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Summary

The intrusion of the Lower Permian Los Santos-Valdelacasa granitoids in the Los Santos
area caused contact metamorphism of Later Vendian-Lower Cambrian metasediments.
High grade mineral assemblages are confined to a 7 km wide contact aureole. Contact
metamorphism was accompanied by intense metasomatism and development of skarns,
and it generated the following mineral assemblages: diopside, forsterite, phlogopite
(�clintonite) and humites and spinel-bearing assemblages or diopside, grossular,
vesuvianite� wollastonite in the marbles, depending on the bulk rock composition.
Cordierite, K-feldspar, andalusite and, locally, sillimanite appear in the metapelitic
rocks. Mineral assemblages of marbles and hornfelses indicate pressure conditions
ranging from 0.2 to 0.25 GPa and maximum temperatures between 630 and 640 �C.
13C and 18O depletions in calcite marbles are consistent with hydrothermal fluid–rock
interaction during metamorphism. Calcites are depleted in both 18O (�18O¼ 12.74ø)
and 13C (�13C¼�5.47ø) relative to dolomite of unmetamorphosed dolostone
(�18O¼ 20.79ø and �13C¼�1.52ø). The �13C variation can be interpreted in terms
of Rayleigh distillation during continuous CO2 fluid removal from the carbonates.
The �18O values reflect hydrothermal exchange with an externally derived fluid.
Microthermometric analyses of fluid inclusions from vesuvianite indicate that the fluid
was water dominated with minor contents of CO2 (�CH4 � N2) suggesting a meta-
morphic origin.

Fluorine-bearing minerals such as chondrodite, norbergite and F-rich phlogopite
indicate that contact metamorphism was accompanied by fluorine metasomatism.
Metasomatism was more intense in the inner-central portion of the contact aureole,
where access to fluids was extensive. The irregular geometry of the contact with small
aplitic intrusives between the metasediments and the Variscan granitoids probably
served as pathways for fluid circulation.



Introduction

Emplacement of Variscan granitoid bodies of the Spanish Central System in Central
Spain resulted in a contact metamorphic aureole in the host Later Vendian-Lower
Cambrian metasediments and, in addition, lead to metasomatic activity related to
the Los Santos skarn formation (Fig. 1). From cordieriteþK-feldspar assemblages
in hornfelses and gneisses, temperature and pressure conditions of the contact
metamorphism were estimated between 600 and 640 �C and between 0.2 and
0.25 GPa (Ugidos, 1987). From wollastonite and sillimanite in calcsilicate rocks
of the area and from the crystal chemical study of biotite and microcline of the
granite, pressure conditions in the range of 0.15–0.38 GPa were derived for the
time of granite emplacement. The temperature was estimated at 630–670 �C and
XCO2

between 0.25 and 0.5 (Saavedra and Garcı́a Sánchez, 1973).
We present the textural, mineralogical and chemical characteristics of the min-

eral associations of the metamorphic rocks, which are located in the Los Santos
contact aureole. We also ascertain the P–T–XCO2

conditions at the deposit scale
and establish its evolution during the associated metasomatism. Furthermore, we
aim to determine the nature and the origin of the hydrothermal fluid and the degree
of interaction with the host-rocks through the study of fluid inclusions and stable
isotopes. Finally, we relate the contact aureole of the Los Santos skarn with others
from the Spanish Central System (SCS) which are also accompanied by intense
metasomatism and development of skarns.

Geologic setting

The study zone is located in Central Spain near the town of Salamanca. Geologi-
cally, the area pertains to the Spanish Central System (SCS), which is the most
extensive continuous outcrop of granitoids in the Iberian Variscan Belt (Fig. 1a).
It intruded into metasediments (dominantly schist and greywackes) of late Protero-
zoic-early Paleozoic age during the late- to post-main Hercynian tectonic events. At a
regional level, the study area is located between metamorphic outcrops to the south
of Salamanca and the northern part of the Bejar granites outcrop of the Central
System. It consists mainly of a thick sequence of metamorphic sedimentary rocks
and of igneous rocks (Fig. 1b). In this part of the Central System the igneous rocks
are primarily granodiorites–monzogranites with minor granites. They define a cal-
calcaline series with an aluminous-cafemic tendency (Rottura et al., 1989), the
genesis of which is discussed controversially. Some studies invoke mesocrustal ana-
tectic processes (Bea and Pereira, 1990; Pinarelli and Rottura, 1995), while others
suggest a mantle origin with metasediment assimilation (Ugidos and Recio, 1993).

In the Los Santos area, the country rock is mainly formed, from bottom to
top, by a thick sequence of siliciclastic shales with frequent interbedded sandstones
and conglomerates called the Complejo Esquisto Grauváquico (CEG) of Upper
Proterozoic age (Monterrubio and Aldeatejada formations). This complex grades
upwards into a Lower Cambrian, sandy and carbonate facies (Tamames Sandstone
and Tamames Limestone formations). Overlying the carbonates, there is the Pizarras
de Endrinal Formation. Stratigraphically, the highest position is represented by
Ordovician and Silurian rocks, which outcrop in the cores of the Tamames and
Endrinal Variscan synclines to the west and to the north of the study zone (Dı́ez
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Fig. 1. (a) The Iberian Massif (Julivert et al., 1972) and location of the Spanish Central
System (SCS). (b) Study area in the NW termination of the SCS with the limit of the
contact metamorphic aureole and the magmatic foliation and the foliation outside of the
thermal aureole (map from Yenes et al., 1996). (c) Geological sketch of the studied area
with the location of the skarn and the samples studied
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Balda, 1986). The igneous rocks of the study area consist of Los Santos porphyritic
biotite granite, the Valdelacasa porphyritic biotite granite, which may contain cor-
dierite and muscovite, and the Linares de Riofrio biotite granite (Fig. 1b). Some-
times they are crosscut by fine-grained porphyritic and biotite granites and
tourmaline-bearing aplites and pegmatites (Ugidos and Recio, 1993). The contacts
between the two porphyric facies are gradational while the contact of these with the
Linares de Riofrio facies is sharper. No deformation has been observed at the
contact between the different facies, indicating that the corresponding magmatic
pulses and intrusion took place consecutively, but not too separated in time; i.e.,
before complete crystallization of the magma (Yenes et al., 1996).

The structural inventor of the country rocks can be explained by three super-
imposed Variscan deformation phases (Dı́ez Balda et al., 1990): The first deforma-
tion phase (D1) developed kilometre-scale folds with horizontal axes and vertical
axial planes with an axial plane cleavage (S1). The second phase (D2) is related to
extensional collapse of the previously thickened crust. This phase developed nar-
row shear zones, which outcrop in the area of Guijuelo (Fig. 1b). The age of this
deformation phase is 332� 13 Ma (U–Pb in zircons) (Galibert, 1984). Lastly, the
third deformation phase (D3) was coaxial with D1 but less pervasive, leading to
large wavelength open folds with vertical axial planes and horizontal axes (S3). The
Guijuelo Antiform was formed during the D3 deformation event (Fig. 1b).

Three episodes of regional metamorphism have been identified (Dı́ez Balda
et al., 1990): M1 is an intermediate pressure Barrovian event, which is associated
with crustal thickening during D1, leading to the formation of chlorite, garnet,
staurolite and sillimanite zone assemblages; M2 is related to D2 extension, it is a
low pressure metamorphic event characterized by growth of andalusite and cor-
dierite; lastly, M3 is a retrograde event transforming biotite and chlorite to white
mica indicating conditions close to the lower to mid greenschist facies, during D3

compression. In addition to regional metamorphism, an aureole of contact meta-
morphism has developed, in the country rocks next to the granitic outcrops.

The ascent and emplacement of the Variscan granites took place after D1 and
D2 because they cross-cut the structures developed during these phases. It probably
occurred during the D3 compressive stage, as suggested by the solid-state deforma-
tion observed in the granites and in the country rocks (Yenes et al., 1999). Rb–Sr
and Sm–Nd analysis of the igneous rocks yielded ages of 300 Ma for the intrusions
of the granitoids (Pinarelli and Rottura, 1995). Using K–Ar biotite analyses, Yenes
et al. (1996) derived ages of 281� 6 and 280� 6 Ma for Linares granite and
269� 6 and 270� 6 Ma for the Los Santos-Valdelacasa granodiorites–monzo-
granites (referred to as Montemayor del Rı́o pluton by the authors).

Contact metamorphic aureole and the Los Santos W-skarn

This aureole extends, in plain view (Fig. 1b), from 1.5 km to up to 8 km from the
intrusive contacts. The aureole is defined by the occurrence of poikiloblastic cor-
dierite crystals occasionally altered into pinnite in pelitic rocks. There is a first
generation of cordierite that is ascribed to thermal effects of the Linares de Riofrı́o
pluton. Subsequently, the intrusion of the Montemayor del Rı́o pluton caused a
horizontal crenulation and the simultaneous development of the second generation
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of cordierite crystals. Other contact metamorphic minerals are biotite, muscovite
and, locally, andalusite (Yenes et al., 1999). The variability of the width of the
aureole in the vicinity of the Los Santos skarn could be related to the underlying
granite and the associated thermal and fluid activity in the rocks around the skarn.
In the Los Santos area the intrusive contact strikes NW–SE. It is subvertical and
sub-parallel to the magmatic foliation (Fig. 1b). Gravity modelling of the pluton
shape indicates an average thickness of 2 km for the Linares pluton and of 3 to
more than 10 km for Los Santos-Valdelacasa (Yenes et al., 1999).

The W-bearing Los Santos skarn occurs, at the subvertical northern limb of the
Tamames Syncline, along the contact between the Los Santos Valdelacasa grani-
toids and the Cambrian metasediments, and it is surrounded by the Aldeatejada
Formation (SGC) (Fig. 1b). The deposit is intersected by a major NE–SW trending
fault zone, which was active during granite emplacement and provided the neces-
sary pathways for mineralizing fluids (Fig. 1c). Dominant igneous rocks are coarse-
grained granodiorites and monzogranites. These rocks intruded as NE–SW trending
dykes or as tens of metres-sized stocks, which correspond to fine grained biotite-
and sometimes tourmaline-bearing granites. Within the deposit three Lower
Cambrian lithologic units may be distinguished: the Areniscas de Tamames Forma-
tion, which grades upwards into the Calizas de Tamames Formation, and the
Pizarras de Endrinal Formation. The rocks of the Calizas de Tamames Formation
consist of an alternating sequence of dolomitic beds (30–50 cm thick) and minor
limestone, which may grade laterally in to siliciclastic material, such as shales and
greywackes. The only interstratified schists probably belong to the Pizarras de
Endrinal Formation at Los Santos Sur (Crespo et al., 2000).

The skarn extends 3 km from the eastern end of the Los Santos town to the
east. It displays a complex geometry due to faulting, and it was intruded by aplitic
and microgranitic dykes. The most important fault is called Pe~nna del Hierro, which
divides the skarn deposit in two (Fig. 1c). To the east of this fault, carbonate beds
form a periclinal closure dip 70–90� to the southeast, the two limbs of which are
called Los Santos Sur and Los Santos Este. In the western part of the Pe~nna del Hierro
fault, known as Los Santos Oeste, the beds are subvertical and strike WNW–ESE.
This section extends to the Los Santos village and is divided into three sectors by
NE–SW striking faults. From west to east these sectors are known as Las Cortinas,
Sector Central and Pe~nna del Hierro (Billiton Espa~nnola, 1985). We distinguish
between exoskarn and endoskarn referring to sedimentary and igneous protolith,
respectively. The exoskarn of the Los Santos deposit is irregular in shape and strata-
bound in the metasediments. It is a hedenbergite exoskarn, which replaced dolomitic
marbles, calcic marbles and hornfelses of the Cambrian sequence. The endoskarn is
less pronounced. Where developed it is massive on the fine-grained biotite granite
and consists of a quartz-feldspar alteration. Scheelite is frequently intergrown with
the hedenbergitic clinopyroxene of the calcic exoskarn and it also appears in the
retrograde skarn superimposed onto the earlier.

Samples and methods

Sampling for this study was focussed underground. The surface geology was stud-
ied previously by Billiton Espa~nnola (1985) for the economic evaluation of the
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deposit. The forty samples of marbles and hornfelses from surface outcrops are
indicated in the geological sketch map of the Los Santos skarn (Fig. 1c). In Table 1
the location, the lithology and the mineral assemblages are summarised for all the
samples studied. More than 50 polished thin sections were prepared to study
the textural, mineralogical and chemical variations across the metamorphic zone.
9 representative samples of marbles were selected for separation of calcite for
stable isotope analysis and 3 representative samples of dolomite from outside
the contact aureole were selected for stable isotope analyses of unaltered dolomite.
Lastly, 2 representative samples of calcic marble were selected for study of fluid
inclusions in vesuvianite.

The mineral contents and textural relationships between the different meta-
morphic rocks were determined using optical polarization microscopy, powder
XRD, scanning, as well as transmission electron microscopy (SEM and TEM)
coupled to an energy dispersive X-ray analysis system (EDX). Moreover, quanti-
tative mineral analysis was carried out on carbon-coated thin section using a JEOL
JM-6400 electron microprobe run at an acceleration voltage of 15 kV and 10 nA
beam current with a beam diameter of 5mm. Calibration was done using pure
metals and mineral as well as synthetic standards. These tasks were carried out
at the University of Salamanca and Madrid (Servicios Generales de Microscopı́a

Fig. 2. Photomicrographs of the mineral assemblages in the hornfelses. (a) Porphyroblasts
of cordierite (Crd) in a fine-grained matrix; (b) poikiloblastic cordierite grains with num-
erous inclusions of quartz and biotite; (c) andalusite (And) altered to sericite; (d) sillimanite
(Sil) prismatic crystal transformed into sericite
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Electrónica). Chemical formulae of all minerals and the end-member proportions
for clinopyroxene, olivine and garnet were calculated from mineral analyses accord-
ing to the method of Deer et al. (1992). Total iron is reported as total FeO and Fe3þ

is estimated based on stoichiometry.
Fluid inclusions were studied on wafers (300 mm thick) of vesuvianite from

representative samples of the calcite marbles by petrographic and microthermo-
metric means. For microthermometry a Chaixmeca heating-freezing stage was
used. The stage was calibrated using known melting points of solid standards at
T>25 �C on natural and synthetic fluid inclusion at T<0 �C. The rate of heating
was monitored to obtain an accuracy of �2 �C during freezing, and �4 �C upto
400 �C.

The carbon and oxygen isotope compositions of selected samples were deter-
mined at the laboratories of the Servicio General de Análisis de Isótopos Estables,
University of Salamanca. These samples were subjected to hand-picking under a
binocular microscope. The powder X-ray diffraction (XRD) method was used for
checking the purity of minerals. Extraction of CO2 from carbonates for isotopic
analysis followed standard techniques (McCrea, 1950; Craig, 1957) and was
achieved by reacting about 10 mg of carbonate with 100% H3PO4. Isotopic ratios
were measured in a VG-Isotech SIRA-II mass spectrometer. The average precision
obtained was �0.2ø (1�) (�13C and �18O). Oxygen and carbon isotope composi-
tions are reported in standard per mil notation relative to V-SMOW (Vienna Standard
mean ocean water) and V-PDB (Vienna Peedee belemnite), respectively.

Contact metamorphism and metasomatism

The hornfelses

The hornfelses originated during contact metamorphism from pelitic rocks pre-
viously metamorphosed under regional metamorphism conditions to the green-
schist facies. The protolith mineralogy of the hornfelses consists of biotite, chlorite,
muscovite, quartz, plagioclase, tourmaline, zircon, ilmenite and carbonaceous mat-
ter. Given that these metapelite layers alternate with other more psammitic layers,
cordierite-rich and quartzfeldspatic layers are developed during contact meta-
morphism, respectively.

Contact metamorphism of the pelitic layers has resulted in the appearance of
cordierite, K-feldspar, andalusite and locally sillimanite. The most important
phases in hornfelses are summarized in Table 1.

Cordierite–K-feldspar–andalusite� sillimanite hornfelses. Macroscopically,
these hornfelses are dark grey in colour, compact and fine-grained. Sometimes they
show a light banding but frequently they exhibit the typical spotted texture, in other
words, equally distributed millimetre sized nodules and a banding defined by
aligned micas can be observed. Sillimanite-bearing hornfelses only appear in the
Pe~nna del Hierro sector. Microscopically these rocks consist of quartz, biotite, mos-
covite, K-feldspar, plagioclase and cordierite, which occur in a fine-grained grano-
blastic matrix. Poikilitic cordierite and andalusite porphyroblasts have numerous
inclusions of quartz and biotite (Fig. 2a, b). Biotite, is very abundant and displays
a lepidoblastic texture by mimetic growth reproducing a pre-metamorphic struc-
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ture. Sillimanite appears as prismatic crystals. Andalusite and sillimanite are com-
monly transformed to sericite (Fig. 2c, d). In Table 2 the cordierite and biotite chem-
ical compositions are summarized. In cordierite, XMg is between 0.69 and 0.81
while in biotite XMg is 0.48. Feldspar (Or0.85) has a K=(KþNa) ratio of 0.87.
Selected microprobe point analyses of feldspar and muscovite are given in Table 2.
Tourmaline, rutile, ilmenite, apatite, zircon, titanite, pyrrhothite, chalcopyrite, pyr-
ite and magnetite are present as accessory minerals. Secondary minerals are ser-
icite, muscovite and chlorite. Feldspar, plagioclase and andalusite are altered to
sericite, biotite is altered to chlorite and cordierite shows the typical alteration to
pinnite, and sometimes it is transformed into an aggregate of magnesian chlorite
and white mica.

Table 2. Selected microprobe analyses (in wt.%) of cordierite (Crd), biotite (Bt), white mica
(Ms) and feldspar (Kfs) from the hornfelses; cations for Crd are calculated on the basis of 18
oxygens, for Kfs on the basis of 8 oxygens and for micas on the basis of 22 oxygen atoms

Mineral Crd Bt Kfs Ms
Sample 925 925 925 1379
Spot 2.50 P48 1.46 2.5

SiO2 47.39 35.35 64.36 47.92
TiO2 0.03 3.37 0.02 0.00
Al2O3 32.61 19.75 18.59 33.90
FeO� 7.19 15.94 0.05 1.13
MnO 0.11 0.03 0.03 0.04
MgO 7.17 8.36 0.00 0.27
CaO 0.04 0.06 0.06 0.04
BaO 0.00 – 0.57 0.00
SrO 0.30 0.20 0.37 –
Na2O 1.22 0.10 1.38 0.14
K2O 0.15 9.24 14.09 10.68
F 0.00 0.51 – 0.00

Total 96.20 92.91 99.52 94.11

Si 4.96 5.39 2.98 6.42
Ti 0.00 0.39 0.00 0.00
Al 4.02 3.55 1.02 2.92
Fe2þ 0.59 2.03 0.00 5.36
Mn 0.01 0.00 0.00 0.00
Mg 1.12 1.90 0.00 0.05
Ca 0.00 0.01 0.00 0.01
Ba 0.00 – 0.01 0.00
Sr 0.02 0.00 0.01 –
Na 0.25 0.03 0.12 0.04
K 0.00 1.80 0.83 1.83

Total 10.97 15.10 4.97 13.83

F 0.00 0.25 – 0.00

� Total Fe¼ Fe2þ
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The dolomite marbles

The protolith of these metamorphic rocks has been studied in samples from the
Endrinal syncline (outside the metamorphic aureole, Fig. 1b). It corresponds to
siliceous dolomite beds, which are only affected by low-grade regional metamor-
phism and retain original sedimentary and diagenetic textures. They consist of dolos-
parites with alternations of siliceous beds. Dolosparites contain 73–98% dolomite,
0.8–13% quartz, 1–13% phyllosilicates (phlogopite, muscovite and chlorite), with
minor (<1%) plagioclase, calcite, tourmaline, zircon and pyrite. The dolomite is
Fe-rich. Its medium grain size is 110mm, and it shows a granoblastic, nearly equi-
granular texture. Generally, quartz and phyllosilicates occur as accessory minerals
but they may form fine layers without lateral continuity.

The predominant mineral assemblage developed during contact metamorphism
of this dolomitic protolith is calcite–dolomite–diopside–forsterite–phlogopite. Less
common, more silica-rich dolomitic marbles contain the assemblage pargasite–
calcite–diopside–phlogopite. This latter assemblage, which only appears at Los
Santos Este, contains clintonite and chlorite. Locally, forsterite-norbergite and=or
chondrodite-spinel paragenesis occurs. Diopside is absent from this association.
Phlogopite is nearly ubiquitous in all samples of the dolomitic marbles. Magnetite,
fluorapatite, pyrrhotite, chalcopyrite, and arsenopyrite are present as accessory
minerals. Magnesian chlorite, serpentine, epidote-group minerals occur as altera-
tion minerals. The most important dolomitic marble mineral phases are summar-
ized in Table 1.

Forsterite–diopside–phlogopite marbles occur in the Los Santos Este zone.
Banding and recrystallization are observable in hand specimen. Some bands are
of a white-greyish colour coarse-grained carbonate rich, and others are fine-grained
and have a beige colour corresponding to more siliceous bands (Fig. 3a). Some-
times the original sedimentary layering is obscured by recrystallization. The car-
bonate matrix is characterized by a fine-grained mosaic of carbonate grains and
smaller forsterite, diopside and phlogopite grains at triple junctions of carbonate
grains (Fig 3c). These marbles are characterized by the appearance of forsterite-
rich olivine, typical for metamorphosed impure dolomites (Table 3). Forsterite
occurs as equigranular and rounded 5–10mm grains. The diopside occurs as anhe-
dral to subhedral crystals. The chemical composition of diopside (Di0.91–0.94) is
summarized in Table 3. Phlogopite occurs as layered aggregates of platy crystals
with dark-green colours. In general, phlogopite shows straight extinction under
crossed polarizers and, sometimes, it is altered to secondary chlorite. The chemical
composition of phlogopite is shown in Table 3 (sample 959). In this assemblage, it
doesn’t show any fluorine and Mg=(MgþFe)¼ 0.96. There are amphibole crys-
tals, which correspond to tremolite according to the classification of Leake et al.
(2004) (Table 4). In these forsterite-diopside-phlogopite marbles sulphides are
present at <1 vol.% mainly pyrrothite and chalcopyrite.

In addition to these characteristic minerals clintonite and pargasite may be pres-
ent (Fig. 3b). Clintonite occurs as elongate crystals, it is nearly colourless in
plane-polarized light, showing straight extinction under crossed polarizers. Clin-
tonite is Mg-rich, containing small amounts of Fe (XMg¼ 0.94) and has an XF

ranging from 0.03 to 0.09 (Table 3). The clintonite compositions lie close to the
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Fig. 3. (a) Portion of a dolomite marble from Los Santos Este; coarse-grained layers are
recrystallized carbonates and the fine-grained ones are an aggregate of carbonates, diopside
(Di), phlogopite (Phl), clintonite (Clin) and pargasite (Prg) (Photo b). Photomicrographs (b,
c, d, e and f) in transmitted light illustrating textural relationships in dolomite marbles; (c)
forsterite and diopside grains associated with carbonates in forsterite–diopside–phlogopite
marbles; (d) serpentinized forsterite (Srp) and spinel (Spl) in a carbonate matrix; (e)
chondrodite (Chn) and norbergite (Nrb) intergrowth; (f) basal section of tremolite (Tre)
associated with chondrodite and calcite (Cal); (d), (e) and (f) humite-, spinel-bearing
assemblages in forsterite–phlopite marbles. (a), (d) and (f) under parallel polarizers; (b), (c)
and (e) under crossed polarizers
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MgSi-rich end-member of the solid solution series synthesized by Olesh (1975)
and they are Al-poor. The textural relationships observed indicate that clintonite
was formed in equilibrium with forsterite, diopside and phlogopite. In these layers,
small amounts of hornblende occur as idiomorphic crystals <25mm in length
(Fig. 3b). These hornblende crystals exhibit a distinct pleochroism in greenish
colours. According to the classification of Leake et al. (2004) this hornblende cor-
responds to pargasite. It has an XMg between 0.84 and 0.89 and a XF between 0.02
and 0.06 (Table 4).

Table 3. Microprobe analyses of forsterite, clinopyroxene, phlogopite and clintonite from the dolomite marbles;
forsterite formula based on 4 oxygens, clinopyroxene formula based on the basis of 6 oxygens, phlogopite and
clintonite formulae based on 22 oxygen atoms

Mineral Forsterite Clinopyroxene Phlogopite Clintonite

Sample 959 959 958 958 958 908 908 959 958 958 958
Spot 1.41 1.55 2.63 2.64 3.65 1.3 3.9 2.47 3.70 3.71 3.72

SiO2 40.83 41.13 50.12 53.95 53.01 39.50 40.06 38.91 18.36 18.82 18.25
TiO2 0.00 0.00 0.55 0.02 0.30 0.07 0.16 0.30 0.19 0.28 0.30
Al2O3 0.03 0.00 4.99 0.22 1.83 14.33 13.88 17.27 40.68 40.14 41.01
FeO� 7.27 6.95 2.57 2.16 1.59 5.02 3.55 1.88 2.25 2.30 2.21
MnO 0.09 0.09 0.05 0.00 0.01 0.03 0.06 0.01 0.02 0.02 0.00
MgO 49.91 50.39 15.11 16.81 16.55 25.31 25.66 23.96 19.57 19.79 19.23
CaO 0.07 0.06 26.59 26.42 26.53 0.08 0.11 0.05 12.77 12.78 12.96
Na2O 0.00 0.01 0.05 0.05 0.00 0.48 0.18 0.67 0.29 0.30 0.29
K2O 0.00 0.02 0.00 0.02 0.00 9.28 10.02 9.88 0.01 0.02 0.04
F – – – – – 1.93 1.49 0.00 0.24 0.15 0.40
Cl – – – – – 0.02 0.02 0.02 0.01 0.00 0.01

Total 98.19 98.66 100.0 99.65 99.81 96.04 95.19 92.95 94.38 94.61 94.70

Si 1.01 1.01 1.84 1.98 1.94 5.46 5.59 5.59 2.61 2.67 2.58
Ti 0.00 0.00 0.02 0.00 0.01 0.01 0.02 0.03 0.02 0.03 0.03
Al 0.00 0.00 0.22 0.01 0.08 2.34 2.28 2.92 6.81 6.71 6.84
Fe2þ 0.15 0.14 0.08 0.07 0.05 0.58 0.41 0.23 0.27 0.27 0.26
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Mg 1.83 1.84 0.83 0.92 0.90 5.22 5.34 5.13 4.14 4.19 4.06
Ca 0.00 0.00 1.05 1.04 1.04 0.01 0.02 0.01 1.94 1.94 1.96
Na 0.00 0.00 0.00 0.00 0.00 0.13 0.05 0.19 0.08 0.08 0.08
K 0.00 0.00 0.00 0.00 0.00 1.64 1.78 1.81 0.00 0.00 0.01

Total 2.99 2.99 4.03 4.02 4.01 15.38 15.49 15.90 15.88 15.90 15.82

F – – – – – 0.84 0.66 0.00 0.11 0.07 0.18
Cl – – – – – 0.01 0.01 0.00 0.00 0.00 0.00
OH – – – – – 1.15 1.34 2.00 1.89 1.93 1.82
XMg 0.92 0.93 0.91 0.93 0.95 0.90 0.93 0.96 0.94 0.94 0.94
XF – – – – – 0.42 0.33 0.00 0.05 0.03 0.09

Fo 92.4 92.8 Di 91.1 93.3 94.9
Fa 7.6 7.2 Hd 8.7 6.7 5.1

Jh 0.0 0.0 0.0

� Total Fe¼ Fe2þ
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Locally humite- and spinel-bearing assemblages also appear in forsterite mar-
bles. In the hand sample they are whitish coarse-grained rocks with other more
fine-grained layers. Millimetre sized idiomorphic magnetite crystals and honey
coloured forsterite crystals occur in a matrix of coarse grained dolomite together
with flakes of phlogopite and isolated grains of humite-group minerals and spinel.
The magnetite occurs as subidiomorphic crystals and the spinel shows a greenish
colour. Forsterite is present as an accessory mineral and is mostly transformed into
serpentine (Fig. 3d).

Table 4. Microprobe analyses of chlorite and amphiboles from dolomite marbles; amphibole
structural formulae is estimated following the procedure of Robinson et al. (1982) on the
basis of 13 cations; Fe3þ is calculated by charge balance. Chlorite analyses normalized to 18
(O, OH, F, Cl) and Fe3þ is calculated according to Hendry (1981)

Mineral Chlorite Pargasite Tremolite

Sample 909 909 909 920 958 958 958 958 959 959
Spot 2.6 2.8 5.20 4.29 2.61 3.66 3.67 3.68 1.3 2.5

SiO2 28.71 27.66 33.49 28.90 40.14 40.74 41.06 41.35 56.60 55.60
TiO2 0.12 0.08 0.00 0.00 0.54 0.77 0.93 0.77 0.13 0.06
Al2O3 21.13 24.55 13.21 21.19 18.57 16.77 16.90 15.39 3.34 5.43
FeO 11.00 14.15 7.31 6.52 5.29 3.80 4.22 4.54 0.53 0.48
MnO 0.18 0.25 0.04 0.07 0.01 0.00 0.03 0.03 0.00 0.00
MgO 26.22 19.60 32.24 29.82 15.06 16.65 16.63 16.88 23.40 23.10
CaO 0.06 0.18 0.30 0.03 13.70 13.66 13.57 13.82 13.20 13.20
Na2O 0.04 0.41 0.02 0.02 2.24 2.45 2.38 2.55 0.20 0.19
K2O 0.03 0.04 0.07 0.01 1.24 1.30 1.23 0.73 0.14 0.10
F 0.68 0.10 0.62 0.77 0.26 0.24 0.19 0.08 0.56 0.60
Cl 0.02 0.01 0.03 0.02 0.06 0.04 0.08 0.05 – –

Total 88.07 87.37 87.30 87.17 97.39 96.74 97.54 96.47 98.10 98.76

SiIV 3.13 2.79 3.58 3.16 5.84 5.94 5.93 6.04 7.69 7.52
AlIV 0.87 1.21 0.42 0.84 2.16 2.06 2.07 1.96 0.31 0.48
Ti 0.01 0.01 0.00 0.00 0.06 0.08 0.10 0.08 0.01 0.01
AlVI 1.84 1.71 1.24 1.89 1.03 0.82 0.81 0.68 0.23 0.39
Fe3þ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2þ 1.00 1.19 0.65 0.60 0.64 0.46 0.51 0.55 0.06 0.05
Mn 0.02 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Mg 4.26 2.95 5.13 4.86 3.27 3.62 3.58 3.67 4.74 4.65
Ca 0.01 0.02 0.03 0.00 0.14 0.14 0.10 0.16 1.93 1.91
Na 0.01 0.08 0.00 0.00 0.63 0.62 0.67 0.70 0.02 0.02
K 0.00 0.01 0.01 0.00 0.23 0.24 0.23 0.14 0.06 0.05

Total 11.15 9.99 11.07 11.36 13.00 12.99 13.00 12.99 13.04 13.10

F 0.23 0.03 0.21 0.27 0.12 0.11 0.08 0.04 0.24 0.26
Cl 0.00 0.00 0.01 0.00 0.02 0.01 0.02 0.01 – –
OH 7.76 7.97 7.79 7.73 1.86 1.88 1.90 1.95 1.76 1.74
XMg 0.81 0.71 0.89 0.89 0.84 0.89 0.88 0.87 0.99 0.99
XF 0.029 0.004 0.026 0.033 0.06 0.06 0.04 0.02 0.12 0.13
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Humite group minerals are difficult to distinguish from one another, but bearing
in mind their general formulae nM2SiO4M (OH, F)2 with M¼Mg, Fe, etc. and
n¼ 1, 2, 3 and 4 for norbergite, chondrodite, humite, and clinohumite, respectively,
the analyzed minerals correspond to norbergite and chondrodite (Table 5). In the
samples studied, the norbergite has n� 1 and XF ranging from 0.40 to 0.45 and the
chondrodite has n� 2 and XF ranging from 0.36 to 0.45. On several occasions
chondrodite appears as subhedral, more or less elongated crystals with a high relief
which sometimes show marked yellowish pleochcroism and characteristic twin-
ning. Norbergite has minor relief, low birefringence and no twins. The textural
relationships between the two humites are not sufficiently clear to establish a
genetic sequence. It is common to observe that chondrodite is transformed into
norbergite but sometimes, as shown in Fig. 3e, the sequence seems to be in reverse.

The spinel-group minerals belong to the spinel-hercynite series (or ferrous spinel
MgAl2O4–FeAl2O4) with an approximate formula of Fe2þ

0:49Mg0:52Fe3þ
0:11Al1:98.

Phlogopite is not as abundant as in dolomite marbles without humites. The Mg=
(Mgþ Fe) ratio between 0.9 and 0.93 is similar to the phlogopite from the forster-

Table 5. Selected microprobe analyses of norbergite and chondrodite from the dolomite
marbles; cations for norbergite are calculated on the basis of 5 oxygen atoms and for
chondrodite on the basis of 10 oxygen atoms

Mineral Norbergite Chondrodite

Sample 920 920 920 908 908 909 909 909 909 920
Spot 4.10 4.11 4.12 5.20 5.200 1.1 1.2 1.4 3.12 2.22

SiO2 28.35 28.40 28.35 29.29 29.61 33.16 33.20 33.27 32.96 32.85
TiO2 0.07 0.09 0.00 0.02 0.06 0.55 0.20 0.36 0.32 0.07
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01
FeO� 3.27 3.53 3.49 2.92 2.21 12.34 12.26 12.19 9.93 11.37
MnO 0.25 0.19 0.16 0.36 0.33 1.03 1.09 1.03 0.55 0.58
MgO 55.23 53.97 55.78 54.91 56.07 47.26 47.63 47.17 50.34 48.15
CaO 0.07 0.10 0.05 0.11 0.02 0.11 0.14 0.14 0.12 0.03
F 9.20 8.56 9.13 8.74 9.32 3.67 4.09 4.02 4.44 4.71

Total 96.44 94.84 96.96 96.35 97.62 98.13 98.60 98.18 98.72 97.76

Si 0.99 1.00 0.99 1.02 1.02 2.00 2.02 2.00 1.96 1.98
Ti 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.02 0.02 0.00
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.09 0.10 0.10 0.08 0.06 0.68 0.70 0.69 0.57 0.66
Mn 0.00 0.00 0.00 0.01 0.01 0.05 0.05 0.05 0.03 0.03
Mg 2.89 2.86 2.90 2.85 2.88 4.24 3.43 4.25 4.42 4.33
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 3.98 3.97 3.99 3.96 3.97 7.00 6.90 7.00 7.00 7.00

F 0.87 0.81 0.86 0.83 0.88 0.70 0.78 0.77 0.82 0.91
OH 1.12 1.16 1.14 1.13 1.08 1.24 1.17 1.20 1.17 1.10
XMg 0.97 0.97 0.97 0.97 0.98 0.96 0.83 0.92 0.97 0.90
XF 0.44 0.41 0.43 0.42 0.45 0.36 0.40 0.39 0.41 0.45

� Total Fe¼ Fe2þ

122 S. M. Timón et al.



ite–diopside marbles, but the fluorine content is higher: XF¼ 0.33–0.42 (Table 3,
sample 908). Diopside, clintonite and amphibole are absent in these marbles. There
is apatite and fluorapatite with 4.46 wt.% fluorine content. There are also pyrrothite,
some chalcopyrite and occasionally arsenopyrite. Magnesian chlorite appears in
these marbles as an alteration mineral. According to Wiewióra and Weiss (1990), its
chemical composition, summarized in Table 4, ranges between clinochlore and
pennine. XF of the magnesian chlorites spans the range of 0.004–0.033.

The calcite marbles

The samples of the calcite marble protolith were collected at the Endrinal syncline
(Fig. 1b). Compositionally and texturally these rocks are calcarenites of grey col-
our. The high quartz content and the grain size homogeneity gives calcarenites a
compact aspect. There are fine grained whitish zones with archaeocyathides. These
rocks contain 64.9–96% calcite, 2.5–21.9% quartz, 2.1–3.8% plagioclase, <1–
13.5% phyllosilicates (phlogopite, muscovite and chlorite) and up to 7.9% dolo-
mite. There are only minor amounts of sulphides (<1%) present. In metamorphic

Fig. 4. (a) Portion of a calcite marble; light coloured layers contain predominantly calcite
(Cal); calc-silicate layers have brown colour due to the presence of vesuvianite (Ves), or
garnet (Grs), and greenish colour due to the presence of diopside (Di); (b) photomicrograph
in transmitted light of grossular, diopside and calcite assemblage in vesuvianite; (c) two
phase fluid inclusion in vesuvianite from Los Santos Este calcite marble
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equivalents the texture varies from granoblastic to granolepidoblastic. Calcite grain
size ranges from 70 to 100 mm. Sometimes they contain dolomite, which may
become even more abundant than calcite. This dolomite is secondary in origin
and it can appear as sparitic crystals, replacing fossil components or filling late

Table 6. Compositions and mineral formulae of garnet (Grt), clinopyroxene (Di) and
vesuvianite (Ves) from calcite marbles. Structural formulae of grossular on the basis of
12 oxygen atoms, clinopyroxene on the basis of 6 oxygens atoms, and vesuvianite on the
basis of 78 oxygens atoms; Fe3þ is estimated following stoichiometric constrains for Di and
Grt and following Groat et al. (1992) for Ves

Mineral Grt Di Ves

Sample 960 960 960 960
Spot 1.59 2.54 1.60 4.61

SiO2 39.01 53.27 52.44 36.03
TiO2 0.43 0.06 0.04 1.27
Al2O3 19.62 1.07 0.86 16.41
Fe2O3

� 3.67 0.00 0.00 –
FeO 0.00 5.65 4.48 2.29
MnO 0.21 0.07 0.09 0.05
MgO 0.48 13.36 14.54 2.62
CaO 36.02 26.34 25.85 36.42
Na2O 0.03 0.07 0.04 0.03
K2O 0.01 0.00 0.01 0.00
F – – – 0.01
Cl – – – 0.23

Total 99.48 99.90 98.34 95.38

Si 2.98 1.98 1.97 17.21
Ti 0.02 0.00 0.00 0.46
Al 1.77 0.05 0.04 9.24
Fe3þ� 0.21 0.00 0.00 1.35
Fe2þ 0.00 0.18 0.14 0.91
Mn 0.01 0.00 0.00 0.02
Mg 0.06 0.74 0.81 1.87
Ca 2.95 1.05 1.04 18.64
Na 0.00 0.00 0.00 0.03
K 0.00 0.00 0.00 0.00
F 0.00 0.00 0.00 0.02
Cl 0.00 0.00 0.00 0.19

Total 8.01 3.99 4.01 49.72

XMg 0.81 0.85 0.67
Alm 0.01 Di 80.60 85.00
Adr 10.52 Hd 19.40 15.00
Grs 87.19 Jh 0.00 0.00
Prp 1.95
Sps 0.33

� Recalculated from stoichiometry
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microfractures. A light layering is defined by preferred orientation of micas, mainly
phlogopite, muscovite, and chlorite. In some samples, together with calcite, sericite
is an essential component. Common accessory minerals are tourmaline and opaque
minerals. Disseminated euhedral pyrite cubes are found all over the sample but,
frequently, oriented accumulations of pyrite accompanied by ferric oxides in very
fine grained layers are also observed.

The contact metamorphism of the calcic marbles has resulted in the appearance
of diopside, grossular, and vesuvianite with or without wollastonite. Table 1 sum-
marises the most important minerals in these marbles.

Diopside–grossular–vesuvianite�wollastonite marbles. These rocks are coarse-
grained and show banding on a millimetre to centimetre scale. Whitish bands
represent carbonate-rich and=or wollastonite rich layers. Greenish bands consist
of clinopyroxene and the brownish bands contain vesuvianite and grossular
(Fig. 4a). Mineral assemblages in these rocks are dependent on the initial composi-
tion of the individual layers in which they occur. In calcite-rich layers, the calcite
is coarse grained (300–600 mm) and granoblastic. Mineral assemblages in calc-
silicate layers, contain calcite, diopside, grossular, vesuvianite and wollastonite.
The diopside, grossular and calcite association occurs as relicts. Diopside occurs as
subhedral grains (<50 mm). Garnet is fine grained and anhedral. Whenever vesu-
vianite is present it replaces garnet (Fig. 4b). Wollastonite appears as fine needles
with calcite and diopside inclusions. Vesuvianite is very abundant and contains all
of the minerals mentioned above. Sometimes up to centimetre-sized porphyroblasts
of vesuvianite occur at the boundary between calc-silicate layers and calcite-rich
layers.

From chemical analyses, the garnet can be classified as grossular (Table 6). The
clinopyroxene is essentially a diopside-hedenbergitic solid solution (Di0.80–0.85;
Hd0.15–0.19) (Table 6). The vesuvianite has a F content of 0.02 wt.% (Table 6). In
contrast all phases which are present as inclusions in vesuvianite (primary calcite,
diopside and grossular) are F free.

Phase relations

Hornfelses. The mineral association produced during contact metamorphism of the
hornfelses consists of cordierite, K-feldspar, andalusite and locally, sillimanite with
quartz, moscovite, excess biotite and ilmenite. This assemblage may be considered
in the simplified K2O–FeO–MgO–Al2O3–SiO2–H2O model system (KFMASH).
Phase relations within this system were calculated using the internally consistent
thermodynamic database of Berman (1988) with the aid of the Geo-Calc software
(Berman et al., 1987; Brown et al., 1988a, b). A phase diagram projection was
constructed for the hornfelses using unit activity for quartz, andalusite, sillimanite
and kyanite because they occur as pure phases. Activities of the rest of the minerals
were corrected using models from published experiments: for moscovite and bio-
tite, those from Essene (1989), for K-feldspar, the model proposed by Spear
(1993), and for cordierite, the model reported by Powell and Holland (1990) were
used. Figure 5 shows the phase relations in a P–T diagram. The prograde reaction
in the metapelites are characterized by the breakdown of muscovite and quartz to
give K-feldspar and andalusite (R1) before andalusite converts to sillimanite (R2).
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This reaction sequence indicates that prograde reaction took place at pressures
below 0.17 GPa. These reactions intersect at point I (P¼ 0.17 GPa; T¼ 640 �C):

muscovite þ quartz ¼ Al2SiO5 þ K-feldspar þ H2O ðR1Þ

andalusite ¼ sillimanite ðR2Þ
The development of assemblages such as cordierite, andalusite and K-feldspar, sug-
gest that reactions R3 and R4 occurred, which intersect at point II (P¼ 0.26 GPa;
T¼ 680 �C).

6 moscoviteþ2 biotiteþ15 quartz¼ 3 cordieriteþ8 K-feldsparþ8 H2O ðR3Þ

2 biotite þ 9 quartz þ 6 Al2SiO5 ¼ 3 cordierite þ 2 K-feldspar þ 2 H2O ðR4Þ
The CrdþAndþKfs assemblage containing sillimanite suggests that the P–T
conditions in the Los Santos aureole are located between points I and II. Therefore,
for the metapelites maximum temperature-pressure conditions of contact meta-
morphism are estimated between 640–680 �C and 0.18–0.27 GPa. This is in line
with the findings of Ugidos (1987), who inferred temperatures of between 600 and
640 �C and pressures between 0.2 and 0.25 GPa for contact metamorphism in the
Spanish central western zone.

Dolomite marbles. Mineral assemblages and their chemical compositions must
be considered in terms of the components K2O, CaO, MgO, Al2O3, SiO2, H2O and
CO2. Phase relations within this system were calculated using the internally con-
sistent thermodynamic database of Berman (1988) with the aid of the Geo-Calc
software (Berman et al., 1987; Brown et al., 1988a, b). A phase diagram projection
was constructed for the forsterite-diopside-phlogopite marbles using unit activity

Fig. 5. P–T projection of the K2O–FeO–MgO–Al2O3–SiO2–H2O system. The position
of the reactions R1, R3 and R4 have been corrected according to mineral compositions:
aMg–Crd¼ 0.4, aKfs¼ 0.83, aMs¼ 0.49 and aPhl¼ 0.04. For the rest of mineral phases,
activity is equal to unity
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for quartz, calcite, dolomite and K-feldspar, because they occur as nearly pure
phases. Activities of diopside and forsterite were calculated according to Spear
(1993). Tremolite was modelled after Chernosky et al. (1998); and for phlog-

Fig. 6. T–XCO2
phase diagram summarizing reactions in the K2O–CaO–MgO–Al2O3–

SiO2–H2O–CO2 system at 0.25 GPa (continuous curves) and at 0.2 GPa (discontinuous
curves). The arrows represent the maximum conditions of T and XCO2

for the reaction that
reflects the most common assemblage in the dolomitic marbles (forsterite-diopside-phlog-
opite). The numbered reactions are as follows:

8 Qzt þ 5 Dol þ H2O ¼ 3 Cal þ Tr þ 7 CO2 ðR1Þ

2 Dol þ Phl þ 8 Qzt ¼ Tr þ Kfs þ 4 CO2 ðR2Þ

6 Cal þ 5 Phl þ 24 Qzt ¼ 3 Tr þ 5 Kfs þ 2 H2O þ 6 CO2 ðR3Þ

Dol þ 2 Qzt ¼ Di þ 2 CO2 ðR4Þ

3 Cal þ 2 Qzt þ Tr ¼ 5 Di þ H2O þ 3 CO2 ðR5Þ

3 Tr þ Kfs þ 6 Cal ¼ 12 Di þ Phl þ 6 CO2 þ 2 H2O ðR6Þ

3 Cal þ Tr ¼ Dol þ 4 Di þ H2O þ CO2 ðR7Þ

5 Dol þ 4 Tr ¼ 6 Fo þ 13 Di þ 4 H2O þ 10 CO2 ðR8Þ

4 Cal þ 2 Fo þ 2 CO2 ¼ 3 Dol þ Di ðR9Þ

13 Cal þ 8 Fo þ 9 CO2 þ H2O ¼ Tr þ 11 Dol ðR10Þ

5 Cal þ 3 Tr ¼ 2 Fo þ 11 Di þ 3 H2O þ 5 CO2 ðR11Þ
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opite the model of Essene (1989) was used. Figure 6 shows the phase rela-
tions in a T–XCO2

diagram. According to the pressures obtained from the
mineral assemblages in hornfelses, curves have been constructed at 0.25 and
at 0.2 GPa.

The most common paragenesis observed in forsterite–diopside–phlogopite
marbles, suggests that forsterite was formed by reaction R11:

5 calcite þ 3 tremolite ¼ 2 forsterite þ 11 diopside þ 3 H2O þ 5 CO2 ðR11Þ
The maximum temperature of forsterite formation during contact metamorphism
was estimated at 525 �C at 0.05 GPa, 570 �C at 0.1 GPa and 675 �C at 0.3 GPa
(Ferry, 2001). For the Notch Peak (Utah) aureole, under similar metamorphic
conditions, the temperature of forsterite formation is 590–600 �C at P¼ 0.2 GPa
(Hover-Granath et al., 1983). Bowman and Essene (1982) calculated the low-T
limit for this association between 500 and 550 �C. For the Los Santos aureole,
R11 indicates a maximum temperature of 640 �C and XCO2

¼ 0.65 at 0.25 GPa or
at 610 �C and XCO2

¼ 0.62 at 0.2 GPa (Fig. 6).
As described previously, clintonite can appear occasionally in dolomitic mar-

bles at Los Santos Este. Olesh and Seifert (1976) determined the phase relations
of clintonite in the system CaO–MgO–Al2O3–SiO2–H2O at 0.2 GPa and they
established that the typical conditions for the formation of natural clintonites
can be estimated to be 600–800 �C and about 0.2 GPa with XCO2

ranging from
0.1 to 0.3. Clintonite is, hence, restricted to low XCO2

values of the coexisting
fluid. During contact metamorphism, the CO2-rich phase of a carbonate rock
might be diluted by penetrating H2O solutions stabilizing clintonite. In addition,
bulk compositions high in Al2O3 but low in SiO2 are a prerequisite for clintonite
formation. Such compositions led Olesh and Seifert (op. cit.) to suggest that
clintonite will not form unless the original bulk composition is changed through
metasomatism. On the other hand, Rice (1979) suggests that these special bulk-
compositional requirements can be met in the original sediment and formation of
clintonite was not necessarily related to metasomatism, but rather to nearly iso-
chemical reactions taking place in H2O-rich fluids. In the zone studied, MgSi-rich
clintonite coexists with forsterite and chlorite. As stated previously, this associa-
tion can be formed at between 600 and 660 �C. At higher temperatures chlorite
will disappear.

In these less common bulk compositions the calcic amphibole (pargasite) also
appears. From the crystals of diopside with inclusions of amphibole grains in
optical continuity, it can be deduced that clinopyroxene was formed at the expense
of pargasite and calcite.

Another mineral assemblage in the dolomitic marbles is characterized by the
presence of calcite, dolomite, forsterite, chondrodite, norbergite, and spinel. Phlog-
opite is less abundant than in medium grade marbles. Diopside is absent, indicating
low silica activity. Rice (1980a, b) constructed phase diagrams for the humite-
group minerals. According to Rice (1980a, b), humites form when marbles contain-
ing the assemblage Cal–Dol–Fo–Spl–Phl are not capable of buffering the fluid
composition from the equilibrium

dolomite þ 4 forsterite þ H2O ¼ clinohumite þ calcite þ quartz
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Formation of humites is favoured by low silica activity and by high HF fugacity in
the fluid. The stability field for humites is primarily governed by this reaction,
which has positive slopes in the T–XCO2

space. Hence, an increase in temperature
or a decrease in XCO2

is necessary to replace forsterite by humite-group minerals.
At 600 �C and 0.2 GPa the mole fraction of carbon dioxide in the fluid coexisting
with the chondrodite-forsterite association is between 0.4 and 0.5 (Rice, 1980a, b).

In some samples, there are intergrowths of chondrodite and tremolite (Fig. 3f)
suggesting the reaction

52 forsterite þ 2 calcite þ 12 H2O ¼ 11 chondrodite þ tremolite þ CO2

An increase in temperature or a decrease in XCO2
is required in order to allow this

reaction to occur. According to Rice (1980b) and Satish-Kumar et al. (2001) tem-
perature limits for this reaction range between about 630 and 575 �C and XCO2

values between 0.65 and 0.35. In addition to chondrodite, these samples contain
norbergite. It is difficult to define the textural relationships between the two humite
group minerals. Sometimes it seems that chondrodite gives rise to norbergite
(Fig. 3e) and at other times the norbergite seems to be unstable and prone to trans-
formation to chondrodite. The equilibrium between the two minerals could be de-
fined by a chemical reaction such as

dolomite þ chondrodite þ H2O ¼ 2 norbergite þ calcite þ CO2

Several authors have demonstrated that the increase in the stoichiometric quantity
of (OH, F) in the humite series from clinohumite to norbergite is accompanied by
an increase in the mole fraction of fluorine. This suggests that the relative rarity of
chondrodite, and especially norbergite, is, at least in part, due to the lack of bulk
compositions with suitably high F=(FþOH) ratios.

In order to obtain more information about the thermal conditions during the
contact metamorphism, calcite–dolomite solvus geothermometry has been used
(Anovitz and Essene, 1987). According to these authors the limits to apply this
geothermometer range from 250 to 800 �C with uncertainties of �50 �C when T is
less than 500 �C and �25 �C when T is above 500 �C. Calcite–dolomite geother-
mometry has been applied to humite and spinel-bearing assemblages and most of
the temperatures obtained (seven measurements) range between 514 and 355 �C
(�25 �C).

Calcite marbles

Many studies indicate that parageneses with vesuvianite are restricted to water rich
fluids (Valley et al., 1985; Labotka et al., 1988; Abart, 1995). In a qualitative analysis
of reactions in the CaO–MgO–Al2O3–SiO2–H2O–CO2 system Valley et al. (1985)
show that assemblages with vesuvianite are stable to high temperatures in the absence
of quartz and require water-rich conditions (XH2O>0:8). In the calcic marbles studied,
the garnet is rimmed and replaced by vesuvianite, which contains many diopside and
calcite inclusions. These observations suggest that vesuvianite may have been formed
by the reaction

2 grossularþ3 diopsideþ3 anorthiteþ7 calciteþ4 H2O¼ vesuvianiteþ7 CO2
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Other samples contain wollastonite that could have been formed according to the
reaction

calcite þ quartz ¼ wollastonite þ CO2

In these samples the vesuvianite grains either contain wollastonite inclusions or are
intergrown with wollastonite blades suggesting that vesuvianite may have been
formed at the expense of grossular within the stability field of wollastonite by the
reaction

5 garnetþ3 diopsideþ4 calciteþ4 H2O¼ vesuvianiteþ3 wollastoniteþ4 CO2

According to the authors mentioned above, in the presence of wollastonite, vesu-
vianite requires very water-rich conditions (XH2O>0:97) and temperatures higher
than 600 �C.

Fluid inclusions

In calcic marbles, fluid inclusions suitable for analysis were found in vesuvianite.
Within vesuvianite, single, equant and isolated fluid inclusions are distributed ran-
domly in individual grains and are interpreted to be primary inclusions (Roedder,
1984). These fluid inclusions are two-phase inclusions consisting of a gas bubble
(V) surrounded by an aqueous liquid (L), where V>L. According to the fluid con-
tent at room temperature the degree of filling is 0.6 (Roedder, 1984). The liquid is
an aqueous saline fluid and the gaseous phase is a gaseous mixture. These fluid
inclusions vary in size from 8 to 40 mm and show ovoidal, irregular, elongated and
polygonal shape (Fig. 4c).

Microthermometric data

On cooling, the inclusions exhibit freezing, with initial clathrate formation fol-
lowed by ice formation at lower temperatures, which results in a distortion of the

Table 7. Summary of fluid inclusion data for vesuvianite at Los Santos

Host mineral vesuvianite
Type of fluid inclusion LþV (V>L)
No. of measurements 20
TmCO2

�60 to �61
Te �52.7 to �22
Tmice �11 to �9.8
Tmclath 8 to 9.8
Th 403 to 411
Salinity (wt.% NaCl equiv.) 7.6 to 9.53
Density (g=cm3) 0.66
XCO2

0.05
XH2O 0.9
XNaCl 0.05

TmCO2
Triple point CO2, Te eutectic temperature, Tmice melting ice, Tmclath melting clathtrate,

Th homogeneization temperature
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vapour phase. Phase transitions in these gaseous inclusions were observed between
�170 and þ20 �C, a temperature range that can be investigated by cooling the
sample with liquid N2. All the data obtained are summarised in Table 7. Complete
solidification of these inclusions was not observed but, on warming runs, the initial
melting of the fluid inclusions in vesuvianite from Los Santos Sur were observed
between �61 and �60 �C. This melting occurs far from the triple point of pure CO2

at �56.6 �C. According to Van den Kerkhof and Thi�eery (2001) additional compo-
nents such as CH4 or N2 will lower the melting temperature down to �61 �C for
CO2–N2 mixtures and down to much lower temperatures for CO2–CH4. So, prob-
ably, the gaseous phase of these fluid inclusions contains a mixture of CO2 and N2.
However, the presence of CH4 should not be discarded because the clathrate melt-
ing temperature is nearly 10 �C (Sheperd et al., 1985).

In the aqueous phase, the first melting of the inclusions in vesuvianite is ob-
served between �52.7 and �22 �C, indicating not only the presence of Naþ but
also of minor amounts of cations such as Ca2þ or Mg2þ (Sheperd et al., 1985). The
final melting of ice takes places between �11 and �9.8 �C and the final melting
temperature of the clathrates ranges from 7.6 to 9.8 �C. From this data and using
Ice program (Bakker, 1999) the salinity and density have been estimated to be
8.7 wt.% NaCl equiv. and 0.62 g=cm3 respectively, and the CO2 molar fraction is
estimated to be XCO2

� 0:05. Total homogenization temperatures vary between
403 and 411 �C, and the homogenization is always to the liquid. The isochores
were calculated from the volume and composition properties of the fluid using the
Isochor program (Bakker, 1999). The trapping temperatures estimated for inclu-
sions in vesuvianite, corrected for a trapping pressure between 0.2 and 0.25 GPa
ranges between 548 and 618 �C.

The fluid inclusions of vesuvianite do not contain evidence of boiling, because
they are identical in appearance, composition, density, and, there are no different
coexisting fluid inclusions, which homogenize into both liquid and vapour phases
at similar temperatures.

Fluid–rock interaction

Carbon and oxygen isotope compositions of carbonates

The isotopic composition of a metamorphic rock is controlled by (1) the composi-
tion of the protolith; (2) the effects of devolatilization; (3) exchange with infiltrat-
ing fluids; and (4) the temperature of exchange (Valley, 1986). The isotopic
composition of dolomite in unaltered dolostone and of calcite in dolomite and
calcite marbles are shown in Fig. 7a. Dolomite from the unaltered Cambrian mar-
bles shows an average of �13CPDB¼�1.52ø and �18OSMOW¼ 20.79ø, typical
isotopic composition for marine carbonates of Cambrian age (Veizer and Hoefs,
1976). �18O values of calcite from calcite and dolomite marbles vary from 11.68 to
14.41ø and the �13C values vary from �6.42 to �3.10ø (Fig. 7a).

The calcites from marbles are depleted in both 13C and 18O relative to the un-
altered dolostone (see Fig. 7a). The pattern of depletion in both isotopes is con-
sistent with many contact aureoles and in general, with most of the skarns world
wide (Valley, 1986). In any event, depletions can be attributed to the decarbonation

Contact metamorphism in the Los Santos W skarn 131



Fig. 7. (a) Plot of �13C versus �18O for calcite from Los Santos and regional dolostone;
the Costabonne data are from Guy et al. (1988); the areas for limestone and for primary
carbon (PMC) are given for reference; (b) plot of �18O versus �13C values for calcites of
the marbles (solid circles) from Los Santos. Curves D–A and D–A0 correspond to a
Rayleigh type carbonate devolatilization between 300 and 600 �C, taking as initial rock
composition �18O¼ 20.79 and �13C¼�1.52 per mil. Curves D–B and D–B0 correspond
to an exchange mechanism between that composition and a fluid with �18O¼ 6.63 and
�13C¼�14.19 per mil at 300 and 600 �C. XCO2

in the hydrothermal fluid has been
assumed as 0.05. Numbers from 1 to 500 are the fluid=rock ratios in a closed system
and the ones from 0.7 to 6.2 in an open system. Numbers between 0.3 and 0.99 are the
factor of the devolatilization Rayleigh
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phenomena, both in contact metamorphosed marbles (Lattanzi et al., 1980) and in
skarns (Shieh and Taylor, 1969). Alternatively depletion in 13C could be attributed
to the incorporation of isotopically light carbon derived from the quantitative oxi-
dation of graphite by a metasomatic fluid (Abart, 1995).

In order to ascertain whether the depletion observed in samples from Los
Santos is due to decarbonation processes or to exchange with a metasomatic fluid,
a simulation of depletions produced by either one of these processes has been per-
formed. The carbon isotope composition of the carbonates reflects the degree of
development of these processes. The oxygen isotope composition is controlled by
interaction with a hydrothermal fluid and temperature (Valley, 1986). The effects of
devolatilization can be modelled as one of two end-member processes: batch devo-
latilization, where all the fluid equilibrates with the rock before leaving the system;
and Rayleigh distillation, where the volatile species are continuously isolated from
their origin due to steady fluid expulsion (Valley, op. cit).

In order to calculate the curves representing Rayleigh distillation for carbon the
equation of Bowman et al. (1985) has been used:

�13CcalðfÞ ¼ ð�13CCO2ðiÞ þ 1000Þ � Fðð�CO2�calÞ�1Þ � 1000

where �13CcalðfÞ is the isotopic composition of the calcite after decarbonation, and
�13CCO2ðiÞ is the initial isotopic composition of the fluid. F is the mole fraction of C
remaining in the system after decarbonation. The isotopic fractionation between CO2

and calcite was calculated from the equations ofBottinga (1969) for each Tð�CO2�calÞ.
The final �18O of the calcite was calculated using the analogous equation:

�18OcalðfÞ ¼ ð�18OH2OðiÞ þ 1000Þ �Fðð�H2O�calÞ�1Þ � 1000

with similar meanings of the variables. The isotope fractionation factor between
calcite and water (�H2O�calÞ was calculated from the equations of Zheng (1999) for
a given temperature. In order to calculate the mole fraction of O at each stage, the
decarbonation reaction specified has to be considered (Bowman et al., 1985).

In order to calculate the final isotopic composition of the calcite for a batch
volatilization process the following equations were used (Bowman et al., 1985).

�13CcalðfÞ ¼ XCO2
��cal�CO2

þ �13CcalðiÞ

�18OcalðfÞ ¼ XO2
��rock�CO2

þ �18OcalðiÞ

�13CcalðiÞ and �18OcalðiÞ are the initial carbon and oxygen isotope compositions of
calcite, �13CcalðfÞ and �18OcalðfÞ are the carbon and oxygen isotope compositions of
the fluid, and �cal�CO2

is the calcite-CO2 fractionation, XO2
is the number of moles

of oxygen involved in each decarbonation stage. The isotopic effects of devolati-
lization were calculated for the reaction of diopside, CaMgðCO3Þ2 þ 2 SiO2 ¼
CaMgSi2O6 þ 2 CO2, at temperatures between 300 and 600 �C.

Batch devolatilization produces significant depletions both in 13C and 18O.
Rayleigh distillation produces depletions in 13C similar to those of the samples
studied, but it does not explain depletions in 18O (Fig. 7b). To explain the depletion
in 13C and 18O observed it is necessary to invoke isotopic exchange between a CO2

bearing metasomatic fluid and the rock. In this case the isotopic composition of the
resulting calcite depends on the following factors: the initial composition of the fluid
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(�13CCO2
and �18OH2O), the isotopic composition of the unaltered limestone, the tem-

perature and the water-rock ratio. We applied this model to simulate the effects of
carbon and oxygen isotope exchange between unaltered dolomite, with �13C¼
�1.52 and �18O¼ 20.79ø and a metasomatic fluid with �13C¼�14.19 and
�18O¼ 6.63ø at temperatures between 300 and 600 �C and XCO2

between 0.01
and 0.5. The XCO2

has been chosen taking into account the study of the mineral
phases and of the fluid inclusions. The choice of the isotope values of the fluid
phase was made in accordance with the isotopic composition of the isotopically
light hydrothermal calcite analysed. This calcite belongs to an amphibole skarn of
the Santos Sur sector.

The curve for oxygen isotope exchange of calcite can be calculated from the
mass balance equation (Taylor, 1974):

W=R ¼ n � ½ð�18OcalðfÞ � �18OcalðiÞÞ=ð�18Ocal�H2O þ �18OH2OðiÞ � �18OcalðfÞÞ�

�18OcalðfÞ is the oxygen isotope composition of the calcite after exchange, �18OcalðiÞ
is the initial oxygen isotope composition of calcite, �18OH2OðiÞ is the initial oxygen
isotope composition of the metasomatic fluid, and �18Ocal�H2O expresses the oxy-
gen isotope fractionation between calcite and fluid. W=R is the water=rock ratio.
As the calcite has three moles of oxygen, n will be 3. The oxygen isotope compo-
sition of calcite can be expressed as a function of the water-rock ratio by:

�18OcalðfÞ ¼ ½ðW=3RÞ ��18Ocal�H2O þ ðW=3RÞ � �18OH2OðiÞ

þ �18OcalðiÞ�=½1 þ ðW=3RÞ�
The isotope exchange curve for carbon can be calculated using the analogous
equation:

W=R ¼ nc=XCO2
� ½ð�13CcalðfÞ � �13CcalðiÞÞ=ð�13Ccal�CO2

þ �13CCO2ðiÞ � �13CcalðfÞÞ�
where nc¼ 1 is the number of moles of C per mole of calcite and the other param-
eters have similar meanings as in the analogous expression for the oxygen system.
Clearing �13CcalðfÞ we obtain:

�13CcalðfÞ ¼ ½ðW=RÞ �XCO2
��13Ccal�CO2

þ ðW=RÞ �XCO2
� �13CCO2

þ �13CcalðiÞ�=½1 þ ðW=RÞ �XCO2
�

which expresses that the final composition of the calcite depends on the mole frac-
tion of CO2 in the fluid. The final theoretical composition of the calcite for different
water=rock ratios and XCO2

values can be calculated using this relationship.
If the isotope exchange occurs in an open system the isotope exchange curve

can be re-calculated using the relation (Taylor, 1977):

ðW=RÞo ¼ ln½ðW=RÞc þ 1�
(W=R)o and (W=R)c are the water=rock ratios in an open and closed-system,
respectively. This way, under the same conditions of T, XCO2

and initial isotope
compositions of the fluid and the rock, the amount of fluid necessary to obtain a
certain depletion will be smaller if the system is open than if it is closed.

From the comparison of data and calculations (Fig. 7) it is inferred that the
curves of isotope exchange reflect the progressive 18O and 13C depletion. Figure 7b
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illustrates how the 18O and 13C depletion could correspond to an isotope exchange
between carbonate and a fluid. The curve of the isotope exchange generated from
a fluid with �13C¼�14.19, �18O¼ 6.63ø and XCO2

¼ 0.05 and a carbonate rock
with �13C¼�1.52 and �18O¼ 20.79ø, at temperatures ranging from 600 to 300 �C
and with fluid=rock ratios between 2.4 and 3.4 in an open system could serve as a
model for the evolution of calcites analysed (Fig. 7b, curves D–B and D–B0).

F metasomatism

The humite group minerals can appear in metamorphosed impure carbonate
rocks, during the low-pressure contact metamorphism and metasomatism, invol-
ving the introduction of fluorine and reaction with pre-existing silicates (Piazolo
and Markl, 1999). Other authors, on the other hand, point out that humites also
form in regionally metamorphosed zones not spatially related to an igneous
body, by isochemical reactions involving (OH–F) silicates, such as calcic
amphibole, chlorite, phlogopite, and H2O–CO2-rich fluids (Moore and Kerrick,
1976; Rice, 1977; Valley et al., 1982). The study of the humites from Los
Santos supports the first hypothesis but not the second. Rice (1980a, b) argues
that the prograde sequence clinohumite! chondrodite! norbergite is inconsis-
tent with the isochemical model. He suggests that the formation of norbergite
results from metasomatic introduction of fluorine into the system after the for-
mation of clinohumite and=or chondrodite. Norbergite formation requires high
fluorine content and, if a high ratio of F=(FþOH) is already present in the
protolith, norbergite will form first (Rice, 1980b). The order of preference of F
relative to OH is: norbergite XF ¼ 0.45>chondrodite XF ¼ 0.41>phlogopite
XF ¼ 0.08>clintonite XF ¼ 0.05>pargasite XF ¼ 0.045>chlorite XF ¼ 0.0108
(Tables 3–5). This sequence of partitioning of fluorine during prograde metamorph-
ism is in accordance with that described by Rice (1980a) (clinohumite>phlogopite>
tremolite>chlorite).

The external influx of an aqueous fluid is also evident because of the vesuvia-
nite–wollastonite association in calcite marble. In closed, H2O-rich, siliceous mar-
ble systems, wollastonite begins to form at 600 �C, and may continue to grow at
temperatures as high as 700 �C at 0.2 GPa in dolomite-bearing systems (Bucher and
Frey, 1994). In contact aureoles the wollastonite-forming reaction may be driven by
infiltration of silica and calcite rocks by fluids with low XCO2

and with high
fluid=rock ratio infiltration (Ferry, 1986; Hoish, 1985). The contact aureoles
of granitic intrusions do not often go above 700 �C (Moore and Kerrick, 1976;
Bowman and Essene, 1982; Hover-Granath et al., 1983). Therefore, it is unlikely
that wollastonite in the calcic marble was formed in a closed system at tempera-
tures close to 700 �C. Existence of numerous faults, contacts between different
lithologies, and increased porosity in carbonate rocks due to decarbonation reac-
tions probably facilitated fluid infiltration and wollastonite formation.

The origin and nature of hydrothermal fluid

As far as the chemical composition of the hydrothermal fluid is concerned the
clearest evidence comes from the fluid inclusions of those minerals that were
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formed during fluid infiltration. In the case of this study the best candidate is
vesuvianite. The data obtained from the fluid inclusions reveals that it is mainly
an aqueous fluid, with XCO2

� 0.05, a salinity around 8.7 wt.% NaCl equiv. and
a density of 0.62 g=cm3. The microthermometric behaviour of the volatile
phase suggests a gaseous mixture consisting of CO2 �CH4 �N2. Therefore, data
obtained from the study of vesuvianite fluid inclusions suggests a metamorphic
origin. Considering the C–H–O–N gaseous phase and the widespread occurrence
of graphite in the laminated black shale facies of the Los Santos area (Oczlon
and Dı́ez Balda, 1992), a reaction between graphite and hydrothermal fluid
(2 Cþ 2 H2O¼CH4þCO2) may account for the formation of methane-bearing
inclusions (Roedder, 1984). The lack of carbonaceous material in inclusions sup-
ports the hypothesis that methane was generated during fluid migration rather than
during in situ reaction (Xu, 2000). Breakdown of organic matter or the breakdown
of minerals in which Kþ is partially substituted by NH4

þ may be considered to
explain the origin of the nitrogen (Kreulen and Schuiling, 1982).

The isotopic (�13C and �18O) study of silicate minerals in Los Santos skarn
carried out by Tornos et al. (2001) also suggests a metamorphic origin. The latter
authors dismiss both marine fluids and shallow meteoric waters and suggest that
the fluid is of deep origin: magmatic or metamorphic. In addition, it is known that
mineralized granites from the Spanish Central System (SCS) were emplaced under
water-undersaturated conditions (Locutura and Tornos, 1985). As such, it would
seem unlikely that igneous rocks would produce enough water to form the skarn.
Therefore, the most probable origin for hydrothermal fluids is metamorphic.

Finally, the hydrothermal event recognised in Los Santos may be related to the
differentiated mineralized hydrothermal events at Spanish Central System level.
So, in the course of the first hydrothermal episode at about 295� 10 Ma, which was
related with the waning Variscan orogeny the magnesian Sn–W Carro del Diablo
skarn, similar to the Los Santos skarn, is developed. This skarn is located at the
contact of the Rascafrı́a-El Paular granite stock with dolomitic marbles which
experienced peak temperatures of about 625 �C at a lithostatic pressure between
0.25–0.3 GPa (Casquet and Tornos, 1984). Fluids involved in this first event (Early
Permian) include complex H2O–CO2–CH4–NaCl fluids (Tornos et al., 2000).

Conclusions

Contact metamorphism was accompanied by intense metasomatism, and develop-
ment of skarns, and it generated the following mineral assemblages: diopside, for-
sterite, phlogopite (�clintonite) and humites and spinel-bearing assemblages or
diopside, grossular, vesuvianite�wollastonite in the marbles, depending on the
bulk rock composition. Cordierite, K-feldspar, andalusite and, locally, sillimanite
appear in the metapelitic rocks. Mineral assemblages of marble and hornfelses
indicate pressure conditions ranging from 0.2 to 0.25 GPa and maximum tempera-
tures between 630 and 640 �C.

18O- and 13C-depletions in calcite marbles are consistent with externally de-
rived hydrothermal fluid–rock interaction during metamorphism and associated
metasomatism. Microthermometric analyses of fluid inclusions from vesuvian-
ite indicate that the fluid is dominated by water with minor contents of CO2
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(�CH4 �N2) suggesting a metamorphic origin. The C–H–N–O gaseous phase
may have been formed by the reaction 2 Cþ 2 H2O¼CH4 þCO2 between gra-
phite from the host rocks and the hydrothermal fluids. Finally, the hydrothermal
event studied in the Los Santos skarn may be correlated with the first hydrother-
mal episode at about 295 �Ma known from the Spanish Central System (SCS),
where the magnesian Sn–W Carro del Diablo skarn, similar to the Los Santos, has
developed.
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