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ABSTRACT

The mesozonal, calcic and reduced Los Santos skarn, in the Central Iberian Zone, is a low-tonnage, high-grade tungsten
deposit that occurs as discontinuous stratabound lenses enriched in scheelite along the contact between Variscan granodiorite—
monzogranite and early Cambrian calcic and dolomitic marble and calc-silicate and pelitic hornfelses. The 8'80 values of the
garnet and clinopyroxene in the prograde skarn are indicative of 8'®Og,;q compositions near 9.5-10.9%o. The compositions of
clinoamphibole and biotite of the retrograde skarn suggest equivalent 3'8Og,q values (9.1-12.0%0). These heavy §'30 values indi-
cate that the mineralizing fluids equilibrated with deep crustal rocks, with no significant input of surficial waters, even during the
formation of the retrograde skarn. The Sr and Nd radiogenic isotope data for the scheelite (*’Sr/*Sr in the range 0.7117-0.7119;
£Ndsoma between —9.4 and —8.5), garnet—pyroxene skarn (¥7Sr/%Sr in the range 0.7119-0.7128; eNd3poma between —8.5 and —8.7)
and plagioclase-rich skarn (¥’Sr/%°Sr in the range 0.7124-0.7129; eNd3ooma between —9.7 and —7.0) trace the complex evolution
of hydrothermal fluids circulating through deep perigranitic systems. These signatures, as well as the REE contents, suggest
equilibration of an external fluid with the host metasedimentary sequence. The regional geology and the Nd isotopes indicate that
the ultimate source of the hydrothermal fluids and the tungsten and fluorine is not the adjacent barren granodiorite—tonalite nor the
host metamorphic rocks, but rather an unexposed granitic pluton geochemically equivalent to the (biotite + tourmaline)-bearing,
fine-grained leucogranite dikes that crop out nearby. These are characterized by high 87Sr values (¥7Sr/%0Sr > 0.7112-0.7149) and
intermediate eNd signatures (eNdsgom, in the range —5.6 to —4.6) and are similar to those hosting perigranitic W—(Sn) mineraliza-
tion in other areas of the Variscan Belt. Thus, the geochemical data show that the magmatic fluids extensively interacted with
the host aluminosilicate rocks but were not able to precipitate the scheelite and fluorite until the reaction with carbonate rocks.
Scheelite from nearby regionally stratabound orebodies have isotopic signatures (87Sr/%Sr in the range 0.7108-0.7110; eNd3oma
= -8.6) similar to those of the Los Santos skarn, strongly suggesting that they are also of Variscan perigranitic origin and not
exhalative or synmetamorphic, as had been previously proposed.

Keywords: scheelite, isotope geochemistry, skarn, leucogranite, Spanish Central System, Los Santos deposit, Spain.
SOMMAIRE

La skarn de Los Santos, mésozonale, calcique et réductrice, affleurant dans la Zone Ibérique Centrale, constitue un gise-
ment de tungsténe a tonnage limité mais a teneur élevée se présentant en lentilles enrichies en scheelite le long du contact entre
granodiorite—monzogranite varisque et marbres calcique et dolomitique, calc-silicates et cornéennes pélitiques d’dge cambrien
précoce. Les valeurs de 8'30 du grenat et du clinopyroxéne dans la skarn prograde indiqueraient des valeurs 3'%0 de la phase
fluide voisines de 9.5-10.9%0. La composition de la clinoamphibole et de la biotite des skarns rétrogrades indiqueraient des
valeurs de 8'%0 de la phase fluide équivalentes (9.1-12.0%0). Ces valeurs élevées de 5'%0 montrent que les fluides minéralisateurs
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ont équilibré avec des roches crustales profondes, sans signes d’une interaction avec des eaux de surface, méme pas au cours de la
formation des skarns rétrogrades. Les données isotopiques pour le Sr et le Nd dans la scheelite (¥’Sr/%6Sr entre 0.7117 et 0.7119;
£Ndsgopa entre —9.4 et —8.5), le skarn 2 grenat—pyroxeéne (37Sr/30Sr entre 0.7119-0.7128; eNdsgp, entre —8.5 et —8.7) et les skarns
riches en plagioclase (¥7Sr/%0Sr entre 0.7124 et 0.7129; eNdspom. entre —9.7 et —7.0) tracent ’évolution complexe de fluides
hydrothermaux lors de leur circulation au travers de socles périgranitiques profonds. D’apres ces signatures, de méme que les
teneurs en terres rares, il y a eu équilibrage d’un fluide externe avec les roches htes métasédimentaires. Le contexte géologique
régional et les données sur les isotopes de Nd indiquent que la source des fluides hydrothermaux, du tungstene et du fluor n’est
pas la granodiorite—tonalite adjacente mais stérile, ni les roches hétes métamorphiques, mais plut6t un pluton granitique évolué
enfoui, géochimiquement équivalent des filons leucoranitiques a biotite + tourmaline, a granulométrie fine, qui affleurent tout
prés. Ces filons possédent une teneur élevée en ¥7Sr (¥7Sr/30Sr > 0.7112-0.7149) et une valeur intermédiaire de eNd (eNdsooma
entre —5.6 et —4.6), et ressemblent aux roches périgranitiques hotes de minéralisation W—(Sn) ailleurs dans la ceinture varisque.
Les données géochimiques montrent donc que ces fluides ont longuement interagi avec les roches hétes aluminosilicatées, sans
pouvoir précipiter la scheelite et la fluorite avant de réagir avec des roches carbonatées. La scheelite provenant des gisements
régionalement développés en strates dans le voisinage ont des signatures isotopiques (¥St/*Sr = 0.7108-0.7110; eNd3poma =
—8.6) semblables a celles de la skarn de Los Santos, ce qui nous pousse a |’ attribuer aussi aux venues périgranitiques varisques,

et non aux phénomenes exhalatifs ou synmétamorphiques, comme on 1’avait proposé antérieurement.

(Traduit par la Rédaction)

Mots-clés: scheelite, géochimie isotopique, Zone Ibérique Centrale, skarn, leucogranite, gisement de Los Santos, Espagne.

INTRODUCTION

Skarns are one of the major sources of tungsten,
a feature that has encouraged systematic exploration
and extensive study worldwide (e.g., Einaudi et al.
1981, Kwak 1987, Meinert 1993). Tungsten-rich skarn
deposits are usually located at the contact between
intermediate to acid plutonic rocks and limestone or
other Ca-rich lithologies. Knowledge of the source of
metals and fluids is of prime interest for understanding
how and where the ore deposits are formed; despite a
plethora of studies on the origin of base metals and gold,
there is little research on W and Sn.

The Iberian Peninsula has been one of the leading
tungsten-producing zones of Europe. Most of the
tungsten mineralization is located in a) granite-related
ferberite- and scheelite-rich veins and greisens, b)
stratabound scheelite mineralization within metamor-
phic belts, and c) tungsten-bearing skarns (e.g., IGME
1985, Tornos & Gumiel 1992, and references therein).
By far most of the historical production comes from
the veins and greisens. Scheelite-bearing skarns have
been described in the internal zones of the Variscan Belt
and in the Pyrenees (Guy 1979, Soler 1980, Casquet &
Tornos 1984, 1991, Soler et al. 1990, Gaspar & Inverno
2000), but only a few of them have been of economic
significance. However, this situation changed dramati-
cally when the Los Santos deposit was discovered and
evaluated in 1980-1986 in a Billiton Espafiola S.A.
— Promotora de Recursos Naturales SA joint venture
oriented to the regional exploration for tungsten-bearing
skarns in areas with no previous record of such mineral-
ization. Nowadays, current total resources of Los Santos
are 3.09 Mt at 0.54%WO5 with a cut-off of 0.1%WO;
(Crespo et al. 2000) and exploitation by Heemskirk
Consolidated is planned to start during 2008. The skarn
is relatively poor in Mo and Sn, but locally it hosts

sulfide-rich lenses with subeconomic Cu, Zn, Pb and Au
grades. Los Santos now represents the second largest
tungsten deposit of the Iberian Peninsula, surpassed
only by Panasqueira (Portugal).

Los Santos is the only known significant tungsten-
rich skarn adjacent to granodiorite in western Iberia,
apart from some minor outcrops in the Spanish Central
System (Casquet & Tornos 1984). However, the nearby
region hosts a wide variety of tungsten mineralization,
including vein- and greisen-type W—(Sn) deposits and
stratabound scheelite orebodies (e.g., Arribas 1979a,
Derré et al. 1982, Pellitero et al. 1984). The skarn
was first noted by Viladevall ez al. (1980), but the first
exhaustive study of the deposit is that of Crespo et
al. (2000), who classified it as a reduced magnesian
skarn. The existence of this orebody was interpreted
as due to the magmatic-hydrothermal remobilization
of earlier pre-Variscan stratiform scheelite mineraliza-
tion, considered to be interbedded in the underlying
metasedimentary rocks.

The main purpose of this study is to present a detailed
geochemical study of the Los Santos skarn, with special
emphasis on an effort to explain why the mineralization
formed along an otherwise barren granodiorite—marble
contact, with a test of the prevailing hypothesis that
the tungsten is mobilized from a local source. The
capability of scheelite for retaining high contents of Sr
and REE makes it a powerful geochemical tracer. Thus,
the composition of scheelite and of possible sources has
been used to test the origin of tungsten and fluids.

The presence of significant amounts of REE and
Sr, but minor Rb, in the structure of scheelite makes
it ideal in estimating the age of the mineralization and
the origin of fluids and metals (e.g., Bell er al. 1989,
Mueller ez al. 1991, Darbyshire et al. 1996, Eichorn et
al. 1997, Frei et al. 1998, Voicu et al. 2000, Kempe et
al. 2001). Scheelite is not usually affected by super-
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imposed hydrothermal (Frei et al. 1998) or supergene
processes unless complete dissolution and reprecipita-
tion are achieved.

Surprisingly, there are few studies dealing with
the use of radiogenic isotopes in skarns. Whereas Sr
isotope studies are fairly common (Van der Auwera &
André 1991, Delgado er al. 1994), little is known on
the behavior of combined Sr and Nd isotopes (e.g., Pan
& Dong 1999). Furthermore, scheelite has been used
only seldom as an isotopic tracer (Eichorn et al. 1997,
Kempe et al. 2001), and usually only in orogenic gold
deposits (Kent ef al. 1995, Anglin et al. 1996, Frei et
al. 1998, Voicu et al. 2000).

GEOLOGICAL SETTING

The Los Santos deposit is located in the Central
Iberian Zone, the internal zone of the Variscan massif
of Iberia (inset in Fig. 1). Here, a metasedimentary
sequence consists of a thick monotonous silici-
clastic unit (Complejo Esquisto Grauvaquico) of late
Neoproterozoic to early Cambrian age. It is overlain
by Cambrian metasedimentary rocks. Both units, in
turn, are unconformable below Ordovician siliciclastic
rocks (Diez Balda 1980, Diez Balda et al. 1995).
The Complejo Esquisto Grauvaquico can be divided
into three regional units. The Lower Series (Ugidos
et al. 1997a, b) consists of 4000-7000 m of slate,
sandstone and conglomerate with turbiditic features.
The unconformable Intermediate Series include about
500 m of black slate with carbonate intercalations;
both the Lower and Intermediate Series are of late
Neoproterozoic age. The unconformable Upper Series
is dominated by sandstone and slate. On a more local
scale, Diez Balda (1980) divided the Upper Series into
two units. The Monterrubio Formation, of uppermost
Neoproterozoic age, has about 2000 m of slate with
minor intercalations of conglomerate, sandstone and
volcaniclastic rocks. The conformable Aldeatejada
Formation (late Vendian — early Cambrian?) consists of
about 2500 m of slate with minor sandstone, limestone
and debris flows. It grades into the early Cambrian
Tamames Formation, 650 m thick, with interbedded
fine-grained sandstone and slate deposited on a subtidal
shelf. They are gradually overlain by the early Cambrian
Tamames Limestone Formation (150-600 m) and
capped by early to middle Cambrian Endrinal Slates.
These late Paleozoic rocks are now only found in the
core of E-W-trending synclines (Fig. 1).

Ugidos et al. (1997a, b) and Valladares et al. (2002)
have shown that the late Proterozoic to early Cambrian
slate has a distinctive geochemical signature in terms
of both the whole-rock geochemistry and the Sr—Nd
isotope data. Rocks of the Lower Series have a more
juvenile character (eNdsys M, in the range -3 to —0.4),
probably related to the input of sediments derived from
the erosion of an immature crust. This is not observed

in the Upper Series, which has a more evolved crustal
signature (eNdsgs wm, in the range —7.5 to —4.4).

The Variscan architecture of the area is complex and
includes widespread folding and thrusting associated
with low-grade regional metamorphism (Diez Balda et
al. 1995). Syn- to late orogenic plutonic rocks are wide-
spread, forming the so-called Central Iberian Batholith.
The earliest igneous rocks consist of two-mica grano-
diorite to granite, emplaced mesozonally and interpreted
as synorogenic anatectic granitic rocks (Ugidos &
Recio 1993). The bulk of the batholith is late orogenic
and mainly made up of granodiorite to monzogranite
with only minor granite sensu stricto (Ugidos & Recio
1993). In the study area, the dominant intrusive type
consists of unoriented, usually porphyritic medium- to
coarse-grained, ilmenite-bearing biotite + cordierite
granodiorite and monzogranite (the Béjar Pluton). It
is cross-cut by strongly peraluminous porphyritic and
fine-grained leucogranite (biotite + muscovite) and
tourmaline-bearing microgranite and pegmatite (Ugidos
& Recio 1993, Yenes et al. 1999). Geochemically, these
plutonic rocks define a calc-alkaline trend (Rottura et al.
1989). Pinarelli & Rottura (1995) published a reference
line of 318 + 7 Ma (Rb-Sr, MSWD = 27) for the Béjar
Pluton. Yenes er al. (1999) quoted K—Ar ages on biotite
(280-270 Ma) that are younger than all of the Variscan
plutonism, but contemporaneous with the onset of the
Alpine Orogeny and widespread hydrothermal activity
(Tornos et al. 2000). Thus, these K—Ar ages are prob-
ably due to partial resetting of the system. In other
well-studied areas of the Spanish Central System, gran-
odiorite and monzogranite have ages between 344 and
302 Ma, whereas the late granite have broadly younger
ages, around 310-284 Ma (see Serrano Pinto et al.
1988, Casillas et al. 1991). Complex, polyphase brittle
deformation with formation of strike-slip WNW-ESE
faults (Yenes et al. 1999) was broadly synchronous with
the intrusion of the granitic magmas. Granite-related
hydrothermal mineralization is regionally important.
There are some pegmatite and Sn-rich veins related to
the synorogenic granitic rocks (Mangas & Arribas 1987,
Roda Robles ef al. 1999), but most of the mineralization
is associated with small epizonal late-orogenic granite
and usually consist of intra- to perigranitic W—(Sn)—
quartz veins and greisen (e.g., Arribas 1979a, b, Mangas
& Arribas 1987).

THE Los SANTOS SKARN

The Los Santos skarn is adjacent to the WNW-ESE-
trending northern intrusive contact of the Béjar Pluton
(Fig. 1). The orebody is situated in a small screen of
Cambrian metasedimentary rocks that correspond to
the subvertical northern hinge of a southward verging
syncline surrounded by the Aldeatejada Formation;
the southern limb of the structure has been cut by the
intrusive body (Figs. 1-3). Here, the early Cambrian
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sequence consists of 50-200 m of limestone and
dolostone interbedded with calc-silicate hornfels and
siliciclastic metasedimentary rocks with sporadic
pyrite-bearing black slate (e.g., Diez Balda 1980).
Adjacent plutonic rocks consist of oriented porphyritic
biotite (+cordierite) granodiorite and monzogranite.
They developed an aureole of contact metamorphism
of between 1 and 8 km in width with an inner zone
of K-feldspar — cordierite — biotite — andalusite —
(corundum), with local development of anatexis (Timén
et al. 2007). The highest temperature attained during
contact metamorphism was about 680°C. On the basis
of the contact-metamorphic assemblage, Crespo et al.
(2000) estimated a lithostatic pressure of emplace-
ment of about 1 kbar (100 MPa), whereas Rottura et
al. (1989) suggested deeper conditions, near 2-3 kbar
(200-300 MPa). Recent detailed work by Timon et al.
(2007) suggests pressures of 200 to 250 MPa. These
granitic rocks are in turn intruded by NE-SW-trending
dikes and fault- controlled small stocks of fine-grained
leucogranite. These rocks have significant amounts of
andalusite, cordierite, tourmaline and relict sillimanite,
and show widespread hydrothermal alteration consisting
of early growth of K-feldspar of adularia habit and late
conversion to white mica.

The orebody has a WNW-ESE trend and includes
several lenses of mineralized skarn up to 20-30 m
thick, which can be found along strike for about 2.5
km. Individual lenses are disrupted by NE-SW, N-S
and NW-SE faults and leucogranite dikes (Fig. 2). The
western sector consists of several aligned skarn bodies
steeply dipping northward. Here, a limestone layer of
about 600 m and 4-5 m thick (Capa 4) has been totally
replaced by skarn. The structure is more complex in
the eastern area, where the mineralization occurs in the
southern limb of a SW-plunging fold (Fig. 2, Crespo
et al. 2000).

In detail, the skarn shows a complex geometry, with
irregular to stratabound exoskarn in the metasediments
and an accessory massive endoskarn in the intrusive
rocks (Figs. 4, 5a); the exoskarn is significantly larger
by far than the endoskarn, probably in a ratio greater
than 9:1. The endoskarn locally replaced an earlier
greisen. This endoskarn is zoned, with a dominant
plagioclase-rich skarn that is replaced by a plagioclase—
pyroxene skarn and a massive pyroxenitic skarn along
the contact with the marble. The contact with the
granitic rocks is marked by a cm-thick zone of biotite +
scheelite. The plagioclase-rich skarn is a coarse-grained
massive whitish rock dominated by subhedral anorthite
(Ang)_gs). This skarn shows gradational contacts with
the plagioclase—pyroxene skarn, which includes inter-
stitial calcic pyroxene (Hdss 51Dige s0J03) that inher-
ited the magmatic texture. (Note that compositions of
the minerals are available on request from the senior
author.) In both rocks, the assemblage also includes
abundant scheelite and significant amounts of titanite,

apatite and zircon (Fig. 5b). This zone is replaced by
a massive pyroxenitic skarn, equivalent to that of the
exoskarn, which masks the original intrusive contact.

The exoskarn irregularly replaced a complex
sequence of interbedded impure calcitic and dolomitic
marble and calc-silicate and pelitic hornfelses (Figs. 3,
4). Where the carbonate rocks are massive, the exoskarn
is located only at the margin of the lenses, indicating
that metasomatism was mainly controlled by fluid flow
along major discontinuities. Skarn formation was espe-
cially intense where the metasedimentary sequence is
lithologically heterogeneous or located directly above
the plutonic rocks (Fig. 3), in a situation similar to that
described in Salau (Fonteilles et al. 1989). In these
lithologically complex rocks, discrimination of purely
diffusive processes leading to the formation of skar-
noids or bimetasomatic skarns (see Einaudi e al. 1981)
or true metasomatic processes forming skarns sensu
stricto is difficult. However, the presence of F-bearing
minerals strongly suggests that even the earliest events
of skarn formation involve input of external fluids and
are not only due to local chemical interchange during
the contact metamorphism.

The exoskarn shows a prograde zonation that is
highly dependent on the composition of the protolith. In
the calcitic marble, the early prograde assemblage locally
consists of a cryptic zone of wollastonite followed by
banded to massive grossular (Grs73_76Adrig 20Spss_e),
locally abundant fluorite and minor vesuvianite. The
pyroxene skarn, composed of Mn-bearing hedenbergite
(Hdes_s3Dig_31J04-14), shows complex relationships with
the garnet-rich one (Figs. 5c, d). They show evidence
of mutual replacement; however, the broad distribution
of the pyroxene skarn closer to the endoskarn suggests
that it formed dominantly as a replacement of an earlier
garnet-rich zone. There is a second generation of zoned
anisotropic granditic garnet (Grssz_7;Adrs 29Spss_27)
in veins or masses cross-cutting the earlier pyroxene
or garnet skarn.

The exoskarn developed in the calc-silicate and
pelitic hornfelses (periskarn) shows a similar sequence,
with an early fine-grained clinopyroxene replaced by the
coarse-grained Mn-rich hedenbergite, granditic garnet
and vesuvianite. The calcic exoskarn is rich in coarse-
grained, Mo-poor (0.1-0.2% MoOs3) scheelite, apatite
and titanite (Fig. Se).

In the dolomitic marble, the metasomatic sequence
starts with a complex fine-grained magnesian skarn with
forsterite (Fogs_gg), diopside, minerals of chondrodite
group, phlogopite, spinel-hercynite and magnetite
(Crespo et al. 2000, Timén et al. 2007), which is
replaced by a characteristic fine-grained diopside
zone, grossular-rich garnet and the pyroxene skarn.
No mineralization has been observed in the magnesian
exoskarn. This evolution is similar to that observed in
equivalent settings, in which an initial magnesian skarn
is replaced by a calcic and scheelite-bearing variety
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Geological map of the Los Santos skarn. The cross sections of Figure 3 are shown as a—a’ and b-b’. Modified from
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(e.g., Costabonne: Guy 1979, Carro del Diablo: Casquet
& Tornos 1984).

The retrograde skarn (or aposkarn) is volumetrically
minor and has an irregular distribution. It discordantly
replaced both the endo- and exoskarn along lithological
contacts and minor faults. It is dominated by clino-
amphibole (magnesiohornblende and ferrohornblende,
ferro-edenite and ferro-actinolite), K-feldspar, quartz,
calcite, scheelite and accessory epidote; scapolite is

locally abundant. In general, the amphibole replaced
the hedenbergite and the early grossular, whereas the
late granditic garnet seems to have been stable during
the formation of the retrograde skarn. Locally, there is
a biotite-rich skarn replacing the pelitic hornfels. It is
composed of coarse-grained, locally oriented biotite
with interstitial quartz, abundant scheelite and apatite
(Fig. 5f). These biotite-rich and strongly mineralized
facies are similar to those described by Cheilletz
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FiG. 4. Geological sketch illustrating skarn zonation in the granodiorite—monzogranite contact with the Tamames Limestone

Formation.

(1985) and Giuliani er al. (1987) at Djebel Aouman
(Morocco).

The magnesian skarn is replaced by tremolite, clin-
tonite, and serpentine. Finally, there are late veins and
replacements of quartz, K-feldspar of adularia habit,
ferroan clinochlore, calcite, epidote, fluorite, apatite
and prehnite. Locally, there are massive veins of talc,
apatite and scheelite.

Despite some scheelite in the retrograde skarn,
about 80% of the tungsten mineralization is located
in the pyroxene skarn. In general, the skarn is sulfur-
poor, with the sulfides restricted to irregular lenses up
to 8—10 m thick and 50 m long, amounting to 0.25 Mt,
replacing marble, calc-silicate hornfels or the prograde
skarn (Fig. 5g). These lenses consist of semimassive
pyrrhotite and pyrite with minor chalcopyrite, galena
and arsenopyrite—lollingite, Fe-bearing sphalerite (6—12
wt% Fe), bismuthinite (partially retrograded to native
bismuth), Bi—~Ag-Te sulfosalts and minor ferberite inter-
grown with quartz and carbonates. They are tungsten-
rich (1-2% WO3), and local appreciable gold grades
have been recorded. The tin content is invariably low
(<100 ppm; Crespo et al. 2000).

THE STRATIFORM SCHEELITE MINERALIZATION:
MORILLE MINES

Near the Los Santos deposit, stratiform scheelite
mineralization can be found as abundant, small lenses
within the Monterrubio Formation (Fig. 1). The
scheelite is hosted by calc-silicate hornfels replaced by
a calcic skarn (skarnoid) within a sequence including
quartzite, amphibolite, schist and quartz—feldspar and
plagioclase—biotite gneiss (Arribas 1979a), without

adjacent granitic rocks. The skarnoid shows the typical
bimetasomatic zoning of reaction skarns, developed
along the contact between calcic and aluminum-rich
rocks. It consists of complex massive to banded coarse
aggregates of quartz, biotite, plagioclase, diopsidic
pyroxene, granditic garnet, phlogopite, scapolite or
pargasitic clinoamphibole, which locally host an inner
zone with anorthite, granditic garnet and vesuvianite
(Fig. 5h). In some places, the core of these lenses is
made of calcite, suggesting that these rocks could
replace original calcitic marble; accessory scheelite,

FiG. 5. Photographs showing relevant aspects of the Los
Santos orebody. (a) Intrusive contact between the grano-
diorite-monzogranite totally replaced by plagioclase-rich
endoskarn with pyroxene and garnet skarn. (b) Photomi-
crograph of the plagioclase skarn, formed by subhedral
crystals of anorthite with clinopyroxene (cpx), abundant
scheelite (sch) and titanite (tt). Plane-polarized transmit-
ted light, width of field of view: 3 mm. (c) Aspect of the
prograde skarn replacing marble (cc) with relict garnet
skarn (gr) almost totally replaced by pyroxene skarn (px).
(d) Pyroxene skarn (px) replaced by garnet skarn (gr).
(e) High-grade pyroxene skarn with coarse crystals of
hedenbergite (px) and abundant interstitial scheelite (sch)
and some titanite (tt). Plane-polarized transmitted light,
width of field of view: 3 mm. (f) Microscopic aspect of the
biotite-rich skarn with oriented bands of biotite and quartz
and abundant scheelite (sch) and apatite. Plane-polarized
transmitted light, width of field of view: 3 mm. (g) Massive
sulfides replacing calc-silicate hornfels. (h) Banded distal
skarn with calc-silicate-rich layers (plagioclase, quartz,
pargasite, diopside and scheelite) interbedded with pelitic
schist. Morille.
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titanite and malayaite are disseminated in the skarnoid.
There is a late assemblage with epidote, chlorite and
white mica. This mineralization is broadly similar
to many other minor skarn-like orebodies found in
northern Iberia and hosted by Proterozoic (Arribas
1979a) and Ordovician—Silurian sedimentary sequences
(Derré et al. 1982, Arribas 1983, Pinto 1986).

Arribas (1979a) originally suggested that the
tungsten mineralization is pre-Variscan in origin and
probably corresponds to metamorphosed exhalative
orebodies with only local remobilization. Pellitero ef al.
(1984) proposed that the scheelite was deposited during
the Variscan regional metamorphism, with hydrothermal
leaching of tungsten from the host sequence and further
reconcentration in the calcic-rich rocks. In other areas,
geological and geochemical studies indicate a direct
genetic relationship between granites and this type of
mineralization, suggesting that they are distal perigra-
nitic skarns (Derré ef al. 1982, Pinto 1986, Casquet &
Tornos 1991, Gaspar & Inverno 2000). The same debate
about the origin of stratabound scheelite mineralization
in metamorphic belts is found elsewhere (see Einaudi
et al. 1981, Kwak 1987).

THE PERIGRANITIC VEINS OF LA PARRILLA

Perigranitic tungsten-bearing veins are widespread
in the Variscan Belt of Iberia (see Tornos & Gumiel
1992). Perhaps one of the most representative and best
studied deposits is La Parrilla, located about 90 km
south of Los Santos, but formed in an equivalent setting
within the lowermost Complejo Esquisto Grauvdquico
(Gumiel & Pineda 1981, Mangas & Arribas 1988).
Here, NE-trending veins bearing scheelite, cassiterite
and arsenopyrite—quartz cross-cut pelitic hornfels with
intense contact metamorphism produced by an under-
lying late Variscan epizonal granite.

ANALYTICAL METHODS

Samples were crushed, and the minerals were sepa-
rated by handpicking after a thorough petrographic
study. Owing to the small grain-size, scheelite samples
of Los Santos and Morille were obtained from ore
concentrates, whereas the scheelite of La Parrilla was
hand-picked from coarse grains in the veins. Stable
isotope analyses were performed at the NERC Isotope
Geoscience Laboratory (British Geological Survey).
Silicate samples (10-15 mg) were prefluorinated with
CIF; at room temperature and then were reacted with
a stoichiometric excess of CIF3 at 650°C for 12 hours
(Borthwick & Harmon 1982, Venneman & Smith 1990).
The oxygen released was converted to CO, by reaction
with a hot platinum-coated graphite rod (Clayton &
Mayeda 1963). The isotope ratio was measured with
a modified VG 9037 gas-source mass spectrometer.
Commercial CO; was used as reference gas calibrated
against laboratory standards. Oxygen isotope results

are reported in &-notation relative to SMOW. Stan-
dard NBS-28 gave 9.6 + 0.0%0 SMOW. The overall
analytical reproducibility is better than +0.2%o.

Strontium and Nd radiogenic isotope analyses were
carried at the CAI de Geocronologia y Geoquimica
Isotépica, Universidad Complutense de Madrid.
Scheelite was decomposed in cold hydrochloric acid in
SAVILLEXT teflon vessels placed in an ultrasonic bath.
The ultrasonic treatment removes the protective coating
of tungstic acid from the scheelite grains, thus allowing
complete dissolution. The solutions were centrifuged
and decanted from the insoluble tungstic acid residue.
Strontium and the rare-earth elements (REE) were sepa-
rated from the solution by conventional ion-exchange
techniques (DOVEX AG-507® resin). Strontium was
loaded on single tantalum filaments prepared with 1
pwm of 1 M phosphoric acid. Neodymium was sepa-
rated from the bulk REE fraction on a column filled
with Biobeads7 coated with bis di-ethylhexyl hydrogen
phosphate (HPEHP). Samples were loaded with 1 mL of
0.05 M phosphoric acid on tantalum side filaments of a
triple filament assembly with a rhenium filament in the
center. Isotopic analyses were made on an automated
multicollector VG Sector-547 mass spectrometer. Errors
are quoted throughout as two standard deviations from
measured values. Replicate analyses of the NBS-987
Sr isotope standard yielded an average 37Sr/®Sr value
of 0.710256 + 0.000008 (n = 7), and analyses of La
Jolla Nd standard during 2000 gave a mean '“*Nd/'*Nd
value of 0.511858 + 0.00003 (20). Total uncertain-
ties are estimated to be 0.01% for 37Sr/%Sr, 0.006%
for 3Nd/'**Nd, 1.0% for 8’Rb/%¢Sr and 0.1% for
1479 m/!*Nd. Rubidium, strontium, molybdenum, and
rare-earth concentrations were obtained by ICP-MS at
the University of Granada. Strontium and Nd isotope
values for the host rocks have been published by Ugidos
et al. (1997a) and Pinarelli & Rottura (1995). Comple-
mentary analyses of the leucogranite dikes near the
mineralization are also presented in Table 1.

For the calculations, an average age of formation of
300 Ma has been assumed. As discussed above, this is a
reasonable average age of intrusion of granitic magmas
in the Spanish Central System. Variations in the isotopic
ratio due to the true age of intrusion and ore-forming
process (between 340 and 280 Ma) do not noticeably
modify the conclusions (see Pinarelli & Rottura 1995,
Timoén et al. 2007).

The fluid-inclusion and thermodynamic constraints
presented by Timén et al. (2007) indicate that the
formation of the prograde skarn took place owing to the
circulation of saline (7.6-9.8 wt% NaCl eq.) H,O-rich
fluids [X(H,0) = 0.95] with minor proportions of CO,
and traces of CH,4 and N, at temperatures between 550
and 680°C. This range of temperature is consistent with
that of similar prograde assemblages in the Spanish
Central System (Tornos et al. 2000) and elsewhere
(see Einaudi er al. 1981, Kwak 1987, Meinert et al.
2005, and references therein). There are no data about
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the minor late skarn, but they usually occur in the
300—400°C range.

STABLE ISOTOPES

The 8'80 composition of both granditic garnet and
pyroxene of the early skarn is very homogeneous,
7.8-7.9%0 and 7.5-8.4%o, respectively (Table 2). This
isotope signature should be a function of the reaction of
the host limestone with an inflowing fluid in chemical
and isotopic disequilibrium. A simple numerical estima-
tion using the data on the solubility of silica (Walther &
Helgeson 1977) at 2 kbar shows that at 550-600°C, the
fluid:rock ratio needed to form massive hedenbergite-
and granditic-garnet-rich skarns by replacement of a
limestone by a Si—Fe-bearing fluid exceeds 50000 (by
weight); this proportion must be significantly greater
if a kinetic effect is taken into account. These figures

are consistent with the isotope data presented by Rose
et al. (1985), Bowman (1998), Wang & Williams
(2001) and Ziircher et al. (2001), who showed that the
isotopic composition of the skarn silicates is usually
constrained by the inflowing fluid; the amount of
oxygen inherited from the protolith is negligible. Even
in silica-rich impure carbonatic rocks, as those found
at Los Santos, the 8'30 isotopic shift due to metamor-
phic decarbonation (distillation) processes is minimal
when compared to that imposed by the large amount of
oxygen added by the external fluids.

Thus, the best approximation to the isotopic compo-
sition of the hydrothermal fluid can be estimated from
the 8'80 values of the skarn minerals at 550-680°C
with the 8'8Ominerai-n,0 of Zheng (1993), which yields
values between 9.5 and 10.9%c. The data show that
these minerals grew in isotopic equilibrium and from a
fluid strongly enriched in 80, with no significant varia-

TABLE 1. TRACE-ELEMENT AND RADIOGENIC ISOTOPE DATA ON SCHEELITE, SKARN AND LEUCOGRANITE

Scheelite Plagioclase sk
Sample AL-3 AL-3-1 18-29 LS-30 LS-31 LS-57 LP-1 LP-2 L5-62 LS-63
Locality M M LS LS LS LS LP LP LS LS
Rb ppm 0.8 1.1 0.2 0.2 0.2 0.7 0.5 0.7 <2 <2
Sr 2019 1813 105 83 94 109 39 40 319 242
Mo 3 8 102 91 99 0 0
Cu 5 <3 125 33 103 8 88
Zn <1 2 117 33 39 5 43
Pb 1 4 4 7 2 1 1
Sn 67 64 2 2 3 2 1
La 5.0 6.2 35.6 54.2 39.0 21.8 24.7 3.9 6.8
Ce 14.6 16.0 95.1 136.6 104.9 41.4 48.9 7.6 9.4
Pr 1.7 1.9 12.9 18.3 14.4 5.3 6.2 1.0 1.3
Nd 7.0 9.0 54.0 76.0 54.2 61.8 24.7 27.6 47 6.5
Sm 2.2 2.7 10.9 15.7 13.3 12.0 7.7 8.7 <1.6 1.8
Eu 0.9 2.6 1.3 1.8 1.3 23.9 26.9 <0.3 <0.3
Gd 2.6 3.0 9.3 13.0 10.0 10.8 11.8 <1.6 1.7
Tb 0.5 0.6 1.2 1.8 1.4 2.3 25 <0.3 <0.3
Dy 3.1 3.8 6.1 9.5 6.9 17.8 18.6 1.4 1.8
Ho 0.7 0.9 1.2 1.9 1.3 4.2 45 <0.3 <0.3
Er 2.1 2.7 2.8 4.7 2.9 13.6 14.2 0.8 1.0
Tm 0.4 0.5 0.3 0.7 0.4 2.4 25 <0.3 <0.3
Yb 2.4 3.0 1.6 3.5 1.8 16.7 17.7 1.0 1.2
Lu 0.4 0.5 0.2 0.5 0.2 2.4 2.6 <0.3 <0.3
IREE 44 53 233 338 258 195 217 20 31
[La/Yb], 1.4 1.4 15.1 10.6 14.8 0.9 1.0 2.8 3.9
Eu/Eu* 0.77 1.92 0.27 0.23 0.24 5.65 5.70
B"Rb/*°Sr 0.0011 0.0018 0.0276 0.0347 0.0308 0.0174 0.0459 0.0091 0.0120
BETR:T 0.710828 0.710984 0.711955 0.711850 0.711808 0.712017 0.714955 0.712404 0.713000
573r/%Sr, 0.7108 0.7110 0.7118 0.7117 0.7118 0.7119 0.7148 0.7124 0.7129
“Tgm/1*Nd 0.1836 0.1820 0.1218 0.1249 0.1482 0.1175 0.1897 0.2572 0.1674
NG/ NG 0512170 0.512170 0.512051 0.512057 0.512065 0.512047 0.512394 0.512260 0.512223
NG/ NG, 0.5118 0.5118 0.5118 0.5118 0.5118 0.5118 0.5120 0.5118 0.5119
eNdag, -8.7 -8.6 -8.6 -8.6 -9.4 -8.5 -4.5 -9.7 -7

Legend: M: Morille, LS: Los Santos, LP: La Parrilla. The samples were analyzed for the rare-earth elements at the Department of
Petrology, Granada University and IGME. They were analyzed for radiogenic isotopes at the Laboratory of Geochonology and Isotope
Geology, Universidad Complutense Madrid.
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TABLE 1 {(cont'd). TRACE-ELEMENT AND RADIOGENIC ISOTOPE DATA OF SCHEELITE, SKARN AND LEUCOGRANITE

Pyroxene skarn Leucogranite Marble CS Hornfels Pelitic hornfels
LS-64 LS-65 LS-55 LS-56 LS-60 LS-61 L.S-66 LS-68 LS-72
LS LS LS LS LS LS LS LS LS
Rb ppm <2 <2 368.1 282.6 <2 <2 <2 78.0 21.0
Sr 44 37 18 43 437 416 707 76 70
Mo 1 4
Cu 4 7
Zn 25 12
Pb 28 27
Sn 12 10
La 3.0 13.8 2.3 3.2 3.7 2.3 39.8 42.8 247
Ce 6.1 24.5 4.3 5.8 7.4 4.6 80.3 79.3 44.0
Pr 0.7 2.6 0.5 0.6 0.9 0.5 9.1 9.3 5.3
Nd 3.7 10.7 2.2 2.8 45 3.2 32.8 356 18.0
Sm <1.6 1.8 0.5 0.6 <1.6 <1.6 6.6 7.1 4.2
Eu <0.3 0.5 0.1 0.2 <0.3 <0.3 <0.3 1.2 <0.3
Gd 0.9 1.6 0.6 0.5 <1.6 <1.6 5.5 5.9 3.7
Th <0.3 <0.3 0.1 0.1 <0.3 <0.3 0.6 0.7 0.4
Dy 0.9 1.3 0.7 0.2 0.7 0.5 4.3 4.8 3.0
Ho <0.3 <0.3 0.1 0.0 <0.3 <0.3 0.7 0.9 0.5
Er 0.6 0.9 0.4 0.3 0.3 <0.3 2.2 2.7 1.8
Tm <0.3 <0.3 0.1 0.1 <0.3 <0.3 <0.3 <0.3 <0.3
Yb 1.0 0.8 0.4 0.5 0.4 <0.3 2.1 2.5 1.6
Lu <0.3 <0.3 0.1 0.1 <0.3 <0.3 <0.3 <0.3 <0.3
SREE 17 59 12 15 18 11 184 193 107
{La/Yb], 2.1 12.0 3.7 4.5 8.8 13.1 11.9 10.7
Eu/Eu* 0.64 0.40 0.72 0.38
SRb/*°Sr 0.0658 0.0782 60.7918 19.0673 0.0066 0.0070 0.0041 2.9757 0.8694
Sr/fSr 0.713128 0.712264  0.970744  0.796325  0.709637  0.709685  0.712405  0.729346  0.724415
57Sr/*Sr, 0.7128 0.7119 0.7112 0.7149 0.7096 0.7097 0.7124 0.7166 0.7207
“Sm/"Nd  0.1634 6.1017 0.1321 0.1354 0.1216 0.1206 0.1410
MING/MND 0.512137 0.512007  0.512278  0.512231 0.512026  0.512033  0.512066
MIND/MNdD, 0.5118 0.5118 0.5120 0.5120 0.5118 0.5118 0.5118
eNd,, -8.5 -8.7 -4.6 56 -9.1 -8.9 -9.1

CS8 Hornfels: calc-silicate hornfels. LS: Los Santos.

tions of its isotopic composition with time. The silicate
minerals of the retrograde skarn show similar values.
Their stable isotopic compositions suggest 8'30guiq
values between 9.1 and 11.3%o. Within the margin of
error, these compositions are equivalent to those of the
early skarn. Again, it is unlikely that the retrograde
skarn inherited the oxygen isotope signature from
the prograde one (e.g., Bowman 1998). This strongly
suggests that the formation of the whole skarn is related
to a single, probably long-lived hydrothermal event, and
that the hydrothermal fluids were either derived from a
homogeneous source or were completely homogenized
during fluid circulation. Neither the exact temperature
of formation nor the influence of the granditic garnet
and hedenbergite—diopside solid solutions are critical,
because the A'8Opineraliuia does not change signifi-
cantly within the assumed range of values (<1%o).
The calcite intergrown with the amphibole of the
retrograde skarn yields a wide range of values, but
imply 8'80y,iq signatures of 6.2 to 15.4%0 (Table

3). The limestone adjacent to the wollastonite skarn
(samples LS—53a and b) has similar isotopic signatures.
These signatures (12.8-12.9%o) are within the range
of Cambrian limestone affected by late diagenetic
processes in other areas of the Iberian Peninsula (3'%0:
10.5 to 16%o; 8'3C: —4.6 to 1.5%0), but are also similar to
those of the retrograde skarn. Thus, they either represent
the pre-skarn isotopic composition of the limestone or
indicate that fluids associated with the retrograde skarn
formed a halo external to the skarn and were able to
reset the limestone’s isotopic values. A similar situation
with isotopic fronts preceding chemical reaction fronts
has been described by Blattner & Lassey (1989). The
calculated 8'3Cjy;q signatures (=5 to 0%o) are consistent
with derivation of the carbon for the carbonates from
the host limestone, perhaps with a minor influence of
a '2C-enriched carbon derived from the underlying
metapelitic rocks (see below).

The consistently heavy isotopic 8'30 signature of
calc-silicates supports a derivation from magmatic or
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metamorphic sources, as discussed by Sheppard (1986),
and preclude any significant input of marine or meteoric
surficial fluids. The host granites have 8'30 signatures
near 8.0 to 10.3%0 (Recio et al. 1992), whereas the
slate has 3'80 values between 9.3 and 13.8%0 (Recio
et al. 1992, Ugidos et al. 1997a). Fluids in equilibrium
with these rocks at magmatic and contact-metamorphic
temperatures (>500°C) would have signatures above
9.2%o, in close agreement with the observed values.
Surficial fluids with initial '80 values below 0%
could certainly also attain heavy 3'%0 signatures if they
became completely equilibrated with the host rocks at
temperatures above 300-350°C. Such a high degree of
chemical equilibration would imply fluids isotopically
indistinguishable from deep fluids, an alternative that
seems very unlikely. Surficial fluids that flowed deeply
within the crust in other areas of the Spanish Central
System usually retain low 8'%0 values (<5%o; Tornos
et al. 2000), indicating only partial equilibration with
the basement.

THE REE GEOCHEMISTRY OF THE SCHEELITE
AND ASSOCIATED MINERALS

The REE content of skarn minerals (except Eu)
replacing marble at hydrothermal temperatures and high
fluid:rock ratio is mainly controlled by the incoming fluid
and the partition coefficients (Kp) of the paragenetic
minerals with the fluid; synchronous precipitation of
garnet, monazite, zircon and apatite can dramatically
influence their relative REE contents, but their exact
control cannot be evaluated. The REE of the replaced
marble has little effect, as concentrations are very low
(e.g., Gieré 1986, Van der Auwera & André 1991; see
also Table 1). The Kp values for many skarn minerals
are unknown and, thus, little can be said about the
composition of fluids (Ghaderi e al. 1999, Kempe et al.
2001). However, Pan & Fleet (1992) and Giuliani et al.
(1987) suggested that the effect of the Kp is perhaps not
so significant and that the REE profile of hydrothermal
minerals is inherited from the hydrothermal fluid.

TABLE 2. STABLE ISOTOPE COMPOSITION OF SILICATES

Sample Rock Mineral 30  T°C 5"%0,0
LS-54a Pyroxenitic exoskarn  Hedenbergite 7.5 550-680 9.5-9.6
L£8-54b Pyroxenitic exoskarn  Hedenbergite 7.5 550-680 9.5-96
LS-A Pyroxenitic exoskarn  Hedenbergite 7.9 550-680 9.9-10.0
L8-17 Pyroxenitic exoskarn  Hedenbergite 8.4 550-680 10.4-10.5
LS-A Garnetitic exoskarn Grandite 7.9 550-680 10.8-10.9
Ls-B Garnetitic exoskarn Grandite 7.8 550-680 10.7-10.8
15-28 Late exoskarn Biotite 8.6 300-400 11.3
£8-21 Late exoskarn Biotite 6.4 300-400 9.1
£8-22 Late exoskarn Biotite 7.4 300-400 10.1
18-51 Late exoskarn Ferro-actinolite 9.3 300-400 10.6-12.0
L8-50a Late exoskarn Ferro-actinolite 9 300-400 10.3-10.6
LS-50b Late exoskarn Ferro-actinolite 9.2 300-400 10.5-10.8

Fractionation factors: clinopyroxene-H,0, as hedenbergite; garnet-H,0, as
grossular; biotite-H,0 and ferro-actinolite-H,0: Zheng (1993). Analysis NIGL. The
values of 5°0 are expressed in %o.

As quoted above, scheelite concentrates the REE;
in theory, it should thus behave as a good tracer for
fluid—rock interaction. However, Ghaderi et al. (1999)
have shown that the model is complex; in addition
to the parameters discussed above, the partitioning
of REE between scheelite and hydrothermal fluids
is highly dependent on crystal-structure and charge-
balance aspects. The existing data show that the REE
contents of scheelite definitely vary according to the
type of deposit. In fact, REE profiles from Los Santos
and Djebel Auman (Giuliani ez al. 1987), with seagull-
like shapes, are dramatically different from those of
orogenic gold deposits (Anglin et al. 1996, Ghaderi
et al. 1999, Oberthur et al. 2000, Kempe et al. 2001),
usually characterized by a dome-like shape.

The scheelite from the deposits studied here has low
SREE and Sm-Nd concentrations compared to scheelite
in other skarns (Giuliani et al. 1987) and, indeed, other
mineral deposits (e.g., Darbyshire e al. 1996, Voicu
et al. 2000). Figure 6 shows the REE profiles of our
scheelite, skarn and adjacent rocks, including metasedi-
mentary rocks, leucogranite (Table 1) and granodiorite—
monzogranite (Pinarelli & Rottura 1995). The La
Parrilla and Morille scheelite has almost flat profiles
(0.3 < [La/Yb]n < 1.8). The REE content of the scheelite
in the Morille mineralized zone is low (SREE in the
range 44-53 ppm), and the REE profiles show a small
positive Eu anomaly (Eu/Eu* in the range 0.3-0.6). The
scheelite from La Parrilla has slightly higher SREE
contents (195-218 ppm) and a positive Eu/Eu* value,
1.8. Scheelite from Los Santos has the highest YREE
contents (233-338 ppm), a marked negative Eu anomaly
(Eu/Eu* = 0.1) and values of [La/Yb]y between 10.6
and 15.1. The other group of samples includes the
metasedimentary rocks and the granodiorite—monzo-
granite, all of them showing a characteristic depletion
in HREE and a seagull-like pattern, with high [La/Yb]
N values, greater than 10. The metasedimentary rocks
(other than the marble, which has low REE contents)
have average XREE of 200 ppm with Eu/Eu* equal to
0.13, whereas the granodiorite—monzogranite averages
170 ppm XREE, with a Eu/Eu* of 0.38. Finally, the
leucogranite and the skarn have intermediate [La/Yb]

TABLE 3. STABLE ISOTOPE COMPOSITION OF CARBONATES

Sampie Description Mineral 30 3"C  T°C 8"0,8"°Chus

£8-33 Calcite Calcite 11.8 -89 400 85 -45
amphibole skarn

18-34 Calcite Caicite 123 -2.8 400 9.1 -0.5
amphibole skarn

18-49 Calcite Calcite 12.8  -6.1 400 95 -3.8
amphibole skarn

L8-53a Host limestone Calicite 129 -5 400 9.6 -27

L8-53b Host limestone Calcite 12.8 -5 400 9.6 27

Analysis NIGL. Fractionation factors from Friedman & O'Neil {1977). The values of
50 and 8"°C are quoted in %o.
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N values. The plagioclase skarn has [La/Yb]y values
of 2.8 and 3.9, whereas in the prograde skarn, the [La/
Yb]y values are very variable, low in the hedenbergite
skarn (2.1) and significantly higher where it has garnet
(12). This depletion in HREE strongly suggests that the
skarn-related garnet (see also Smith et al. 2004) does
not incorporate large amounts of REE, as does garnet of
magmatic origin. Both magmatic garnet and pyroxene
show an affinity for the HREE and typically show a
negative Eu anomaly (Hanson 1980).

The leucogranite has low REE contents (12-15
ppm) and an irregular REE pattern, with no Eu anomaly
(3.7 < [La/Yb]n < 4.8, 0.1 < Eu/Eu* < 0.3). The REE
profile of the granodiorite—-monzogranite is similar to
that of the granitic rocks of the Spanish Central System.
These rocks show a seagull pattern, with a negative Eu
anomaly that increases gradually from the more basic
rocks to the leucogranite (Casillas er al. 1991). This
pattern is typical of reduced plutonic rocks (Hanson
1980), with progressively more crustal influence and
zircon crystallization depleting the HREE from the
fluid (Cullers & Graf 1984, Nie 1994). The LREE
are relatively incompatible in magmatic minerals, and
thus are enriched in the residual melt. Thus, evolved
leucogranite and exsolved magmatic-hydrothermal
fluids usually have a seagull-like pattern (Cullers &
Graf 1984, Darbyshire & Shepherd 1985). The absence
of such a negative Eu anomaly in the Los Santos
leucogranite (Fig. 6) can only be attributed to the exis-

tence of a superimposed pervasive hydrothermal altera-
tion. Divalent Eu is not accommodated in the structure
of a white mica, and thus, the conversion of plagioclase
to white mica releases Eu?* to the hydrothermal fluids.
Poitrasson er al. (1995) have described the leaching of
Eu and concomitant dilution of the Eu negative anomaly
by reaction of F-rich fluids with granite.

If the Kp rock—fluid in the different rocks is assumed
to be broadly similar, the zonation leucogranite —
plagioclase skarn — prograde skarn can be explained as
due to the progressive interaction of a REE-depleted
leucogranite-equilibrated fluid with the REE-rich
granodiorite—monzogranite or hornfels. In detail, the
size of the Eu anomaly in scheelite is controlled by the
Eu content and the Eu/Eu* value of the fluid as well as
the presence of sites suitable for Eu substitution in the
structure of scheelite (Ghaderi et al. 1999). The Euy
versus Eu*y relations strongly suggest that scheelite
from the Los Santos deposit precipitated from a fluid
with some of the Eu occurring in the trivalent form.
The available results align along trends parallel to the
1:1 ratio and have intermediate Euy and Eu*y values
that are consistent with such an oxidation state (Ghaderi
et al. 1999). In this case, the negative Eu anomaly is
derived from the fluid, suggesting that the hydrothermal
fluids were impoverished in Eu.

Accordingly, the scheelite from La Parrilla seems
also to be formed from fluids carrying some Eu as
Eu’*, but its profile is more consistent with derivation
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from the hydrothermal alteration of granite. The HREE
enrichment is interpreted as due to the hydrothermal
leaching of zircon, xenotime and other similar phases
during extreme hydrothermal alteration. In this context,
the Eu/Eu* value could indicate that hydrothermal fluids
have inherited their Eu from the destruction of plagio-
clase. The profile of scheelite from Morille is less clear;
the high Eu/Eu* values are misleading because they
can be related to reduced fluids or to fluids that have an
inherited Eu anomaly (Ghaderi et al. 1999).

RADIOGENIC ISOTOPE RESULTS:
THE SOURCE OF SR AND ND

The Sr and Nd isotope geochemistry of the scheelite,
skarn and the host rocks provide significant insights
into the source and evolution of fluids (Fig. 7). The
low Nd content of the marble (<5 ppm; Table 1)
implies that almost all the Nd of the scheelite must
have been derived from external fluids or adjacent
rocks. The granitic rocks of the Béjar Pluton have
typical crustal values (eNdsgo pa = 5.9 + 1.4; '3Nd/
14N d300 Ma = 0.5120 + 0.0001), consistent with those
of I-type plutonic rocks. The leucogranite has some-
what more positive eNd values, but equivalent 143Nd/
1%Nd300 ma values, —5.6 to —4.6 and 0.5119-0.5120,
respectively. The host metasedimentary sequence
has very variable Nd isotope ratios. Calc-silicate and
pelitic hornfelses of the Tamames Formation have
crustal signatures, with eNd between —9.1 and -8.9
and '$Nd/'"*Ndsgg ma close to 0.5118. The underlying
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Upper Series have even more negative eNdsoo ma Values
(9.9 to -9.5) and '*3Nd/"**Nd300 pma of 0.5118-0.5119.
However, calculated eNdsoo ma and *3Nd/'**Ndsq
Mma Of the lowermost Lower Series are very different,
—5.1to -5.0 and 0.5120 (Ugidos et al. 1997b). The Nd
isotopic values of the Los Santos scheelite are rather
constant (eNdzg0 ma, —9.4 to =8.5; 3Nd/'**Nd300 Mas
0.5118). The prograde skarn and one sample of the
endoskarn (plagioclase skarn) have similar eéNd values
(-9.7 to =8.5), whereas the other sample of endoskarn
(LS-63) has more positive eNd values (-7), very likely
indicating a predominant derivation of its Nd from the
replaced granitic protolith.

As a whole, the granodiorite—monzogranite of
the Spanish Central System has 87Sr/%Sr; signatures
between 0.7071 and 0.7192 and &Nd; close to —7.9
to —5.5 (Villaseca et al. 1998). The most evolved and
peraluminous leucogranite (>70% SiO;), which post-
dated the main plutonism and is related to the collapse
of the orogen, has more %’Sr-enriched values, in the
range 0.7109-0.7254 (Ibarrola et al. 1988, Pérez Soba
1991, Villaseca et al. 1998). They have high REE
contents (27-224 ppm; average 120 ppm) and markedly
negative Eu anomalies (Eu/Eu* in the range 0.02-0.54,
average 0.2).

The 37Sr/%0Sr ratio of the scheelite at Los Santos
at 300 Ma is rather constant, 0.7117-0.7119, and
very similar to that of the associated endoskarn and
exoskarn (0.7119-0.7129; Table 1). Most of these
values are within the broad range defined by the
replaced marble (0.7096) and the interbedded calc—

|+ monzodiorite-grancdiorite
Xleucogranite
©La Parrilla vein deposit {sch)
©Morille stratiform depasit (sch)
®Los Santos skam (sch)
4 endoskam
A prograde skam
W Tamames Fm (hornfiels)
B Upper Series
<

Limestone
.. lonly Sn),

SNdsm

Fic. 7. Calculated eNd and ®’Sr/%°Sr values at 300 Ma of samples of skarn, the scheelite
concentrate and the host rocks of Los Santos deposit. Regional data are from Pinarelli &
Rottura (1995), Ugidos et al. (1997a) and Villaseca et al. (1998). SCS: Spanish Central
System. CEG: Complejo Esquisto Grauvdquico. Samples of the Lower Series are not

shown owing to their low $7Sr/%6Sr values.
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silicate and pelitic hornfels (0.7124-0.7207) that form
the bulk of the host rocks to the ore. In comparison
with the underlying rocks, they are more radiogenic
than the Upper Series (37Sr/8°Sr300 Ma in the range
0.7074-07091) and the Lower Series (<0.7000). The
granitic rocks are also depleted in 87Sr compared to the
skarn (37St/%0Sr300 pa: 0.7087 £ 0.0003). The Sr isotopic
ratio of the leucogranite, 0.7112-0.7149, matches
that of the skarn, 0.7112-0.7129. Both the intense
hydrothermal alteration, which probably disturbed the
original isotopic ratios, and the high Rb/Sr values of the
leucogranite (7-20; Table 1) suggest that these figures
should be used with caution. However, and as quoted
above, the regional data for the leucogranites show that
these rocks usually have 7Sr/%0Sr values even higher
than those reported here.

In general, all the metasomatic rocks have low eNd
and high #7Sr/%Sr; ratios, indicating a dominant crustal
derivation, either at the expense of the plutonic rocks
or the hosting metasedimentary units, and excluding
deep juvenile sources for fluids and metals. The calcu-
lated eNd — 87Sr/%0Sr diagram at 300 Ma confirms that
no unique fluid and metal reservoir can explain the
observed features, and that the fluids involved in the
formation of the skarn were derived from at least two
sources with contrasting Nd and Sr isotope values.

The first source is characterized by low eNd
values (<-9) and is likely represented by the late
Vendian — Cambrian metasedimentary rocks of the
area. Geochemically, it is not possible to distinguish
the ultimate metasedimentary, low-eNd source of the
fluids. Strontium could be derived from both the host
hornfels and the replaced limestone or the Upper Series.
However, and at a regional scale, it is more likely that
interbedded carbonatic and pelitic rocks hosting the
ore and showing widespread evidence of hydrothermal
replacement have contributed some Sr to the final
signature of the skarn. There is evidence that skarns,
despite being formed at a very high fluid:rock ratio
(>>1000), have most of their Sr inherited from their
protolith (Bussell et al. 1990, Lieben et al. 2000). This
is due to the high Sr contents of the carbonate rocks.
Thus, migrating fluids would easily equilibrate their
Sr isotope composition with the host rocks, partially
masking the signature of the hydrothermal Sr. Some
contribution of Sr from the Upper Series cannot be
discounted, whereas a priori, the low ¥7Sr/%°Sr and the
high eNd values of the Lower Series exclude them as
a likely source of the fluid. However, the skarn and
the associated scheelite have high eNd values that are
indicative of equilibration with another fluid character-
ized by eNd values higher than ~—8. The most likely
candidates are the granitic rocks that crop out exten-
sively nearby, either the granodiorite—monzogranite
or the leucogranite. The granodiorite—-monzogranite
volumetrically dominates in the area and likely below
the ore deposit, but shows no evidence of fluid exsolu-
tion nor major hydrothermal circulation. Fluids could
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thus equilibrate at low fluid:rock ratio during their
circulation through this rock. However the leucogranite,
despite being apparently volumetrically minor, is also a
suitable candidate. Despite having major hydrothermal
alteration that could mask the original isotopic signa-
tures, regional comparison suggests that it could be the
source of 8’Sr-enriched but Nd-depleted fluids.

Thus, the radiogenic isotope data are compatible
with the derivation of Sr and Nd from the host metasedi-
mentary rocks and the late Variscan granites. A broad
numerical guess using the average Nd isotopic ratios
and contents suggests that about 75% of the fluid was
derived from the granite.

The low and constant Sm/Nd value of the skarn and
related minerals at Los Santos causes all the isotope data
to be aligned on a subhorizontal reference line on the
147Sm/'*Nd versus "Nd/'"**Nd diagram, thus leading
to geologically meaningless ages. Similar behavior has
been observed by Eichorn ef al. (1997) in the Ferbertal
deposit. The complex inheritance of Rb and Sr implies
that the Rb—Sr isotope data also are scattered in the
87Rb/%0Sr — 87Sr/30Sr diagram.

The stratabound scheelite mineralization at Morille
has &Ndsoo ma (—8.6 and —8.7) and 37Sr/%°Sr300 ma
(0.7108-0.7110) values that are very similar to those of
Los Santos, indicating that they probably have a similar
source and are of equivalent age. The slightly more
juvenile signature of the Morille scheelite is interpreted
to be due to the influence of the host rock, since the
Upper Series has a somewhat more juvenile inheritance
than the Tamames Formation. A pre-Variscan sedi-
mentary-exhalative derivation, with no input from the
Variscan granitic rocks, would imply signatures close
to those of the host Upper Series at about 600-550 Ma.
Calculated values for 8’Sr/3°Sr and eNd are near 0.7100
and —6, respectively, which depart from the calculated
ones. Furthermore, hydrothermal remobilization and
concentration of the syngenetic scheelite in the skarn
would lead to low 87Sr/%Sr and &Nd values. Thus, an
ultimate pre-Variscan origin, with derivation of the Los
Santos scheelite from a precursor Proterozoic miner-
alization represented by the Morille orebodies, is not
acceptable, as the Sr and Nd data of both deposits are
consistent with equilibration with fluids derived from
the host metasedimentary and granitic rocks during
Variscan times. In both cases, depleted mantle Nd model
ages of scheelite calculated with the two-stage model
of Borg et al. (1990) range between 1.65 and 1.6 Ga.
These ages are equivalent to those calculated for the
sediments of the Central Iberian Zone (e.g., Négler
1990) and indicate that most of the Nd derives from
long-lived crustal rocks.

The sample from La Parrilla has the highest 37Sr/%6Sr
and eNdsgo ma values (0.71493 and —4.5, respectively),
which are similar to those of the analyzed leucogranite
(Fig. 7). The La Parrilla deposit overlies an unexposed
leucogranite (Gumiel & Pineda 1981), and the veins are
hosted by rocks equivalent to those of the Lower Series
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(Ugidos et al. 1997a). The low eNd of the scheelite is
consistent with derivation from the leucogranite and the
Lower Series, with no input from metasedimentary units
with stronger crustal affinities, such as the Upper Series
or the Tamames Formation. Thus, the isotopic data are
consistent with the regional geology and the genetic
relationship of 7Sr-enriched leucogranite and tungsten
mineralization, supporting the existence of a hidden
intrusion at depth beneath the La Parrilla deposit.

DiscussioN
The origin of metals and hydrothermal fluids

The ultimate origin of the hydrothermal fluids and
tungsten at Los Santos is difficult to trace. The stable
and radiogenic isotopes are consistent with the mixing
of fluids equilibrated with the host rocks and an exotic
fluid, likely equilibrated with the monzogranite—gran-
odiorite or the leucogranite. As quoted above, the Sr
isotope data of the leucogranite are probably disturbed
during hydrothermal alteration, and do not allow
discrimination between either magmatic sources.

The isotopic data alone are not conclusive, but
the geological relationships strongly suggest that the
mineralizing fluids equilibrated with the leucogranite.
Key criteria include the enrichment of both fluorine and
tungsten in the skarn, two elements typical of fluids
equilibrated with evolved granites, the presence of a
hydrothermally altered leucogranite, and the lack of
scheelite mineralization away from this specific area.
The leucogranite shows a direct spatial relationship
with the mineralization, and the intrusive contacts of
limestone with monzogranite—granodiorite away from
the leucogranite are invariably barren. In fact, there is
a systematic relationship of tungsten mineralization
with late orogenic peraluminous leucogranite both in
the Variscan Belt of Iberia (Kelly & Rye 1979, Derré
et al. 1982, Mangas & Arribas 1988, Tornos & Gumiel
1992, Tornos et al. 2000) and elsewhere (Keith et al.
1989, Darbyshire & Shepherd 1985, Willis-Richards
& Jackson 1989, Blevin & Chappell 1995, Heinrich
1995, Wayne et al. 1996, Smith et al. 1996). However,
leucogranite is volumetrically minor in the area. It is
difficult to envisage that the intrusions cropping out
could have formed the skarn and exerted a strong
influence on the Sr and Nd composition of the skarn.
Thus, the existence of a deep unexposed pluton of
leucogranite is proposed to be critical in the formation
of the deposit. However, the isotopic and REE data
are consistent with major chemical interchange with
granodiorite—-monzogranite and metasedimentary units,
strongly suggesting that hydrothermal fluids interacted
with regionally developed rocks prior to the mineraliza-
tion. However, fluids would only precipitate scheelite,
fluorite and REE when reacting with the carbonatic
rocks, which increased the pH and the aCa®*/(aH*)>.
The evidence of significant fluorine metasomatism in
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the area presented by Timén et al. (2007) suggests that
magmatic fluid percolated through the sequence, and
metasomatism, more than simple distillation, was the
main mechanism controlling the mineral assemblages
near the skarn. It is difficult to envisage that such a
large hydrothermal system was dominated by contact-
metamorphic waters, and that these external fluids
could leach tungsten from the regional rocks without
producing major hydrothermal alteration at a regional
scale.

In granitic systems, the absence of primary musco-
vite is interpreted to be a critical factor in the formation
of magmatic tungsten mineralization. The crystalliza-
tion of a granitic magma at relatively shallow depths
in the absence of muscovite makes tungsten behave
as an incompatible element, favoring partitioning into
the hydrothermal phase, along with fluorine and other
incompatible elements (Eugster 1985). Fluorine should
dramatically lower the solidus temperature, allowing
the shallow intrusion of the leucogranite despite rela-
tively high H,O contents (Dingwell 1988, Manning &
Pichavant 1988). Furthermore, the composition of the
hydrothermal fluid is consistent with the early exsolu-
tion of a magmatic fluid at relatively greater depths,
below the H,O-CO, immiscibility curve (see Bowers
& Helgeson 1983).

However, there is little regional evidence of the
circulation of magmatic fluids within the Spanish
Central System. The dominant regional granodiorite—
monzogranite is barren, and most of the mineralization
is related to the shallow late orogenic leucogranite that
was emplaced under H,O-undersaturated conditions.
Fluid-inclusion and stable isotope studies have shown
that fluids circulating within these systems were of
metamorphic (Reguilon er al. 2001, Villar et al. 2001)
or surficial (Tornos et al. 2000) sources. Only minor
evidence of circulation of magmatic fluids has been
recorded (Vindel et al. 1995).

Environment of formation

During the formation of the Los Santos skarn, the
fluid pressure was rather high (ca. 0.2 GPa; Timén
et al. 2007), probably close to the lower limit for the
formation of large hydrothermal systems. Several lines
of evidence support a mesozonal environment of forma-
tion. They include: a) development of a stratabound
skarn along major lithologic contacts and not as
discordant bodies, b) absence of a major cross-cutting
retrograde alteration that here seems to broadly, follow
the same pathways as the prograde alteration, c) absence
of contemporaneous quartz — scheelite — ferberite veins,
d) isotopic composition of the fluids that suggests a
deep source for fluids in both the early and late skarn,
e) presence of two generations of scheelite in both the
early and the retrograde skarn, a feature consistent with
calculations on the solubility of this mineral at high
pressures (ca. 2 kbar; Newberry & Swanson 1986), and
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f) the contact-metamorphic assemblage (Rottura et al.
1989). The upper limit in fluid pressure is constrained
by the absence of magmatic muscovite in the granitic
rocks, near 3 kbar fluid pressure.

The sulfide and silicate assemblage of the skarn,
with hedenbergitic pyroxene more abundant than
granditic garnet, biotite and clinoamphibole dominant
over epidote in the retrograde skarn, the low Mo
content of the scheelite, the predominance of pyrrho-
tite and arsenopyrite over pyrite, and the relationship
with ilmenite-bearing granite are all consistent with a
reduced environment of formation. However, the REE
data suggest that at least some of the Eu was transported
as Eu’* and, thus, the system was at least not highly
reduced. Little is known about the relationships between
the Eu**/Eu”* ratio and the redox state of fluids at high
temperatures.

The low sulfide content of the skarn is probably due
to the low f(S,) and the high temperature of formation,
both of which would inhibit the formation of significant
amounts of sulfides. Furthermore, Candela (1997) has
shown that in these reduced systems, Cu behaves as a
compatible element, and residual fluids are enriched
in W-Mo. The Sn-poor character of the skarn can be
attributed to two factors: a) the relationship with inter-
mediate to acid granites, which does not in every case
show a concurrent enrichment in W and Sn (Einaudi
et al. 1981, Meinert 1995), and b) the distal character
of the skarn relative to an unexposed pluton. The
geochemistry of the mineralization and the relationship
with reduced peraluminous leucogranite show that the
second alternative is more likely. A similar relation-
ship of proximal W—Sn skarns and distal W-rich ones
has been observed in the easternmost Spanish Central
System (Casquet & Tornos 1984, 1991).

A factor of key importance in the formation of Los
Santos skarn is the absence of isotopic evidence for
circulation of surficial waters. Involvement of almost
exclusively deep waters may be considered somewhat
unusual, and only a few examples are recorded [e.g.,
Mactung: Bowman (1998), Elkhorn: Bowman et al.
(1985a), Cantung: Bowman et al. (1985b), Red Dome:
Ewers & Sun (1989)]. The typical evolution of skarn
includes a prograde stage dominated by the circulation
of hot deep fluids and a later, retrograde stage associated
with the inflow of cooler surficial waters that invade
the hydrothermal system after the crystallization of
the pluton, as has been described in the easternmost
Spanish Central System (Tornos et al. 2000) and else-
where (Einaudi et al. 1981, Kwak 1987, Meinert 1993,
Bowman 1998, Meinert et al. 2005). Therefore, the Los
Santos skarn represents a regionally unusual system
exclusively related to the circulation of large amounts of
deep fluids with a homogeneous isotopic signature.

The location of the Los Santos skarn in this specific
context is interpreted as due to the focusing of signifi-
cant amounts of deep fluids along a major tectonic
discontinuity located at the contact between the grano-
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diorite—-monzogranite and the metasedimentary rocks.
There is no regional evidence of major deformation
(Yenes et al. 1999). However, the contact is parallel
to the main strike-slip Variscan structures of the area.
The existence of an extensional pull-apart zone in a
left-lateral strike-slip structure is consistent with the
inferred presence of a deep intrusive body, the existence
of abundant subvertical NE-trending tensional faults
controlling the location of quartz and aplitic dikes, and
the morphology of the skarn zone. This hypothetical
extensional structure triggered the emplacement of the
unexposed granitic pluton and the related dikes, and
channeled major flow of fluid.

The scarcity of other types of mineralization in the
adjacent area is probably related to differential uplift
and subsequent erosion during Alpine times. This
orogeny produced block and fault tectonics with a
“pop-up” morphology (Capote et al. 1990) that seems
to be responsible for the different levels of erosion. This
area is interpreted as an uplifted block compared with
other nearby areas, where vein-type mineralization is
much more abundant (e.g., Mangas & Arribas 1987,
Tornos et al. 2000). Thus only deep-seated deposits,
such as skarns, can be found in these environments,
whereas in shallower ones, hydrothermal veins are
more widespread.

The radiogenic isotope data show that the stratabound
mineralization at Morille has a different chemical
signature than the host rocks but similar to that of
the Los Santos skarn. This finding strongly suggests
that mineralization in both cases is associated with
leucogranite; we contend that the Los Santos deposit
was not derived by the hydrothermal remobilization of
the Morille mineralized zone. The deposits at Morille
are interpreted as distal equivalents of the Los Santos
skarn and formed in relationship to minor leucogranitic
domes that crop out nearby. The fact that these intrusive
bodies have related W veins suggests that these systems
formed in much shallower conditions than those of the
Los Santos skarn, where the formation of mineralized
veins was inhibited by higher lithostatic pressures.

CONCLUSIONS

1) The Los Santos deposit is a classical mesozonal,
Sn-poor and F-rich reduced tungsten-rich calcic skarn
distal to the source granite. It shares many of the
features of equivalent skarns elsewhere.

2) Combined radiogenic and stable isotope signa-
tures and REE contents of the scheelite and the host
rocks provide significant information on the origin and
evolution of the ore-forming fluids in skarns. The model
that best explains both geological and geochemical
features includes the exsolution of F- and W-rich fluids
from an underlying and sub-outcropping leucogranite
intrusive body. These fluids extensively interacted
with the pelitic and carbonate rocks of the Tamames
Formation. Tungsten only precipitated by replacement
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of the marble, where conditions of high pH and aCa®*/
(aH*)? were attained. If that model holds true, then it
would seem that tungsten-bearing fluids can travel large
distances in the crust, even extensively interacting with
the rocks, without causing significant mineralization.

3) The mesozonal formation of the skarn inhibited
the circulation of low-temperature meteoric fluids and
the formation of a retrograde skarn, with most of the
scheelite concentrated in the prograde hedenbergite- and
granditic-garnet-rich skarn.

4) The isotopic signatures of the scheelite from
the skarn and the Morille stratabound mineralization
are similar, but different from those of the host rocks,
indicating that tungsten was likely derived from the
plutonic rocks, and both styles of mineralization formed
by similar processes. Thus, there is no geochemical
evidence of the existence of a pre-Variscan exhalative
tungsten mineralization.
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