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Abstract

Metabasic rocks (eclogites and amphibolites) from four Betic ophiolite outcrops (Lugros,
Almirez, Cóbdar, and Algarrobo), comprising Ol-Px gabbros, dolerites, and MORB-affinity
basalts, were studied. U-Pb SHRIMP zircon dating yielded Early to Middle Jurassic ages
(187–174 Ma). At Cóbdar and Algarrobo, several magmatic levels were identified (187 ± 1.7
to 174 ± 1.8 Ma, and 184 ± 1.8 to 180 ± 1.6 Ma, respectively). In Lugros, two gabbros
were dated to 187 ± 2.5 and 184 ± 1.4 Ma, while a dolerite dyke intruding serpentinites in
Almirez gave 184 ± 1.6 Ma. Algarrobo xenocrystic zircons, predominantly Precambrian,
resemble those from the MAR (13◦ N–15◦ N) in age and chemistry, suggesting a similar tec-
tonic setting. δ18O values (4.2–6.2‰) of Betic ophiolite zircons (gabbros, basalts, dolerites)
match those of MAR and SWIR samples, reflecting also oceanic alteration. Some zircons
preserve δ18O variations linked to Jurassic (~150 Ma) oceanic metamorphism and later
orogenic overprints. REE patterns show depletions in HREE and Y, with localized enrich-
ments in LREE and Hf, which are more marked in metamorphically recrystallized zones.
Xenocrystic zircons may derive from Precambrian protoliths assimilated during Jurassic
magma ascent near transform faults. This integrated geochronological and geochemical
evidence provides the key constraints for a revised geodynamic framework, confirming the
existence of a Betic Jurassic ocean basin, which is a crucial precursor to the Alpine orogenic
events that shaped the region.

Keywords: Betic ophiolites; Nevado-Filábride Complex; U-Pb zircon geochronology; zircon
δ18O isotopes; zircon REE geochemistry

1. Introduction
The Betic ophiolites are the only preserved relics of the westernmost end of the Tethys

Ocean, which developed from the Lower to Middle Jurassic (187–174 Ma), just at the begin-
ning of the Pangaea breakup between the Iberia–European and the Africa–Adrian plates.
Breakup and oceanization isolated continental remnants, known as the Mesomediterranean
Terrane or AlKaPeCa (Alboran, Kabylies, Peloritani, Calabria) microplate [1,2], whose
western end, forming the Alboran Block, was deformed and affected by high-pressure
metamorphism. This metamorphism was due to the subduction of the Jurassic oceanic
lithosphere and its related continental margins, with some relics of the subducted slab later
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being exhumed and creating the Betic ophiolites of the Mulhacen Complex [3]. The Alboran
block, formed by the internal zones of the Betic–Rifean Cordilleras, was later displaced
toward the SW as a consequence of the opening of the extensional Argelian–Provençal
Basin and the Alboran Sea [4,5]. Meanwhile, the eclogitized and partly exhumed ophio-
lites, forming part of the metamorphic Nevado-Filábride Complex of the Betic Cordillera,
underwent a collision stage between the Iberian and African plates, which led to new meta-
morphic and deformational processes partly transforming the eclogites into amphibolites
and greenschists [6].

The aim of this paper is the microscale U-Pb SHRIMP zircon study of the main outcrops
of the Betic ophiolites and the geochemistry of their hosting rocks, in order to elucidate the
age of their different oceanic magmatic levels and the chemical and isotopic characteristics
of their zircons (U/Th, δ18O, Pb and U isotopic ratios, REE, and other trace elements), and
to constrain their genetic conditions and later evolution. This study is mainly devoted to
the central and easternmost ophiolitic outcrops of the Betic Chain (Cóbdar and Algarrobo;
Figure 1) in order to compare them with the known outcrops, in some aspects, of the
westernmost end of the Nevado-Filábride Complex (Lugros and Almirez; Figure 1). Based
on this comparison, it is possible to elucidate the accretion age and development of the
Betic oceanic floor along its total extension, from W to E, during the Jurassic.

 

Figure 1. Geological sketch map of the central–eastern sector of the Betic Chain showing the main
geological units, from Mapa Geológico de España 1:50,000 (IGME). The red and purple pointed stars
represent the location of the main ophiolitic outcrops from which most of the studied rocks, discussed
in Ref. [3] and in this paper, derive. The four ophiolitic outcrops from which the main part of the
zircons studied in this paper come are in red.

Previous studies of the ophiolitic rocks in the Nevado-Filábride Complex were hin-
dered by two primary factors: limited geochronological data [3,7] and a controversial
division of its constituent units [6]. These limitations restricted the reliability of complex-
scale conclusions because of the challenge to correlate different units across the complex, the
scarce number of available dates, and the lack of documented zircon geochemistry, which
is essential for interpreting their genesis and distinct recrystallization stages. This study
addresses these gaps by providing a subdivision of the Nevado-Filábride Complex that can
be correlated throughout the complex. Consequently, our work allows the geochemical,
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geochronological, and geodynamic implications derived from the studied Betic ophiolites
to be robustly extended to the entirety of the Nevado-Filábride Complex.

In the present work, we will compare new zircon results, in the higher part of the
ophiolitic sequence from Cóbdar and Algarrobo outcrops, with those previously published
from Lugros and Almirez, in order to establish the accretion age and temporal evolution
along the Jurassic Betic oceanic floor, mainly based on geochemistry and the age of the
zircons deriving from these four outcrops. The timing of the opening and nature of the
crust, such as the development and life span of this Betic oceanic domain, are crucial to
understanding the Mesozoic evolution of the westernmost Alpine Tethyan realm and the
breakup between the Europa–Iberia and Adria–African passive margins [7–9].

2. Geological Setting
The Betic Chain, located in the southern part of the Iberian Peninsula, represents a key

segment of the westernmost Mediterranean Alpine orogen [10], and has been traditionally
divided into two main zones: the Internal and External Zones [11]. Within the Internal Zone,
the Nevado-Filábride Complex, the deepest tectonic complex, hosts the Betic ophiolites [3].

The geology and tectonic subdivision of the Nevado-Filábride Complex (NFC) has
been the subject of debate for the past 70 years. One of the main reasons for the lack of
consensus among researchers working on the NFC lies in the nature of the early geological
studies. Detailed surveys, including geological mapping, conducted in the 1960s and 1970s
focused on partial sections of the complex, either in the Sierra Nevada or in the Sierra de
los Filabres. As a result, each study proposed a set of locally defined units, making their
correlation across the NFC challenging.

In this study, we adopt, with minor terminological adjustments, one of the latest
essays in the definition of tectonic units of the NFC [12], integrating prior subdivision
schemes from both the Sierra de los Filabres [13] and the Sierra Nevada [6] sectors. This
subdivision of NFC units relies critically on (1) the nature and metamorphic evolution
of the graphite-bearing basements of the NFC continental units (see Table 1 of Ref. [13]),
which serve as diagnostic markers, and (2) the Maximum Depositional Ages (MDAs) of
their graphite-free pelitic and psammitic covers, which provide additional stratigraphic
constraints [14]. With this scheme, three major units can be distinguished in the NFC from
bottom to top:

The Lower Unit (LU), which we rename here the Veleta Unit for consistency with our
previous work [6], and because the graphite schists of this LU are those outcropping at
Veleta Peak (3398 m) in the Sierra Nevada, correlates with the Nevada I and Nevada II units
of Ref. [13] and the Aulago Formation of Ref. [15], later renamed the Ragua Unit [16]. The
LU essentially corresponds to what in the pioneering studies of the NFC was termed the
‘Sierra Nevada Series’ [17–19]. Overlying the LU is the ‘Mischungszone’ or ‘Mixed Zone’
identified in these pioneering studies, which basically encompasses mainly the NFC’s two
other units: the Intermediate and Upper Units.

The basement of the LU consists of a highly monotonous sequence of graphitic schists
over 5000 m thick, with increasingly abundant intercalations of quartzite layers towards
the top of the succession. A distinctive feature of the graphitic schists in the basement
of the LU is their petrological monotony and the systematic absence of other lithotypes
commonly found in the basements of higher continental units, such as tourmaline gneisses,
amphibolic gneisses, and skarn rocks, as we will discuss later. This fact, clearly shown in
the detailed mapping studies of the NFC [13], has nevertheless been overlooked by some
recent authors when subdividing the NFC, despite the LU basement being widely exposed
in the core of the Sierra Nevada and Sierra de los Filabres antiforms, where the presence
of these lithotypes (tourmaline gneisses, amphibolic gneisses, and skarn rocks) has never
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been documented. The age of these basement materials is Devonian–Carboniferous [20,21]
or older, with a maximum depositional age in the Carboniferous [14].

Unconformably overlying the graphitic schist basement is a sequence of graphite-free
metapelites and metapsammites, beginning with a basal metaconglomerate. This LU cover
corresponds to the Tahal Formation, as originally defined by the first detailed studies of the
Sierra de los Filabres [22,23], where it is best exposed. A significant source of uncertainty
in later studies of the NFC has been the inconsistent use of the term Tahal Formation, not
only for the LU cover as initially defined, but also for other graphite-free metapelitic rocks
in higher tectonic units, to which the original authors [22,23] assigned, in fact, different
names (e.g., Colmenica Schists, Almendros Schist, Malea Schist, etc.). This confusion has
further complicated attempts to correlate NFC units, as the Tahal Formation in many later
works encompasses metasedimentary sequences of varying ages and origins. For example,
some authors [14,16] grouped all NFC graphite-free metapelites under this name, yet only
those matching the original Tahal Formation definition [22,23] exhibit Permian MDAs (the
LU cover) [14], while higher-unit metapelites, also called the Tahal Formation [14,16], yield
Triassic–Jurassic MDAs [14].

Both the basement and the cover of the LU exhibit intermediate pressure–temperature
metamorphism, ranging from Ab-Ep amphibolite to greenschist facies [6]. As highlighted
by Ref. [13], a distinctive feature of the LU’s metamorphism compared to other NFC
continental units is the systematic absence of phases such as staurolite and kyanite, while
chloritoid is frequently present. In contrast, staurolite and kyanite are common phases in
the schists (with or without graphite) of the overlying units. In the same way, Ref. [24]
highlights that both microstructural analysis and pre-Cenozoic apatite U-Pb ages suggest
that the LU endured lower temperatures than the other units of the NFC, likely below
450 ◦C.

The Middle Unit (MU) is arguably the most controversial subject among researchers
studying the NFC. While the ophiolitic nature of its mafic and ultramafic rocks was recog-
nized early [25], and was even suggested in the pioneering studies of the NFC [26], only
recently has it been established that these rocks form an ophiolitic mélange [12], similar to
those documented in many accretionary- and collisional-type orogenic belts worldwide [27].
According to Ref. [12], this (ultra)mafic mélange cannot be dismissed as a mere brittle shear
zone mixing different lithologies, as some outcrops still preserve their original sedimentary
olistostrome fabric, albeit having been overprinted by later shearing during burial and
further disrupted by extensional shear zones and normal faults during exhumation. These
authors also argue that interpreting this MU as an ophiolitic mélange linked to obduction
does not preclude the coexistence of a hyper-extended continental margin [28], where the
continental mantle may have transitioned into a narrow or incipient oceanic lithosphere,
scenarios that in fact could be part of the same paleogeographic domain.

The stratigraphic, structural architecture, and lithological composition of ophiolitic
mélanges are inherently complex [27], as exemplified by the MU of the NFC. This Middle
Unit contains not only mafic and ultramafic protoliths but also metapelites and marbles of
diverse origins, exhibiting varying degrees of metamorphism and deformation. Among
the mafic rocks, where metamorphic and deformational effects are most evident, the MU
displays the full spectrum of scenarios, from olivine gabbros preserving their original
igneous textures and mineralogy to amphibolites with planar–linear fabrics, including both
deformed and non-deformed (i.e., with igneous textures) eclogites. While this variability
has attracted considerable attention from most researchers working on the NFC, it is in fact
a common feature of ophiolitic mélanges [27], where rocks that underwent subduction and
high-pressure metamorphism may coexist within the same outcrop, with non-subducted
rocks retaining their primary igneous texture and mineralogy.
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A distinctive feature of some metasedimentary rocks in this MU is the occasional
occurrence of chromium-rich layers (ranging from millimeter to centimeter scale), observed
both in calc-silicate rocks [29] and in metapelites. Notably, the metapelitic sequences
sometimes contain chromium-enriched levels that exhibit remarkable lateral continuity,
traceable for more than 1 km, suggesting very limited mobility of this element during
metamorphism, as was also pointed out by Ref. [29].

The age of the ophiolitic magmatism has been determined as Lower to Middle Jurassic
(187–174 Ma) based on U-Pb zircon dating in Ref. [3] and this study, while the metasedi-
mentary rocks of the MU yield Triassic and Jurassic MDAs [14]. Moreover, metasediments
(quartzites, micaschists, and calcschists) overlying the (ultra)mafic successions have been in-
terpreted as part of a pelagic sequence formed on the ocean floor during the Cretaceous [30].

There is broad consensus among all authors regarding the metamorphic conditions of
the LU, as previously discussed, ranging from albite–epidote amphibolite to greenschist
facies. However, for the overlying units, there is significant variability in P-T condition
estimations depending on the rock type, the assigned unit of the studied sample, and other
factors, as highlighted in a recent review of the NFC metamorphism [31].

A major source of these discrepancies stems from the fact that only very recently has
the existence of an ophiolitic mélange within the NFC been recognized [12]. In most prior
studies on the NFC, the basic and ultrabasic ophiolitic rocks of the MU were considered
part of the continental sequences, and consequently, the PT estimates obtained from rocks
of both the MU and the Upper Unit (UU) have been assumed to belong to the same unit.
Nevertheless, the highest PT conditions reported so far in the NFC, ranging from 18 to
24 kbar and from 650 to 700 ◦C, correspond to basic and ultrabasic rocks of the MU, as
well as to their associated metasedimentary rocks (metapelites and metaevaporites) [31].
Following peak pressure conditions, subsequent uplift led to a decompression path that
remains poorly constrained. Most authors suggest that decompression occurred with initial
heating, followed by slight cooling in the amphibolite facies [31].

The Upper Unit (UU) we rename here the Mulhacén Unit for consistency with our
previous work [6] and because its graphite schists are the ones outcropping at Mulhacén
Peak (3479 m) in the Sierra Nevada. The graphite schists of the basement of this unit
correlate with the Nevada III and Nevada IV units of Ref. [13] as well as the Montenegro
Formation of Ref. [15] and the Paleozoic rocks of the Calar Alto unit of Ref. [16].

The Upper Unit consists of two superimposed continental sequences, both comprising
a graphite schist basement overlain by a cover of non-graphitic schists and marbles. For
greater clarity in the following discussion, we will refer to the lower continental sequence of
the UU as the Caldera Unit and the upper sequence as the Sabinas Unit, adopting traditional
nomenclature from the Sierra Nevada [6], which also correlates well with detailed field
studies from the Sierra de los Filabres, where they have been assigned different names
by various authors [13,22,23]. These two continental sequences (Caldera and Sabinas) are
extensively exposed with remarkable lateral continuity in the eastern part of the NFC,
both on the northern and on the southern flanks of the Sierra de los Filabres antiform.
In the Sierra Nevada, the same two continental sequences also outcrop [6], though in
smaller, often highly deformed exposures with very limited lateral continuity. Additionally,
especially in the Sierra de los Filabres, it is common to find basic and ultrabasic rocks
from the MU’s ophiolitic mélange, particularly the latter (serpentinites), intercalated at the
contact between these two continental sequences [23].

A distinctive key feature of the graphitic schists in the basements of the Upper Unit is
the systematic presence, in both the Sierra Nevada and the Sierra de los Filabres, of tourma-
line gneisses, pyroxene rocks (skarns), or amphibole–epidote–biotite gneisses intercalated in
the graphite schist sequences [6,13,22,23,32,33]. Based on field characteristics (outcrop type,



Geosciences 2025, 15, 406 6 of 40

associated rocks, etc.) and petrographic, chemical, and mineralogical features, gneisses
from the Upper Unit can be classified into two groups [32]: (1) peraluminous tourmaline
gneisses of plutonic origin, which texturally range from metagranites to augen gneisses and
even-grained gneisses, depending on the varying degrees of deformation and metamor-
phism affecting the original granites; and (2) metaluminous amphibole–epidote–biotite
gneisses and weakly peraluminous tourmaline gneisses, for which a volcanic origin has
been suggested, due to the absence of plutonic textures and because they occasionally
occur as alternating bands within the same outcrop with high lateral continuity. Plutonic
tourmaline gneisses predominantly occur in the basement of the Caldera Unit and are sys-
tematically associated with pyroxene-bearing rocks (skarns) within the graphite schists into
which granites intrude. In contrast, amphibole–epidote–biotite gneisses and tourmaline
gneisses, suggested to be of volcanic origin, are found both in the cover sequence of the
Caldera Unit and in the basement and cover of the Sabinas Unit [32].

However, some authors [34,35] have proposed that only a single type of gneiss exists,
with minor compositional variations, based on a very limited dataset and a rather simplistic
petrologic discrimination approach using major-element oxide data in the de la Roche
R1–R2 multicationic diagram [36] used for granitoid discrimination [37]. While this multi-
cationic classification might be useful, relying exclusively on major elements oversimplifies
the complex processes involved in granitoid formation and evolution. Moreover, since this
classification primarily targets igneous rocks (both volcanic and plutonic), its application
to metamorphic rocks, which may have undergone significant mineralogical and textural
changes, becomes potentially problematic.

A more robust approach for discriminating the NFC gneisses should therefore
employ classification schemes based on more immobile trace elements [38]. Indeed,
when using these trace element discrimination diagrams, peraluminous plutonic tour-
maline gneisses fall within the syn-collisional granitoid field, while the metaluminous
amphibole–epidote–biotite gneisses and associated weakly peraluminous tourmaline
gneisses consistently fall within the post-collisional granitoid field [32,39]. Further-
more, the Nd isotopic signatures of both gneiss groups are markedly distinct. Per-
aluminous plutonic tourmaline gneisses exhibit strongly negative initial εNd values
(around −6) typical of partial melting of metasedimentary sources, while the metalumi-
nous amphibole–epidote–biotite gneisses and associated weakly peraluminous tourmaline
gneisses display εNd(i) values ranging from slightly negative (−2) to highly positive (+4.5),
clearly indicating a mantle source with variable degrees of crustal contamination in the
formation of the second gneiss type [32,39]. Such a distribution of εNd(i) values is typical
of continental rifting settings, as has been described in other regional contexts [40].

Several attempts have been made to date the magmatism responsible for both types of
gneisses, though the results remain inconclusive. Excluding older studies, whose accuracy
may be questionable, the obtained ages for the magmatism that formed these gneisses
range from Late Carboniferous to Early Permian (314 to 276 Ma), a range also observed
within both gneiss types [14,41]. Remarkably, even for the same site, a small gneiss outcrop
(spanning a few hundred square meters) at Collado de las Sabinas in the Sierra Nevada,
published ages vary significantly across studies: Ref. [42] determined an age of 301 ± 7 Ma
(sample S00), while Ref. [14] established an age of 276.2 ± 0.3 Ma (sample 19SSN13). A
similar situation occurs in other NFC gneiss outcrops, both in peraluminous plutonic tour-
maline gneisses and in metaluminous amphibole–epidote–biotite gneisses and associated
weakly peraluminous tourmaline gneisses, suggesting that further geochronological work
would be required to establish both the precise age and the synchronous/diachronous
character of the magmatism that generated these two gneiss types.
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Metamorphism in the Upper Unit of the NFC exhibits a distinctly polyphasic char-
acter, with at least two well-defined phases: pre-Alpine metamorphism and Alpine
metamorphism [6,31,41].

Pre-Alpine metamorphism is particularly well represented in the lower continen-
tal sequence (Caldera Unit) of the western NFC, where Paleozoic graphitic schists
preserve pre-Alpine metamorphic assemblages such as chloritoid + almandine or
andalusite ± staurolite + biotite + almandine. These pre-Alpine assemblages formed un-
der static, low-pressure, intermediate-temperature conditions [6,41] and are later over-
printed by Alpine high-pressure assemblages characterized by phengite + kyanite + Mg-rich
chloritoid + pyrope-rich garnet [31].

The P-T conditions of Alpine metamorphism, however, remain somewhat unclear due
to uncertainties in assigning the studied samples to the Upper Unit when reviewing the
published data [31]. In cases where samples can be confidently attributed to the Upper
Unit, estimated maximum peak metamorphic conditions range between 14 and 16 kbar and
between 500 and 650 ◦C. Nevertheless, the unequivocal preservation of igneous plagioclase
in metagranites from the Sierra de los Filabres [22,32] clearly indicates that the Upper Unit,
at least in the eastern NFC, did not reach the jadeite stability field, implying maximum P-T
conditions below 15 kbar at 550 ◦C. In contrast, as noted earlier, estimated P–T conditions
for the Middle Unit lie well beyond the jadeite stability field. In fact, decimeter-sized
pockets of exceptionally pure jadeite [43] can be found interbedded within metapelites of
the ophiolitic mélange.

Another ongoing controversy regarding the NFC’s stratigraphy and structure involves
persistent disagreements about the cartographic distribution of its units. Given that out-
crops of the ophiolitic mélange are typically small-scale relative to the entire complex, most
authors have included them in NFC cartographic syntheses as part of the Upper Unit (Mul-
hacén Unit). However, there remains fundamental disagreement, particularly concerning
the cartographic extent of the Lower Unit (Veleta Unit). The main differences among the
various cartographic syntheses published to date primarily concern the central part of the
NFC. In this area, the core of the Sierra de los Filabres antiform structure consists of a thick,
monotonous series of graphitic schists, which some authors attribute to Mulhacén-type
successions [16,21], while others argue for classification as Veleta-type successions [6,24].
However, detailed lithological and cartographic fieldwork in this region [44] confirms
that these rocks align with Veleta-type successions, as supported in the same study. This
interpretation is further reinforced by the systematic absence, across the vast mapped
area, of key Mulhacén-type basement rocks, including metagranites, orthogneisses, and
associated pyroxene-bearing rocks [13,44].

Finally, regarding the age of Alpine metamorphism in the NFC, a recent study synthe-
sizes the key geochronological results published to date, along with new U-Pb apatite and
zircon data (see Figure 9 in Ref. [24]). The study reveals that structurally higher levels of the
NFC contain both Eocene and Miocene metamorphic zircon rims and apatite ages. Notably,
the presence of Miocene apatite and zircon ages with metasomatic morphologies in the
upper NFC record fluid-rich metamorphic conditions, potentially linked to Late Miocene
extensional shear zones. These findings indicate that subduction must have initiated at
least since the Eocene (∼60 Ma), with progressive subduction and underplating of NFC
units, reconciling prior discrepancies over subduction initiation and the wide range of
metamorphic ages spanning from the Eocene to the Miocene [24].

3. Petrological Characterization of the Betic Ophiolites
Figure 1 shows, as pointed stars, the approximate position of the basic and/or ultra-

mafic outcrops identified in previous works ([3] and references therein), as forming part of
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the Betic ophiolites. The red names correspond to the outcrops (Lugros, Almirez, Cóbdar
and Algarrobo) from which the main part of the zircons studied in this paper come from.

The location of the dated rocks from the Cóbdar outcrop is shown in Figure 2, together
with those of other types of rocks that would complete the igneous rock succession, forming
this outcrop before its subduction and metamorphism. This igneous lithologic comprises
everything from gabbroic rocks at the bottom of the sequence (2CB, 3CB, 5CB samples),
represented by microphotos A-1 and A-2, in Figure 3, to doleritic dykes and basaltic-type
layers with pillow lavas, which form the top part of the igneous series, represented by sam-
ples 4CB, 6CB, and FACO-24 (or J-Anf-SS), to which microphotos A-3 and A-4 in Figure 3
correspond, respectively. These higher volcanic layers commonly form sills, in contact with
or intercalated between the basal layers, in the overlying meta-sedimentary cover located
on the igneous succession. The basaltic level also presents pillow structures (P in Figure 2),
varying in diameter from one decimeter to a meter size, that are well represented in the
ECO-8 and 4CB outcrops (see the macrophotos in Figure 3c-2 of Ref. [3]). These pillows
present inner vesicles that may be later filled by phlogopite, brown amphibole, albite, and
epidote of oceanic and later orogenic metamorphism (microphoto A-3 in Figure 3) and are
traversed by scarce dolerite dykes (sample PECO-105).

 

Figure 2. Geological sketch map of the Cóbdar ophiolite outcrop with the location of its dated rocks.
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Figure 3. Microscopic photos of the main lithotypes forming the Cóbdar outcrop (A-1–A-4) and
Algarrobo outcrop (B-1–B-4). Petrological characteristics are shown in Table 1.

Some complementary photos showing the good preservation of the flow and pillow
structures of this outcrop can be seen in previous works (see Figure 3 of Ref. [3]). The
brown color of oceanic floor minerals (kaersutitic amphibole, phlogopite, brown olivine
with magnetite exsolutions) is also shown in this figure, which are locally preserved
in some gabbros and basalts from Cóbdar that were less affected by the later orogenic
metamorphism, as can be seen in Figure 3A-1 (sample 5CB) and also in previous works
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(Figures 2 and 3 of Ref. [45]). These photos show igneous olivine being transformed
into brown oceanic-floor olivine with magnetite–amphibole–pyroxene high-temperature
exsolutions, and oceanic-floor brown amphibole aggregates surrounding vesicles and filling
fissures in Cóbdar basalts [45].

Table 1. Petrology of the dated rocks from the Cóbdar (A) and Algarrobo (B) outcrops, indicating
also the absolute age of these rocks, obtained by U/Pb with SHRIMP, and the number of zircons used
in each Jurassic dating, together with the number of xenogenic pre-Jurassic zircons also dated from
some of these Jurassic rocks.

(A) Cóbdar

Sample Igneous
lithotype

Metamorphic
Rock Type

Igneous
mineral

relics
Ocean-floor

minerals HP minerals LP minerals Micro
photos

5CB (186.9 Ma.)
14 Zr Jur+1recr. Ol-Px Gabbro Amphib.-

Eclogite Ilm, La, Aug Phlog, Krs Alm, Omph,
Rt

Ab, Ep, Chl,
Czo,

ClAlMg-Tar,
Brs, Mg-Hbl,

ClAl-Prg

2CB (185.3 Ma.)
19 Zr Jur+1recr.

cum.Ol
Gabbro

coronitic Ol-
metagabbro

Ol(Criso),
ClPx(Di-

Aug), Ilm, La
br.Amph, Phl,

Ap, Prg Alm, Rt vaz. Amph, Tr A-1

3CB (184.3 Ma.)
8 Zr Jur Px-Gabbro Amphib.-

Eclogite Ilm, Ti-Aug
Omph, Alm,

Rt,
b-gr.Amph

Ep, Chl, Czo,
Ab A-2

6CB (176,2 Ma.)
2 Zr Jur

Porphyric
Basalt

Ap-Ep
Amphibolite La, Cpx, Ilm Phl, Ab Czo, Ab,

Omph, Rt
gr. Amph,

Carb, Ab, Ed A-3

FACO-24
(173.8 Ma) 3 Zr
Jur./1Zr pre-Jur

Basaltic sill Ab-Ep
Amphibolite Ilm Ktp, Prg, Czo,

Rt
Ep, Ab, Ms,
Carb, Chl A-4

(B) Algarrobo

Sample Igneous
lithotype

Metamorphic
Rock Type

Igneous
mineral

relics
Ocean-floor

minerals HP minerals LP minerals Micro
photos

VS-2 (184.3 Ma.)
7 Zr Jur./
12 pre-Jur

Ol-Px Gabbro Amphib.-
eclogite Ilm Omph, Alm,

Rt, Czo
gr. Amph, Ms,

Czo, Ab B-1

P1-13 (182.6 Ma.)
14 Zr Jur+1 recr./

5 pre-Jur
Ol Gabbro

Amphib.-
Coronitic
eclogite

Ilm, La Tlc, ClFe-Prg Alm, Rt, Czo Brs, Prg, Ep B-2

P1-62 (181.2 Ma.)
11 Zr

Jur+54 recr./
1 Zr pre-Jur

PxFe Dolerite Amphib.-
Omphacitite Ilm Omph, Rt,

Gln, Alm
Prg, Ktp, Ab,

Ep B-3

P1-11 (179.6 Ma.)
13 Zr Jur/
8 pre-Jur

Px Basalt Amphib.-
basalt Ti-Aug, Ilm br. Amph,

Mg-Hs
bl-gr. Amph,

Rt, Czo
Act, Carb, Chl,

Tr, Mg-Hbl B-4

P1-19 (177 Ma.) 1
Zr Jur/

23 pre-Jur
Px Gabbro Amphib.-

Eclogite
Ti-Aug, La,

Ilm
Omph, Alm,

Rt Prg, Czo, Ab

The mineralogical composition of the dated metaigneous rocks from the Cóbdar and
Algarrobo outcrops is shown in Table 1. This table also shows the successive mineralog-
ical transformations during the different metamorphic stages that affected, more or less
pervasively, each one of the basic rocks.

Table 1 also shows the number of Jurassic zircons used in the dating of each one of
these (meta)gabbros, dolerite dikes, and basalts. These Jurassic zircons may coexist in the
same sample with occasional xenogenic pre-Jurassic zircons in rare samples from Cóbdar
(Table 2), or be more or less abundant than the pre-Jurassic zircons in the Algarrobo outcrop
(Table 3). The petrological and geochemical study of these outcrops has been published
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elsewhere (Ref. [3] and references therein). A dataset with the chemical composition of
representative samples of Betic ophiolites from all sites mentioned in the text has been
included as Supplementary Material (Table S1).

Table 2. Chemical composition of dated rocks from Cóbdar, also showing the number of zircons used
in each Jurassic dating, together with the number of xenogenic pre-Jurassic zircons also dated from
some of these Jurassic rocks.

Sample FACO-24 2CB 3CB 5CB 6CB
Lithotype Basaltic Sill Ol Gabbro Px Gabbro Px Gabbro Porph. Basalt
SiO2 (%) 49.26 46.60 48.17 47.48 47.28
TiO2 2.65 1.62 1.84 1.69 1.18
Al2O3 12.61 15.01 18.14 16.84 21.04
Fe2O3 9.88 10.80 9.21 8.65 7.78
MnO 0.06 0.17 0.15 0.16 0.08
MgO 1.07 12.11 4.92 9.65 3.75
CaO 11.88 8.38 9.90 8.71 11.65
Na2O 6.79 2.52 3.51 3.03 3.42
K2O 0.06 0.62 0.77 0.82 1.05
P2O5 0.67 0.22 0.32 0.30 0.25
LOI 4.87 0.93 2.14 1.83 1.92
Total 99.80 98.98 99.07 99.16 99.40
Rb (ppm) 0.8 6.2 11.0 7.8 20.3
Sr 199 280 363 449 825
Ba 4 88 55 153 75
Sc 34 25 28 27 18
V 306 182 186 188 151
Cr 60 621 173 340 135
Co 83 97 66 65 71
Ni 44 377 65 206 55
Cu 36 85 7 38 14
Zn 67 90 41 88 20
Y 50 21 25 23 20
Nb 12.7 10.7 5.3 7.6 6.8
Ta 1.10 0.98 0.66 0.80 0.59
Zr 11 93 147 41 43
U 0.44 0.25 0.28 0.32 0.36
Th 0.78 0.70 0.90 1.23 0.67
La (ppm) 18.57 8.39 11.01 12.12 10.51
Ce 39.29 19.73 24.79 27.82 23.27
Pr 6.02 2.68 3.52 3.79 3.11
Nd 27.63 12.31 16.39 16.53 13.69
Sm 7.31 3.50 4.41 4.16 3.45
Eu 2.38 1.14 1.37 1.30 1.33
Gd 8.06 3.61 4.34 3.85 3.58
Tb 1.26 0.60 0.72 0.60 0.60
Dy 8.38 3.85 4.53 4.13 3.65
Ho 1.76 0.79 0.96 0.93 0.78
Er 4.60 2.13 2.41 2.30 2.01
Tm 0.63 0.33 0.35 0.33 0.31
Yb 3.91 1.93 2.05 2.00 1.73
Lu 0.53 0.27 0.27 0.27 0.25
87Rb/86Sr 0.0121 0.0637 0.0880 0.0501 0.0710
87Sr/86Sr 0.704284 0.703156 0.704233 0.703240 0.704680
Error 0.003 0.002 0.003 0.002 0.002
147Sm/144Nd 0.160000 0.171900 0.162600 0.152200 0.152400
143Sm/144Nd 0.512912 0.513026 0.513023 0.513023 0.513066
Error 0.002 0.002 0.002 0.002 0.002
U/Pb age (Ma) 173.8 185.3 184.3 186.9 176.2
Jur. Zrs 3 19 8 14 2
Pre-Jur. Zrs 1
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Table 3. Chemical composition of dated rocks from Algarrobo, also showing the number of zircons
used in each Jurassic dating, together with the number of xenogenic pre-Jurassic zircons also dated
from some of these Jurassic rocks.

Sample P1-11 P1-13 P1-19 P1-62 VS-2
Lithotype Px Basalt Ol Gabbro Px Gabbro Px-Fe Gabbro Ol-Px Gabbro
SiO2 (%) 49.08 47.52 50.58 50.72 47.53
TiO2 1.62 0.86 1.69 2.24 0.98
Al2O3 16.88 17.83 16.22 14.99 16.08
Fe2O3 9.68 11.81 11.91 13.21 12.03
MnO 0.12 0.18 0.14 0.14 0.14
MgO 7.59 8.33 5.79 4.60 8.21
CaO 8.31 7.96 7.96 7.42 9.80
Na2O 3.84 2.94 3.67 4.28 2.99
K2O 0.59 0.17 0.23 0.23 0.25
P2O5 0.25 0.08 0.14 0.19 0.08
LOI 1.88 2.16 1.53 1.28 1.82
Total 99.84 99.84 99.86 99.30 99.91
Rb (ppm) 10.7 8.6 3.3 1.5 5.1
Sr 511 198 246 417 152
Ba 130 135 21 30 11
Sc 22 33 47 28 49
V 217 190 266 296 206
Cr 396 199 318 175 366
Co 29 49 31 25 38
Ni 117 141 35 27 99
Cu 47 93 52 16 42
Zn 67 89 71 60 47
Y 20 25 31 34 29
Nb 19.1 2.2 3.8 14.2 2.7
Ta 1.41 0.60 0.34 1.05 0.27
Zr 56 18 23 5 9
U 0.42 0.10 0.13 0.52 0.10
Th 1.09 0.20 0.49 0.92 0.10
La (ppm) 12.61 2.33 5.92 14.93 3.25
Ce 26.48 5.87 15.90 35.51 8.08
Pr 3.35 0.93 2.47 4.97 1.22
Nd 14.42 4.53 12.45 21.71 6.20
Sm 3.50 1.57 3.49 6.07 2.19
Eu 1.21 0.66 1.22 1.88 0.93
Gd 3.72 2.25 4.52 6.84 3.25
Tb 0.58 0.42 0.76 1.04 0.57
Dy 3.62 3.48 5.24 6.37 4.41
Ho 0.71 0.85 1.18 1.26 1.05
Er 1.83 2.51 3.27 3.31 3.00
Tm 0.26 0.41 0.45 0.49 0.46
Yb 1.56 2.55 2.68 2.77 3.06
Lu 0.22 0.36 0.36 0.38 0.47
87Rb/86Sr 0.0605 0.1260 0.0388 0.0104 0.0968
87Sr/86Sr 0.703897 0.704019 0.703576 0.705610 0.704723
Error 0.003 0.002 0.003 0.001 0.002
147Sm/144Nd 0.146600 0.208900 0.169300 0.169100 0.213900
143Sm/144Nd 0.512981 0.513000 0.512958 0.512953 0.512937
Error 0.002 0.002 0.002 0.003 0.007
U/Pb age (Ma) 179.6 182.6 177 180.8 184.3
Jur. Zrs 13 15 1 11 7
Pre-Jur. Zrs 8 5 23 1 12

The location of the dated rocks from the Algarrobo outcrop is shown in Figure 4.
These metabasites mainly come from gabbroic outcrops with variable size, from several
tens of meters (P1-13, P1-19) to up to more than 1 km (VS-2), which are formed by Ol and
Px gabbros, represented by microphotographs B-1 and B-2 in Figure 3. These intrusive
rock types are surrounded by doleritic and basaltic rocks with variable extension (P1-
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11, P1-62), to which microphotos B-3 and B-4 in Figure 3 correspond. The labels of the
mentioned dated samples have been simplified to be located on the map, together with
other representative rocks lithologies, not containing enough zircons to be dated but that are
very significant in terms of showing a more complete succession of the igneous sequence
and their different degrees of metamorphic transformation into HP and/or LP assemblages,
as shown in Table 1. Samples 4–16 correspond to a little volcanic outcrop that, despite the
metamorphism affecting the surrounding rocks, locally preserves the volcanic texture and
some aggregates of igneous olivine and acicular plagioclase in a perlitic matrix. Other, not
dated rocks represented on the map are the following: ECV-6 and ECV-7, corresponding
to the larger outcrop of eclogitized Ol-Px gabbros, such as the VS-8, which forms a dyke
several decimeters thick of intrusive dolerite in the lower part of the meta-sedimentary
sequence, and finally, VE-7 and VN-10, forming basaltic amphibolitized sills interlayered
into the meta-sediments, which are very well represented in the eastern part of this outcrop.

Figure 4. Geological sketch map of the Algarrobo ophiolite outcrop with the location of its
dated rocks.

4. Geochemistry of the Betic Ophiolites
The chemical composition of the different rock types plotted on the maps of

Figures 2 and 4 is shown in Tables 2 and 3 (dated rocks) and in Tables S2 and S3 (non-
dated rocks) of the Supplementary Materials. Analytical techniques and other relevant
information [46–53] are also provided in the Supplementary Materials.

4.1. Chemical Composition of the Betic Ophiolites and Their Tectonic Setting

The chemical composition of the Betic ophiolites is represented in the discriminant
diagrams for the tectonic setting of Figure 5A–C, including previously published samples
from the Lugros and Almirez outcrops (Ref. [3] and references therein). Chemical informa-
tion from all published samples of the Betic ophiolites has been included in Table S1 and
Figure S1 of the Supplementary Materials.
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In Figure 5A–C we compare in the tectonic discriminant diagrams the four main
outcrops of the Betic ophiolites, while in Figure 5D we only represent the REE pattern of
the five dated metabasites from the Cóbdar and Algarrobo outcrops in order to elucidate
the temporal evolution of the magmatism in these two outcrops.

Figure 5A highlights the subduction-unrelated setting and MORB chemical character
of the Betic ophiolites, such as the progressive and differential enrichment from N-MORB
to E-MORB, which is more notable in the Algarrobo than in the Cóbdar outcrop. Me-
dian values from Ref. [56] for normal MORBs (+N) and enriched MORBs (+E) are also
shown for comparison. In Figure 5B we have plotted the chondrite-normalized (Ce/Yb)N

vs. (Dy/Yb)N of Refs. [52,54] to discriminate a sub-type of N-MORBs showing a gar-
net signature (G-MORB), which is generated in Alpine-type continental rifts and OCTZs
(Oceanic–Continental Transitional Zones), from typical N-MORBs in some ophiolites of the
Western Tethys. The Betic ophiolites represented in Figure 5A,B are not plotted only in the
N-MORB and probable G-MORB fields but are also extended mainly along the E-MORB
field, because they are characterized by higher values of (Ce/Yb)N vs. (Dy/Yb)N ratios
than those represented in Ref. [54]. These comparisons suggest that the Betic ophiolites
derived from the westernmost end of the Neotethys mostly originated in an oceanic floor
tectonic setting, as corresponds to their marked E-MORB character, and not in an OCTZ or
continental rift tectonic setting that characterizes other ophiolites derived from the Western
Tethys [52].

Sr and Nd isotope ratios for the Cóbdar and Algarrobo ophiolites, together with those
from Lugros and Almirez published in Ref. [7], are shown in Figure 5C. Values for the basic
rocks of the Betic ophiolites are similar and overlap those from the Internal Ligurides [57]
and Platta Nappe basalts [58], interpreted by these authors as deriving from a MORB-
type mantle source. These isotopic ratios and those corresponding to ultramafic rocks
from the Almirez outcrop are also similar to those reported by Ref. [59] for peridotites
and basalts from the Mid-Atlantic Ridge at the Vema Fracture Zone. Metagabbros from
the Cóbdar, Algarrobo, and Lugros outcrops have an Nd isotope signature similar to
the MORB from present-day slow and ultra-slow ridges such as the Mid-Atlantic Ridge
and South West Indian Ridge. However, metabasalts from the same outcrops, mainly
the Almirez rodingitized dykes and their meta-ultramafic host rocks, present a higher Sr
isotope signature and some decrease in the Nd isotope signature. A similar variation in
Sr isotope signature may be explained by extreme oceanic-floor metasomatism triggered
by water/rock interaction with Jurassic seawater, with 87Sr/86Sr varying from 0.7072 to
0.7075 according to Ref. [60]. Similarly, abyssal peridotites from current oceanic fracture
zones (plotted in Figure 5C) also show an increase in 87Sr/86Sr isotope values, due to
contamination by present-day seawater, with 87Sr/86Sr = 0.7092, together a strong decrease
in 143Nd/144Nd isotope ratios, according to Ref. [55].

Finally, in Figure 5D we only represent the REE values of the ten dated metabasites
from the Cóbdar and Algarrobo outcrops, with green and violet numbers, respectively,
with the aim of elucidating the temporal evolution of the magmatism in each of these
two outcrops in relation to the depth of the mantle source and chemical evolution of their
respective magmas during the accretion time of the oceanic floor. In the upper part of this
figure we have included the labels corresponding to the five dated rocks from the Cóbdar
and Algarrobo outcrops, such as their respective symbols in this figure, together with a
number that indicates the decreasing order of their igneous zircon crystallization, from
the oldest (1) to the youngest (5), corresponding to the age of the magmas originating in
each one of the dated rocks. The absolute age of these ten rocks, together with the number
of Jurassic zircons on which this radiometric dating is based, can be seen in Tables 1–3,
according to the dating results presented in the next section. These REE patterns from the
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Cóbdar and Algarrobo outcrops, together with the patterns of other Betic ophiolites (see
Figure S1A,B), suggest a tectonic environment corresponding to the origin of an oceanic
ridge, developed from the rifting of a continental margin (Figure S1C), which evolved up
to a MOR type (Figure S1D). This latter tectonic environment is the most common type
identified in the Betic ophiolites. Both types of environments are common in the subduction-
unrelated ophiolites recognized by Ref. [61], and are also represented in Ref. [62]. The
MORB setting has been indicated as characterizing the Betic ophiolites in the Phanerozoic
ophiolites in the global distribution map of Ref. [63], following the data published in
Ref. [7].

Figure 5. Discriminant diagrams for the tectonic setting of the Betic ophiolites. Representative basic
and ultramafic rock compositions from the main Betic ophiolitic outcrops [3,7,25] have been plotted
in the following diagrams: (A) NMORB-normalized ThN vs. NbN [54]; (B) chondrite-normalized
(Dy/Yb)N vs. (Ce/Yb)N [54]; (C) Sr vs. Nd isotopic ratios for basic and ultramafic rocks, compared
with those in abyssal peridotites (data from Ref. [55]); (D) chondrite-normalized REE values for the
different samples with zircons dated from the Cóbdar and Algarrobo outcrops. MORB and chondrite
normalization values from Ref. [56]. Numbers (1) to (5) in parenthesis indicate the crystallization order,
or successive magmatic levels, in the Cóbdar (green color) and Algarrobo (violet color) outcrops.
Abbreviations: MORB: mid-ocean-ridge basalt, N-: normal type, E-: enriched type, G-: garnet-
influenced type. OIB: oceanic-island basalt. AB: alkaline oceanic-island basalt. CAB: calc-alkaline
basalt. BABB: back arc basin basalt. IAT: island-arc tholeiite. BON: boninitic basalt. MAR = Mid-
Atlantic Ridge. EPR: Eastern Pacific Rise. SWIR: Southwestern Indian Ridge. CFB: continental
flood basalt.
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4.2. Magmatic and Temporal Relationships Among the Dated Rocks from Cóbdar and Algarrobo
Compared with Those from Lugros and Almirez

In the Cóbdar outcrop the five dated rocks present REE patterns normalized to chon-
drites corresponding to an E-MORB character (Figure 5D). The three older rocks (5CB,
2CB, and 3CB), whose ages, respectively, are 186.9, 185.3, and 184.3 Ma (Table 1), come
from different gabbroic layers, as can be seen in the map of Figure 2, but the three are
formed by Ol-Px gabbros, partly transformed into eclogites and amphibolites (Table 1 and
Figure 3A-1,A-2). The magmas that led to these gabbros present similar YbN contents,
higher than a value of 10, indicating a magma source deriving from a spinel-bearing mantle
layer (Figure 5D). The dated rock following next in time (6CB) corresponds to a meta-basalt,
with a probable age of about 176 Ma (Table 1), overlayered by a non-dated pillow lava
level. The YbN value of sample 6CB, close to 10, suggests the provenance of the magma
from which it originated as being from the limit of a spinel with a garnet-bearing mantle
layer. Finally, the FACO-24 and JAnfSS rocks (two similar samples of the same uppermost
layer), with zircons dated as 173.8 Ma (Table 1), present a higher YbN value (higher than
20), which would indicate a notable elevation of the source of the magmas during the final
volcanic stage. This late volcanic episode led to thin basaltic layers and sills, which were
interlayered between the lower metasediments of the cover of this ophiolite outcrop.

The Algarrobo rocks present a higher variety of REE patterns from magmas of an
N-MORB to E-MORB character derived from a spinel-bearing mantle layer, with YbN

comprising values of between 15 and 18 for the older gabbroic and doleritic rocks, VS-
2, P1-13, and P1-62, whose absolute ages are 184.3, 182.6, and 180.8 Ma (Table 1 and
Figure 3B-1–B-3). The subsequent magmatic level in this outcrop, represented by sample
P1-11, of 179.6 Ma, corresponds to a final volcanic activity leading to basalts with scarce
pillow- lavas that underwent a clear oceanic-floor metamorphism (Figure 3B-4). The magma
that created these basalts, with YbN < 10, would derive from a garnet-bearing mantle source,
clearly deeper than the source of the magmas creating the previously formed gabbros in this
outcrop (Figure 5D). A similar increase in the depth of the magma source, from the gabbro
to the basalt development in the Algarrobo outcrop, seems to have taken place also in the
Cóbdar outcrop, between the magmas leading to the gabbro layers (5CB and 2CB) and the
first pillowed basaltic layer (6CB), which also presents an LREE-enriched pattern, similar
to the P1-11 basaltic layer (Figure 5D). The difference in magmatic evolution between these
two outcrops is that the magmatic source depth in the Cóbdar outcrop clearly decreased at
the end of the volcanic stage (sample FACO-24), which coexisted with the beginning of the
sedimentary sequence development, much more so than the volcanic source depth at the
Algarrobo outcrop (sample P1-11), as is clearly shown by the different YbN values between
these two samples in Figure 5D.

Gabbros and basalts from the Lugros outcrop, represented in Figure 5A–C as full and
open blue squares, respectively, extend from N- to E-MORB, similarly to those from the
Algarrobo outcrop. Only two eclogitized gabbros from the Lugros outcrop, ELUG-61 and
ELUG-63, whose zircons were dated by SHRIMP as 185 and 187 Ma, respectively [7,64], are
represented as black and full blue squares, respectively (Figrues 5A–C and S1A). The REE-
normalized patterns of the more significant Lugros outcrop rocks (Figure S1A) are plotted,
with full squares indicating those deriving from gabbros and open squares indicating those
deriving from basalts (see the petrographic description of these samples in Refs. [7,64]).
ELUG-61 and ELUG-63 present a predominant E-MORB character, with lower HREE values
in the gabbroic rocks, which are derived from a garnet-mantle field deeper than the basalts
(such as ELUG-Pr), which mainly would come from a spinel-mantle field. Nevertheless,
there are some exceptions, like that represented by the lower pillow lava level containing
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Ol phenocrysts such as ELUG-17, which present an N-MORB character close to G-MORB
(Figures 5B and S1A, with data from Ref. [65]).

In Figure 5A–C, 12 chemical analyses of rodingites forming decimetric to metric boud-
inaged dykes of basic rocks intruding in the serpentinized ultramafic outcrops of Almirez,
Santillana, and Montenegro are plotted (see Figure 1 and Table S1). The petrological and
geochemical studies of these rodingites, such as their genetic relationships with the first
oceanic serpentinization process undergone together with their host ultramafic rocks, were
previously published in Refs. [66,67]. Meanwhile, the radiometric U-Pb dating of their
zircons from the Almirez outcrop was published as 184 Ma in Ref. [7]. The rodingites are
represented in Figure 5A–C, with different symbols according to their outcrop of prove-
nance, but all in red, with the exception of the dated sample ZL-57, which is represented
in black. The REE patterns of a selection of these rodingitized metabasite dykes from the
Almirez, Santillana, and Montenegro outcrops are shown in Figure S1B of Supplementary
Materials. The REE patterns of the selected rodingites in this figure show that these rocks
mainly derive from an E-MORB-type magma, with provenance from a spinel-bearing man-
tle with YbN values higher than 10. These REE patterns are similar to those forming mainly
the volcanic sequence in other Betic ophiolite outcrops (see Figures 5D and S1B), although
they can be easily distinguished from the other Betic ophiolite metabasites by their higher
CaO (11 to 27%) and lower Na2O (0.1 to 6%) contents (Table S1 of the Supplementary
Materials) compared to non-rodingitized metabasites, with an average CaO content of less
than 10% and an Na2O content close to or higher than 4%. These chemical differences origi-
nated from the rodingitization process of the basic dykes, which are intrusive in ultramafic
rocks and took place mainly during the oceanic serpentinization of their host rocks (see the
chemical evolution curve of rodingitization in Refs. [66–68]).

5. Zircon Study with SHRIMP
In this section, we will discuss the geochronology, morphology, and chemical compo-

sition of the zircons dated by U-Pb with SHRIMP from the Cóbdar and Algarrobo outcrops,
and compare the results with those from the Lugros and Almirez outcrops that were previ-
ously published [7]. Analytical techniques are described in the Supplementary Materials.

5.1. SHRIMP U-Pb Data Results for Zircons from Cóbdar and Algarrobo

Figure 6 shows the Tera–Wasserburg diagrams [69], together with the probability
density histograms, corresponding with the weighted mean 206Pb/238U ages calculated for
the dated samples from the Cóbdar (Figure 6A) and Algarrobo outcrops (Figure 6B) using
ISOPLOT/EX [49].

The igneous weighted mean ages in Figure 6A,B are mainly formed by the dating
group close to the Concordia curve, while the scattered analyses, which are plotted above
these curves, are probably related to later recrystallization processes. Tables S4–S8 of
Supplementary Materials show the summary of the SHRIMP U-Pb results for zircons from
samples 5CB, 2CB, 3CB, J-Anf-SS/Faco-24, and 6CB, respectively. At the foot of each table
the number of zircon crystals on which the dating results are based is indicated, corre-
sponding to each sample, such as other precisions about the calculation of the analytical
data represented in the corresponding table.

The Tera–Wasserburg diagrams of samples 5CB, 2CB, 3CB, and J-Anf-SS/Faco-24
(Figure 6A) represent the calculated U-Pb average ages for each one of these Cóbdar
samples, considered also the age of the different dated magmatic levels, ordered from the
oldest (1◦ Cob) to the youngest (5◦ Cob). The first three samples correspond to metagabbros
and the last one to the upper volcanic layer, which also contains some sills interlayered
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into the overlying sedimentary sequence, whose ages consequently correspond to the final
stage of the oceanic floor magmatism.

 
(A) 

 
(B) 

Figure 6. (A). Tera–Wasserburg diagrams together with probability density histograms showing
the calculated weighted mean U-Pb ages for the Cóbdar samples. (B). Tera–Wasserburg diagrams
together with probability density histograms showing the calculated weighted mean U-Pb ages for
the Algarrobo samples.
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In sample 5CB, 14 SHRIMP U-Pb analyses were obtained, yielding a 206Pb/238U
weighted average main grouping of 186.9 ± 1.7 Ma. One recrystallized zircon, type III
(in blue color in Table S4), is interpreted as corresponding to alpine orogenic metamor-
phism, with an age of 28.1 Ma. These U-Pb dating analyses were performed on subhedral
and euhedral crystals with weak oscillatory zoned patterns. This zoning is shown in
cathodoluminiscence (CL) photos in Figure S2 (upper panel), by crystals 1 and 2 of group
1◦ (5CB = 1◦-1 and 1◦-2). In sample 2CB, 16 zircons were dated, with 19 analyses, of which
18 preserve igneous compositions, yielding a U-Pb mean age of 185.3 ± 2.3 Ma, and one of
them corresponds to a recrystallized crystal probably under ocean-floor conditions of type
II (in green in Table S5), with an age of 161.7 Ma. These dating analyses were performed on
subhedral crystals with a similar oscillatory zoned pattern as the previous sample and some
altered areas that may be present in some crystals of group 2◦ (Figure S2). In sample 3CB,
eight zircons were dated, yielding an igneous mean U-Pb age of 184.3 ± 1.8 Ma (Figure 6A)
on subhedral crystals, with some altered rims, such as those representing group 3◦ in
Figure S2. Finally, in the FACO-24/J-Anf-SS sample, four zircon crystals were dated. Three
of them yielded a mean U-Pb age of 173.8 ± 2.9 Ma (Figure 6A), representing the magmatic
group 5◦ in Figure S2, and another crystal, Precambrian in age (572 Ma), which is also
presented in Table S7. Between the magmatic levels represented in Figure 6A (from mag-
matic levels 3◦ and 5◦) there exists in this outcrop another, well-developed volcanic level
containing pillow lavas (Figure 2), to which the Zr10-6CB sample corresponds, with only
two zircons dated by SHRIMP, and whose U-Pb ages are 169.9 + 1.7 Ma and 182.4 + 2.1 Ma,
representing an average age of about 176 Ma (Table S8).

From the Cóbdar outcrop another four zircon crystals were dated with Precambrian
ages, from 579 to 638 Ma in samples FACO-1 and GCB-16, forming part of the basal
magmatic level in this outcrop (Figure 2). These data can be seen in Table S9, and the
morphologic and CL images, characterized by euhedral crystals with marked oscillatory
zoning, are shown in Figure S3. These four crystals were the only zircons crystals that could
be separated from about 20 kg of powdered metabasite, coming from a basal magmatic
level, similar to sample 5CB, dated as forming part of group 1◦ by the dating of their
Jurassic zircons (Figure 6A and Table S4). Locally, this basal metabasite contains relics of
quiastolite crystals transformed into corundum and spinel [70,71], but they do not contain
datable zircon crystals.

Figure 6B, represents the Tera–Wasserburg diagrams, together with the probability
density histograms and the weighted mean 206Pb/238U ages, calculated for the dated
samples from the Algarrobo outcrop, corresponding to the samples VS-2, P1-13, P1-62, and
P1-11. The different U-Pb dating represented in the composed diagrams of Figure 6B are
also shown in more detail in Tables S10–S13. These dating analyses correspond to the four
magmatic levels, which are ordered from 1◦ to 4◦.

In sample VS-2, seven subhedral Jurassic zircons were dated, with an average U-Pb
dating of 184.3 ± 1.8 Ma, representing the first magmatic level in the Algarrobo outcrop
(Figure 6B), together with 12 pre-Jurassic zircons, composed of 11 Precambrian euhedral
crystals, from 530 to 1975 Ma, one of which is an Upper Carboniferous with an age of
300 Ma (Table S10 and Figure S3). Figure S3, when compared with Figure S2, shows the
notable morphological differences existing between the Jurassic and the coexisting pre-
Jurassic zircons of the same sample, such as the total absence of overgrowth of pre-Jurassic
zircons by Jurassic crystal rims in this outcrop. This fact is also corroborated by the zircons
of other dated samples in the Betic ophiolites, indicating the xenogenic character of the
Pre-Jurassic, mainly Precambrian, zircons, with respect to their hosting Jurassic magmas
in these ophiolites. Moreover, the total absence of overgrowth of Jurassic zircon crystals
taking as cores some pre-Jurassic zircons can be seen in the representative CL images of
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the sectioned grains. Fifteen Jurassic zircon crystals were dated in sample P1-13, yielding
an average U-Pb age of 182.6 ± 1.5 Ma, which would correspond to magmatic level 2◦ in
the Algarrobo outcrop. The Jurassic zircons in this sample are euhedral to subhedral and
present some corroded and recrystallized rims, with an age of about 152 Ma, which must
have originated under ocean-floor conditions (Type II in Table S11). In this sample, five
Precambrian zircons were also dated, from 590 to 736 Ma, with similar CL and morphology
to those of similar age represented in Figure S3 and different to the Jurassic zircons in
this sample (Figures S2 and S4). For sample P1-62, the radiometric dating presents a main
average igneous age of 180.8 ± 2.0 Ma for twelve euhedral zircon crystals (Figure 6B and
Table S12), and several recrystallization ages interpreted as corresponding to oceanic floor
alteration processes (159–148 Ma, noted as type II in Table S12) and to different orogenic
metamorphic processes (about 120 and 28 Ma, type III in this table), which were also
previously identified in zircons from other Betic ophiolitic outcrops [3,7]. The morphology
and the CL aspect of the preserved igneous areas and those of the recrystallized ones can
be seen in Figure S2 for crystals 1 and 2 of sample P1-62, which correspond to magmatic
level 3◦ in the Algarrobo outcrop. In this rock, only one Precambrian zircon was found
and dated as 937.5 ± 10.9 Ma (Table S12). Finally, from sample P1-11, 20 zircon crystals
were dated, of which 13 are Jurassic in age, with a mean radiometric U-Pb dating of
179.6 ± 1.6 Ma (Figure 6B and Table S13), representing magmatic level 4◦ in this outcrop.
The remaining eight zircons are Precambrian, with radiometric ages of between 552 and
595 Ma (Figures S3 and S4). Some of the Jurassic crystals present oscillatory zoning at their
preserved igneous borders, as shown in Figure S2 by spot 16.1 of crystal 4◦-2, with an
age of 184.5 Ma, which also presents some irregular areas with higher luminescence and
lower age, such as spot 16.2 with an age of 178 Ma, very probably due to a post-magmatic
recrystallization process.

In Figure 6B, the Tera–Wasserburg diagrams VS-2, P1-13, P1-62, and P1-11 represent,
respectively, the different magmatic levels average ages, ordered from the oldest (1◦ Alg) to
the youngest (4◦ Alg). The first three levels correspond to metagabbros and the last one to
a metabasalt (Table 1). The main difference between these Tera–Wasserburg diagrams in
the Algarrobo samples and those corresponding to Cóbdar (Figure 6A) is the presence in
some of the Algarrobo outcrop levels of abundant pre-Jurassic zircons, together with those
Jurassic in age, used to discriminate the existence of the four levels of Jurassic magmatism.
These pre-Jurassic zircons are mostly Precambrian in age, as can be seen along and above
the concordia curves in the diagrams, corresponding to Jurassic magmatic levels 1◦, 2◦, 3◦,
and 4◦ Alg (Figure 6B), and with more precision in the different enclosed Tables S10–S14,
in which, for samples VS-2, P1-13, P1-62, and P1-11, the SHRIMP U-Pb pre-Jurassic ages
are represented in red, while those corresponding to Jurassic zircons are represented
in black, and Jurassic zircons recrystallized by oceanic-floor metasomatism or orogenic
metamorphism are represented in green or blue.

5.2. Geochemistry of the Jurassic and Locally Pre-Jurassic Zircons of the Betic Ophiolites

Selected U and Th compositions of Jurassic and pre-Jurassic zircons coexisting in some
samples of the Betic ophiolites are plotted in Figure 7. Data for Cóbdar and Algarrobo are
included in Tables S4–S14, while data for other Betic ophiolite outcrops, such as Lugros
and Almirez, have been published elsewhere [3,7,64]. As mentioned before, Jurassic
zircons coexisting with the pre-Jurassic ones are never found to be overgrowth of the
older ones, indicating the xenogenic character of the pre-Jurassic (mainly Precambrian)
zircons, with respect to their host Jurassic magmas. This is also in agreement with their
chemical differences (Figure 7A–D). Moreover, this spatial relationship is similar to that
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characterizing the coexistence of current and pre-Jurassic zircon crystals found in the
dredged basic rocks along the MAR [72] represented in Figure 7E,F.

Cathodoluminiscence characteristics of each one of the dated zircon crystals mainly
depend on their U and Th contents and Th/U ratios, with the zircon areas richer in U
having a darker grey color (see the CL photos in Figures S2–S6, and the U-Th contents in
Tables S4–S14).

Figure 7A shows the U vs. Th plot of 51 igneous zircons analyses from the Cóbdar
outcrop, 48 of which correspond to Jurassic zircons and were represented as half full dots,
with different colors according to the sample and magmatic level of provenance, while the
other five correspond to pre-Jurassic zircons and have been represented as full-rhombs,
with the color indicating their provenance level, as shown in the inset. The numbers
represented in this figure correspond to some of the dated spots of the main igneous and
recrystallized zircons, deriving from the different magmatic levels, whose CL aspect can be
seen in Figure S2. The zircons from the Cóbdar outcrop, dated as Jurassic in age, present U
and Th contents in accordance with these two trace element values in the corresponding
whole rocks (Table 2).

Th/U ratios in Jurassic zircons, mainly in non-recrystallized igneous areas, are com-
monly higher than 1 (Tables S4–S14), attaining values higher than 7 in samples such as
P1-11. Meanwhile, the pre-Jurassic zircons in all the Betic ophiolites analyzed present
values of the Th/U ratio close to or less than 1. In recrystallized areas of Jurassic zircons,
such as the one shown in spot 16.2 of sample P1-11 (Figure S2), the Th/U ratio decreases to
3.19 from a value of 7.24, which represents the igneous core of the same crystal (Table S13).
This change in Th/U ratio is due to a strong loss of Th and U during the recrystallization
process, which also increases the CL response of this area, changing the grey color of the
igneous crystal (spot 16.1) for the white color in the recrystallized area (spot 16.2).

In some of these zircons, the cores and rims have also been dated, like in crystal 2
of sample 5CB (Figure S2), yielding two different ages: 179.4 Ma for the core (spot 15.2)
and 172.7 Ma for the rim (spot 15.1). In Figure 7A, these two spots in the zircon crystal are
united by an ascending arrow, indicating the increase in U and Th from 301 and 697 ppm
to 453 and 3337 ppm, respectively, while Th/U ratio varies from 0.539 in the core to 2244 at
the rim during the period of development of this crystal, which could be of about 6 Ma. A
similar case of increase in U and Th contents from core to rim development are presented
by crystal 2 of magmatic level 2◦ (2CB) in Figures 7A and S2, whose spot 8.2, with 179.5 Ma
in the core, changes to spot 8.1 at the rim, with 174.8 Ma. Meanwhile, the U increases from
238 to 453 ppm, the Th from 697 to 3337 ppm, and the Th/U ratio from 2320 to 7366. Also
shown in Figure 7A, a descending arrow joins spot 1.2 for the same sample (2CB), with
U = 731 and Th = 4513 ppm, together with a rimming area in the same crystal (spot 1.1),
represented as a red square. This area presents a lower U (97 ppm) and Th (347 ppm), and
probably originated during an oceanic-floor recrystallization process, which also led to
a decrease in the U-Pb dating age from 183.7 to 177.2 Ma (Table S5). Finally, spot 9.1 in
sample 5CB, represented as a blue square, corresponds to a less common zircon crystal,
with an age of 28.1 Ma, that contain U 7609 ppm, Th 11,959 ppm, and a Th/U of 1.57. The
CL aspect of this zircon crystal is a very dark grey color due to its high U content, which
is higher than any other analyzed crystal of the same sample. This zircon type must be
interpreted as having originated during the alpine metamorphic event.

Figure 7A also represents, as full rhombs, the five Precambrian zircons found in the
Cóbdar outcrop. Four of them, in green in this figure, derive from a basal level (FACO-1
and GCB-16) not containing dated Jurassic zircons, and their ages vary from 579 to 638 Ma
(Table S9 and Figure S3). The other Precambrian zircon crystal, with an age of 571.7 Ma,
represented as orange rhomb in Figure 7A, was found in the JAnf-SS sample of the upper
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magmatic level (n◦ 5), and is characterized by Th and U values clearly higher than those of
the three Jurassic zircons dated from the same sample, represented as orange half-full dots,
indicating a xenogenic origin for this Precambrian zircon relative to the host magma from
which the Jurassic zircons derive.

 
Figure 7. U-Th compositions of Jurassic and pre-Jurassic zircons coexisting in some samples of the
Betic ophiolites (A–D) and comparison with current and Precambrian zircons dredged in the MAR
(E,F). Meaning of the insets in the (A) Cóbdar and (B) Algarrobo outcrops: The round forms of the
symbols correspond to igneous Jurassic zircons, the squares to Jurassic recrystallized crystals, and
the rhombs to pre-Jurassic zircons. Numbers 1◦ to 4◦ or 5◦ indicate the successions of magmatic
levels from bottom to top, to each one of which the name of a sample and the color of its symbol
correspond. Meaning of the inset in (C), only for Jurassic zircons (round symbols) and recrystallized
zircons (squares symbols), from the following outcrops and symbol colors: Algarrobo (blue), Cóbdar
(green), Lugros (brown), and Almirez (red). (D) Only pre-Jurassic zircons, from outcrops with the
same colors as in (C). (E) Round red symbols: current MAR zircons. (F) Pre-Jurassic MAR zircons,
with three symbols whose ages are indicated in the inset of this figure.

Figure 7B shows the U vs. Th plot of 53 Jurassic zircons (represented as full dots
and open squares), together with 48 pre-Jurassic zircons (open rhombs), from the different



Geosciences 2025, 15, 406 23 of 40

samples of the Algarrobo outcrop. The Jurassic and pre-Jurassic zircons from the different
samples are represented with different colors, as shown in the inset, which also indicates
the name of the samples and the order number of the magmatic level corresponding to each
one. In this figure, is easy to distinguish the higher values of Th and Th/U contents that
the Jurassic zircons present with respect to those of the pre-Jurassic age in each one of these
samples, from VS-2 to P1-11, indicating different genetic conditions between these two
zircon types. In fact, the Jurassic zircons occupy an upper field in the diagram due to their
higher Th values, which vary from about 300 ppm to more than 10,000 ppm. Meanwhile,
the pre-Jurassic zircons of the same samples (open rhombs with similar colors) occupy a
lower field, with Th values varying from 6 ppm to less than 1000 ppm. Moreover, the Th
and U contents in the Jurassic zircons are related to the content of these two trace elements
in their host rocks (Table 3). However, pre-Jurassic zircons coexisting in the same rocks do
not present any relation with the composition of their host rocks, as can be seen by their
lower Th/U values and the higher dispersion of their plots in Figure 7B. These differences
in composition between Jurassic and pre-Jurassic zircons, compared with the composition
of their host rocks, confirm the xenogenic character of these older zircon type with respect
to their host magmatic rocks.

In Figure 7C, the U vs. Th compositions only of the Jurassic zircons from the Cóbdar
and Algarrobo outcrops, in green and blue, respectively, are represented, together with
the corresponding values of zircons from the Lugros and Almirez outcrops, in brown and
red, respectively. The preserved magmatic areas of some zircons are represented as full
dots, and those corresponding to recrystallized areas are represented as open squares. The
aim of this figure is to compare the isotopic characteristics among the zircons from these
four main Betic ophiolitic outcrops, which present a great similarity with each other. The
higher number of recrystallized zircons in the Lugros and Almirez outcrops (squares vs.
dots) than in those from Algarrobo and Cóbdar must be due to the higher degree and
pervasiveness of metamorphism attained by the former, which affected both the texture and
the local composition in the recrystallized areas, leading also to a decrease in their U and Th
contents [3,7,64]. In Figure 7D, only the Pre-Jurassic zircons from Algarrobo, as full rhombs
in blue, and from Cóbdar, as green full rhombs, are plotted, together with the unique zircon
crystal from the Lugros outcrop dated as Precambrian [7,64]. The relative proportions
between pre-Jurassic and Jurassic zircons in the Betic ophiolites are not related to the
chemical compositions of their respective host magmas. In fact, sample P1-19, containing
one unique Jurassic zircon among 23 pre-Jurassic crystals, presents an intermediate REE-
normalized pattern between the plutonic and the volcanic rocks from the Algarrobo outcrop
(Figure 5D), with an YbN value of higher than 10, indicating an origin from a spinel-mantle
depth zone, similar to those of plutonic samples P1-13 and P1-62. Moreover, the CL aspect
and post-magmatic alteration of the sole dated Jurassic zircon crystal in this sample is
similar to those of sample P1-62 (Figure S2).

The U-Th plot of the zircons forming the current oceanic floor along the Mid-Atlantic
Ridge (MAR) from about 13◦ N and 15◦ N [72], shown in Figure 7E, is similar to those
deriving from other oceanic ridges characterized by slow-spreading development, such as
that along the Atlantic Bank in the SWIR from 32◦35′ S and 32◦50′ S [73] and other dated
oceanic floor zircons deriving from present-day slow- and ultra-slow-spreading mid-ocean
ridges (MORs) [74]. The comparison between the U vs. Th zircon compositions from
samples dredged along the MAR (Figure 7E) with the Jurassic zircons from the main Betic
ophiolitic outcrops (Figure 7C) is indicative of a very plausible similar origin of the oceanic
floor at the origin of these ophiolites and those generating the current slow-spreading ridges.
Together with the current zircons dredged by Ref. [72] along the MAR, a big number of
coexisting older zircons have been identified and dated, mainly Precambrian in age, and
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are included in the host magmas that created the present oceanic floor. This is also the case
in Ref. [75], which described some Paleozoic and Proterozoic zircons from the MAR drilled
from exposed gabbros near the Kane fracture zone (at about 23◦30′ N), and in Ref. [76],
which also found unusually ancient zircons (100 to 330 and even 2230 Ma) together with
other young ones (1.2–1.4 Ma) in the axial Mid-Atlantic Ridge zone (at about 5◦ N). These
older zircons must have been incorporated into the current oceanic magmas, ascending
from the asthenosphere to create the MAR, from some underlying layers traversed by
these magmas in their ascending path at the oceanic surface. The interaction of the present
oceanic magmas with the layers containing the older zircons took place without reaction
between these older crystals and their host oceanic magmas, which would derive from
a deeper source, leading to two different groups of zircons without overgrowth of the
older one by the newly formed one (see the CL photos of these two zircon groups in
Refs. [72,76]). Notably, we found a similar no-interaction relationship between the oceanic
Jurassic magmas forming the Betic ophiolites and their pre-Jurassic, mainly Precambrian,
hosted zircons (Figures S2–S4).

5.3. Oxygen Isotope Ratios in Magmatic Zircons of the Betic Ophiolites

Oxygen isotope analysis of zircons previously dated by U-Pb and representative
of the Betic ophiolites are plotted in Figures 8 and 9, and shown in Table S15. In this
table, the igneous Jurassic zircons are represented in black and the Precambrian ones
in red. Moreover, in some samples in which it was possible to analyze δ18O‰ in some
recrystallized areas, both under oceanic-floor conditions and in orogenic metamorphic
conditions, these recrystallized values are differentiated with green and blue, respectively.
Figures S4–S6 show representative cathodoluminiscence images of zircons selected for
δ18O determinations.

Figure 8 (upper panel) represents the δ18O‰ zircon values corresponding to the
analyzed spots. Encircled numbers from 1 to 35 correspond to the selected areas of the
CL-photos in Figures S4–S6. Figure 8 (lower panel) is a modification of the upper panel
enlarging the horizontal axis to be able to represent the δ18O‰ values corresponding to
the analyzed Precambrian zircons. The comparison of the CL aspect of the Jurassic and
Precambrian zircons seems to indicate that the CL aspect of these two group of zircons is
independent of their δ18O zircon values. Moreover, in the Jurassic group the CL aspect
of the zircons may be affected by changes in δ18O‰ values, and these are more marked
when they were produced together with a change, more or less notable, in the U-Pb age
between two analyzed areas of the same crystal. This fact is shown by spot 5 at the rim and
spot 6 at the core of the same crystal from the P1-62 sample (Figure S4), which led to an
inversion of ages between those corresponding to the core and rim of an igneous crystal,
with an increase of δ18O‰ from 4.7 (rim) to 5.8 (core), but accompanied by a more marked
decrease in radiometric age in the irregular whitish areas located at the core, which are
plotted in field B of Figure 8. The preferential location in the zircons of this sample of the
metasomatic alteration following the inner part along these crystals seems to have been
favored by the presence of a twinned plan following their enlargement axis, which would
facilitate oceanic fluid circulation. A similar change during the oceanic-floor metasomatism,
not creating a rim surrounding the primitive igneous crystals but transforming them partly
into more luminescent zircons, is well illustrated by spots 16.1 and 16.2 of the P1-11 sample
from Algarrobo (Figure S2), represented in Figure 8 by spots 7 and 8, with about 6 Ma less
than the corresponding igneous area.
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Figure 8. δ18O‰ values versus age for zircon crystals of the Betic ophiolites from the Algarrobo,
Cóbdar, Lugros, and Almirez outcrops. Field A (A upper panel) includes a group of Jurassic zircons
locally transformed under high-pressure eclogite facies conditions. Field B (A upper panel) separates
a group of igneous zircons affected by an ocean-floor metasomatic process. Field C (B lower panel)
comprises four xenogenic zircon crystals of Precambrian age in metabasic rocks from Algarrobo and
Cóbdar. The horizontal range in grey, comprising δ18O zircons of between 4.7 and 5.9‰, indicates
the range for zircon in gabbros dredged from the MAR ridge (G MAR) under high-temperature
equilibrium with primitive igneous rocks and mantle [77,78]. δ18O‰ zircon = 5.2 ± 0.5 is the average
value of 197 Zrs from 43 rocks from MAR 15◦ N and 30◦ N, and SWIR at 57◦ E [79]. G-MAR and
S-MAR are the ranges of δ18O‰ zircon of gabbros and dolerite dikes in serpentinites, respectively,
dredged along these slow-spreading mid-ocean ridges. Ms values > 200–250 ◦C and Ms < 200–250 ◦C
indicate the Tª range of metasomatism on the oceanic igneous zircons in subsolid conditions according
to Ref. [79].
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In other crystals, such as in those from the Lugros outcrop (Figure S5), the effect
of the oceanic metasomatism did not consist of the development of a zircon rim, but
rather of the loss of the oscillatory igneous zoning, characteristic of the preserved igneous
areas, together with a corresponding decrease in the U-Pb age of the metasomatized areas.
Analogously, in the Almirez rodingites (Figure S6), the metasomatized areas under oceanic
conditions formed irregular unzoned rims surrounding the igneous zoned cores. In these
rodingites, the igneous core (25) was overgrown by its rim (26) in a metasomatism under
high-T conditions, as shown in Figure 8 by the descending arrow joining these two spots.
Meanwhile, the cores (spots 27 and 29) were overgrown by a metasomatism of lower T,
as shown by the plot of their respective rims (28 and 30), joined with their cores by two
ascending arrows.

 

Figure 9. Histograms comparing δ18O‰ values of the zircons analyzed from the different Betic
ophiolites outcrops: Algarrobo, Cóbdar, Lugros, and Almirez. Compositional fields as in Figure 8.
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The δ18O isotopic ratios in the Jurassic zircons of the Betic ophiolites compared with
those presented by similar igneous rock types dredged from the Central Atlantic oceanic
floor, mainly at 15◦ N and 30◦ N [79], at the MARK area near the Kane fracture trans-
form [78], and in the SWIR at 57◦ E [73], show a great similarity with the gabbros and
dikes in serpentinites dredged in these ultra-slow spreading ridges, as shown in Figure 8.
As can be seen in this figure, for some zircon crystals, the increase in δ18O values due
to low-T metasomatism was accompanied by a decrease in age, suggesting the existence
of a late ocean-floor metasomatic process, leading to a very pervasive effect that was ac-
companied by a variable decrease in age up to about 150 Ma in some of these outcrops.
This process is well illustrated, for example, by spots 5 and 6 of sample P1-62, comparing
in Figures 8 and S4 their marked CL aspect variation, increase in δ18O (from 4.7 to 5.8),
decrease in age (from 181 to 148 Ma), and decrease in U content (Table S12). A similar
comparison between two areas from the same zircon crystal can be made between spots
27 and 28 (Figure S6) for igneous and oceanic-floor conditions, respectively, of the meta-
rodingite from the Almirez outcrop (ZL56-57), which underwent an increase in δ18O (from
4.9 in spot 8.1 to 6.6 in spot 8.2) and a decrease in age of about 20 Ma (field B in Figure 8),
accompanied by a decrease in U content. The zircons of this group, with the decrease in
their U-Pb ages, are represented in area B of Figure 8 and interpreted as being due to the
ocean-floor metamorphism and metasomatism, which were previously identified in some
outcrops of the Betic ophiolites [7,64].

In area A of Figure 8, zircon crystals from the Lugros and Almirez outcrops are
grouped, which are interpreted as having recrystallized during the orogenic alpine meta-
morphism, which was more pervasive in these two outcrops but which also affected, at
least at the thin-section scale, to samples from the Cóbdar and Algarrobo outcrops [3,7,64].
Some zircon crystals of group A, such as the one in spot 18, with a δ18O of 5.7 and 87 Ma,
represent a small recrystallization area with higher luminescence, in igneous zircon spot 17,
with a δ18O of 5.1 and an age of 182 Ma. When orogenic alpine metamorphism areas in
zircon crystals are compared with other areas corresponding to the previous ocean-floor
metasomatism, the δ18O values decrease, as can be seen between spot 21, with an age of
153 Ma and a δ18O of 5.7, and spot 22, with an age of 74 Ma and a δ18O of 5.0.

In Figure 8, the δ18O values of five Precambrian zircons in some metabasite samples
from the Algarrobo and Cóbdar outcrops are plotted. Zircon crystals enumerated as 9a, 9b,
and 9c in this figure (lower panel) come from metabasalt P1-11 from the Algarrobo outcrop,
and their δ18O values, varying from 5.8 to 6.4, are near some of the Jurassic zircons δ18O
values that underwent oceanic-floor metasomatism, although their size and convoluted CL
aspect are different to those of the Jurassic zircons in the same sample (see CL photos 7 to
9c in Figure S4). The δ18O values of these Precambrian zircons seem to indicate that they
underwent oceanic-floor metasomatism at low T (<250–200 ◦C), similar to the oceanic-floor
metasomatic conditions that also affected the Jurassic zircons.

In the histogram of Figure 9, the δ18O values of the analyzed zircon spots are repre-
sented. Most of the zircons from gabbroic and basaltic metabasites of the Betic ophiolitic
outcrops (Algarrobo, Cóbdar, and Lugros) are plotted in the range of 4.7 to 5.9 δ18O, match-
ing the MAR gabbros (G MAR) studied by Refs. [78,79]. The basic intrusive dikes in serpen-
tinites from the Almirez outcrop (rodingites) present a higher dispersion of δ18O values,
mainly in the 4.2 to 6.2 range, similar to the types of dykes in the MAR serpentinites [78,79].

5.4. Trace Elements Geochemistry of Zircons of the Betic Ophiolites

REE analyses were conducted on some of the dated zircon areas of the analyzed
samples from the Cóbdar, Algarrobo, Lugros, and Almirez outcrops. These new REE
analyses were complemented with the published results corresponding to the Lugros
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zircons [64]. The data are plotted in Figure 10, separating the seven analyses from areas
in which the igneous characteristics are better preserved (Figure 10A, Table S16) from the
other seven analyses from areas that are more clearly recrystallized (Figure 10B, Table S16).

In the inset of Figure 10, the symbols and colors corresponding to the REE-normalized
pattern of each one of the analyzed samples is represented, followed by the different ana-
lyzed spots and a number in parenthesis, corresponding to the number of its corresponding
CL photo in Figures S4–S6.

Figure 10. REE-normalized patterns of spots in zircon crystals in igneous (A) and recrystallized
(B) areas. The grey field represents the REE compositions of MORB gabbros from oceanic crust
according to Ref. [74].

The recrystallization process, visible in the CL images, did not significantly disturb
the igneous REE patterns, except for the LREE enrichment in some areas surrounding
vesicles and in some areas affected by a more marked orogenic metamorphism, such as
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those corresponding to numbers 10, 22, and 32 in Figure 10B and in the CL photos of
Figures S4–S6. Nevertheless, in each crystal, the REE content from Lu to Eu is normally
lower in the recrystallized zones than in the zones corresponding to well-preserved igneous
areas commonly characterized by oscillatory-zoned rims, as in CL photos 19 and 31 of
the same zircons. The extent of this decrease in REE concentrations is normally more
notable in the areas recrystallized by orogenic metamorphism than in those affected by
oceanic-floor metasomatism. However, in both cases a decrease in REE values in the
interval from Eu to Ce and a slight increase in LREE value were observed, as shown in
Figure 10B compared with Figure 10A. These variations in the REE contents of limited areas
in some zircons, in comparison to their igneous zones, may be interpreted as being due to
REE re-equilibration of the igneous zircons by processes of metamorphic recrystallization,
favored by fluids filling the vesicles in these crystals or surrounding them during oceanic
floor metasomatism.

In addition to the minor changes in the REE patterns previously described, other
trace elements, such as Y and Hf, present in the recrystallized areas evidence some Y
depletion and Hf enrichment, which is similar to the changes reported by Refs. [80,81] in
recrystallized areas of igneous zircon in granulite facies conditions.

6. Development and Evolution of the Betic Tethys
The Alpine–Apennine ages in Figure 11 are based on the compilation of U-Pb radio-

metric dating, together with radiolarian ages identified in the sedimentary sequence of
some poorly metamorphosed ophiolitic outcrops, published by Refs. [82,83].

 
Figure 11. U-Pb igneous ages in oceanic mafic rocks from the Alpine–Apennine ophiolites (black),
compiled by Refs. [82–84], and those from the Betic ophiolites (red) in this paper and in Ref. [3].

We added to the Alpine–Apennine ages in Figure 11 the U-Pb dating of Ref. [84] for
ophiolitic gabbros from the Ligurian Apennines, with have similar ages of 160–165 Ma.

In the case of the Betic ophiolites, we have represented in red the margins of absolute
ages obtained in this study, complemented with previous data [3,7]. The Betic U-Pb
radiometric ages of zircons from gabbroic rocks are about 20 Ma older than the zircons in
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similar rock types from the Alps, Corsica, and Apennine ophiolites, as we noted before for
the Lugros and Almirez outcrops in Ref. [7]. Also in this figure, green represents the Middle
Jurassic age (158 ± 4.5 Ma), obtained with an Ar/Ar laser probe in millimetric veins filled
with high-gradient brown amphibole of oceanic-floor metamorphism [3], identified mainly
as Ti-pargasite and kaersutite containing numerous halite inclusions [45,85] in basalts from
Cóbdar, dated by U-Pb zircons as Lower–Middle Jurassic.

In Figure 12A, we indicate the probable location of the Betic Tethys (BT) on the initial
oceanic-floor branch (dark blue color) developed from the Pliensbachian to the Aalenian,
according to our radiometric U-Pb dating (Figure 11), which would be coetaneous with
the Central Atlantic opening from about 12◦ N to 22◦ N. The red strips represented by
Ref. [86] during this stage would correspond, in agreement with the U-Pb zircon ages of
the Alpine–Apennine ophiolites (Figure 11), to different rifting zones, which, during the
Tithonian stage, would give place to different sectors of the Ligurian and Alpine Tethys,
coetaneous to the Central Atlantic oceanic floor, from 20◦ N to 35◦ N (Figure 12B).

The Alpine–Apennine oceanic floors must have been developed from the Bathonian
up to the Tithonian age, according to the U-Pb dating of zircons from their ophiolites. Mean-
while, in the Betic ophiolites, we have not found zircons with U-Pb ages corresponding
to this period, with the most recent radiometric age obtained being that from the brown
amphibole veins, dated as Oxfordian (158 ± 4.5 Ma). These amphibole veins were created
by ocean-floor metamorphism in Lower to Middle Jurassic basalts from Cóbdar, where
the most recent volcanic level dated, interlayered with the sedimentary cover, yielded an
age of 174 Ma. Nevertheless, similar brown amphibole relics have also been identified in
metabasalts from the Lugros and Algarrobo outcrops [3,45]. These data suggest that the
Betic oceanic floor, whose accretion period began in the Pliensbachian, probably would
continue its expansion, undergoing high-gradient ocean-floor metamorphism [3] during
the accretion period of the Ligurian and Alpine Tethys (Figure 12B). Whatever the case,
we have not identified any ophiolite outcrop located to the west of the Betic ophiolites,
which could derive from a Middle–Upper Jurassic oceanic section, as suggested by Ref. [86],
although the meta-sedimentary cover overlying these ophiolites could have yielded these
more recent ages [30].

A red transversal line from V (NFC Lower Unit—Veleta) to M (NFC Upper
Unit—Mulhacén) is drawn in Figure 12 to indicate the more probable setting of the Betic
ocean accretion from the Pliensbachian (dark blue strip at the rims) to the Middle–Upper
Jurassic (lighter blue in the inner band) between their continental margins.

Figure 13 shows, with different green bands, the progressively accreted levels from
the external to the inner part of the Betic ocean, corresponding to the five magmatic
levels identified by U-Pb zircons dating of their metabasic host rocks from the Algarrobo
(Figure 13, upper panel) and Cóbdar (Figure 13, lower panel) outcrops. In agreement with
the U-Pb ages obtained, the minimum accretion period could be around 7.3 Ma for the
Algarrobo outcrop (184.3 Ma for the older sample to probably 177 Ma for the youngest one)
and around 13.1 Ma (from 186.9 to 173.8 Ma) for the Cóbdar outcrop. Considering around
12 mm/yr as the most probable spreading rate during the development of the Betic oceanic
floor, corresponding to an ultra-slow ridge, and according to the rotation model of Ref. [86],
the approximately attained extension of the two oceanic sections shown in Figure 13 could
be around 87.6 km for the Algarrobo section and 157.2 km for the Cóbdar section.
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Figure 12. Eastern section of the Paleogeographic reconstruction of the Western Tethys and Cen-
tral Atlantic from Ref. [86] at (A) 185 Ma (Pliensbachian) and (B) 147.7 Ma (chron 21, Tithonian).
Gi.F = Gibraltar Fault; NPF = North Pyrenean Fault.

Figure 14A presents a block diagram illustrating the hypothetical paleogeography of
the Betic ocean during its Lower to Middle Jurassic accretion period. This basin formed
by distension between the Iberian and African crustal blocks, which triggered the ascent
and partial melting of the asthenospheric mantle. Betic ocean development initiated in
the Pliensbachian, as supported by our U-Pb zircon dating of the Betic ophiolites and the
paleogeographic reconstruction of the Western Tethys and Central Atlantic from Ref. [86],
as shown in Figure 14A. This accretion period spans at least from 187 to 174 Ma (Figure 13).
The Betic oceanic floor would separate the Veleta and Mulhacén crustal margins. In
Figure 14A, different rectangles extended from gabbros (green) to basalts (red) represent a
suggested relative location in the Betic ocean of the dated samples from the Lugros (Lu),
Cóbdar (Cb), and Algarrobo (Ag) outcrops. The older dated gabbros in the Lugros and
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Cóbdar outcrops are 187 Ma, while in the Algarrobo outcrop, located at the eastern end
of the Lower Jurassic Betic ocean, the age of the older dated gabbros is 184 Ma. These
older ages probably represent the time corresponding to the Pliensbachian stage of the
Gondwana breakup between the Iberian and African continental blocks, which would also
have led to the beginning of the Betic ocean development and its evolution from a rifting
to a drifting transition. The differences in the lower gabbro level identified between the
Cóbdar (187 Ma) and Algarrobo outcrops (184 Ma) could represent a progression in the
opening of the Betic ocean toward the northeast, from the Pliensbachian to the Tithonian
age, similar to that proposed by Ref. [87] for the opening of the North Atlantic Ocean
between the Iberia and Newfoundland rifts from southwest to northeast along the Lower
Cretaceous at about 125 Ma.

Figure 13. Interpretative reconstruction of the accretion bands forming the Betic ocean. (Upper
panel): Algarrobo; (lower panel): Cóbdar.

As depicted in Figure 14A by a bigger rectangle, the Almirez outcrop (Az) led to
exhumation to the oceanic floor of serpentinized peridotites, probably delimited by a
detachment fault, created by an oceanic core complex (Almirez OCC) similar to the Atlantis
Massif, at the intersection of the Mid-Atlantic Ridge (MAR) and the Atlantis Transform
Fault [88,89]. These oceanic core complexes have also been described in the Tethyan
ophiolites [90–92]. In the Almirez OCC, ultramafic rocks were traversed during the opening
of the Betic ocean by dolerite dikes, with a similar composition as the basic rocks forming
the surrounding cogenetic gabbros and basalts, although affected by a rodingitization
process [3,7,64,68,93,94], which mainly originated during the oceanic serpentinization
process. The changes in chemical and mineralogical compositions in both basic dykes
and their host ultramafic rocks during the rodingitization process also progressed in the
orogenic metamorphism, although less intensely, up to the creation of the meta-rodingites.
These transformations also affected their zircon crystals, which were dated to 184 Ma, and
their rodingitization process presented a climax at 177 Ma (Figrues 7, 8 and S6). Moreover,
the later orogenic partial transformations have also been registered in the coetaneous
gabbroic rocks, beginning at the Cenozoic eclogitization stage (Figure 14B).

Finally, Figure 15 shows the dismembering of the AlKaPeCa (Alboran, Kabilies, Pelori-
tani, Calabria) microplate (Figure 15A) and the translation of the Alboran block (AB) toward
the SW (Figure 15B) until reaching its present location [5], forming the Internal Zones of
the Betic and Rif Cordilleras, followed by the stage of collision between the Iberian and
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African crustal blocks (Figure 15C). This model of tectonic evolution along the Cenozoic,
consisting of subduction rollback of the oceanic floor from the Oligocene to present, led to
a similar drifting to the Betic–Rif Cordillera and to the Corsica, Kabylies, Peloritani, and
Calabria blocks, which were finally accreted to the adjacent continents [3].

Figure 14. Tectono-metamorphic Mesozoic to Cenozoic evolution of Betic Units. Stage (A) shows
the inferred paleogeography of the Betic ocean from the Lower to Middle Jurassic accretion period,
followed in stage (B) by an Eocene compressive tectonic setting that led to the subduction and
eclogitization of the Betic ophiolites.

Figure 15. Tectono-metamorphic Cenozoic to present-day evolution of Betic Units. Stages (A,B)
show the dismembering of the AlKaPeCa microplate and the translation of the Alboran block (AB)
toward the SW, followed by stage (C), representing the collision between the Iberian and African
crustal blocks.



Geosciences 2025, 15, 406 34 of 40

Therefore, our integrated dataset fundamentally revises the existing tectonic models
by demonstrating that the Nevado-Filábride Complex comprises a fragment of a single,
long-lived Jurassic ocean basin, thereby providing a cohesive framework that reconciles
the Mesozoic geodynamic evolution of the westernmost Alpine Tethys with the broader
Atlantic rift system.

7. Conclusions
• Petrological and geochemical analyses of the metabasic rocks within the Betic ophi-

olites reveal the MORB affinity of their various igneous lithotypes. These include
olivine–pyroxene gabbros, dolerites, and basalts, as identified in all four studied
outcrops: Lugros, Almirez, Cóbdar, and Algarrobo.

• Their zircons, dated by U-Pb with SHRIMP and ranging in age from the Lower to the
Middle Jurassic, have also allowed us to distinguish several magmatic levels in the
Cóbdar and Algarrobo outcrops, as well as a formation period for the Betic oceanic
floor ranging from approximately 187 to 173 Ma. This formation period was followed
by the development of the overlying sedimentary sequence.

• Alongside the Jurassic zircons, pre-Jurassic xenocrystic zircon crystals, mainly of
Precambrian age, were identified, primarily in samples from the Algarrobo outcrop.
These xenocrysts are similar in age and chemical composition to those coexisting
with modern volcanism dredged from the Mid-Atlantic Ridge (MAR) near fracture
zones and from other ultra-slow ridges like the Southwest Indian Ridge (SWIR) at the
Atlantic Bank. The similarity in age and chemical composition of the Precambrian
xenocrystic zircon of the Betic ophiolites and those dredged from the MAR and SWIR
suggests a similar tectonic setting for magmatism in both the Jurassic Betic Ocean and
contemporary ultra-slow oceanic ridges.

• The δ18O isotopic ratios of zircons from the Betic ophiolites, sampled from gabbros,
basalts, and dolerite dykes intruding into serpentinites, show strong similarity to
values from zircons in analogous igneous rocks dredged from ultra-slow oceanic
ridges, such as the MAR and SWIR.

• Additionally, some zircon crystals from the Betic ophiolites preserve local variations in
their δ18O values. These variations record two distinct metamorphic events: an earlier
one dated to ~150 Ma, interpreted as oceanic floor metamorphism, and later Cenozoic
ages, attributed to the orogenic metamorphism that affected the host rocks.

• The chondrite-normalized REE patterns of Jurassic igneous zircons from the Betic
ophiolites are consistent with those of zircons from oceanic crust. Furthermore, their
more recrystallized domains, commonly found surrounding vesicles, exhibit a slight
depletion in HREE and Y, alongside a local increase in LREE and Hf values. This
geochemical signature is also similar to that observed in other Tethyan ophiolites.

• The interpretative location of the four studied Betic ophiolitic outcrops (Lugros, Cób-
dar, Algarrobo, and Almirez) within a hypothetical reconstruction of the Jurassic Betic
Ocean is based primarily on their U-Pb ages. These ages range from 187 to 180 Ma
for gabbros and basalts in the first three outcrops. The dolerite dikes that intruded
into the Almirez ultramafic rocks under oceanic conditions yielded an age of 184 Ma.
Therefore, these ultramafic rocks were already exhumed at that time into the ocean
floor, forming an oceanic core complex.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/geosciences15100406/s1, and includes Analytical Methods,
Figures S1 to S6, and Tables S1 to S16, with geochemical and geochronological datasets of the rocks
mentioned in the text.
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