average gradient of 1.4 mGal km~" (frem 30
te 11 mGals). As seen in Fig. 4, iseanemaly lines are subpar-
allel te the Zufre fault trend. The maximum Beuguer values
are in direct asseciatien with the SE bleck ef the Zufre fault
where the Seuth Pertuguese Zene was appreached by a sinis-
tral mevement. In the nerth ef the map the minimum values
are feund in the preximities of the Castille granite, a subalka-
line, twe mica granite dated at 502 + 8 Ma (Pb—Pb Keber en
zircens, Mentere et al, 2000). Apart frem these general cen-
sideratiens the Beuguer anemaly pattern dees net cerrelate
clearly with the mapped structures and plutens, therefere it
must be related with deep seated seurces.

In erder te analyze shallewer seurces a residual anemaly
map was calculated. A Beuguer map (kindly lent by San-
chez-Jiménez, 2003) with a square grid of 5000 m was used

as a regienal anemaly map. It cevers all the ®@MZ with 0.07
statiens per km?. This lew data density generates a map dem-
inated by large wavelengths which, in eur case, can enly be
caused by deep-seated seurces. These regienal data were sub-
wacted frem eur Beuguer map te ebtain a residual anemaly
map.

This residual map (Fig. 4b) features twe main anemalies,
a gravity high (5 mGals) and a gravity lew (—4 mGals). The
main gravity high is lecated in the western part ef the map,
cevering the area deminated by the Sultana hernblende tena-
lite and the hest recks ef the Bedenal-Cala velcanesedimen-
tary Cemplex. The main gravity lew is lecated in the SE
margin ef the Santa @lalla tenalite where it is cut by the Zufre
fault. This minimum cerrespends te the largest part ef the
Santa @lalla steck. @ther lecal gravity highs can be feund
en the Aguablanca gabbrenerite and the surreunding skarn
recks, and alse te the NE margin ef the Santa @lalla steck
where the deminant lithelegy is quartzdierite in centact with
a 200 m wide marble band. The residual anemaly patterns in-
dicate that density centrasts are mainly centrelled by the igne-
eus recks rather than by the swructure eof the hest recks. Gravity
highs and lews can be cerrelated te mapped plutens er te pes-
tulated intrusiens under the present eresien level.
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Fig. 4. (a) Bouguer anomaly map. (b) Residual anomaly map. Location of the Santa Olalla Igneous Complex is shown.



5.3. Density determinations and modeling

Two hundred and forty density measurements of the SOIC
rocks and the host rocks where performed. Histograms with
the results for six lithologies and the total data are shown
in Fig. 5. It was not possible to obtain fresh samples of the
slates and tuffs of the Bodonal-Cala Complex and the slates
of the Serie Negra, that could yield reliable density values;
so their densities have been inferred during the modeling
process.

The models where performed using the software GM-SYS
4.9.39b by Geosoft. The methods used to calculate the gravity
model response are based on the methods of Talwani et al.
(1959) and Talwani and Heirtzler (1964) and make use of
the algorithms described in Won and Bevis (1987). GM-SYS
uses a 2°/,D approach, where blocks are defined by a prism
with a different width located perpendicularly in front and be-
hind of the model plane. This approach (2°/,D) also permits
variations in the density contrast in the out-of-model prism
contacts in front of and behind of the model plane. Structural
data, geological cross-sections and density estimations were
used to constrain gravity model geometry. Where gravity
anomaly does not fit with surface geological data, new bodies
were introduced taking into consideration the most plausible
hypothesis.

Five 2°/,D models were performed in order to constrain the
3D geometry of the plutonic complex Fig. 6. The gravity pro-
file I-1' is parallel to the Zufre fault crossing the Santa Olalla
tonalite in its wider part. The gravity profiles II—I1', TII—IIT’
and IV—IV' are disposed perpendicular to the Variscan struc-
tures, and the gravity profile V—V' is disposed parallel to the
Variscan trend.

The gravity profile I-1’ is characterized by a gravity low. A
thickening of the tonalite in the gravity low has been modeled
and this model shows the thickest values for the Santa Olalla
tonalite reaching a depth of 3630 m below sea level. In order
to justify the presence of short-wavelength anomalies, a hetero-
geneous density for the Santa Olalla stock can be considered.
As the geological map shows (Fig. 2), the Santa Olalla tonalite
presents scattered outcrops of granites, which are especially
abundant in the southern part of the stock. The presence of
these granite bodies has been considered to adjust the short-
wavelength anomalies. To further constrain and investigate
this problem, a main body of leucogranite near the surface,
with a similar density of that cropping out at Santa Olalla vil-
lage, has been modeled. Towards the ENE the residual gravity
shows a local high over a quartzdiorite band of the Santa
Olalla Stock. An average density of 2.85 gcm > and maxi-
mum depth of 3900 m below sea level has been obtained by
adjusting the anomaly caused by this mafic band.
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Fig. 6. Gravity models performed using GM-SYS 4.9.39b by Geosoft.

The gravity prefile N—N' is characterized by a general flat
bettem gravity lew that cevers the entire sectien. In the NE
part of the gravity lew a lecal maximum appears, which is
generated by the Aguablanca steck and the asseciated garne-
tite-rich skam. The Santa @lalla tenalite is characterized by
a 1.5 km thick sheet geemetry with a reet area in the nerth
matching the Cherneca fault where the deepest centact be-
tween Santa @lalla and the hest reck is 3450 m belew sea
level. The Santa @lalla steck shews the centinuatien ef the
lew density bedy near the surface that was described in medel
I-I'. Aguablanca has been medeled with twe different bedies:
a nerthern ene deminated by gabbrenerite with an average
density of 2.967 g cm ™, and a seuthern enc of quartzdierite
and plagieclase-rich gabbrenerite with an average density ef
2.85 g cm . The skarn deminated by gametite was medeled
with a density of 2.9 g cm ™. @ther bedies cerrespend te the
marbles and the metavulcanites of the Bedenal-Cala cemplex
with average densities of 2.81 g cm™> and 2.82 g cm ™ respec-
tively. Lew values eof residual gravity appear, again, in the
zene of the Cherneca fault, which sheuld be caused by any
lew-density reck under the eutcrepping hest reck. The medel
alse shews that the Santa @lalla tenalite appears under the
Aguablanca steck and it is very near te the surface in the
area of the Cherneca fault. The presence of these lew-density
igneeus recks in this area is supperted by the eutcrep ef the
Garrete Granite.

The thickness of the Santa @lalla steck is censiderably re-
duced in the medel M—IN'. This gravity prefile presents
a maximum in the seuthern part caused by the eutcrepping
hest recks. In the seuthern terminatien ef the Santa @lalla
steck the average medeled thickness of the sheet is 320 m
while in the rest of the medel it shews an average thickness
of 1100 m. A lecal gravity lew in the nerth part has been in-
terpreted as a result of the thickest area of the Santa @lalla te-
nalite in this prefile, with a maximum depth fer the centact
with the hest recks ef 1950 m belew sea level.

The gravity prefile IV—IV’ cresses the entire Sultana hern-
blende tenalite (2.818 g cm™>) and features a flat tepped grav-
ity high en the Sultana intrusien and the nerthern Serie Negra
eutcrep. Fer this intrusien, a 1360 m thick elliptical sectien
has been medeled. In this medel, seme shallew small bedies
as density heteregeneities within the Sultana hemnblende tena-
lite have been inweduced te acceunt fer shert-wavelength
anemalies. The gravity high is mainly generated by the
density centrast between: the central area deminated the
high density recks ef the Sultana hernblende tenalite and the
Serie Negra, and the prefile terminatiens deminated by lew
density recks. These lew-density recks are: the Castille granite
in the nerthern terminatien and a granitic bedy that can be re-
lated te the neighber Cala granite (2.657 g cm™°) in the seuth-
ern terminatien.

Finally, the gravity prefile V—V’, swiking parallel te the Va-
riscan structures (N120°) was medeled by assembling the
gravity medels previeusly described. This prefile is character-
ized by a large flat tepped maximum, lecated en the Sultana
intrusien, and the hest recks te the SE. Tewards the SE
terminatien the residual anemaly decreases significantly,



implying the thickening ef the Santa @lalla Steck tewards the
Zufre fault. This evidence suggests that the thickening ef the
Santa @lalla tenalite is centrelled by the fault set striking
N4@* (Fig. 2). The gravity decrease tewards the NW is cen-
trelled by the same lew density (2.657 g cm ™) bedy described
in the gravity prefile IV—IV' which can be related te the Cala
Granite.

6. Discussion

Gravity medels shew a thickening ef the Santa @lalla steck
clese te the Cherneca and Zufre faults ceinciding with the area
where subvertical magmatic feliatiens striking parallel te the
Cherneca fault are develeped. Tewards the SW, where subher-
izental feliatiens characterize the pluten fabric, the tenalite is
thinner and exhibits a subherizental sheet geemetry. Depth
variatiens ef the Igneeus Cemplex are shewn in Fig. 7. Struc-
tural data cellected frem the surface were extrapelated at
depth fer each gravity medel in erder te get an idea eof the
3D feliatien structure (Fig.7).

The Santa @lalla Igneeus Cemplex was emplaced during
the Variscan left-lateral cellisienal eregeny (340 + 3 Ma, Re-
mee et al, 2006) in a shallew swructural level (2 - 4 km; Cas-
quet, 1980) where the hest recks have a lew te very lew
regienal metamerphic grade. This relatively celd and lew pres-
sure envirenment premeted a partial deceupling between the
magma and the hest reck swucture, as shewn by the feliatien
trajectery map (Fig. 3b). This partial mechanical deceupling is
especially evident in the SW berder of the subherizental de-
main, where the planar structure of the pluten (subherizental)

'y
r‘.'_ g
iy
N L]
.l""" n — B
v il
I i
0.0p
4.09 "l
0.0
Do, . LI

is net parallel te that ef the hest recks (subvertical). Neverthe-
less, the parallelism of the subvertical demain with the struc-
ture of the hest recks at the NE margin reveals the existence of
a mechanical ceupling in this area. Altheugh the hest reck
shews feliatiens generally parallel te the inwusive centact,
which ceuld suggest a partially ferced emplacement, the pres-
ence of numereus reef pendants of hest recks prebably implies
that “steping” played an impertant rele during the last stages
of emplacement.

As evidenced by Patersen et al. (1998), in magmatic sys-
tems mechanically deceupled frem their hest recks, structural
patterns may result frem strain during internally driven flew,
filter pressing er pereus flew in relatively static chambers, eor
by final increments of stwrain during emplacement. The wans-
pressienal envirenment deduced frem geelegical and struc-
tural evidence threugheut the @MZ, supperted by the
geechrenelegical data, indicates that the S@IC prebably suf-
fered similar tectenic swesses during its emplacement and
crystallizatien. The swucture of the S@IC, as shewn in previ-
eus sectiens, is cemplex and allews distinguishing twe differ-
ent areas, deminated by vertical and herizental feliatiens. The
first deceupled and the secend mechanically ceupled te the le-
cal hest reck structure.

The SW area of the cemplex has beth a subherizental sheet
geemetry and a subherizental magmatic feliatien exhibiting
magmatic fabrics parallel te the upper and lewer intrusive cen-
tacts. The fermatien ef these herizental fabrics can be ex-
plained by magmatic flew aleng the sheet during intrusien.
There are hewever ether hypetheses, such as the ene prepesed
fer cencentric fabrics by Patersen et al. (1998), in which
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Fig. 7. The 3B structure obtained from the gravity modelling is shown by the contour levels. The relationship of the thickest NE area and the Cherneca fault can be
appreciated. The 3D magmatic foliation pattern has been reconswucted by the exwapolation of the surface data at depth for the gravity profiles I-1’, I—II’, I
and IV—IV’, whose locations are shown. “SZ” indicates the subsidiary and main siniswal shear zones related to the Cherneca fault in the profile II—III".



stresses in a censtructed and crystallizing magmatic chamber
cause alignment ef crystals subparallel te chamber margins,
which cannet be ruled eut. Magma-hest reck centacts repre-
sent high-viscesity beundaries surreunding a magmatic mate-
rial that cannet suppert large deviateric swesses. As a result,
a; will refract perpendicular te the chamber margins, implying
that in a relatively static chamber these stresses weuld drive
margin-parallel filter pressing, aided by pereus flew and stress
induced grain retatien, in an inward migrating crystal mush
zene (Patersen et al, 1998). Beth pessibilities, magmatic
flew and filter pressing-pereus flew during freezing, have te
be censidered since in eur case there are net internal facies
centacts in the sub-herizental demain te indicate cresscutting
relatienships.

In the transitien zene frem the subherizental te the subvert-
ical demains can be deduced that the vertical feliatiens pest-
date and cut a previeus herizental fabric because the vertical
feliatiens are erganized as narrew bands that seem te be super-
impesed en a herizental fabric. The wansitien is gradual, and
the vertical bands beceme pregressively thicker and mere
abundant frem the SW te the NE (ie. in NE is cempletely
deminated by vertical fabric). This transitien between beth de-
mains is well expesed in the gravity medel NI—M’ (Fig. 7).
This fact and the clear parallelism ef the subvertical demain
and the adjacent Cherneca Fault, whese asseciated deferma-
tien zene is in direct centact with the nerthern berder ef the
cemplex, suggests that the subvertical demain was caused
by the shear asseciated te the Cherneca fault swain field.
This fault has a ductile behavier that generated mylenites en
the Bedenal-Cala marbles, and alse it has a brittle character
restricted te the centact between the Bedenal-Cala marbles
and the Serie Negra. The Chemeca fault has a reverse cempe-
nent of mevement as indicated by the presence eof the Serie
Negra (Neepretcrezeic) ever the Bedenal-Cala Cemplex
(Early Cambrian), but the kinematic indicaters and herizental
lineatiens develeped en the marble mylenites indicate a signif-
icant sinistral swike-slip cempenent.

Censidering the late- Variscan age eof the S@IC, it is preba-
ble that the Cherneca fault was meving in a sinistral sense dur-
ing its emplacement and ceeling, therefere allewing the
tfreezing and preservatien ef the ceeval palace-strain field in
the igneeus recks, the age of which is tightly censtrained
(340 =3 Ma, Remee et al, 2006). This tectenic erigin ef
the subvertical demain is alse censwained by the magmatic
textures indicating that defermatien eccurred abeve the seli-
dus, during crystallizatien.

The erigin ef the subvertical demain, as caused by tectenic
stresses, during the late-Variscan wrench cempressien is alse
supperted by the structure with eblique bands featuring sig-
meidal shapes in the eastern berder of the cemplex. This pat-
tern, with vertical feliatiens (striking N13@* and NI155°),
(Fig. 3b) strengly resembles the S-C micrestructares fermed
under nen-ceaxial shear. Based on this geemetric relatienship,
we censider the pessibility that this structure was fermed
under the same wrench defermatien cenditiens as S-C micre-
structures but at a different scale. Favering this interpretatien,
this structural pattern indicates a siniswal sense of shear that is

ceherent with the everall eblique Variscan cellisienal strain
regime and with the lecal kinematics of the Cherneca fault
during the ceeling of the cemplex. Hewever, the absence of
magmatic lineatiens in the subvertical demain, needed te cen-
strain the kinematic framewerk, indicates a need fer further
evidence te lend credence te this interpretatien. The questien
is, is it pessible te extrapelate micrestructural terminelegy,
the S-C fabric in this case, te semething at the kilemetwic
scale? The fractal analysis perfermed by Hippertt (1999) dem-
enstrates that S-C type fabrics are scale-invariant frem the thin
sectien scale te a kilemeter scale and S-C fabrics ef a very
large size have been described (usually as strike-slip duplexes)
at different lecatiens in the Earth (Ebert et al., 1996; Davisen
et al., 1995) and in ether planetary bedies, such as Venus char-
acterized by a mere ductile crustal behavier (Hansen, 1992;
Remee et al., 2005). Pluten fabrics with sigmeidal magmatic
lineatien patterns ebtained by magnetic anisetrepy has been
described by Gleizes et al. (1998) as strengly resembling
S-C structures en a kilemeter-scale and were interpreted as
being caused by regienal shearing. Micre-scale magmatic
S-C fabrics have been feund related te defermatien during
the magmatic stage (Biswal et al.,, 2004) or flew aleng dikes
(Callet and Guichet, 2003) and many pluten emplacements
are related te strike-slip faults er ductile shear defermatien
bands (Spannera and Kruhl, 2002; Callahan and Markley,
2003; Charden, 2003 ameng ethers).

Censidering the general shape ebtained by gravity medel-
ing, the mest likely entrance ways fer the magma, which are
usually lecated at the deepest parts of the pluten (Vigneresse,
1990; Yenes et al., 1999; Galad{-Enriquez et al., 2003 ameng
ethers), can be determined. In the gravity prefiles [-1/, I—N’,
M—NT’ and IV-IV' the deepest part of the magma-hest reck
centact is lecated tewards the NE. The 3D recenstructien
shewn in Fig. 7 clearly indicates that the NE centact ef the
cemplex fits well with the deepest values, and se it likely cer-
respends te a feeder zene. As well the maximum depth can be
lecated in the eastern terminatien ef the pluten where it is cut
by the Zufre fault. Hewever, we de net have access te the
whele intrusien, since the Zufre fault displaced an impertant
pertien ef the cemplex that dees net crep eut in the SE bleck.
In the NW bleck, the presence of the Cherneca fault in the NE
centact where the S@IC is thicker suggests that this fault may
have played an impertant rele fer magma ascent. In this case,
mese-scale releasing bend inflectiens in the Cherneca fault
plane may have favered magma ascent by the epening ef inter-
cennected pull-apart subvertical cenducts. A similar mecha-
nism was prepesed by Ternes et al. (2001) fer the intrusien
of the Aguablanca steck, and the generatien eof the Ni—Cu—
PGE ere depesit.

Altheugh evidence suggests that the Cherneca fault may be
the cenduit used for magma ascent, a medel fer creating the
emplacement space where all the intrusien beundaries cerre-
spend te fault walls was discarded censidering the eutlined
sheet geemewy tewards the SW. Herizental sheet intrusiens
are widely abundant en the crust (Hamilten and Myers,
1967; Myers, 1975; Vigneresse, 1995; McCaffrey and Petferd,
1997), and their emplacement medels has been widely



discussed (Pellard and Jehnsen, 1973; Cerry, 1988; Jacksen
and Pellard, 1988; Cruden, 1998). The space needed te ac-
cemmedate a tabular inwrusien can be accemplished by lifting
its reef (ie. laccelith emplacement) or depressing its fleer (ie.
lepelith emplacement) or beth (Cruden, 1998). The 3D geem-
etry of the S@IC eutlined by gravity medeling (Fig.7) clearly
shews a gradual thickening tewards the NE, which ceuld im-
ply a significant depressing of the pluten fleer during em-
placement. This defermatien ef the hest reck belew the
cemplex te accemmedate the intrusien can be accemplished
by a general ductile strain er by discrete structures, such as
shear zenes. This, hewever, cannet be clarified with the pres-
ent knewledge. The quantity ef intrusien space accemme-
dated by the lifting of the reef is difficult te establish due
mainly te the partial expesure of the upper centact. The eut-
lined sheet-like herizental geemetry is favered by the swess
regime of the Variscan cellisien. The cemagmatic late-Varis-
can tectenics censists in a gentle upright felding centempe-
rary with a sinistral strike-slip faulting, taking place frem
345 te 300 Ma (Simancas et al.,, 2003). During this cellisienal
regime Gj is vertically eriented favering the epening ef heri-
zental sheet-shaped spaces, which is an evidence suggesting
that this was the situatien when the magma reached its em-
placement level. Fellewing this event, a herizental tabular in-
trusien tewards the SW was favered by the stress tenser being
accemmedated by depressing the fleer and te an unknewn de-
gree by lifting the reef, giving the recenstructed lepelithic ge-
emetry. The presence of numereus reef pendants with randem
fabrics indicates that in the last stages ef the emplacement,
steping allewed a limited new rising of magma. The imper-
tance of steping as a secendary precess that medifies the final
lecatien ef intrusiens has been suggested by Patersen and
Fewler (1993) and Cruden (1998).

The prepesed medel for emplacement and tectenic evelu-
tien of the Santa @lalla fgneous Cemplex can be cempared
with the emplacement medels of ether Variscan plutens stud-
ied in the @livenza-Menesterie antiferm. Brun and Pens
(1981) prepescd a medel that cembined balleening with re-
gienal shearing fer the greup ef plutens fermed by Burguilles,
Brevales and Valencia del Ventese. ®n the ether hand Galadi-
Enriquez et al. (2003) prepescd a diapiric medel fer the
emplacement of the Bazana granite. Based en this, a general
emplacement medel for these ceeval plutens is difficult te es-
tablish. The number of studies is still very small and the
medels are far frem being well established, hewever, with
the present knewledge we can infer that lecal characteristics
of each place ef intrusien can centrel very different ways ef
ascent and emplacement fer magmas in the same structural
demain.

This study has shewn an image ef the regienal tectenics of
an area of the @ssa-Merena zene with an accurate age cen-
straint, based en the U—Pb geechrenelegy perfermed by Re-
mee et al., (2006). The inwusien ef the Santa @lalla Igneeus
Cemplex at 340 + 3 Ma has served as an indicater ef the re-
gienal Variscan tectenics in this area that has been interpreted
as a sinistral strike-slip regime induced by the preximity ef the
Cherneca Fault.

7. Conclusions

Taking inte acceunt the previeus discussien, a medel fer
emplacement and tectenic evelutien ef the Santa @lalla Igne-
eus Cemplex can be prepesed. First, during the syntectenic si-
niswal mevement of the Cherneca fault the ascent of magma
teek place. Subsequent sinistral displacements aleng fault re-
leasing bends favered the generatien of vertical pull-apart cen-
duits, aleng which magma ceuld prepagate upwards. When
magma reached the present level a herizental sheet-like intru-
sien started te prepagate tewards the SW generating the sub-
herizental structural demain parallel te the upper and lewer
magma—hest reck centacts. The emplacement was favered
here by the vertical dispesitien ef G5 during the late- Variscan
upright gentle felding. Steping alse played an impertant rele
allewing a mederate ascent ef the magma in the last stages
of emplacement. Centinueus metien aleng the Chemeca fault
preduced the siniswal shear defermatien in a magmatic state of
the NE pertien of the Santa @lalla Igneeus Cemplex, which
generated a superimpesed vertical fabric with sinistral kile-
metric-scale S-C magmatic structures. Finally, atter cemplete
crystallizatien ef the magma at this shallew depth, the rheel-
ogy ef tenalite was tee sweng fer defermatien te preceed un-
der subselidus cenditiens. As a censequence, the wide shear
defermatien zene allewed by melt rheelegy, was again re-
stricted te the initial fault trace. Seme time later, the Zufre
fault cut acress the Santa @lalla Igneesus Cemplex, displacing
its SE pertien belew the present eresien level.
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