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Abstract—The effects of a subvolcanic intrusion on its host rocks in the Priego de Córdoba area (SE
Spain) was studied by optical microscopy, X-ray diffraction and electron microscopy. The intrusion of a
laccolith of stratiform dolerite in partially consolidated marly sediments at quite shallow depths below the
ocean floor took place during the intracontinental rifting phase of the Subbetic zone of the Betic
Cordilleras. In the first stage, contact metamorphism caused the crystallization of calc-silicate consisting
of grossular andradite garnet, diopside, vesuvianite and titanite for which the upper temperature limit was
500ºC. Phyllosilicates are found in a network of veins cross-cutting the carbonate and calc-silicate matrix,
indicating their formation during a process of hydrothermal alteration superimposed on the contact aureole.
In the area closest to the subvolcanic rocks, saponite is the main phyllosilicate although some dispersed
chlorite is found. In the zone furthest from the contact, corrensite together with saponite and beidellitic
smectites were observed. The presence of low-temperature phases (saponite) in the area closest to the
laccolith reveals the evolution of the hydrothermal system toward cooler conditions. In the early stage, the
circulation of a hot hydrothermal fluid caused the crystallization of chlorite in the area surrounding the
subvolcanic body and corrensite in the more distal area, which might have begun even during the contact
metamorphism stage. A cooling phase followed, resulting in the crystallization of saponite in the host
rocks, and the crystallization of dioctahedral and trioctahedral smectites inside the subvolcanic body.
Key Words—Beidellite, Betic Cordilleras, Contact Metamorphism, Corrensite, Electron Microscopy,
Hydrothermal Alteration, Laccolith, Saponite, Subvolcanic Intrusion, X-ray Powder Diffraction.

INTRODUCTION

Intrusions of small subvolcanic bodies in submarine
rocks can provide the required heat for developing
thermal effects in the host rocks (Vitali et al., 1999) and
hydrothermal systems generated by fluid circulation
(Fulignati et al., 1997; Dudoignon et al., 1997). The
processes of rock-fluid interaction commonly produce
phyllosilicates. The formation of clay minerals by the
alteration of volcanic rocks in oceanic crust has been
studied extensively in the last few years (Bettison-Varga
and Mackinnon, 1997; Dudoignon et al., 1997; Pichler et
al., 1999) due to its important role in controlling the
global distribution of elements and the evolution of the
physical properties of the oceanic basement (Honnorez,
1981; Laverne, 1987; Adamson and Richards, 1990). Clay
mineral assemblages have been used as indicators of the
prevailing conditions of diagenetic and hydrothermal
processes that affect marine sediments hosting volcanic
bodies (Vitali et al., 1999). Ferromagnesian smectites,
corrensite and chlorite are widespread products of
hydrothermally-altered mafic rocks. Most of these studies
have dealt predominantly with metapelitic rocks

(Merriman et al., 1986; Roberts et al., 1990; Bühmann,
1992), whereas phyllosilicates in marly rocks intruded by
basaltic rocks have been less extensively studied. A
representative case is that of the Guyamas studies at ODP
Site 477 by Kelts (1982) and Einsele (1986).

This work aims to constrain the control that a near-
ocean-floor subvolcanic intrusion, the Priego de
Córdoba laccolith (Figure 1a,b), produced on the sedi-
mentation, and to characterize the metamorphic and
hydrothermal effects of the intrusion on its host marls
and marly limestones. The study of phyllosilicates
generated during the processes of fluid-sediment inter-
action produced by the emplacement was of particular
interest. Samples were studied using a variety of
techniques, including powder X-ray diffraction (XRD),
scanning electron microscopy (SEM) and transmission
and analytical electron microscopy (TEM-AEM) to
determine the textural and compositional features of
the sedimentary, metamorphic and hydrothermal asso-
ciations, defining the stages of interaction among host
rock, intrusive rock and fluids.

GEOLOGICAL SETTING

The Betic Cordilleras (Southern Spain) comprise the
westernmost European Alpine chain (Figure 1a). The
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Figure 1. (a) and (b) Geographic and geological context of the study area. (c) Paleogeographic reconstruction of the Western
Mediterranean area during the Middle Jurassic including the palinspastic reconstruction cross-sections of the southern Iberian
continental margin during the Middle Toarcian (upper cross-section) and the Upper Bajocian-Bathonian (lower cross-section).
(1) Prebetic; (2) Intermediate Domain; (3) External Subbetic; (4) Median Subbetic; (5) Internal Subbetic; (6) minimum thickness
area of continental crust (after Vera et al., 1997, modified). (d) Stratigraphic column of the Sierra de Priego de Córdoba showing the
position of subvolcanic rocks (after Molina and Vera, 2001).
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External Zones (Prebetic and Subbetic) of the
Cordilleras are composed mainly of sedimentary rocks
deposited from the Triassic to the early Miocene in the
South Iberian continental margin. The Subbetic Zone
corresponds to the part of the margin in which early
Jurassic pelagic facies dominated. Four paleogeographic
domains in the middle and late Jurassic can be
differentiated in this zone. Jurassic igneous activity
appears only in the Median Subbetic (Figure 1c)
(Portugal et al., 1995; Vera et al., 1997; Molina and
Vera, 1999). The composition of the igneous rocks is
mafic with transitional-alkaline affinity (Portugal et al.,
1995). Radiometric dating shows maximum igneous
activity from 170 to 155 Ma (Figure 1c) (Portugal et al.,
1995; Vera et al., 1997) coinciding with the main phase
of intracontinental rifting of the South Iberian con-
tinental margin. Although basalts with pillow-lava flows
dominate, some subvolcanic intrusive dikes, sills and
laccoliths can be found. The host rock generally
corresponds to the Zegrṍ Formation (Figure 1d) which
consists of Domerian to Bathonian limestone and marl
rhythmites. The volcanic edifices are overlain by oolitic
limestones deposited on isolated shallow-marine carbo-
nate platforms interpreted as guyots (Vera et al., 1997;
Molina and Vera, 1999). The Zegrṍ Formation also
contains local intrusive laccoliths of stratiform dolerites
that crop out in small areas (of a few km). They are
60 –100 m thick and produced contact metamorphism in
the host rocks. One of the best examples lies in the
Sierra de Priego de Córdoba where the intrusion has an
outcrop extent of 1 km and a maximum thickness of
60 m (Figure 1b). The stratiform dolerites are intruded
between Toarcian and Aalenian rocks of the Zegrṍ
Formation. The intrusion may, therefore, have been
contemporaneous with the most active phases of the
Subbetic volcanism (Aalenian-Bajocian) and thus would
have been no more than 4 –10 Ma younger than the host
rock. Limestones and marls of the Zegrṍ Formation show
mudstone and wackestone microfacies. Toarcian rocks
that overly the subvolcanic body develop synsedimen-
tary erosive surfaces that have been interpreted as scar

slumps. Figure 2 shows the sampling points and the
contact between the sedimentary and igneous rocks.

ANALYTICAL METHODS

Samples were studied using optical microscopy,
XRD, SEM with EDX microanalyzer, electron micro-
probe analyzer (EMPA), HRTEM and AEM.

X-ray diffraction data were obtained from powders
and oriented aggregates with two different diffract-
ometers: (1) a Siemens D-5000 diffractometer using
CoKa radiation and Fe filter (Universidad de Jaén); and
(2) a Philips 1710 powder diffractometer with CuKa
radiation, graphite monochromator and automatic diver-
gence slit (Universidad de Granada). Ethylene glycol
and heat treatments were performed to corroborate the
identification of smectite and corrensite on the basis of
the expandibility of these phases (Figure 3).

The SEM study was made on polished samples with
two different microscopes: (1) A Zeiss DSM-950
electron microscope equipped with a Link QX2000
microanalyzer (Universidad de Granada). The following
compounds were used as calibration standards: albite,
orthoclase, periclase, wollastonite and synthetic oxides
(Al2O3, Fe2O3 and MnTiO3). Analytical data were ZAF
corrected. (2) A Jeol 5800 electron microscope equipped
with a Link Isis microanalyzer at 20 kV (Universidad de
Jaén). In both cases, observations were made using
backscattered electron images in the atomic number
contrast mode.

Some mineral compositions were determined using a
Jeol 8600 Superprobe automated electron microprobe
with four wavelength-dispersive spectrometers and one
energy-dispersive spectrometer Tracor Northern (Noran)
TN 5500 (Johns Hopkins University). The EMPA was
operated under the following conditions: accelerating
voltage 15 kV, probe current 20 nA, electron beam
diameter <5 mm. The following compounds were used
as calibration standards: albite, orthoclase, anorthite,
enstatite, rhodonite, anatase and fayalite. Data correction
was performed with program CITZAF (Armstrong, 1989).

Figure 2. Panoramic view of the outcrop from the south of the laccolith. The sampling points (*) and the contact between the
subvolcanic rocks and the host rocks (dashed line) are indicated.
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The HRTEM studies were performed with a Philips
CM-20 scanning transmission electron microscope
(STEM) working at 200 kV. The point to point resolution
is 2.7 AÊ in the TEM mode and 50 AÊ in the STEM mode.
Copper rings were attached to representative selected
areas of the thin-sections. These areas were detached
through gentle heating. Samples were further thinned
with a Gatan dual ion mill using an acceleration voltage
of 6 kV during three stages: (1) incidence angle of 15º
and probe current of 1 nA; (2) incidence angle of 15º and

probe current of 0.6 nA; (3) incidence angle of 12º and
probe current of 0.4 nA. Chemical analyses of particles
were made in the STEM mode with an EDAX micro-
analysis system. A 20061000 AÊ scanning area with the
long axis oriented parallel to phyllosilicate packets was
used for each analysis using a 50 AÊ beam diameter.
Counting times of 200 s were used except for Na and K,
which were analyzed using 30 s counting times. Albite,
olivine, biotite, spessartine, muscovite, chlorite and
titanite were used to obtain k factors for transformation

Figure 3. XRD patterns of air-dried (AD) and ethylene glycol (EG) solvated materials: (a) sample from zone 1; (b) sample from
zone 2. The 001 reflection of glycolated smectite is superposed on the 002 reflection of corrensite.
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of intensity ratios to concentration ratios according to the
Cliff and Lorimer (1975) approximation.

MINERALOGICAL AND PETROLOGICAL
CHARACTERIZATION

Igneous intrusion

The mineralogical and petrographic features of the
Priego de Córdoba subvolcanic intrusive laccolith and its
contact metamorphism were studied by Busnardo and
Chenevoy (1962). This laccolith consists of stratiform
dolerites with poikilitic texture containing 90% of zoned
calcic plagioclase (An85 at the core to An16 at the
border), and 10% of augitic pyroxene with Ti. Ilmenite,
biotite and apatite are accessory minerals. Most of the
exposed rocks are poorly compacted due to clay minerals
replacing plagioclase and augite. The XRD patterns
show a smectite phase with a basal spacing of 15.8 AÊ

that expands to 16.9 AÊ after ethylene glycol treatment.
Furthermore, the presence of two distinct 060 peaks at
1.49 and 1.53 AÊ reveal that both dioctahedral and
trioctahedral smectites are present. Some TEM-AEM
microanalyses (Table 1) have an Al-rich dioctahedral
beidellite-like composition (analysis Pr-lac1). In con-
trast, the composition of analysis Pr-lac4 is closer to
ferromagnesian saponite. However, most smectites from
the laccolith plot between the theoretical positions of
saponite and beidellite (Figure 4). Saponite-beidellite
mixtures have been reported as products of submarine

alteration of mafic rocks using EMPA and SEM analyses
(Pichler et al. , 1999; Clayton and Pearce, 2000).
Hydrothermal synthesis experiments by Decarreau et
al. (1992) and Yamada et al. (1999) suggested the
immiscibility of these two smectites below 400ºC.
Therefore, as smectites from the laccolith were studied
by AEM, our data probably represent analyses of
intimately mixed species even at a TEM scale.
Beidellite-saponite mixtures were synthesized experi-
mentally by Grauby et al. (1993). Their AEM data
showed that the Al-Mg series was continuous between
these two end-members. Their XRD and infrared data
have, however, shown that the clay particles were made
up of clusters of two different structures and solid-
solution presents a wide miscibility gap. Huertas et al.
(2000) obtained AEM analyses of synthesized particles
with intermediate composition which were interpreted as
being due to topotactic growth of dioctahedral smectite
on trioctahedral smectite lamellae.

Host rocks

The host marly rocks developed several mineralogi-
cal and textural changes produced by the subvolcanic
body. Two mineral zones from the contact with the
subvolcanic body to the unaffected sediments were
identified depending on the distance from the intrusion.

Zone 1. The host rocks closest to the laccolith (~10 m)
appear strongly brecciated. These rocks have a calcite-

Table 1. Structural formulae for smectites of the laccolith normalized to O10(OH)2.

Analysis Si IVAl VIAl Mg Fe Soct Na K Ca Na+K+Ca

Pr-1ac6 3.11 0.89 0.44 0.73 1.12 2.29 0.00 0.06 0.33 0.39
Pr-1ac5 3.41 0.59 0.24 1.10 1.08 2.42 0.00 0.03 0.19 0.21
Pr-1ac4 3.31 0.69 0.18 1.78 0.71 2.67 0.00 0.03 0.22 0.25
Pr-1ac3 3.31 0.69 0.42 1.14 0.92 2.48 0.00 0.00 0.20 0.20
Pr-1ac2 3.23 0.77 0.76 0.92 0.76 2.45 0.00 0.00 0.18 0.18
Pr-1ac1 3.32 0.68 1.68 0.17 0.19 2.05 0.21 0.00 0.25 0.46

AEM analyses. Total Fe considered as Fe2+

Figure 4. Compositional diagram of total Al vs. Si+Al+Fe+Mg. Phyllosilicate analyses normalized to 28 charges. The theoretical
projection of each mineral phase is indicated by an open square. Based on a diagram proposed by Schiffman and Fridleifsson (1991).
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rich matrix with mosaic texture containing dispersed Ca-
rich silicate crystals 10 –50 mm in size. The carbonate
matrix is crosscut by a network of greenish-brown
phyllosilicate veins.

Ca-rich silicates. The Ca-silicate association consists
of garnet, diopside, vesuvianite and titanite. The back-
scattered electron (BSE) images reveal the presence of
two generations of garnets (Figure 5a). Both types have
high Ca contents, ~3 atoms per formula unit (a.p.f.u.)
normalized to 12 oxygens (Table 2). Diopside appears as
small inclusions in the garnet (Figure 5b) or as dispersed

crystals in the carbonate matrix. These minerals
frequently show textural evidence of instability, such
as irregular borders in the phyllosilicate-filled veins
(Figure 5c).

Clay minerals. The network of veins cross-cutting the
host carbonate matrix is filled by clay minerals. Studies
by XRD, EMPA, SEM-EDX and HRTEM-AEM allowed
the identification of saponite and chlorite. Saponite
occurs as the dominant phyllosilicate. The XRD patterns
show a d001 of 14.98 AÊ expanding to 16.86 AÊ after
ethylene glycol treatment (Figure 3a). Chemical and

Figure 5. BSE images: (a) partial textural aspect of the host rocks closest to the laccolith showing garnets of the Ca-silicate
association (see text for explanation); (b) detail of garnet with small diopside inclusions; (c) small poorly crystalline saponites
filling the vein network; (d) larger subidiomorphic saponites intensely fractured. Adr: andradite; Cc: calcite; Di: diopside; Grs:
grossular; Qtz: quartz; Sap: saponite; Ves: vesuvianite.

Table 2. Structural formulae for garnets normalized to 12 oxygens.

Analysis Si Ti Al Fe Mn Mg Ca Andradite Pyrope Spessartine Grossular

I.1 2.99 0.01 1.81 0.16 0.01 0.07 2.95 8.35 2.30 0.25 89.09
I.2 2.98 0.00 1.81 0.19 0.01 0.04 2.96 9.75 1.37 0.36 88.52
II.1 2.98 0.01 0.92 1.06 0.01 0.01 3.02 53.57 0.20 0.47 45.76
II.2 3.00 0.01 0.88 1.08 0.02 0.01 3.00 55.11 0.40 0.66 43.83
II.3 3.01 0.01 1.05 0.93 0.01 0.01 2.99 46.97 0.28 0.40 52.35

EMPA analyses. Total Fe considered as Fe3+
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textural features distinguish two types of saponite.
Poorly crystallized grains, 5 –10 mm in size, located in
the network of veins in the matrix (Figure 5c) are
abundant. The Mg content of this saponite ranges from
1.46 to 2.19 a.p.f.u. normalized to 22 charges (Ta-
ble 3a). The main cation in the interlayer is Ca, ranging
from 0.12 to 0.40 a.p.f.u. The K and Na contents are
always <0.05 a.p.f.u. Intensely fractured subidiomorphic
crystals of larger saponites (up to 100 mm) (Figure 5d)
are richer in Mg (up to 2.36 a.p.f.u.) and poorer in Ca
(~0.08 a.p.f.u.). In addition, Na is the most important
interlayer cation (up to 0.19 a.p.f.u.). Both types of
saponite have an important substitution of Si for Al in
the tetrahedral position. Figure 4 shows a slight scatter-
ing of the smectite composition unrelated to the
sampling point positions. Some saponites in Zone 1
possess rather low totals (average 7.07 a.p.f.u.) as
compared with an ideal composition. However, this
compositional feature has been reported previously for
saponites formed in hydrothermal systems (i.e. Du-
doignon et al. , 1997, with average total of 6.73 a.p.f.u.;
Hunter et al., 1999, with average total of 7.10 a.p.f.u.),
and could be related to the presence of a small number of
layers or clusters of dioctahedral smectites.

At the lattice scale, the saponite shows the typical
texture of smectite, with unoriented packets that
coalesce or open (see low-magnification image in
Figure 6). The packets are ~100 –200 AÊ thick and
never more than 400 AÊ , with wavy orientations and
layer terminations. The electron beam generates fissures
parallel to the layers and produces their collapse by
dehydration under high-vacuum conditions, thus
explaining the 10 AÊ periodicity of the lattice fringes
(Figure 7). However, this texture is very different from
that characterizing detrital smectites (e.g. Figure 4 in
Nieto et al., 1996) which are formed by anastomosing
layers, with continuous changes in spacing and orienta-
tion, and no recognizable layered packets. This type of

texture was described as megacrysts by Peacor (1992).
Despite their different chemical composition, the Priego
saponites have a texture intermediate between that of the
detrital dioctahedral smectites and the retrograde-diage-
netic dioctahedral smectites. Small and defect-free
packets of smectites formed by the chlorite alteration
due to fluid circulation were described by Nieto et al.
(1994, Figure 7) in the Maláguide Complex.

The BSE images and EMPA analyses allowed the
identification of chlorite at 4 m from the contact. Its
chemica l compos i t i on (ave rage : (S i2 .88Al 1.12)
(Al1.29Fe1.59Mg2.97)Soct.=5.85) reveals that this tri-
octahedral chlorite is a clinochlore with a Fe/(Fe+Mg)
ratio of 0.35. The octahedral vacancy of 0.15 a.p.f.u.
(normalized to 28 charges) represents a common
characteristic of chlorites of hydrothermal origin (Shau
and Peacor, 1992).

Zone 2. In this interval the marly limestone and marl
rhythmite do not have the contact metamorphism
mineral paragenesis described in Zone 1. Optical and
SEM-EDX studies reveal that these rocks consist of a
calcitic matrix containing clay minerals, quartz, rutile
and dispersed detrital white mica. Some rocks have
developed a low-density vein network filled with calcite
and clay minerals. The XRD data and TEM-AEM reveal
the presence of smectite and corrensite.

Smectite was detected in the XRD diagrams from its
14.49 AÊ spacing. The XRD patterns indicate the coex-
istence of dioctahedral and trioctahedral smectites
characterized by two 060 peaks at 1.51 AÊ and 1.54 AÊ

(Figure 3b). In HRTEM images, smectite zones occur as
wavy 10 AÊ fringes with fissures parallel to the layers
caused by the incident electron beam. The AEM analyses
of smectites from this zone (Table 3b) reveal a wide
compositional interval for Al (2.60 to 1.38 a.p.f.u.) and
Mg (0.18 to 1.43 a.p.f.u.). Analyses poorer in Mg are

Figure 6. Low-magnification TEM image showing the char-
acteristic textural appearance of the smectitic phases at
nanometer scale (sample Pr-2b, Zone 1).

Figure 7. Lattice-fringe image of smectites with slightly curved
10 AÊ layers and fissures caused by the high-vacuum conditions
(sample Pr-2b, Zone 1).
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found in the dispersed sediments while those richer in
Mg are located in the veins. Even in the Al-richer
analyses, some cation totals are excessively high for
dioctahedral smectite. With the exception of higher K
(up to 0.3 a.p.f.u.), these analyses do not differ
substantially from some of those obtained in the
laccolith smectites. Therefore, these analyses could
also be mixtures of dioctahedral and trioctahedral
smectite and both types of smectites are present in the
dispersed sediments as well as the veins. Ortega-Huertas
et al. (1991) observed that beidellitic smectite is one of
the most characteristic minerals in those Zegr ṍ
Formation sediments which have not been affected by
volcanic intrusions. The Al-smectite shows the typical
chemical characteristics described by Drief and Nieto
(2000) for detrital smectites in clastic sediments.
Nevertheless, the presence of Mg-smectite should be
related to the hydrothermal alteration produced by the
laccolith.

The corrensite is characterized by a basal spacing of
29.9 AÊ (14.20 AÊ +15.70 AÊ ) which expands to 31.55 AÊ

after ethylene glycol treatment (14.20 AÊ +17.35 AÊ )
(Figure 3). Heating to 550ºC causes a collapse to 24 AÊ .
The different orders of the basal spacings define

spacings with very small differences, which can always
be interpreted as due to the low intensity or to the effect
of the nearest peaks. Therefore, they can be considered
as coherent with the smectite and chlorite layers forming
an ordered interstratification of corrensite. At the lattice
scale, corrensite zones of 14 –10 AÊ fringe alternation
can also be observed (Figure 8). Lattice-fringe images of
regular chlorite-smectite interstratification commonly
show lateral transition to smectite. In addition to the
textural data, the AEM microanalyses are Si-Al poor and
Mg-Fe rich, with an octahedral-cations total greater than
that of a smectite plotting between saponite and chlorite
in Figure 4. Their alternative normalization as chlorites
(28 charges) produces a high Si content, a low sum of
octahedral cations and a minor presence of interlayer
cations, all the chemical characteristics described by
Shau et al. (1990) as typical of corrensites. The
structural formulae obtained from these analyses nor-
malized to 25 charges (the sum of smectite and chlorite)
(Table 4) produces a sum of octahedral cations near 4, is
close to the ideal composition of an ordered interstra-
tified trioctahedral chlorite-dioctahedral smectite.
However, analyses of corrensite display Al deficits and
an excess of Mg and Fe as compared with the theoretical

Table 3. (a) Structural formulae for smectites of Zone 1 normalized to O10(OH)2.

Distance (m) Si IVAl VIAl Mg Fe Soct Na K Ca Na+K+Ca

Saponite I
Pr-4a-24a 4 3.75 0.25 0.30 1.74 0.63 2.67 0.05 0.02 0.27 0.33
Pr-4a-25a 4 3.70 0.30 0.29 1.97 0.53 2.79 0.05 0.01 0.19 0.24
Pr-4a-2b 4 3.42 0.58 0.06 2.06 0.60 2.72 0.00 0.02 0.24 0.25
Pr-4a-1b 4 3.31 0.67 0.00 2.19 0.57 2.77 0.00 0.04 0.31 0.35
Pr-2b-4b 5 3.47 0.53 0.08 1.88 0.99 2.95 0.05 0.03 0.18 0.25
Pr-2b-3b 5 3.72 0.28 0.34 1.61 0.80 2.75 0.02 0.00 0.13 0.15
Pr-2b-9’b 5 3.22 0.60 0.00 1.78 1.05 2.83 0.00 0.00 0.31 0.31
Pr-2b-3’b 5 3.54 0.46 0.05 1.46 1.29 2.80 0.00 0.00 0.40 0.40
Pr-2b-2’b 5 3.26 0.61 0.00 1.77 1.00 2.77 0.00 0.00 0.30 0.30
Pr-13-38a 9 3.96 0.04 0.21 1.90 0.66 2.77 0.01 0.01 0.12 0.15
Pr-13-117a 9 3.79 0.21 0.16 2.05 0.61 2.82 0.01 0.01 0.19 0.21
Pr-13-119a 9 3.73 0.27 0.14 2.01 0.65 2.81 0.01 0.00 0.23 0.25

Saponite II
Pr-2b-14c 5 3.40 0.60 0.13 2.30 0.65 3.07 0.19 0.00 0.07 0.26
Pr-2b-17c 5 3.39 0.61 0.13 2.36 0.59 3.08 0.17 0.00 0.08 0.24

a EMPA analyses. b AEM analyses. c EDX analyses. Total Fe is assumed to be Fe2+

(b) Structural formulae for smectites of Zone 2 normalized to O10(OH)2.

Distance (m) Si IVAl VIAl Mg Fe Soct Na K Ca Na+K+Ca

Smectite
Pr-15-3a 20 3.18 0.82 0.97 1.08 0.44 2.49 0.00 0.17 0.11 0.27
Pr-15-2a 20 3.35 0.65 0.73 1.43 0.43 2.59 0.00 0.06 0.12 0.17
Pr-15-1a 20 3.22 0.78 0.93 1.09 0.36 2.38 0.00 0.17 0.24 0.41
Pr-18-3b 18 3.22 0.78 1.82 0.18 0.09 2.09 0.00 0.23 0.23 0.46
Pr-18-3b 18 3.57 0.43 1.69 0.37 0.09 2.14 0.00 0.22 0.12 0.34
Pr-18-1b 18 3.58 0.42 1.52 0.49 0.12 2.14 0.00 0.30 0.13 0.44

AEM analyses. Total Fe assumed to be Fe2+

a Vein materials
b Sediment matrix
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values of an ideal chlorite-dioctahedral smectite inter-
stratification. The lattice image of Figure 8 reveals that
smectite domains of ~100 AÊ thick exist inside the
corrensite domains. This indicates that corrensite ana-
lyses could be contaminated by smectite. The XRD
patterns prove the existence of both dioctahedral and
trioctahedral smectites in the Zone 2 samples precluding
any unambiguous identification of a dioctahedral-tri-
octahedral corrensite.

DISCUSSION

This sedimentological, mineralogical and petrologi-
cal study contributes to an improved understanding of
the sedimentation-magmatism interaction processes that
have taken place during the evolution of the paleogeo-
graphic subdomain of the Median Subbetic since the
early Jurassic.

Sedimentary context

In the pelagic marine environment of this subdomain
during the Jurassic, there was a significant deposition of
alternating limestones and marls at a depth of less than a
few hundred meters (Molina and Vera, 1999, 2000). The
Priego laccolith intruded the Toarcian-Aalenian
sequence of the Zegrṍ Formation during the period of

highest igneous activity (Aalenian-Bajocian) that
affected the Median Subbetic. In the laccolith of the
Sierra de San Pedro, Molina and Vera (2000) deduced
that the intrusion took place just a few million years
after the deposition of the host rocks. Considering the
same sedimentation rate (~10 –20 m/Ma) for the host
rock of the Sierra de Priego laccolith, we can deduce that
there may have been 50 –100 m of host rock above the
intrusion. The small age difference between the over-
lying sediments and the subvolcanic rocks suggest that
the intrusion reached a near sea-floor area while the
sediments were only partially consolidated. The pre-
sence of scar slumps in the Toarcian sediments devel-
oped by the doming produced by the intrusion also
support this hypothesis.

This geological context favored the development of
the mineralogical and textural changes that the intrusion
of the subvolcanic body produced in the host rock during
several stages of igneous-sedimentary interaction.

Contact metamorphism stage

The host-rock heating generated by the intrusion
caused the crystallization of a paragenesis of calcic
silicates during the contact metamorphism process. The
upper temperature limit of the rocks closest to the
contact with the intrusion may be constrained by the
titanite disappearance curve (Moody et al., 1983), which
indicates temperatures below 500ºC.

The presence of andraditic rims in the garnets suggest
the evolution of the metamorphism to higher conditions
of oxygen fugacity, probably related to the presence of a
fluid phase (Bird et al. , 1984; Jiménez-Millán and
Velilla, 1994).

The thin zone of contact metamorphism (~9 m) is
consistent with the small dimensions of the intrusive
body. Bühmann (1992) reported that the effect of
igneous intrusions on sedimentary rocks initially
depends on the thickness of the intrusive body.
Rowsell and De Swardt (1976) have even demonstrated
the lack of metamorphism related to thin sills.

Hydrothermal alteration stage

The intense brecciation and the presence of clay
minerals filling the vein network reveals the develop-
ment and superimposition of a phyllosilicate association
on the contact metamorphism paragenesis. The textural
and chemical characteristics of the phyllosilicates
suggest that they formed by the effect of hydrothermal

Figure 8. Latt ice-fringe image of corrensite, with 24 AÊ

periodicity = 10 AÊ (collapsed smectite) + 14 AÊ (chlorite),
showing lateral transition to beidellitic smectite (10 AÊ periodi-
city) in coherence with AEM analyses (Table 3b) (sample Pr-15,
Zone 2).

Table 4. Structural formulae for chlorite/smectite interstratifications normalized to O10(OH)5.

Distance (m) Si IVAl VIAl Mg Fe Soct Na K Ca

Pr-15-8 18 3.54 0.46 1.22 2.10 0.59 3.92 0.00 0.00 0.21
Pr-15-7 18 3.34 0.66 0.99 2.50 0.58 4.07 0.00 0.00 0.25
Pr-15-6 18 3.59 0.41 1.22 2.21 0.48 3.91 0.00 0.00 0.18

AEM analyses. Total Fe assumed to be Fe2+
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fluids circulating within the host rock. Despite the
gradual cooling, the persistence of the calcic silicates in
thermodynamic disequilibrium with the environment can
be explained by their low dissolution rates.

A detailed study of phyllosilicates was considered as
a key in the identification of hydrothermal processes.
Clay mineral assemblages from other previously studied
hydrothermal systems (Dudoignon et al., 1997; Fulignati
et al. , 1997; Hunter et al., 1999) are zoned along the
temperature gradient evolving from saponite to inter-
stratified chlorite-smectite to chlorite. The same trend
was observed in the thermal diagenesis of clay minerals
within volcanogenic material (Vitali et al., 1999) and the
diagenesis of trioctahedral clays in sedimentary mag-
matic sequences (Sandler et al., 2001). However, some
studies have revealed that the proportion of chloritic
layers is also influenced by the precursor minerals, the
rock/fluid ratio, permeability conditions and variations
in the composition of hydrothermal fluids (Shau and
Peacor, 1992; Schiffman and Staudigel, 1995).

Saponite is the dominant phyllosilicate in the host-
rock closest to the subvolcanic intrusion (Zone 1).
Moreover, some dispersed chlorite crystals appear in
this zone. Nonetheless, we have detected the presence of
regular interstratified chlorite-smectite (corrensite) in a
zone further from the contact (Zone 2), as well as
saponite and beidellitic smectites. To account for this
contrasting zoning, apparently opposed to that com-
monly developed in hydrothermal systems, we propose
the following evolution model.

Prograde hydrothermal phase. The circulation of hot
hydrothermal fluids by the vein network of the host
rocks near the subvolcanic intrusion produced a zoning
of clay minerals around the igneous body. Chlorite
crystallized in the zone closest to the subvolcanic
intrusion due to the circulation of highest-temperature
fluids favored by the high fracture permeability of this
zone. Corrensite was formed in the zone furthest away,
which is less fractured and has a small column of
partially consolidated sediments above the intrusion
(50 –100 m). This low overburden could have facilitated
the circulation of lower-temperature fluids and may have
allowed for the partial conservation of the original
sedimentary dioctahedral smectites (beidellites), which
are sometimes found together with quartz and calcite,
incorporated into the veins as fragments of unreacted
material. It is possible that this stage could have begun
while Zone 1 was being affected by the contact
metamorphism episode.

The presence of chlorite and corrensite was described
in the highest-temperature zones of hydrothermal
systems with a high content of magmatic fluids.
Chlorite formation was determined as being ~300ºC
(Dudoignon et al., 1997), whereas the chlorite-smectite
interstratification forms at temperatures of 200 –270ºC
(Stackes and O’Neil, 1982). In the studied rocks, this

temperature can account for the K in the interlayers of
the dioctahedral smectites which begin to change to
illite-smectite at 70ºC. However, the XRD data do not
prove illite interstratification in the Al-smectites from
Zone 2.

Retrograde hydrothermal cooling phase. The existence
of this stage is suggested by the massive presence of
saponite in the zone closest to the intrusion, where
intense fracturing once again facilitated the circulation
of lower-temperature fluids that replaced the pre-
existing hydrothermal association. This would account
for the fact that only residual chlorite is found in Zone 1.
Dudoignon et al. (1997) have described saponite as a
retrograde hydrothermal phase in high-permeability
zones and in the presence of heated fluids. Its genesis
is favored by the influence of the infiltration of marine
water, which causes a decrease in temperature down to
values of 130 –180ºC.

Finally, the small column of sediments above the
intrusion (50 –100 m) would have facilitated the parti-
cipation of marine water in the interstitial fluids that
reacted with the partially consolidated sediments. The
retrograde hydrothermal process then culminated with
the crystallization of Mg- and Na-rich saponite from a
fluid mixture with a greater influence of marine water.
The presence of scar slumps in the sediments overlying
the laccolith suggest that the subvolcanic intrusion was
almost contemporaneous with the host rocks.

Saponite is also present in Zone 2 samples, which
indicates that retrograde hydrothermal fluids also
affected the partially consolidated rocks furthest from
the intrusion, thus revealing that the later hydrothermal
stages do not correspond to the original zoning produced
by contact metamorphism.

The processes of hydrothermal alteration have also
affected the intrusive dolerites. Beidellite-type smectite
was formed as the result of plagioclase alteration
(Table 1). Drief et al. (2001) described the experimental
genesis of Al-rich smectites from mafic subvolcanic
rocks from the Sierra de San Pedro. They showed that
interaction of the subvolcanic rock containing calcic
plagioclase, pyroxene and olivine as major components
with 1 M NaOH solution led to the formation of
dioctahedral beidellite and Fe-rich montmorillonite
after 1 and 3 days of reaction, respectively.

CONCLUSIONS

Combined sedimentological, mineralogical and pet-
rological studies performed on the host rock and the
igneous rock of a subvolcanic intrusion have allowed the
detection of several effects of the sedimentary, mag-
matic, metamorphic and hydrothermal processes which
occurred during the main phase of the Jurassic
intracontinental rifting of the South Iberian continental
margin. The subvolcanic intrusion took place at quite
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shallow depths below the ocean floor in partially
consolidated sediments producing brecciation of the
host rock. The doming related to the intrusion deter-
mined the pelagic sedimentation paleobathymetry and
caused the formation of slumps. The zone closest to the
subvolcanic intrusion initially developed a narrow
contact metamorphism aureole consisting of calc-sili-
cates, while the heating of fluids in the partially
consolidated rocks furthest from the intrusion produced
the beginning of the corrensite crystallization. The
intense brecciation of rocks surrounding the intrusion
favored the circulation of higher-temperature fluids, thus
causing the formation of chlorite in this area. The
thermal gradient evolved towards progressively cooler
conditions producing a generalized retrograde event
characterized by the saponite crystallization.
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Jiménez Millán, J. and Velilla, N. (1994) Mineralogy and
geochemistry of reduced manganese carbonate-silicate-
rocks from the Aracena area (Iberian Massif, SW Spain).
Neues Jahrbuch für Mineralogie Abhandlungen , 166,
193–209.

Kelts, K. (1982) Petrology of hydrothermally metamorphosed
sediments at Deep-Sea Drilling Site-477, Southern Guaymas
basin rift, Gulf of California. Initial Reports of the Deep Sea
Drilling Project, 64, 1123–1136

Laverne, C. (1987) Les altérations des basaltes en domaine
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