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Abstract

Lower Jurassic volcanic-sedimentary successions of the Algarve Basin (∼198 Ma) are associated with the Central Atlantic
Magmatic Province (CAMP), that was one aspect of Pangean intracontinental rifting. Volcanic products of the Algarve CAMP
include subaerial lava flows, pyroclastic deposits and peperites, and contemporaneous sedimentation is dominated by mudstones
and conglomerates, often containing volcanic fragments, intercalated in the volcanic sequence. These lithological characteristics
and associations are compatible with a facies model typical of continental basaltic magmatism. Volcanic rocks are fractionated low-
Ti tholeiites enriched in large ion lithophile elements relative to high field strength elements. The compositional spectrum (e.g.,
Ba/Nb–Zr/Nb) is consistent with derivation of primary magmas by partial melting of heterogeneous sources, initially continental
lithospheric mantle progressively replaced by an asthenospheric source. Fractional crystallization processes occurred in magma
chambers located at depths close to the crust/mantle boundary from density and geobarometric constraints, reflecting magma
underplating during the initial stages of continental rifting. Sporadic occurrence of crustal xenoliths, widespread evidence for
basement carbonate assimilation, as well as Sr ((87Sr/86Sr)0N0.7050) and oxygen (δ18ON+7.40‰) isotope ratios that are higher
than those typical of continental lithospheric mantle, indicate that crustal contamination also contributed to the observed
geochemical variations. The Carnian–Norian (228.0 to 203.6 Ma) or older age estimated for the basal Silves Sandstones suggests
that the inception of rift related sedimentation preceded volcanism by 20 to 30Ma. These results lead us to propose a passive
rifting model for the Algarve sector of CAMP magmatism, the orientation of which was conditioned by strain localization along
pre-existing lithospheric mechanical anisotropies.
© 2007 Published by Elsevier B.V.
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1. Introduction

Magmatism is generally active at different stages
of continental fragmentation. From the inception of
continental rifting to the final oceanic stage, magmatism
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represents evolution from a continental intra-plate
geodynamic setting to a passive continental margin, the
latter also termed a volcanic passive margin. The variety
of magmas inform us about the sources of the magmas
and, therefore, about the dynamics of the mantle, in
particular on asthenosphere–lithosphere interactions
(Lassiter and DePaolo, 1997; Head and Coffin, 1997).

Pangean intracontinental rifting, that led to the future
Central Atlantic ocean, commenced in the Upper Permian-
Lower Triassic (Ruellan, 1985; Ruellan et al., 1985;
Medina, 1995; 2000; El Arabi et al., 2006), progressing
from South towards North following the direction of the
late Paleozoic Alleghenian–Hercynian orogenic chain.
Mapping and dating of the magnetic anomaly couples
made it possible to constrain 170–175Ma (Middle Jurassic)
as the beginning of oceanic opening (Klitgord and
Schouten, 1986). Similar ages (178–180 Ma) were ob-
tained from xenoliths of metagabbros and metabasalts,
occurring in associationwithNeogene to Recent volcanism
on Canary Island; given mid ocean ridge basalt (MORB)
trace element signatures, the xenoliths were interpreted as
fragments of subjacentMesozoic oceanic crust (Schmincke
et al., 1998; Hoernle, 1998). Recent reconstructions of the
opening of the Central Atlantic Ocean (Sahabi et al., 2004),
which take into account the African equivalent of the East
Coast Magnetic Anomaly as well as the extension of the
Triassic–Jurassic evaporite basins fromMorocco andNova
Scotia, place the age of the earliest oceanic crust in the
Central Atlantic at the end of the Sinemurian (196.5 to
189.6 Ma). This is 20Ma earlier than the age proposed by
Klitgord and Schouten (1986).

Pangean rifting was accompanied by a Large Igneous
Province (LIP), known as the Central Atlantic Magmatic
Province (CAMP; Marzoli et al., 1999), mainly composed
of low-Ti tholeiitic Continental Flood Basalts (CFB).
CAMP magmatism is nowadays represented by remnants
of intrusive (crustal underplates, layered intrusions, sills,
dikes) and extrusive (pyroclastic sequences and lava flows)
rocks that occur in once-contiguous parts of North and
South America, northwestern Africa, and southwestern
Europe (Marzoli et al., 1999; McHone and Puffer, 2003).
This LIP may have extended over 7×106 km2, with a total
volume of magma estimated at 2–4×106 km3 (Marzoli
et al., 1999; Olsen, 1999). The Central Atlantic LIP is
considered the result of amantle super-plume (e.g. Oyarzun
et al., 1997; Wilson, 1997) or, alternatively, as a con-
sequence of lithosphere extension and thinning, pre-dating
the Atlantic opening, that triggered decompressional
melting in the upper asthenosphere (Withjack et al., 1998;
Medina, 2000). Magmatism is apparently coeval with the
mass extinction at the Triassic–Jurassic boundary (e.g.
Nomade et al., 2007).
In this paper we present new volcanostratigraphic and
geochemical data for CAMP related magmatism from the
Algarve, Southern Portugal, in order to: (1) characterize
the Algarve magmatic activity and coeval sedimentation,
and thus develop a facies model; (2) constrain sources of
basaltic lavas, either in the continental lithospheric
mantle, asthenosphere, or some combination; (3) address
possible crustal contamination; (4) contribute to the
understanding of the type of rifting mechanism, whether
active or passive; and (5) better characterize the lower
Mesozoic Central Atlantic Magmatism.

2. Geologic setting

Early Jurassic volcanic rocks of Portugal constitute an
interesting sub-province of the CAMP as most of the
exposed outcrops are extrusive. Volcanic units are
preserved in graben and semi-graben structures trending
NNE-SSW in the Santiago do Cacém Basin, and E-W in
the Algarve Basin (Fig. 1). The Lower Mesozoic of the
Algarve Basin rests unconformably on Variscan basement,
which comprisesVisean (345.3 to 326.4Ma) limestone and
marl formations overlain by flysh of Namurian to
Westphalian age (326.4 to 306.4 Ma; Gradstein et al.,
2004; Manuppella, 1992).

Lower Mesozoic sedimentation commenced with
continental clastic deposits (conglomerates, red sand-
stones and pelites), followed by deposition of continental
and littoral red pelites, locally containing thin layers of
limestone or dolomite, and evaporites. Together, these
form the unit of the Silves Sandstones s.l. (Palain, 1979).
Carbonates of Sinnemurian age (196.5 to 189.6 Ma) were
deposited as the basin became gradually deeper and the
region was progressively invaded by the sea (Rocha,
1976; Palain, 1979; Rey, 1983; Manuppella, 1988, 1992).

The CAMP volcanic sequence is interlayered within the
red pelites, termed the Pelite–Carbonate–Evaporite Com-
plex by Manuppella (1992). The volcanic rocks overlie a
100 to 375 m thick sedimentary sequence composed of
pelites and conglomerates (unit AA of Palain, 1979),
sandstones (unit AB1), pelites (unit AB2) and thin
carbonate layers interbedded in pelites (unit AB3).

Rare paleontological remains have been documented
in the Silves Sandstones. These include: bones of Stego-
cephalus in the pelites of the AA unit; Euestheria minuta
and Pseudoasmussia destombesi in the upper part of
AB1; palinological associations of Triassic affinity in the
lower part of AB2; and Hettangian lamellibranches and
gastropods in the dolomites of AB3 (Palain, 1979;
Manuppella, 1988, 1992, and references therein). These
associations are consistent with an Upper Triassic age
(228 to 199.6 Ma) for units AA, AB1 and lower part of



Fig. 1. Geographical and geological setting of the CAMP rocks in Iberia: location of Messejana Dike (inset), Santiago do Cacém (SCB) and Algarve
(AB) Basins. Dark grey— pre Mesozoic rocks; medium grey—Mesozoic rocks; light grey— post Mesozoic cover; crosses— Late Cretaceous sub-
volcanic complexes of Sines (S) and Monchique (M); black — CAMP extrusive sequences and Messejana Dike (MD). Circles indicate localities
referred in text or depicted in logs or geologic sections: CS— Cabeças–Silves; T— Torre; SB — S. Bartolomeu de Messines; S — Soidos; CP—
Cerro dos Passarinhos; O — Quinta da Ombria; C — Corcitos; Q — Querença; A — Ayamonte (Appendix A).
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AB2, but a Hettangian age (199.6 to 196.5 Ma) for the
uppermost part of AB2 and unit AB3. In the Lusitanian
Basin, the base of unit A2 (correlative with unit AB2 from
the Algarve Basin) yielded an association of pollens and
spores of Carnian–Norian age (228.0 to 203.6 Ma),
indicating an older age for the base of those sediments
(Palain, 1979).

3. Physical volcanology and facies model for the
portuguese CAMP

3.1. Background context

CAMP volcanic sequences from the Algarve Basin
have never been studied from the volcanological and
stratigraphic point of view. Former studies deal with the
general stratigraphy of the base of the Mesozoic in
Algarve (Palain, 1979), regional scale geological
mapping (Manuppella, 1988; 1992), petrology and
geochemistry (e.g. Martins, 1991; Martins and Kerrich,
1998; Youbi et al., 2003), and geochronology (Verati
et al., 2007).

We present the results of recent fieldwork focused on
characterizing the volcanic sequence in the most
representative and complete outcrops of the Algarve
basin (Fig. 1). This work documents several stratigraph-
ic sections, leads to an interpretation for the environ-
ment in which the volcanism occurred, and supplies a
stratigraphic framework for petrological and geochem-
ical analyses.



Fig. 2. Stratigraphic logs of the most continuous and complete geological sections (see Fig. 1 and Appendix A for geographic locations).
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The best outcrops are located in central Algarve,
where the sequences are thicker. To the west the
volcano-sedimentary pile becomes thinner and the
quality of outcrop deteriorates. An excellent section
was recently exposed in the new road linking the
Portugal-Spain highway to the village of Ayamonte
(Spain), corresponding to the easternmost outcrop of the
Algarve Basin CAMP sequence. In this study the
descriptions were based mainly in the Cabeças–Silves,
Torre, S. Bartolomeu de Messines, Soidos, Querença,
Corcitos, and Ayamonte sections, which are graphically
presented as stratigraphic logs in Fig. 2 (locations given
in Appendix A).

The total thickness of the preserved volcano-sedimen-
tary pile varies between 30 and 50m. Five to eight lava
flows are present in the most complete sections. In many
sections it is not possible to be certain of the number of
lava flows due to observational gaps; for instance, lava
outcrops separated by observational gaps may belong to
the same or to different flows. The number of eruptive
events represented by the preserved/observed deposits in
Fig. 3. Some field characteristics of CAMP sequences in Algarve: A— 1 m w
of the Querença section; B— small load cast of lava flow base into pyroclasti
of the fifth lava flow of the Soidos section sinking into and deforming red mud
volcaniclastic matrix (Querença section); E — detail of the contact of a lav
(Corcitos); F— sequence of alternating pyroclast (pale green) and clay/silt (d
to 50 cm from base of lava flow (S. Bartolomeu de Messines); H — alte
pyroclastic deposit (darker) in the middle part of the Ayamonte section; note t
injection of red clay upwards into vertical fracture in lava flow; the block to th
lava flow (S. Bartolomeu de Messines); J— light grey clay matrix conglome
Ayamonte section.
any single section is uncertain. Unlike the Moroccan
CAMP volcanism where four units have been established
(Youbi et al., 2003 and references therein), the sequences
in Algarve are so variable from section to section that it is
not possible to establish a characteristic type section.Most
CAMP volcanism in the Algarve Basin is composed of
extrusive sequences. Sequences present alternating
deposits of effusive and explosive events that are not
correlatable from section to section, even if geographi-
cally close. Lava flows and primary volcaniclastic
deposits (White and Houghton, 2006) are equally
abundant: lava flows, peperites and pyroclastic deposits
are generally associated in the most complete sequences.
Sediments are typically inter-bedded with extrusive units.
Feeder structures such as dikes, pipes and sills are rare,
and eruptive centres have never been recognised.

Lithological characteristics and thickness of sedi-
ments must be related to the contemporaneous mor-
phology and dimensions of the basins, and to syn-
volcanic/sedimentary tectonics. The different types of
igneous occurrences in the CAMP of the Algarve Basin
ide dike cutting through phreato-magmatic deposits in the middle part
c-rich clayey sediment (Corcitos section); C— highly convoluted base
stone; D— peperite with a large fluidal shaped lava fragment in a finer
a flow base with red mudstone marked by 1 to 2 cm of chilled glass
ark red) layers (Quinta da Ombria); G— vertical pipe vesicles rising 30
rnating light grey mudstone layers (pale colour) and greenish/brown
he normal faults affecting the sequence (encircled pen gives scale); I—
e left has sunk 1.5 m and the fracture does not extend to the underlying
rate containing big blocks of basalt and carbonate, from the base of the



Fig. 3 (continued ).
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and their characteristics are described below. All
interpretations are constrained by limitations of outcrop
and weathering.

3.2. Feeder structures

The NE-SW Messejana dike constitutes an important
geological feature, and may represent the major feeder
structure for CAMP volcanism in Iberia (Schermerhorn
et al., 1978; Schott et al., 1981; Alibert, 1984; Sebai
et al., 1991; Dunn et al., 1998; Cebriá et al., 2003;
Palencia Ortas et al., 2006). The dike extends NE for up
to 530 km from the SW coast of Portugal to the centre of
Iberia, and the thickness varies from 5m up to 300m,
including splays (Fig. 1) This intrusion transects
Hercynian structures in Precambrian and Palaeozoic
terranes, and is locally covered by Cenozoic formations.
However, there is no present field relationship between
the Messejana dike and outcrops of extrusive sequences
of the same age, which are physiographically isolated
from that structure. Erosion has removed the upper part
of the dike, the contemporaneous topographic surface
and presumed extrusive products. Accordingly, it is
inconclusive as to whether or not the Messejana dike fed
the volcanic sequences in the Algarve.

Varied other intrusions have been observed. These
include: sporadic, thin (less than 1m wide) dikes cutting
the extrusive volcanic sequences (Fig. 3-A); some



Fig. 4. Field sketches of bases of lavas that flowed over soft sediments (lava in grey, sediments in white): A— base of vesicular flow penetrating red
clay sediment; the sunken portions show incipient radial joints (Corcitos); B— identical situation in a lava flow from the Torre section, flowing over
red clay matrix conglomerate; C — irregular geometry of the lower flow from the Torre section as a result of mingling with soft sediment. Flow is
divided in two by faulting (F); the lower portion is an irregular body of lava totally immersed in deformed light-grey-silty-clay; the base of the upper
portion is partly sunken into the sediment forming pillow-like structures (or lava toes), but has a regular (formerly horizontal) surface, with 20–30 cm
long vertical pipe vesicles. Light-grey clay and marly sediments cover the flow.
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tabular magmatic bodies that may correspond to shallow
sills intruded into the volcano-sedimentary deposits; and
a few possible pipes represented by massive magmatic
rock outcrops without lateral continuity. A few dikes
were observed intruding the complete thickness of the
lava flows and pyroclastic deposits, indicative that the
volcanic sequence is not completely preserved in the
geological record. The upper part of the extrusive
sequence (of unknown thickness), including probable
Fig. 5. Field sketch of the Cabeças–Silves section: shallow intrusions of
sedimentary sequence forming irregular sills. sc — green sandy clay; rc —
local eruptive centres fed by those intrusions (e.g. lapilli
and scoria cones, scoria ramparts, tuff rings, tuff cones,
and maars), has been removed by contemporaneous and
subsequent early Jurassic erosion.

3.3. Volcanic rocks

Volcanic CAMP units include extrusive and second-
ary volcaniclastic deposits. The former are represented
two magma bodies (light and dark grey) into a soft unconsolidated
red clay; rgc — red and grey clays; F — fault.



Table 1
Representative olivine and clinopyroxene chemistry of Lower Jurassic rocks from the Algarve CAMP (Martins, 1991)

Sample Olivinesa Olivinesb Sample Clinopyroxenesa Clinopyroxenesb

R2-13 R2-4 E5-1 R2-13 E4-2 E1-2 E7-2 E5-1 R2-31 E2-4

1 2 1⁎ 2 1 2 3 4 Core Rim Core Rim Core Rim

SiO2 (wt.%) 35.21 34.37 35.97 34.78 SiO2 (wt.%) 51.15 53.89 53.04 54.06 53.37 52.97 54.19 47.35 52.99 47.04
TiO2 0.00 0.00 0.00 0.00 TiO2 0.88 0.29 0.35 0.21 0.28 0.32 0.27 1.39 0.30 1.06
Al2O3 0.02 0.03 0.04 0.00 Al2O3 1.93 1.25 0.91 0.84 1.90 2.23 1.35 6.21 2.65 9.11
Cr2O3 0.00 0.00 0.00 0.00 Cr2O3 0.04 0.19 0.07 0.00 0.70 0.55 0.27 0.06 0.60 0.06
NiO 0.03 0.11 0.04 0.07 Fe2O3 1.92 0.00 0.00 0.97 0.00 0.49 0.31 4.15 0.00 0.00
FeO 41.01 43.11 33.01 42.39 FeO 9.39 8.68 20.44 15.12 5.37 5.92 5.21 6.84 5.15 9.14
MnO 0.71 0.75 0.56 0.61 MnO 0.19 0.26 0.33 0.29 0.14 0.13 0.18 0.17 0.11 0.13
MgO 23.16 21.79 29.83 22.07 MgO 12.54 19.36 19.94 24.75 18.09 17.44 16.50 10.19 15.40 9.16
CaO 0.30 0.32 0.27 0.19 CaO 21.48 15.78 5.26 4.15 19.44 20.03 21.54 23.20 22.26 22.81
Total 100.44 100.48 99.72 100.11 Na2O 0.54 0.16 0.08 0.03 0.21 0.18 0.57 0.64 0.48 0.49
Number of ions on the basis of 4 oxygens K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Si 1.004 0.993 0.993 1.003 Total 100.06 99.86 100.42 100.42 99.50 100.26 100.39 100.20 99.94 99.00
Al (IV) 0.000 0.001 0.001 0.000 Number of ions on the basis of 4 cations
Al (VI) 0.001 0.000 0.000 0.000 Si 1.924 1.972 1.977 1.962 1.955 1.935 1.976 1.786 1.785 1.946
Ti 0.000 0.000 0.000 0.000 Al (IV) 0.076 0.028 0.023 0.036 0.045 0.065 0.024 0.214 0.215 0.054
Cr 0.000 0.000 0.000 0.000 Al (VI) 0.010 0.026 0.017 0.000 0.037 0.031 0.034 0.062 0.192 0.060
Ni 0.001 0.003 0.001 0.002 Ti 0.025 0.008 0.010 0.006 0.008 0.009 0.007 0.039 0.030 0.008
Fe2+ 0.978 1.042 0.762 1.022 Cr 0.001 0.005 0.002 0.000 0.020 0.016 0.008 0.002 0.002 0.017
Mn 0.017 0.018 0.013 0.015 Fe3+ 0.054 0.000 0.000 0.027 0.000 0.014 0.008 0.118 0.000 0.000
Mg 0.985 0.939 1.228 0.949 Fe2+ 0.295 0.266 0.637 0.459 0.165 0.181 0.159 0.216 0.290 0.158
Ca 0.009 0.010 0.008 0.006 Mn 0.006 0.008 0.010 0.009 0.004 0.004 0.006 0.005 0.004 0.003

Mg 0.703 1.056 1.108 1.339 0.988 0.950 0.897 0.573 0.518 0.843
Fo % 50.18 47.40 61.71 48.15 Ca 0.866 0.619 0.210 0.161 0.763 0.784 0.841 0.938 0.927 0.876
⁎Inclusion in clinopyroxene Na 0.039 0.011 0.006 0.002 0.015 0.013 0.040 0.047 0.036 0.034

K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Wo (atom%) 45.01 31.76 10.68 8.07 39.74 40.56 44.01 50.70 53.30 46.60
En 36.54 54.18 56.39 67.12 51.46 49.15 46.94 30.97 29.79 44.84
Fs 18.45 14.06 32.93 24.81 8.80 10.29 9.05 18.33 16.91 8.56

aTholeiitic rocks, R2-13, E4-2, E1-2, E1-2 and E7-2 whole rock analysis in Table 2.
bHigh-CaO porphyritic rock domains, R2-4, E5-1, R2-31 and E2-4 whole rock analysis in Table 3.
Fe2O3 in clinopyroxenes acording to Papike et al. (1974).
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Fig. 6. The subalkaline character of the Algarve Lower Jurassic lavas is
evident on a TAS diagram (Le Bas et al., 1986). The compositional
divider between alkaline and subalkaline series was taken from
MacDonald and Katsura (1964).
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by subaerial lava flows, peperites and pyroclastic
deposits, and the latter by contemporaneous resedimen-
ted volcanic material (tuffites and sediments containing
dense lava fragments). Sedimentary layers are inter-
bedded with effusive and explosive volcanic products,
giving combined volcano-sedimentary sequences, in-
dicative of coeval volcanism and sedimentation.

Lava flows are of the pahoehoe type; brecciated
clinkery envelopes, typical of aa flows are absent.
Most lava flows have vitreous chilled bases a few
centimetres thick as a result of rapid cooling in contact
with the ground (Fig. 3-E). The lava has thermally
metamorphosed the underlying sediments or soils.
Vaporization of water from soils or sediments overlain
by lavas generated frequent vertical pipe vesicles
originating from the base of lava flows (Fig. 3-G). In
the Ayamonte section, trains of bubbles departing from
near the base of the flows created vertical inverted
cones of vesicular rock; these start with a diameter of
approximately 1cm near the base of the flow and may
be 6cm wide where they link to the upper vesicular
lava crust. This may represent exsolution of gases in
the molten interior of a stagnant flow (like bubbles
rising in a glass of beer).

Most commonly, lava flows are 1 to 5 m thick, but
may reach some tens of metres, have massive or platy
jointed bases and vesicular upper parts often with a thin
glassy outer shell, and occasionally present ill-defined
columnar jointing. Sporadically, as at Corcitos, the
upper surface of the flow is truncated recording the
occurrence of erosive episodes between emplacement of
the flow and the deposition of the overlying sediments,
pyroclastic deposit or flow.

Abundant volcaniclastic units are present. Interpre-
tation of the volcaniclastic sequences is difficult, given
the extreme degree of weathering of pyroclastic particles
that show greenish (or brown) colour, in contrast with
the prevailing red coloured mudstones.

There are layers of clast-supported coarse ash to fine
lapilli tuff, sometimes containing magmatic clasts of bomb
dimensions; spaces between volcanic particles are filled
with fine red sediment, which may represent infiltration
from overlying sediments. This type of volcaniclastic layer
is usually interbedded with layers rich in volcanic
fragments supported by a clay/silty matrix. Both types of
deposits form well-stratified sequences (Fig. 3-F, H).
Typically there are alternating successions of red and
green layers, or alternatively red (sedimentary?) layers
with variable density of green spots (lapilli and ash
particles). Clast-supported lapilli and ash is interpreted as
in situ magmatic pyroclastic fall deposits. Matrix-
supported volcaniclastic rich layers can be interpreted
as either phreato-magmatic fall and/or flow deposits or
as resedimented syn-eruptive volcaniclastic deposits
(tuffites). The well-developed stratification and deci-
metric thickness of the layers are not compatible with the
characteristic massive structure of peperite deposits,
although both lithotypes involve mixtures of volcanic
and sedimentary materials.

Other deposits are dominated by red silty-clay with
exotic blocks. Blocks are angular limestone or dolomite
fragments and mudstone balls up to 80cm in diameter,
associated with juvenile lava fragments up to 40cm in
diameter presenting fluidal and blocky shapes. Larger
juvenile fragments are internally vesicular, present outer
chilled vitreous margins and, occasionally have radial
joints. This type of deposit can be interpreted as
pyroclastic fallout of juvenile and lithic clasts into
unconsolidated sediment, although a peperitic nature
cannot be ruled out. Lithic fragments represent shatter-
ing of limestone or dolomite layers, and disruption of
mudstone deposits, from the formations that underlie the
volcanic sequence by phreatomagmatic processes.
Noteable examples are units AB2 and AB3 of Palain
(1979, or the Pelite–Carbonate–Evaporite Complex of
Manuppella, 1988, 1992). Hydro-magmatic character-
istics include a significant fraction of irregularly
shaped lithic fragments of variable dimensions and
nature, and more or less developed stratification,
indicating high explosivity by water-magma interac-
tion. Both types of pyroclasts indicate a proximal
location of the deposits relative to the eruptive centres,
most likely scoria cones or ramparts for the magmatic
events, and maars or tuff rings in the case of phreato-
magmatic volcanism.

Another type of volcaniclastic deposit has the
characteristics of peperites (Skilling et al., 2002, and
references therein). These deposits are massive, several



Table 2
Representative major and trace element analyses of Lower Jurassic rocks from the Algarve CAMP, with a subset of Sr-and O-isotope analyses (Martins, 1991)

Sample R2-2 R2-13 R2-37 587-6 587-7 587-8 587-9 587-14 587-15 587-16 588-3 597-5 597-9 597-21 600-1 E1-2 E4-2 E7-2

SiO2 (wt.%) 50.10 49.90 50.54 51.78 52.05 50.79 51.64 50.48 50.66 49.76 50.96 51.42 50.49 51.39 51.54 51.83 51.76 49.97
TiO2 0.89 0.75 1.04 1.20 1.16 1.05 1.18 0.87 0.95 0.76 1.10 1.07 0.92 1.05 1.11 1.04 1.03 0.96
Al2O3 16.43 14.83 13.71 13.25 13.30 13.96 13.35 13.55 13.53 13.82 14.66 13.38 14.57 14.05 13.64 14.83 15.11 14.83
Fe2O3t 9.65 11.87 10.73 11.78 12.15 11.44 11.23 10.37 10.72 10.22 9.51 11.01 10.48 11.44 10.41 11.23 10.87 10.73
MnO 0.12 0.17 0.12 0.14 0.12 0.11 0.14 0.13 0.14 0.13 0.15 0.11 0.11 0.18 0.10 0.12 0.15 0.20
MgO 8.53 7.95 8.70 8.29 8.45 8.53 7.90 9.94 9.77 10.11 8.78 8.95 8.28 7.29 8.87 7.95 7.95 9.12
CaO 10.78 11.06 10.77 9.58 9.66 9.93 9.59 10.49 10.90 11.82 10.07 9.65 10.95 11.40 9.37 9.38 10.08 10.64
Na2O 1.35 2.43 2.09 2.42 2.45 2.36 2.35 2.22 2.16 1.75 2.29 2.35 2.63 2.35 2.43 1.62 1.35 1.32
K2O 0.60 0.83 0.70 0.77 0.71 0.59 0.69 0.62 0.66 0.42 0.60 0.78 0.63 0.64 0.85 0.89 0.71 0.60
P2O5 0.13 0.09 0.14 0.19 0.18 0.18 0.20 0.13 0.15 0.11 0.15 0.18 0.17 0.16 0.17 0.14 0.18 0.14
#Mg a 67.03 60.64 65.09 61.76 61.53 63.17 61.80 68.79 67.70 69.47 67.98 65.15 64.50 59.44 66.21 61.95 62.72 66.16
Sc (ppm) 32 30 36 34 35 34 35 35 39 36 35 37 34 37 35 33 34 35
V 250 266 271 302 303 293 313 261 265 250 298 284 235 259 284 228 264 270
Cr 197 225 212 63 71 129 67 237 232 - 177 98 220 197 225 151 128 203
Ni 83 65 96 56 60 62 73 101 96 116 79 76 102 74 45 64 63 84
Rb 13 8 17 26 23 16 23 13 19 14 13 - 17 19 18 19 20 14
Sr 176 639 175 177 177 168 179 183 170 153 163 157 161 167 170 179 176 164
Y 22 19 20 24 27 25 23 21 23 20 24 27 25 23 23 24 27 23
Zr 82 49 85 115 104 87 105 77 87 60 96 105 113 93 105 84 101 81
Nb 8 7 7 11 11 8 11 10 9 6 8 10 9 11 9 8 9 6
Ba 103 97 131 194 197 146 173 135 164 110 140 166 145 134 168 111 137 105.00
La 14.30 12.10 9.20 8.60 10.20
Ce 33.00 27.00 21.00 17.00 21.00
Nd 16.00 14.00 11.00 11.00 10.00
Sm 3.87 3.25 2.74 2.34 3.06
Eu 1.28 1.09 1.15 0.86 1.02
Tb 0.80 0.60 0.60 0.50 0.60
Yb 2.81 2.36 2.04 2.09 2.13
Lu 0.41 0.33 0.29 0.33 0.35
Hf 3.00 2.60 1.90 1.40 2.70
Th 2.50 2.10 1.60 1.20 1.40
(87Sr/86Sr)0

b 0.706205 0.706240 0.705450 0.705390
δ18O (‰) 8.23 8.13 7.40

a Mg#=100 Mg/(Mg⁎Fe2+); Fe3+/Fe2+=0.15. b Initial ratio (87Sr/86Sr)0 computed at 198 Ma (based on age of Verati et al., 2007).
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Fig. 7. (A): Ni–K relationships in tholeiitc rocks; Ni–K fractional crystallization trends for variable primary magma K contents (C 0
Ni=350 ppm;

DNi=5; DK=0.001) and ACF (DePaolo, 1981) trends (dashed-lines) for variable relative rates of assimilation/crystallization (=R; C 0
K

(magma)=
3000 ppm; CContaminant

K =23245 ppm=average continental crust of Rudnick and Gao, 2003), as well as (87Sr/86Sr)o and δ
18O values (see Table 2), are

also shown for comparison. (B): Ni–Zr relationships in Algarve tholeiitic rocks; Ni–Zr fractional crystallization trends for variable C 0
Zrcontents

(DZr=0.1) suggest that the Algarve tholeiitic basalts were derived from crystallization of distinct primary magmas.
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metres thick, and composed of magmatic particles
included in a sedimentary matrix. Most of the coarser
magmatic particles are clearly juvenile, as indicated by
the occurrence of fluidal shapes, glassy rinds and join-
ting. Fragments of ash to lapilli dimensions are irregular
in shape and frequently vesicular. The sedimentary
matrix is either a silty mud or a conglomerate. The
density of magmatic fragments is usually high, charac-
teristic of close-packed peperite (Fig. 3-D).

At the Cerro dos Passarinhos outcrop the peperite is
associated with a coherent magma body that presents a
vertical non-planar contact with the volcaniclastic
deposit. This coherent domain is interpreted as the
intrusion generating the peperite. Well-stratified volca-
niclastic layers that cover the peperite may represent
phreatomagmatic deposits related to the same intrusion.
At the Torre section, a lava flow fills a channel on a
several metres thick conglomerate unit. The clasts are
abundant angular limestone fragments (mm to decimetre
size), and coarse juvenile brown basaltic fragments (up
to 40cm) presenting fluidal, mixed and blocky
morphologies and glassy rinds. The red clay matrix is
rich in finer vesicular or massive green volcaniclastic
fragments. This deposit may be related to initial
sediment/magma interaction produced by the eruption
that generated the overlying lava flow.

The stratigraphic position of primary volcaniclastic
deposits within the eruptive sequence as a whole is
variable from section to section. Variability is probably
related to the distance to the nearest eruptive centre(s)



Fig. 8. Nb/Zr vs. Ba/Zr (A) and Nb/Zr vs. Ba/Nb (B) relationships in Algarve tholeiitic rocks. PM — primitive mantle ratios (Palme and O'Neil,
2003).
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and/or direction of transport of volcaniclasts by eruptive
or sedimentary processes, and location of un-
consolidated sedimentary deposits allowing the forma-
tion of peperites. Volcaniclastic units may be in the upper
part of the volcanic succession (Querença, Corcitos,
Torre), at the base (Ayamonte), or intercalated through-
out the sequence (Soidos). It is not possible to correlate
lava flows or volcaniclastic deposits from section to
section; even when in similar position in the sequence,
volcanic units (lava flow or volcaniclastic deposit) may
correspond to different eruptive events in different
sections.

3.4. Contemporaneous volcanism, sedimentation and
erosion

Sediments are always present underlying, inter-
bedded, or overlying the volcanic sequence (Fig. 2).
Contemporaneous sediments are: commonly red (locally
light grey) mudstones (Fig. 3-E); lapilli or lapilli–breccia
tuffites; conglomerate breccias, probably representing
alluvial fans exemplified by the Ayamonte section
(Fig. 3-J); and lahars at Corcitos. Caliche (calcareous
soil) horizons developed in the Corcitos section are
interpreted as paleosols developed on lava flows; these
horizons represent intervals of volcanic quiescence in a
semiarid climate.

Surface (lakes, ponds, shallow marine areas) or
subsurface water bodies were likely present. Evidence
is deduced from the abundance of peperite and/or
hydromagmatic deposits (Torre, Soidos, Cabeço dos
Passarinhos, Querença, Corcitos). Load casts and ball
and pillow structures formed where lavas flowed over
soft sediments (Torre, S. Bartolomeu de Messines,
Querença, Corcitos, Soidos; Figs. 3-B, C and 4),
magma intruding unconsolidated wet sediments (Cerro



Fig. 9. Primitive mantle-normalized (Palme and O'Neil, 2003) incompat-
ible trace elements abundances of the Algarve tholeiites. N-MORB values
from Sun and McDonough (1989). Comparative continental CAMP
tholeiitic basalts (CTB) from: Brazil High-Ti (De Min et al., 2003) and
Morocco Low-Ti (Youbi et al., 2003).
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dos Passarinhos, Cabeças–Silves; Fig. 5), and clay
sediments injected upwards into extensional faults
cutting the volcanic sequence (Corcitos, S, Bartolomeu
de Messines; Fig. 3-I) represent magma interaction
with coeval sedimentation. The thickness of the
a Mg#=100 Mg/(Mg*Fe2+); Fe3+/Fe2+=0.15. bInitial ratio (87Sr/86Sr)0 c

Table 3
Representative major and trace element analyses of Lower Jurassic high-Ca
analyses (Martins, 1991)

Sample R2-4 R2-31 R2-33 587-1 587-2

SiO2 (wt.%) 48.93 47.10 47.43 47.25 45.67
TiO2 0.90 0.81 1.00 0.89 0.79
Al2O3 15.65 13.71 13.69 14.09 13.18
Fe2O3t 9.94 9.44 11.08 10.22 10.37
MnO 0.16 0.14 0.21 0.17 0.16
MgO 7.71 8.45 7.77 7.87 7.45
CaO 13.37 18.75 16.47 17.25 20.36
Na2O 1.62 1.70 2.02 2.02 1.28
K2O 0.60 0.17 0.46 0.45 0.40
P2O5 0.11 0.09 0.23 0.17 0.15
#Mg a 64.08 67.30 61.73 63.91 62.30
Sc (ppm) 36 38 32 36 35
V 252 218 245 238 214
Cr 213 182 165 185 160
Ni 87 86 83 76 85
Rb 9 4 15 6 4
Sr 481 724 742 792 1267
Y 22 23 26 28 20
Zr 84 63 90 87 90
Nb 9 8 10 11 14
Ba 89 117 111 112 137
(87Sr/86Sr)0 0.707380 0.707204 0.707290 0.7074
δ18O (‰) 8.73 8.73
sediments intercalated in effusive units is variable;
they can be several metres thick to a few centimetres.

Erosive processes are also coeval with CAMP
volcanism (before, during, and after). Evidence for
erosion predating, or at the onset of, volcanic activity is
given by two types of situation: by lava flows resting
directly on erosion surfaces incised into the Silves
Sandstones (Quinta da Ombria) or on Carboniferous
slates and greywackes (Corcitos), or by large boulders
of basaltic rock included in conglomerates at the base of
the volcanic pile (Ayamonte). In listed sections, erosion
surfaces cut the lava flows (Torre, Corcitos), or inter-
bedded conglomerates that include fragments of lava
eroded from other localities (Corcitos), prove the
occurrence of erosion during the emplacement of the
volcanic sequence. Subsequent erosion locally removed
the upper part of the volcanic pile.

4. Petrology and geochemistry

4.1. Petrology, P–T conditions of magma fractionation

The analysed Lower Jurassic, rift-related, Algarve lava
flows are characterized by well preserved magmatic
textures and mineralogy, reflecting low degrees of
weathering of the samples selected for this study.
omputed at 198 Ma (based on age of Verati et al., 2007).

O rocks from the Algarve CAMP, with a subset of Sr-and O-isotope

587-10 587-11 587-12 587-13 588-1

49.69 49.11 49.47 50.44 48.11
0.93 0.87 0.94 0.93 0.91

13.70 13.72 13.53 13.71 13.74
10.87 10.94 11.73 11.01 10.73
0.17 0.16 0.17 0.17 0.14
7.87 7.37 8.29 7.71 7.29

13.13 14.07 12.79 12.84 15.91
2.60 2.63 2.42 2.35 2.35
0.73 0.62 0.50 0.56 0.80
0.14 0.12 0.13 0.13 0.11

62.48 60.78 61.91 61.69 60.98
32 32 34 33 36
260 250 259 256 236
220 209 209 217 190
95 106 88 98 52
21 7 12 23 7
390 588 407 411 561
23 25 25 23 22
83 79 92 82 89
9 n.d. 7 9 8

133 112 120 132 120
56 0.706811 0.707091 0.706805 0.706852 0.706995

6.86 6.96 6.92 6.72
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Dominant textures are ophitic to subophitic, sometimes
with a porphyritic tendency. Mineral assemblages,
include: rare, partially reabsorbed olivine (Fo50–47);
plagioclase (An80–75: microliths included in clinopyrox-
ene; An80–25: individual laths); two clinopyroxenes
(diopside/augite: Wo45–32 En37–54 Fs18–14 and pigeonite:
Wo8–11 En67–56 Fs25–33; Table 1); titanomagnetite
(Usp60–40); ilmenite (Ilm98–94); with minor apatite and
biotite, together with quartz-alkali feldspar (Or73–53)
graphic intergrowths (Appendix B). The mineral assem-
blages and textures are characteristic of fractionated
continental tholeiitic magmas.

The fractionation sequence was dominated by
early crystallization of olivine+bytownite/labrador-
ite+Cr-bearing (up to 0.5 wt.%) diopside, followed
by olivine re-absorption and further crystallization of
Fe-rich augite+pigeonite+ labradorite/andesine+Fe–
Ti oxides±apatite assemblages. At the latest stage of
fractionation, minor biotite and quartz+K-feldspar
intergrowths fill interstitial spaces.

From geothermometric estimates (cf. Putirka et al.,
2003; Andersen et al., 1993) initial (Mg-rich) clinopy-
roxene crystallization was at 1230±20 °C, and augite–
pigeonite equilibrium within the range of 1030±90 °C.
Ti-magnetite+ ilmenite equilibrium provides tempera-
ture estimates of 1020 °C to 730 °C, suggesting fO2
588-2 597-16 597-18 597-19

588-2 597-16 597-18 597-19

47.94 48.58 50.18 50.39
0.89 0.87 1.01 0.86
13.19 13.72 13.96 13.70
9.94 10.29 10.72 10.73
0.16 0.17 0.20 0.18
8.69 6.87 7.04 7.87
16.23 16.55 13.60 13.18
2.42 2.44 2.29 2.32
0.60 0.49 0.61 0.56
0.09 0.14 0.14 0.10
66.79 60.56 60.17 62.78
37 34 33 38
259 245 263 270
212 202 217 231
90 78 92 88
7 4 38 21

708 733 359 387
22 19 26 21
92 87 94 82
8 9 9 8

137 112 126 100
0.707281 0.706645 0.706740

7.51 7.95
conditions more reduced than those of the QFM buffer
[Δlog(fO2)QFM=−1.7 to −0.4). Clinopyroxene-liquid
geobarometry (cf. Putirka et al., 2003) indicates that
the main fractionation occurred at an average depth of
26± 4 km (P=0.69±0.11 GPa), consistent with
extensive magma underplating at the SW Iberia
Variscan crust/mantle boundary, which is estimated to
have been located at about 30 km depth pre-rifting
(Stapel et al., 1996). Further magmatic differentiation
occurred during short-term residence within shallow
level crustal magma chambers as discussed below.

4.2. Geochemical magma characterization

Low alkalis content for a given SiO2 is consistent
with a subalkaline character of the Algarve Lower
Jurassic lavas (Fig. 6 and Table 2). This result is
supported by their CIPW normative compositions,
mostly comprising hypersthene–quartz and hyper-
stene–olivine associations. Tholeiitic affinity and low
TiO2 contents (0.75–1.20 wt.%) demonstrates com-
monality with Low-Ti tholeiites characteristic of CAMP
basalts elsewhere (e.g. Bertrand et al. 1982; Cox, 1988;
Nomade et al., 2002; De Min et al., 2003).

The geochemistry of the Algarve tholeiitic basalts
(Mg#: 59–71; MgOb10 wt.%; Nib110ppm and
597-20 E2-4 E3-1 E5-1

597-20 E2-4 E3-1 E5-1

50.50 45.98 48.86 49.09
0.88 0.80 0.86 0.80
13.53 12.93 13.70 15.60
10.84 9.58 10.29 11.08
0.19 0.13 0.14 0.17
7.45 7.46 7.71 7.95
13.61 20.40 15.51 13.37
2.35 2.16 2.09 1.56
0.63 0.26 0.44 0.66
0.11 0.12 0.14 0.12
61.25 64.17 63.28 62.27
38 33 32 33
266 206 250 228
225 177 198 221
101 78 79 75
14 1 12 16
389 1224 765 755
23 27 21 24
82 146 71 75
10 14 4 9
107 130 133 -
0.706757 0.707403 0.707310
8.10 7.66
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Crb240 ppm) clearly indicates that they are not
representative of primary magmas, in agreement with
the petrographic evidence described above. Based on
Ni–K and Ni–Zr relationships (Fig. 7), and variable
incompatible element ratios (Fig. 8), the observed com-
positional spectrum may best be explained mainly in
terms of partial melting of heterogeneous mantle
sources, followed by extensive fractional crystallization
of distinct primary magmas.

Rare earth elements (REE) display coherent frac-
tionation, where (La/Yb)N=3.03–3.43. Typical geo-
chemical characteristics of Algarve basalts include: (1)
significant enrichment in large ion lithophile elements
(LILE: Rb, Ba, K, Th) and light REE relative to high
field strength elements (HFSE: Nb, Ta, Zr, Hf, Ti, Y)
and heavy REE; (2) moderately high initial Sr
((87Sr/86Sr)0N0.7050) and oxygen (δ18ON+7.40‰)
isotope ratios; and (3) negative anomalies of Nb (Ta),
Sr, P and Ti (Appendix B; Fig. 9; Table 2).

Collectively, these geochemical features could be
interpreted either as the result of partial melting of
heterogeneous continental lithospheric mantle (CLM),
previously affected by Variscan suprasubduction meta-
somatic events, or as a consequence of continental crust
contamination of mantle magmas. However, the
observed variation trends between incompatible
HFSE and LILE ratios (Fig. 8) cannot be exclusively
reconciled with simple crustal contamination and/or
AFC (DePaolo, 1981) processes. Specifically, the
decrease of Ba/Nb ratios (trending towards typical
primitive mantle values; Fig. 8B) with increasing Nb/Zr
(an index of “within-plate” mantle source enrichment)
strongly suggest the interaction of different mantle
source components during the genesis of Algarve
magmas. Therefore, we argue that the main geochem-
ical characteristics of Algarve magmas reflect the
complex evolution of their mantle sources, where melt-
ing of older orogenic lithospheric mantle (CLM) was
progressively superimposed by introduction of new
asthenopheric (upper mantle and/or deeper plume)
components during the initial stages of continental
rifting magmatism.

Initial Sr-isotope ratios and δ18O signatures of Algarve
tholeiites are higher than those typical of basalts sourced
in lithospheric mantle (cf. Wilson and Downes, 1991;
Faure and Mansing, 2005). As well, relationships
between Ni–K contents and (87Sr/86Sr)0–

18O/16O
isotope ratios (Fig. 7), are consistent with coupled
crustal assimilation/fractional crystallization (AFC;
DePaolo, 1981) also contributing to the chemical
variability of the lavas (see also Youbi et al., 2003).
This inferred AFC likely occurred in magma
chambers close to the crust/mantle boundary, from
density considerations, as endorsed by estimates of
26 km from clinopyroxene-liquid geobarometry.

Evidence for significant carbonate contamination
discussed below, and the rare occurrence of silicate
crustal xenoliths, suggests that during ascent magmas
also interacted with mid and upper continental crust,
most likely contributing to the assimilation of low
solidus crustal materials.

Incompatible multi-element patterns are similar to
typical continental tholeiites elsewhere, specifically
tholeiites occurring in the neighbouring contemporaneous
Moroccan CAMP province (e.g. Bertrand et al. 1982;
Youbi et al., 2003; Fig. 9). In addition to eruptive
sequences in the Algarve, the CAMP in Iberia also
comprises theMessejanaDike and the Santiago doCacém
Basin lava flows (Fig. 1). Comparison of our data with the
results of Cébria et al. (2003) and Youbi et al. (2003)
indicates a commonality of mineralogical and geochem-
ical characteristics for all those magmatic suites.

4.3. Evidence for carbonate assimilation

Detailed outcrop observation at several localities
(e.g. Alte, Querença, Soidos), provides evidence for
the development of (mesoscale) domainal lithological
heterogeneities within lava flows. Heterogeneities are
defined where typical greyish, medium/fine grained
(sub) ophitic facies rocks gives way to greenish, very
fine-grained porphyritic counterparts; fine-grained
(porphyritic) domains may either correspond to
whole lava flow units or to mesoscale heterogeneities
within a given flow.

These rock domains are also characterized by a
distinct geochemistry (Table 3). Lower SiO2 abundances
(45,67 to 50.00 wt.%) yield an highly SiO2 undersat-
urated character with up to 10.03 wt.% normative
nepheline and 1.22 wt.% normative leucite. Contents of
CaO and Sr (12.5 to 20.4 wt.% and 235 to 1337 ppm,
respectively), and (87Sr/86Sr)0 isotope ratios (0.70665 to
0.70746) are high when compared with respective
values in the dominant ophitic/subophitic facies rocks
(SiO2=50–53 wt.%; CaO=9–12 wt.%; Sr=149–
233 ppm; (87Sr/86Sr)0=0.70539–0.70634).

As expected, observed geochemical contrasts cor-
respond to distinct mineral assemblages. High-CaO
(finer-grained porphyritic facies) rocks comprise phe-
nocrysts of plagioclase (An81), olivine (Fo62) and
clinopyroxene (endiopside-augite cores – Wo41 En50
Fs9, SiO2=53 wt.%, Al2O3=2.65 wt.%, rimmed by
Ca–Al-rich clinopyroxene – Wo53 En30 Fs17, SiO2=
47 wt.%, Al2O3=9.1 wt.%; Table 1). These are set into



Fig. 10. Variations of Al2O3 wt.% clinopyroxene−whole rock X(CaO)molar fraction in basalts (minimum and maximum Al2O3 wt.%
clinopyroxene contents in individual samples are connected by straight lines; see Table 1). Increasing (maximum) clinopyrexene Al2O3

contents in “high-Ca (X(CaO)≥0.12) porphyritic facies domains”, Ca-plagioclase bearing, rock domains indicates decreasing aSiO2 in their
respective melts [CaAlAlSiO2cpx+SiO2

melt =CaAl2SiO8
plag ;see paragraph 4.3].
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a very fine granular matrix, which also includes (Ca,
Al-rich) clinopyroxene, plagioclase (An70–43), olivine
(Fo48) and Ti-magnetite. Enrichment of Al2O3 in
clinopyroxenes (reflecting extensive incorporation of
Ca-Tschermak component) correlates with increasing
CaO contents of their host rocks (Fig. 10), being
consistent with the remaining mineralogical/geochem-
ical data which indicate a significant decrease of aSiO2

melt

in the high-CaO domains relative to the typical SiO2

saturated character of the dominant tholeiitic magmas.
From Fig. 11, decreasing SiO2/CaO ratios in

“porphyritic rock domains” should reflect variable
Fig. 11. SiO2/CaO–1/CaO diagram substantiating the hypothesis for develop
Algarve tholeiitic magmas (component A: x= 0.089, y=4.56) and a SiO2-poo
fraction of end-member, component B in the mixture). Higher f(B) values (∼
mixing of Algarve tholeiitic magmas with a SiO2-poor,
CaO-rich component (see Vollmer, 1976; Langmuir
et al., 1978). Other companion plots (involving elements
and isotopes; Figs. 12 and 13) also comply with binary
mixing curves, where individual samples maintain the
same relative relationship to one another on all plots,
substantiating the mixing process (cf. Langmuir et al.,
1978). Given the inferred major element characteristics
of end-members (Fig. 11), adequate representatives of
the high-Ca, SiO2-poor end-member could have been
derived from magmatic assimilation (and subsequent
decarbonation/mixing) of calcitic–carbonates.
ment of “high-Ca, porphyritic rock domains” through binary mixing of
r, CaO-rich (B) carbonate derived component (text Section 4.3). (f(B)=
0.1) should correspond to about 18–20% carbonate assimilation.



Fig. 12. (87Sr/86Sr)0–SiO2/CaO (A) and (87Sr/86Sr)0–Sr (ppm) (B) diagrams illustrating chemical and isotope variations associated with binary mixing
in tholeiitic magmas. (f(B)=fraction of component B in the mixture; component A:x−SiO2/CaO=4.56, Sr=171 ppm, y=0.70542— average of less
radiogenic, non-contaminated, Algarve tholeiites; see Table 2). Maximum Sr contents inferred for (oxide–MO) component B corresponds to about
6200 ppm strontium in the original assimilated carbonates.
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Notwithstanding the complex chemical processes
inherent to carbonate assimilation by silicate magmas,
analysis of appropriate mixing equations (Vollmer,
1976; Langmuir et al., 1978) indicates that the com-
positional range of high-CaO “porphyritic rock” is
compatible with mixing of Algarve tholeiite magmas
with ∼2–10% of an almost pure Ca-carbonate com-
ponent (see Fig. 11). Such lithologies are present in the
Paleozoic basement, below the lower-Mesozoic Algarve
basin.

On this basis, the assimilated carbonates are inferred to
have had high Sr contents (Sr ∼6200 ppm) and relatively
high δ18O (∼+23‰ to +25‰) and (87Sr/86Sr)0
(∼0.70771) isotope ratios (Figs. 12 and 13; Appendix
B). Such values are consistent with Visean, shallow water
(platform) marine carbonates (Sr=2000–9000 ppm,
δ18O=26.8±2.5‰, (87Sr/86Sr)0∼0.70771; see, Schlanger,
1985; Veizer et al., 1999; McArthur et al., 2001; Veizer,
2004) that comprise the Murração and Quebradas units of
the Bordeira Formation (Manuppella, 1992), outcropping
at the SW corner of the South Portuguese Zone Paleozoic
basement.

Carbonate-contaminated and uncontaminated lava
flows coexist and alternate in the same sequence.
Carbonate-contamination is always expressed by the
occurrence of very fine-grained porphyritic textures,



Fig. 13. (87Sr/86Sr)0–δ
18O/Sr diagram illustrating strontium and oxygen isotope variations associated with mixing processes in Algarve

magmas ((f(B)= fraction of component B in the mixture; component A: x=0.04327, y=0.70542 — non-contaminated, least radiogenic,
lowest δ18O (=+7.40‰), Algarve tholeiite; see Table 2). Assuming a δ18O fractionation of −6‰ to −8‰ during decarbonation (Valley, 1986), the
inferred δ18O (∼+17‰) value for (oxide–MO), end-member component B, should translate into δ18O∼+23–+25‰ in the original assimilated
carbonates.
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whereas the predominant uncontaminated lavas have
dominant ophitic to subophitic texture. This textural
difference is consistent with devolatilization of magma
domains where carbonate digestion occurred. Assimila-
tion of carbonates by silicate magmas produces CO2,
which has limited solubility in tholeiitic magmas at low to
moderate pressure (e.g. Dixon, 1997; Lowenstern, 2000).
The effect of CO2 on lowering the liquidus temperature of
magmas, as well as the abrupt changes in magma liquidus
temperature by volatile loss is well known (e.g. Westrich
et al., 1988; Hort, 1998; Barnes et al., 2005). Thus,
significant undercooling by CO2 loss may have induced
an increase in crystal nucleation rates, which determined
the crystal size and produced the fine-grained textures that
characterize the carbonate-contaminated rocks.

5. Discussion and conclusions

5.1. Paleogeography and facies model

The characteristics of the volcanic and sedimen-
tary deposits, and erosion surfaces, are consistent
with a facies model typical of continental basaltic
successions (cf. Cas and Wright, 1987). The
paleogeographic setting would be that of a moun-
tain-and-basin morphology, in semi arid climatic
conditions, with the basins receiving clastic sedi-
mentation from elevated regions coeval with volca-
nism. Alluvial fans would have been deposited at the
base of fault scarps, whereas finer facies of sands,
silts, clays, carbonates and evaporites were located
distally from the up-thrown blocks, depending on the
size of the basins.

Endorheic torrential fluvial systems, ponded by lava
flows, would create lakes or swampy areas. These
would collect sandy/clayey sediments (including remo-
bilised pyroclastic particles) and pyroclastic fall
deposits. Lava flowing over unconsolidated sediments
would partially sink into it, resulting in convoluted/
pillowed lava flow bases or magma completely
intruding the sediment. Explosive water-magma inter-
action and wet sediment/magma mingling would be a
common characteristic of such depositional environ-
ment. Hydro-magmatic pyroclastic deposits and peper-
ite would then be produced, containing abundant lithic
fragments from the underlying sequences. In these
conditions, eruptive centres would predominantly be
maars or tuff rings. Such structures are not easy to
identify in cross section in limited outcrops, and, thus,
have not been recognised yet.

Areas uplifted by contemporaneous tectonics could
explain erosion surfaces over which volcanic
sequences directly overly the Silves Sandstones or
the Carboniferous basement, as in the Quinta da
Ombria and Corcitos areas. On the other hand,
paleosols (caliche) developed on top of lava flows
reflect relatively long periods of weathering between
short duration volcanic episodes.
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5.2. Mantle plume or passive rifting

Lower Jurassic Algarve basalts present characteris-
tics, which enable its inclusion in the low-Ti basalts
described for some large igneous provinces. These
magmatic provinces may feature both low-, and high-Ti
basalts, typically with different geographic distributions.
The two groups cannot be related by fractional
crystallization, requiring different mantle sources.
Low-Ti basalts do not occur in oceanic LIP (Hawkes-
worth et al., 2000), consistent with the continental
setting of the Algarve CAMP sector.

Continental rifting is a complex process resulting
from a tensional stress field caused by sublithospheric
mantle dynamics or, alternatively, arising from far-field
horizontal forces related to plate kinematics. Sengor and
Burke (1978) termed these end-members active and
passive rifts, respectively. In active rifts, magmatism is
considered a direct product of a mantle plume melting,
or of lithospheric melting induced by the impingement
of the plume on the base of the lithosphere. In passive
models, magmatism results from adiabatic decompres-
sion of the asthenosphere and/or lithosphere induced by
lithospheric extension and thinning. Formation of the
Central Atlantic rift, and other continental dispersals,
has been the locus of an intense debate between those
proposing a passive rift model (e.g. McHone, 2000;
Sears et al., 2005; Verati et al., 2005) and those
defending a mantle plume as the triggering rift
mechanism (e.g. Wilson, 1997; Oyarzun et al., 1997).

The distinction between these two types of rifting is
not easy given that both may produce similar
geological and geophysical signatures (Ruppel, 1995;
Ionov, 2002). Moreover, considering that some of the
main lines of evidences for passive or active rifting are
dynamic (e.g, heat flow) distinguishing between these
models is not readily tractable when dealing with
≈200Ma old events.

Algarve CAMP magmatism cannot be the direct
result of plume melting. Given a pre-rift Variscan
lithosphere (CLM) thickness of about 125 km (Stapel
et al., 1996) and that lithosphere limits the adiabatic
ascent of plumes (e.g. Lassiter and DePaolo, 1997), that
CLM would constrain the plume melting to depths with
residual garnet, which is incompatible with the genesis
of the Algarve tholeiites. However the role of a mantle
plume as inductor of the Algarve magmatism cannot be
immediately discarded given that plumes can cause
lithospheric fusion. This question is further addressed
below.

Active rifting in response to an ascending mantle
plume is characterized by important doming/uplift pre-
ceding volcanism and radial depositional features
(Rainbird and Ernst, 2001). In contrast, initial stages of
passive rifting, being caused by lithospheric stretching
driven by far-field horizontal plate forces, are marked by
tectonic subsidence and sedimentation (e.g. Turcotte and
Emermam, 1983; Bédard, 1985). In the Algarve Basin
Lower Jurassic sedimentation starts with continental
clastic deposits and becomes progressively deeper in
agreement with a subsiding environment. The Carnian
(228.0 to 216.5 Ma) or pre-Carnian age attributed to the
beginning of sedimentation based on paleontological
evidence (Palain, 1979; Manuppella, 1988, 1992) in-
dicates that magmatism followed some 20 to 30Ma later.
The time difference between the inception of sedimen-
tation and magmatism is strongly suggestive that the
driving force of the Algarve lower Mesozoic rifting was
of the passive type.

The existence of thickened lithosphere inherited
from the Hercynian orogeny, causing a significant
reduction of lithosphere strength (e.g. Kusznir and
Park, 1987; Dunbar and Sawyer, 1989), is here
considered to have favoured continental rifting. The
location of rifting may have been determined by pre-
existing plate mechanical anisotropies (see Sheth,
1999). Algarve Basin formed in relation with a left-
lateral transtensional zone, accommodating the differ-
ential movement of Africa with respect to Eurasia (e.g.
Klitgord and Schouten, 1986; Terrinha et al., 2002).
This Lower Jurassic through Late Cretaceous transten-
sive shear zone (Newfoundland-Gibraltar Fracture
Zone) was inherited from Variscan times during
which it acted as a dextral transpressive strike-slip
boundary (Keppie, 1989). These features suggest that a
pre-existing zone of weakness controlled the location
of the Algarve rift basin (see also Mata et al., 2006).
They also point to the probable role of inherited lattice
preferred orientation of mantle lithospheric olivine,
which induced mantle mechanical anisotropy con-
straining strain localization (see Tommasi and Vau-
chez, 2001).

Lower Jurassic Algarve CAMP magmatism was
recently dated by the 40Ar/39Ar method at 198.1±1.6 to
198.4±2.8Ma (Verati et al. 2007), being almost
coincident with the ages reported for the CAMP major
volcanic pulse, elsewhere (Marzoli et al., 2004; Knight
et al., 2004; Verati et al., 2005; 2007; Nomade et al.,
2007). From our data, a passive rifting model seems
most appropriate to explain the rifting preserved in
the Algarve volcanostratigraphic sequence. However,
the extension of this model to the CAMP as a whole
seems to be more problematic given the short duration
(≈1.5 Ma) of the magmatic peak activity over circa
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7×106 km2, which is also not easy to explain by a
single mantle plume (e.g. Olsen, 1999).

A source of the tholeiites in continental lithosphere, by
decompressional melting during extension, is also in
keeping with passive rifting. Geochemical data indicating
progressive inputs of basalt melts from an asthenospheric
source, either upper mantle or a plume originating at
deeper levels, tracks progressive opening of an ocean.
Accordingly, different sectors of Pangean rifting in the
North Atlantic may have been passive or active.

Acknowledgements

Financial support for this work was provided by a
bilateral co-operation project between CNRST (Moroc-
co) and GRICES (Portugal) to L.T.M., J.M., N.Y and
J.M.M. This study is a contribution to research projects
POCA-PETROLOG (Centro de Geologia Univ. Lisboa,
UI: 263; POCTI/FEDER) and GEODYN (LATTEX,
POCTI-ISFL-5-32). Funding for the O and Sr-isotope
analysis was provided by an NSERC research grant to R.
Kerrich. A. Marzoli and two anonymous reviewers are
acknowledged by their incisive and constructive com-
ments. We thank Jarda Dostal and John Greenough for
organizing this special issue of Lithos, and C.Mourão for
typing and drafting assistance.
Appendix A. Location of specified sections and
outcrops

Section/outcrop N latitude W longitude Altitude⁎

Cabeças–Silves 37° 12′ 09″ 8° 24′ 49″ 65
Torre (base) 37° 14′ 29″ 8° 19′ 59″ 160
Torre (top) 37° 14′ 25″ 8° 19′ 43″ 180
S. Bartolomeu de Messines 37° 15′ 00″ 8° 16′ 58″ 166
Soidos (base) 37° 14′ 54″ 8° 11′ 01″ 268
Soidos (top) 37° 15′ 15″ 8° 09′ 27″ 425
Cerro dos Passarinhos 37° 12′ 47″ 8° 01′ 57″ 260
Quinta da Ombria 37° 11′ 39″ 8° 00′ 49″ 133
Corcitos (top) 37° 13′ 09″ 7° 59′ 45″ 250
Corcitos (base) 37° 13′ 04″ 7° 59′ 18″ 206
Querença (top) 37° 11′ 52″ 7° 58′ 52″ 211
Querença (base) 37° 12′ 10″ 7° 58′ 51″ 200
Ayamonte 37° 13′ 49″ 7° 24′ 05″ 30

GPS coordinates in DMS format, referred to WGS84; ⁎Metres above
sea level.
Appendix B. Analytical methods

B.1. Electron microprobe

Mineral phases (olivines, clinopyroxenes, plagioclase
and oxides) were analysed atUniversity of Lisbon (Centro
de Geologia) using a Geol JCXA 733® microprobe
operating with a 5μm beam diameter at 15kv to 18kv and
15nA. Synthetic metals (Cr, V and Ni) and natural
minerals (for all others elements) were used as standards.
Precision is better than 2% for major elements. Analytical
procedures as in Munhá (1981).

B.2. Major and trace element analyses

Major and trace element analyses were performed at
University of Lisbon (Department of Geology). SiO2

was analysed gravimetrically, and other major elements
were determined by Atomic Absorption Spectrometry
(AAS) using a Perkin Elmer 403 AAS. The major
elements Ti and P and the trace elements Sc, V, Cr, Ni,
Sr, Rb, Y, Zr, Nb and Ba were analysed in pressed pellets
by X-Ray fluorescence spectrometry using a Philips PW
1410/00 instrument. Based on the use of International
Reference Materials, including BCR-2, the accuracy
was estimated at 2% for SiO2, 10% for the other major
elements and 5% for trace elements. Precision was
estimated from replicate analyses.

Procedures for analysis of major elements, and
selected trace elements (Sc, V, Cr, Ni, Sr, Rb, Y, Zr, Nb
and Ba) by X-ray fluorescence spectrometry (XRF) at
University of Lisbon are given by Munhá (1981).

Rare Earth Elements, Hf and Th were determined by
instrumental neutron activation analysis (INAA) by
Nuclear Activation Services (Canada). The accuracy of
analyses was evaluated by analysing the United States
Geological Survey standard basalt BHVO-1 as unknown;
the errors were generally less than 10%, with results for
many elements within ±5% of recommended values.

B.3. Stable and radiogenic isotope analyses

Oxygen was extracted from whole rock samples with
BrF5 at 600–650 °C, and then converted to CO2, prior to
mass spectrometric analysis using a Micromass 602.
Results are reported as δ18O-values in ‰ relative to the
V-SMOW (Vienna StandardMean OceanWater).Whole
rock analyses are reproducible to ±0.2‰. The δ18O-
value determined for NBS 28Quartz Standard is +9.6‰.
Procedures as in Feng et al. (1993).

Strontium was separated by standard cation-exchange
methods using teflon®-HDEHP. Routine total procedure
blanks were Srb1 ng. Radiogenic isotope analyses were
done using a Finnigan MAT 261®. Sr-isotope ratios are
normalized to 86Sr/88Sr = 0.1194 and relative to
87Sr/86Sr=0.710234±0.000003 (2σ; n=88) in NBS 987.
The external precision (2σ) is better than ±3.5×10–5. For
Sr-isotope analyses, rock powderswere leached in 6NHCl.
Procedures as in Mata et al. (1998).
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