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Abstract

:

The Ojén nappe, an allochthonous unit that underlies the Ronda peridotites (Betic Cordilleras), is composed of Triassic marbles overlying a metapelitic sequence. In order to carry out an LA-ICP-MS U-Pb age determination and provenance analysis, detrital zircon grains from two quartzites interlayered within marbles and metapelites were extracted. The obtained results yield the youngest zircon population of 254 ± 3 Ma (Late Permian) with a mean Th/U ratio of 0.34 that supports both the Permian–Triassic age of the marble member and the felsic magma nature for zircon-bearing protoliths. The Permian zircons exhibit tight age peaks in three main populations of 292 ± 2 Ma, 278 ± 3 Ma, and 254 ± 3 Ma, in agreement with the main age populations reported from rhyolites and shallow crustal basaltic–andesite subalkaline rocks emplaced in transtensional Permian basins of the Variscan Orogen during the break-up of Pangea. Moreover, the analyzed detrital zircon grains yield age distributions with clear Tonian–Stenian (ca. 950–975 Ma), Ediacaran–Cryogenian (ca. 560–615 Ma), Ordovician (ca. 460–465 Ma), and Cisuralian peaks (ca. 280–290 Ma) and smoothed Mesoproterozoic peaks that point to a weak and residual Cadomian peri-Gondwanan terrane inheritance. The identified Middle Ordovician detrital zircon populations (460–465 Ma) strengthen the hypothesis that the Alborán domain would be located along the southern passive margin of the European Hunic superterrane.






Keywords:


peri-Gondwana; Betic Cordilleras; Ojén nappe; detrital zircon; LA-ICP-MS












1. Introduction


The Betic Cordilleras (south of Spain) and the Rif (north of Morocco) conform to the western termination of the peri-Mediterranean Alpine orogen. It is considered a collisional orogen disaggregated by an extensional collapse in a continuous convergence setting between the African and European plates from Cretaceous times onward [1]. The Betic Cordilleras consist of two main domains, referred to as the external and the internal zones that are located to the north and south of the belt, respectively. The external zone derives from Mesozoic and Cenozoic sediments formed on the southern paleomargin of the Variscan Iberian Massif. In contrast, the internal zone mainly encompasses metamorphic and highly deformed pre-Mesozoic rocks that are grouped in three allochthonous complexes, named in structural descending order: Maláguide, Alpujárride, and Nevado Filábride Complex.



The Ojén, Los Reales, and Guadaiza tectonic units compose the western part of the Alpujárride Complex [2] of the internal zones of the Betic Cordilleras. Until now, analyses on provenance and geodynamic evolution from detrital zircon studies were restricted to the Guadaiza nappe [3]. This work discusses the provenance and possible origin of detrital zircons populations in two samples of the Ojén nappe (tb-06-841 and tb-06-835), from zircon ages carried out using the LA-ICP-MS U-Pb method in combination with the determination of Th/U zircon ratios. The Ojén nappe crops out below the ultramafic massif of Sierra Alpujata (Figure 1). This massif, along with the Sierra Bermeja and Carratraca massifs, conforms to the Ronda Peridotites, the largest worldwide exposure of the subcontinental lithospheric mantle, tectonically emplaced at Miocene times [4,5,6,7,8].



The Ojén nappe displays the typical lithological sequence described for the Alpujárride nappes, with Paleozoic or older metapelites at the bottom covered by a composite sequence, with quartzites at lower levels and a marble formation at the top [2]. A Triassic age is usually assumed for the Ojén marbles on the basis of their correlation with paleontologically dated marbles from the central and eastern nappes of the Alpujárride Complex [9,10,11]. Permo–Triassic ages are assigned to the underlying quartzites, whereas poorly constrained Paleozoic ages are attributed to the lowest metapelitic sequence (e.g., [12,13,14]). The available geochronological U-Pb SHRIMP data of the detrital zircon crystals from the carbonate series provide a maximum age of deposition of ca. 325 Ma [15]. However, recently published U-Pb LA-ICP-MS data from a detrital zircon population of a quartzite interlayered with marbles of the Guadaiza nappe [3] constraint the maximum depositional age at Early Permian times (ca. 289 Ma).
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Figure 1. Geological map and cross-section of the Ojén nappe (taken from [16]) with studied sample (tb-06-841 and tb-06-835) locations (stars). 
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2. Sample Location


The studied quartzites from the Ojén nappe (Figure 1) come from different stratigraphic levels. The sample tb-06-835 belongs to a 10 m thick quartzite interlayered within the marble sequence (Figure 2A), whereas the sample tb-06-841 is a 1–1.5 m thick quartzite interlayered with metapelites in the transition zone between the metapelitic and marble sequences (Figure 2B).



Both samples were collected far enough away from the peridotite contact (see the cross-section in Figure 1) in order to minimize the local heating effect promoted by the high-temperature emplacement of the Ronda peridotites. The hot emplacement of the Ronda peridotites (e.g., Sierra Alpujata Massif) over the Ojén nappe during the Alpine Orogeny produced a concordant dynamothermal aureole [17], with a maximum thickness of 700 m. This dynamothermal aureole is exposed over tens of kilometers along the northern border of the Sierra Alpujata Massif [17], where the marbles of the Ojén nappe crop out along the reverse limb (cross-section in Figure 1) of a large Alpine synform [18]. The dynamothermal aureole is composed of banded cordierite-bearing migmatites and leucocratic gneisses and contains interlayered retrogressed eclogites [19] and minor quantities of marbles. It was developed at high-temperature conditions at the expense of the metapelitic sequence. However, it is worth noting that a few zircon grains from both samples display very thin and dark luminescent external rims that yield Th/U values < 0.01 [16] and 206Pb/238U SHRIMP ages of ca. 20 to 22 Ma, which support the imprint of the thermal Miocene metamorphism [7,15,20].




3. Analytical Methods


Zircon grains from both quartzites were separated using conventional mineral separation techniques (crushing, sieving under 125 μm, Wilfley table, heavy liquids, and magnetic separation) in the Department of Geology of the University of the Basque Country. The extracted zircons were handpicked aleatory, mounted in epoxy resin (Struers Epofix, Madrid, Spain), and finally polished. Due to the different number of recovered zircons per sample, more zircons were mounted in tb-06-841 (193) than in tb-06-835 (163). In both cases, the number of grains per sample was higher than 117, the critical number suggested to achieve robust data of material provenance [21]. The internal structure of the zircon grains was recognized in backscattered electron (BSE) images (Supplementary Materials Figure S1), obtained using a scanning electron microscope (JEOL7000F-JSM, JEOL Ltd., Tokyo, Japan; operative conditions 20 kV, 8 nA and WD 10 mm). The zircons were analyzed using LA-ICP-MS at the University of the Basque Country (SGIker—Geochronology and Isotope Geochemistry Facility) using a 193 nm Resolution SE laser, with a pulse energy density of ~6 J cm−2 and a frequency of 5 Hz, coupled to a Thermo Fisher iCAP Qc quadrupole ICP-MS (Thermo Fisher Scientific, Waltham, MA, USA). The analytical spot size was 25 μm. The laboratory staff reduced the data using the Iolite 3.6 software package [22,23] and VizualAge [24] and provided the analytical tables. The data reduction process was carried out using the GJ-1 zircon standard for calibration [25] and Plesovice [26], 91500 [27], and BB40 zircon [28] as secondary standards. Ages in the text and figures are quoted always with concordance between 90% and 110% and as 206Pb/238U ages. The Tera–Wasserburg diagrams and weighted mean ages were produced using Isoplot/Ex 3.0 [29]. The distribution of zircon ages and the kernel density estimation (KDE) plots, with bin widths of 60 and 30, respectively, were calculated using DensityPlotter 8.5 [30].




4. LA-ICP-MS Results


4.1. Sample tb-06-841


One hundred and ninety-three detrital zircon grains were analyzed using LA-ICP-MS, only one hundred and seventy-seven of which, with concordance values ranging between 90% and 110%, were considered (Supplementary Materials Table S1). The measured Th/U ratios are between 0.03 and 1.98 (Figure 3). Most zircon grains (n = 165) have Th/U ratios greater than 0.1, and only twelve zircons display Th/U ratios < 0.1. The age distribution patterns of the analyzed zircons are scattered between 219 Ma and 2986 Ma (Figure 4A). About 77% of them are from Precambrian ages that mostly group around Neoproterozoic (43%; ca. 542–994 Ma), Paleoproterozoic (15%; ca. 1666–2451 Ma), and minor Mesoproterozoic (6%; ca. 1013–1508 Ma) and Archean (3%; ca. 2503–2976 Ma) peaks. The remaining 23% of the analyzed ages are distributed in a mean Paleozoic (32%; ca. 255–538 Ma) and in minor Mesozoic (1%; ca. 219–244 Ma) peaks. Four main age populations at ~290, ~465, ~615, and ~975 Ma can be recognized in KDE plots (Figure 4A). The youngest analyzed zircon has a Late-Triassic 206Pb/238U (219 Ma; Supplementary Materials Table S1) age, whereas a weighted mean age of 278 Ma (Figure 5A) is obtained from three zircon grains for the youngest zircon population (Early Permian–Cisuralian). A last Permian zircon population of 293 Ma from six zircons was also calculated (Figure 5B). Both zircon populations display Th/U ratios > 0.21 (0.21–0.56; Supplementary Materials Table S1).




4.2. Sample tb-06-835


One hundred and sixty-three detrital zircon grains were analyzed, and only one hundred and thirty have concordant ages between 240 Ma and 2430 Ma. The measured Th/U ratios ranged between 0.03 and 3.1. The overwhelming majority (126 out of 130) of these concordant zircon grains have Th/U > 0.1, a feature that supports the dominant magmatic origin of the zircon (Figure 3). The age distribution patterns (Figure 4B) show that 65% of the analyzed zircons are Precambrian in age, and mostly yield Neoproterozoic (44%; ca. 544–976 Ma) and Paleoproterozoic (14%; ca. 1651–2430 Ma) ages, with the rest being Mesoproterozoic (7%; ca. 1001–1561 Ma). The remaining analysis results reveal Paleozoic (34%; ca. 254–536 Ma) and Mesozoic (1%; ca. 240–248 Ma) ages. As in the previous sample, the same four main age populations exhibit peaks in the KDE plot at ~280, ~460, ~560, and 950 Ma (Figure 4B). The youngest measured zircon has a Middle Triassic 206Pb/238U (240 Ma; Supplementary Materials Table S1) age. Otherwise, a weighted mean of 253 Ma (Late Permian–Lopingian) for four zircons with high U contents (426–2299 ppm) and no metamictatization textures (e.g., porous texture, patch zoning, cracks, and very dark BSE areas; Supplementary Materials Figure S1) characterize the youngest zircon population (Figure 5C). Two more Permian zircon populations of 277 Ma (from four zircons; Figure 5D) and 290 Ma (from four zircons; Figure 5E) were also found. All these three zircon populations display Th/U zircon ratios > 0.18 (0.18 to 1.07; Supplementary Materials Table S1).





5. Discussion


5.1. Deposition Age


The determination of the maximum depositional age of a sedimentary succession using radiometric methods (e.g., U-Pb zircon SHRIMP or LA-ICP-MS) can become a complex task, due to the possible resetting associated with superposed tectonothermal events. Therefore, the correct age determination of known pre- and post-sedimentation tectonothermal events is essential to avoid underestimation of the maximum depositional age of the sedimentary protolith of metamorphic rocks.



In this regard, the metamorphic record of the Ojén nappe is the result of (a) almost obliterated Late-Variscan metamorphism (e.g., [15,31]), and (b) the superposed Alpine metamorphism, associated with the short-lived and intense thermal metamorphism linked to the extensional collapse of the Betic Chain and the emplacement of Ronda peridotites [4,5,6,7,8]. In the two quartzite samples, the maximum depositional age must always be determined using the youngest inherited metamorphic or igneous zircon. In the tb-06-841 and tb-06-835 samples, the youngest pre-Alpine zircon grains display 206Pb/238U ages of 219 Ma (Late Triassic) and 240 Ma (Middle Triassic), respectively (Supplementary Materials Table S1). Both ages agree with the reported Triassic age for the Alpujárride marbles that have been paleontologically dated [12,13,14]. However, as the age resetting promoted by the superposed Alpine metamorphism (see Figure 6) could lead to Pb loss in some of the detrital zircon grains, the weighted mean age of the youngest zircon populations in each sample was considered a more conservative and appropriate estimation. By using this approach, an Early Permian–Cisuralian age of 278 ± 4 Ma is obtained from three zircons in tb-06-841 (Figure 5A), whereas an age of 253 ± 4 Ma (Late Permian–Early Triassic) is obtained from the four zircons of tb-06-835 (Figure 5C). Therefore, a maximum Permian age of 253 ± 4 Ma can be predicted for the sedimentation and the best radiometric estimation age of the carbonate sequence. Both zircon populations are younger than the age of the Late-Variscan metamorphism reported in the Betic Cordilleras [3,31], within others.




5.2. Zircon-Forming Events


The high proportion of Ediacaran–Cryogenian (44%–43%; 542–718 Ma), Paleozoic (34%–32%; 254–538 Ma), Tonian–Stenian (15%–14%; 718–1189 Ma), and Paleoproterozoic (15%–14%; 1651–2451 Ma) ages observed in the KDE plots of both quartzites (Figure 6) define four main zircon populations: Cisuralian (280–290 Ma), Ordovician (460–465 Ma), Ediacaran–Cryogenian (560–615 Ma), and Tonian–Stenian (950–975 Ma). These populations contrasted with the scarcity of Mesoproterozoic (7%–6%; 1001–1561 Ma), Archean (3%; 2503–2976 Ma), and Mesozoic (1%; 219–248 Ma) zircon ages (Figure 6).



Zircon geochemistry can shed light on the origin of the zircon-bearing sedimentary protoliths. On this issue, the zircon Th/U ratio, although still subject to some uncertainty, is commonly used as a factor that allows igneous zircon (Th/U > 0.1) to be differentiated metamorphic (Th/U < 0.1) ones [32,33,34]. However, examples of metamorphic zircons crystallized at (ultra)high-temperature conditions with Th/U > 0.1 (e.g., [35,36,37]) and even igneous zircons with Th/U values lower than 0.1 have also been described [38,39]. Taking the two analyzed samples as a whole, 291 zircon grains yield Th/U ratios higher than 0.1, and only 16 grains have values below 0.1 (Figure 3 and Figure 6). These data show that the dominant source for the above-referred zircon populations was igneous rocks. Moreover, the zircon Th/U ratio can also be used to study the composition of the melt in which zircon crystals grow, as Th/U ratios tend to be less than 1 in felsic melts and higher than 1 in mafic melts [33,40,41,42]. According to the mean Th/U ratio of 0.34 of the analyzed zircons, this additional constraint points to the magmatic rocks of felsic composition (Figure 6).



In the Betic Cordilleras, there are igneous rocks from magmatic events associated with different orogenic cycles that have to be tested as the first potential source materials. However, they can be easily excluded on the basis of two major criteria: the composition (felsic versus mafic) and the age of the magmatic events (253 ± 4 Ma). The external zone provides evidence of two magmatic events related to the Triassic–Jurassic extension that led to the opening of the westernmost branch of the Tethys Ocean: the older one is integrated by dolerite sheets and diabase dykes that intruded into the middle- and upper-Triassic rocks and the younger event as basaltic submarine flows with abundant pillow-lava structures within Jurassic sedimentary rocks [43,44]. It is clear that both its basic composition and its Mesozoic age prevent the consideration of the external zone as a provenance area. Similar reasons apply to invalidate most of the magmatic materials from the internal zones. For instance, the Nevado Filábride Complex contains an ultramafic unit, regionally referred to as Betic Ophiolitic Unit, that is characterized by numerous tectonic slices comprising eclogites and amphibolites derived from metamorphosed Jurassic gabbros [45,46]. These crustal rocks include abundant meta-granite and granitic orthogneisses (Lubrín gneisses), identified as syn-collisional granites, dated as Late Carboniferous [47]. Regarding the Alpujárride Complex, felsic magmatism of the Early Permian age has been recognized, represented by orthogneisses and migmatites linked to anatectic processes during a Variscan metamorphic event [3,31]. In the Torrox gneisses, Zeck and Whitehouse [31] described euhedral zircons showing rims with low Th/U values (average of 0.02), indicating an Early Permian age (285 ± 5 Ma). This value was interpreted as the age of the andalusite-bearing anatectic granite parent rock for the gneiss. In a recent work on the Istán migmatites of the Guadaiza nappe (western Alpujárride Complex), the prominent U-Pb LA-ICP-MS recorded peak at ca. 299 Ma for the Istán migmatites was considered the age of the Late-Variscan metamorphism that led to the anatexis and migmatization of the metapelitic sequence of this Alpujárride unit [3]. In the latter two cases, the mean Th/U ratio of the zircon grains was lower than 0.1, in contrast with the higher values (Th/U ratio > 0.1) recorded by most zircons from the two samples analyzed in this work (Figure 3 and Figure 6). A second felsic magmatic process can be recognized within the Alpujárride Complex related to the hot emplacement of the Ronda peridotites, as it developed a dynamothermal aureole and partial melts that led to the intrusion of granite dykes in the peridotites during the Alpine Orogeny. An Early Miocene U-Pb SHRIMP age [8] has been attributed to the crystallization of granite dykes. Moreover, a Jurassic subvolcanic event comprising sheets of basic tholeiitic rocks interlayered within meta-evaporite is also recorded within the Triassic rocks of the Alpujárride Complex [43,48,49,50]. Finally, in the Maláguide Complex and the upper Alpujárride, there is a dyke system, but it can be excluded as a possible source because of its Oligocene age and its doleritic composition [51,52,53]. In short, there are two characteristics of the Betic Cordilleras relevant to the provenance studies of their metasedimentary rocks: (1) the lack of large granite intrusions, and (2) that due to the age and geochemical inconsistencies described above, a source outside the Betic Cordilleras should be considered to be consistent with the age (Permian–Early Triassic) and the geochemical features’ mean Th/U ratio of 0.34 of the zircon grains analyzed.



With the above considerations in mind, and taking into account the scarcity of Mesoproterozoic ages, the four zircon populations described in Section 5.1 (Figure 5) would point to (1) a zircon signature from the West African Craton instead of other cratons extensively affected by the Grenville Orogeny (Laurentia, Baltica, Avalonia, or Amazonia); (2) several provenance areas from the northern part of Gondwana such as the Pan-African Transhara belts, Metasaharan Craton, or the Tuareg shield; and (3) a peri-Gondwanan Cadomian terrane source related to the opening of the eastern branch of the Rheic Ocean at the Middle Ordovician time during the detachment of the Hunia supercontinent from Gondwana.



With the aim of constraining the most reliable source area, a more detailed zircon population distribution was analyzed from the youngest Permian zircons. In this case, as both samples had the same zircon populations, they were integrated together, resulting in three different Permian zircon populations (Figure 7A). These zircon populations display ages of 254 ± 3 Ma (Figure 7B; MSWD = 0.66; probability = 0.62; n = 5); 278 ± 3 Ma (Figure 7C; MSWD = 0.43; probability = 0.86; n = 7); and 292 ± 2 Ma (Figure 7D; MSWD = 0.96; probability = 0.47; n = 10), whereas measured Th/U ratios are in the ranges of 0.14–1.1, 0.23–0.53, and 0.18–0.56 (Supplementary Materials Table S1), respectively, for each zircon population. The recorded Permian ages (Cisuralian, Cissularian–Guadalupian, and Lopingian) correspond to the age clusters of rhyolites and shallow crustal, basaltic-andesite subalkaline rocks emplaced in transtensional Permian basins, linked to the crustal thinning, and the asthenospheric uplift due to the gravitational collapse of the Variscan Orogen during the break-up of Pangea (Iberian Massif, Pyrenees, Catalan Coastal Ranges, Iberian Range, French Central Massif, Sardinia, and Morocco [54]). The paleogeographical reconstruction of the westernmost Tethys realm for the Middle Triassic, performed on the basis of the different Triassic facies (Germanic vs. Alpine) and bioprovinces (Sephardician, Tethysian), place the Buntsandstein, Muschelkalk, and Keuper of the Germanic facies in the external and internal zone of the Betic Cordilleras [55]. However, the presence of Tethysian fauna, linked to the Alpine Triassic facies, is also confirmed in the Triassic carbonate rocks of the internal zone and points to a Tethysian influence in some periods, especially during the Late-Triassic transgressive stage. These data agree with the Germanic Triassic materials being deposited on an epicontinental platform flanked by the Iberian and the meso-Mediterranean plates and subjected to the influence of the Tethys domain, in agreement with the Alpine Triassic facies developed in the internal zone of the Betic Chain [55]. Therefore, a northern influx of sediments rich in zircons from the Iberian Massif, Pyrenees, Catalan Coastal Ranges, or Iberian Range would agree with this Tethyan bioprovince provenance and would discard the southern Morocco (Sephardic bioprovince) basin as the provenance area. In this regard, the Iberian Range evolution is widely marked by different rifting and post-rifting episodes that took place between the Early Permian and the Early Cretaceous ([54] and references therein). The first main rift episode was divided into three main different tectonosedimentary phases based on the age of the sedimentary infilling, tectonic setting, and magmatic manifestations and bracketed into ranges of ~300–290, ~285–275, and ~260 Ma ([54] and references therein). These three main phases fit with the defined three zircon age populations of 292 ± 2, 278 ± 3, and 254 ± 3 Ma and agree with a plausible zircon source for the Ojén nappe’s quartzites.



Finally, a well-defined Middle Ordovician detrital zircon population (460–465 Ma) was detected for the first time in the Betic Cordilleras. Investigations of the scarcity or presence of Ordovician zircon populations have been used in studies involving paleogeographic reconstruction that locate the Alborán microplate in either the southern passive margin of the Paleo-Thethys Ocean, as part of the European Cimmerian Superterrane [16], or in the south passive margin of the European Hunic superterrane [56,57], respectively. In this regard, the discovery of a Middle Ordovician population of detrital zircons would suggest that the Alborán microplate (meso-Mediterranean domain) was influenced by one of the peri-Mediterranean terranes that were detached from Gondwana to form the eastern branch of the Rheic Ocean [58]. In line with this interpretation, we propose that the European Hunic superterrane stands out as a likely source area for the supply of detrital zircons. A further consequence of such an interpretation is that the southern passive margin of the European Hunic superterrane constrains the palaeogeographic location of the Betic Cordilleras.





6. Conclusions


The U-Pb LA-ICP-MS age determinations of detrital zircons from two quartzite samples of the Ojén nappe, underlying the Ronda peridotites (Betic Cordilleras), suggest the following deductions:




	
The youngest detrital zircon population displays an age of 254 ± 3 Ma (Permian–Triassic) and a mean Th/U ratio of 0.34 that supports their Triassic sedimentation age and crystallization from a felsic magma, respectively.



	
Permian zircons are well-arranged in three main populations of 292 ± 2 Ma, 278 ± 3 Ma, and 254 ± 3 Ma, in agreement with the main age clusters reported for rhyolites and shallow crustal basaltic–andesite subalkaline rocks emplaced in transtensional Permian basins of the Variscan Orogen during the break-up of Pangea.



	
The quartzites of the Ojén nappe are characterized by the widespread presence of detrital zircon grains of Cisuralian (280–290 Ma), Ordovician (460–465 Ma), Ediacaran–Cryogenian (560–615 Ma) and Tonian–Stenian (950–975 Ma) ages and by the scarcity of Mesoproterozoic ones. These zircon populations point to a sediment source from a Cadomian peri-Gondwanan terrane.



	
The well-defined Middle Ordovician detrital zircon population (460–465 Ma) strengthens the hypothesis that the Alborán microplate (meso-Mediterranean domain) could be located along the southern passive margin of the European Hunic superterrane.
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Figure 2. Outcrop views and locations of tb-06-835 (A) and tb-06-841 (B) quartzites. 
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Figure 3. Th/U vs. 206Pb/238U age (Ma) of analyzed zircons of Ojén nappe’s quartzites. 
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Figure 4. Kernel density estimation (KDE), histograms, and pie-chart age distribution plots of analyzed zircons of Ojén’s samples: (A) tb-06-841 and (B) tb-06-835. 
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Figure 5. Weighted mean age of the youngest zircon populations: (A,B) from sample tb-06-841; (C–E) from sample tb-06-835. 
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Figure 6. Tera–Wasserburg, KDE age distribution, and Th/U vs. age (Ma) distribution of analyzed samples. The KDE shows the integrated age distribution of both samples. 
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Figure 7. (A) Weighted mean ages of the Permian zircon populations of the integrated age distribution of both analyzed quartzites; (B–D) weighted mean ages of the integrated youngest zircon populations. 
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