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Abstract 28 

Pieces of the Pan-African-Cadomian arc evolution have been recognized through some European massifs. The 29 

Ossa-Morena Complex (SW Iberian Massif) is one of the best-preserved sections of this paleo-Gondwana margin. 30 

In this domain, recent studies consider that the magmatism related to the arc followed a cyclical pattern during the 31 

Late Ediacaran and Early Cambrian. However, its initial and more mature stages remain unclear.  32 

Late Ediacaran magmatism (c. 602 Ma) in this section appears to be uninterrupted and driven by slab-33 

mantle wedge-upper plate interactions. Early Paleozoic was a moment of significant changes along the Gondwana 34 

margin. In the Ossa-Morena Complex the beginning of the Cambrian (c. 541 Ma) appears marked by a deep 35 

unconformity over the Ediacaran basement, which is linked with the destabilization of the arc. However, the 36 

subduction-related magmatism continued with an increasing regularly mantle volume input driving to a more 37 

alkalinity geochemistry. This manuscript completes the geochemical and isotopic research of the peri-Gondwana 38 

arc evolution preserved in the SW Iberia during this period. These results point out shifts on geochemistry related 39 

to a higher slab angle in each magmatic cycle. It is possible to suggest a tectonic switching toward an extensional 40 

dynamic in this section of the Gondwana margin. 41 

42 

Keywords: North-African Gondwana margin, Ediacaran-Cambrian arc, tectonic switching, Cambrian 43 

magmatism. 44 

45 

46 

47 

Introduction 48 

49 

The orogenic belts where the oceanic lithosphere subducts under the continental lithosphere generates 50 

important volumes of igneous rocks associated with volcanic arcs. Orogens such as the Andean, are characterized 51 

by the generation of a large volume of intermediate-felsic rocks with minor amounts of mafic material. However, 52 

every magmatic event in the arc-cycle displays different geochemical features which allow to trace its geodynamic 53 

evolution. The eventual collision and cortical stacking related to the opening and closure of basins in active margin 54 

settings generate crustal thickening accompanied by margin and/or arc reworking and recycling. In these 55 

environments, crustal recycling plays a key role (e.g., Martin et al. 2005; Condie et al. 2011; Stern, 2020; Castro 56 



et al. 2021). An increasing number of studies have recognized the episodic nature of the magmatism in arcs (e.g., 57 

Mitchell et al. 2019; Li et al. 2019; Arenas et al. 2021). This cyclical nature and the geochemical features of the 58 

magmatic events are controlled internally by the tectonics of the subduction zone, which reflects the interaction 59 

between the slab and the upper plate input, as well as fluctuations generated in the mantle wedge (e.g., Jarrard, 60 

1986; Archibald and Murphy, 2020). These factors determine the contribution of mantle-crust-slab material to the 61 

resulting melt. Traditionally, field descriptions accompanied by petrographic and major and trace elements features 62 

were the tools used to understand the tectonic setting and compositional evolution of arc-generated rocks. (e.g., 63 

Brown et al. 1984; Davidson, 1996; Andonaegui et al. 2016; El Haïbi et al. 2021). However, this evolution may 64 

remain partially obscured in ancient (largely dismanteled) arcs by subsequent metamorphic and deformational 65 

events. In these cases, the additional use of isotopic and geochronological tools is even more essential to constrain 66 

its origin and evolution. 67 

 68 

The pre-Variscan basement preserved in European (Fig. 1) and North African massifs records at least one 69 

geodynamic cycle spanning from the Late Proterozoic to the Early Paleozoic, traditionally referred to as the Pan-70 

African-Cadomian Orogeny (e.g., Murphy et al. 2002; Nance et al. 2002; Errami et al. 2009; Linnenamnn et al. 71 

2014; von Raumer et al. 2015; Díez Fernández et al. 2019; Arenas et al. submitted). During this period, significant 72 

tectonic shifts were experienced on the Gondwana margin, such as the opening and closure of basins, derived from 73 

the variation of subduction-related parameters and processes beneath this margin (Chantraine et al. 2001; Kounov 74 

et al. 2012; Díez Fernández et al. 2019; Moradi et al. 2022; Arenas et al. submitted) These variations affected the 75 

dynamics of arc magmatism, including periodicity and geochemical composition of the successive magmatic 76 

episodes as determined by slab-mantle-upper plate interactions. 77 

 78 

The activity in the Gondwana margin section located north of the Northwest African Craton spanned ca. 79 

250 Ma (e.g., Albert et al. 2015). Although not all sectors preserving the pre-Paleozoic basement have recorded 80 

its whole evolution. The geochronological record extracted from detrital zircons of Late Proterozoic 81 

metasedimentary series and igneous rocks suggests an age of c. 750-730 Ma for the onset of subduction-associated 82 

magmatic activity in this section (e.g., Ordoñez-Casado, 1998; El Hadi et al. 2010; Pereira, 2015; Albert et al. 83 

2015; Rojo-Pérez et al. 2022 and references therein). The magmatic activity of this arc system is estimated to have 84 

extended even into part of the Cambrian. However, the earliest and the mature stages remain poorly understood 85 

and do not appear uniformly preserved along the margin.  86 



87 

In the SW Iberian Massif, the most mature/evolved magmatic pulses are thought to be of the Andean-88 

type (c. 541-534 Ma; Quesada, 1990; Sarrionandia et al. 2012; 2020). This type of magmatism suggests that 89 

subduction beneath the North African Gondwana margin remained active until at least the Early Cambrian and 90 

likely related with extension in the upper plate (e.g., Chichorro et al. 2008; Sánchez-García et al. 2010; Andonaegui 91 

et al. 2012; Albert et al. 2015; Díez Fernández et al. 2015; 2019). Although an extensional setting seems to 92 

dominate in this section of the Gondwana margin at the end of the Cambrian, the causes and timing of subduction 93 

cessation and/or tectonic switching remain poorly understood. 94 

95 

96 

Geological setting 97 

98 

The Ossa-Morena Complex (OMC, SW Iberian Massif; Fig. 2a) represents a part of the Upper 99 

Allochthonous Terranes with continuation in NW Iberia (Díez Fernández and Arenas, 2015), defining the 100 

outermost section of the Pan-African margin of Gondwana. There is consensus that pre-Variscan deformation in 101 

Late Ediacaran and Early Cambrian rocks was related to subduction dynamics beneath this margin for an extended 102 

period (e.g., Quesada, 1990; Eguíluz et al. 2000; Linnemann et al. 2014; Díez Fernández et al. 2019; 2022; Arenas 103 

et al. submitted). The arc system was built on a thinned and extended section of the Gondwana margin, as indicated 104 

by the isotopic signature of the preserved metasedimentary sequences (López-Guijarro, 2006; López-Guijarro et 105 

al. 2008; Rojo-Pérez et al. 2019; 2021). 106 

107 

The Neoproterozoic sedimentary basement of the OMC has been traditionally referred to as the Serie 108 

Negra Group (Carvalhosa, 1965). This series has been classically divided in two different sequences, the 109 

Montemolín and Tentudía formations, whose boundary is poorly defined. The Montemolín Formation is formed 110 

by immature metasedimentary rocks (shales, slates and metagreywackes, essentially) and constitute the older and 111 

lower part of this series. The metasediments interbed with metabasites (metadolerites) layers of variable thickness, 112 

whose formation has been interpreted in relation to a suprasubduction setting (e.g., Ordóñez-Casado, 1998; Eguíluz 113 

et al. 1990; Sánchez-Lorda et al. 2016; Arenas et al. 2018; Rojo-Pérez et al. 2022). These rocks constitute the 114 

oldest recorded episode of arc construction, providing an age to the Montemolín Fm. close to c. 600 Ma (Ordoñez-115 

Casado, 1998). Towards higher levels, the Tentudía Formation contains especially volcanogenic metagreywackes, 116 



metasandstones, slates and phyllites, black quartzites, metacherts and layers of micaschists and limestones. The 117 

maximum sedimentation age attributed to this formation has been classically established into a wide range between 118 

c. 565-541 Ma (U-Pb detrital zircons; Schäfer et al. 1993; Linnemann et al. 2008; Pereira, 2015). The whole-rock 119 

geochemistry and Nd-Sr isotopic sources of the Serie Negra are consistent with a convergence scenario relating to 120 

a continental arc built on a thinned crust (e.g., Bandrés, 2001; Bandrés et al. 2004; Rojo Pérez et al. 2019; 2021). 121 

This scenario is shared with intrusive granitic bodies, whose generation has been linked in part to slab melting and 122 

mantle wedge (Rojo-Pérez et al. 2022).  123 

 124 

Overlying the Serie Negra Group and crossing the Ediacaran-Cambrian boundary, the Malcocinado 125 

Formation rests discordantly (Fig. 2b). This formation was originally described by Fricke (1941) and completed 126 

by Delgado-Quesada (1971) and Liñán (1978). This metavolcanoclastic succession contains andesitic 127 

metabreccias, massive metaandesites, metarhyolites and metadacites, metacinerites, phyllites, metasandstones, 128 

polygenic metaconglomerates and metacarbonates. In the northern OMC (Obejo-Valsequillo Domain), the 129 

Malcocinado Fm. crops out as patches (e.g., Apalategui et al. 1988; Martínez Poyatos, 1998; Bandrés and Eguíluz, 130 

1999), while in the southern OMC, this formation has been observed at both sides of the Olivenza-Monesterio 131 

Antiform, Usagre and Llerena-Zafra (Fricke, 1941; Apalategui et al. 1984; 1985; Sánchez Carretero et al. 1989; 132 

Carracedo-Sánchez et al. 2007). This formation is also intruded by metagranitic bodies which complete the main 133 

magmatic record of the Pan-African-Cadomian cycle (e.g., La Bomba, Ahillones and El Escribano: Sánchez 134 

Carretero et al. 1989, 1990; Bandrés, 2001; Eguíluz et al. 2013), although these remain poorly studied.  135 

 136 

The first U-Pb dates on zircons of this formation were obtained by Ordóñez-Casado (1998), who 137 

determined an age of c. 522 Ma for a reworked tuff and c. 514 Ma for a porphyritic rhyolite. A slightly older 138 

minimum sedimentation age c. 534 ±4 Ma (U-Pb, laser ablation in zircons) has been described recently by 139 

Sarrionandia et al. (2020) in a massive andesite. This age is nearly synchronous with the age suggested for the 140 

obduction of the Calzadilla Ophiolite (ca. 539 ±13 Ma, Arenas et al. 2018; Díez Fernández et al. 2019), which is 141 

related to the late stages of the arc-cycle. 142 

 143 

Malcocinado Formation reference section 144 

Volcanic and volcanoclastic rocks represent the main parts of the Malcocinado Formation. Above mafic 145 

and ultramafic rocks comprising the Calzadilla Ophiolite (Aguayo Fernández, 1985; Arenas et al. 2018), the 146 



bottom of the Malcocinado Formation rests discordant. This lower part is composed by conglomerates of variable 147 

thickness, with weak deformation and low-grade metamorphism, however it does not appear in all sectors where 148 

have been described analogous sequences. Polygenic conglomerates with volcano-sedimentary matrix re-appear 149 

at the top of the formation (Delgado-Quesada, 1971; Pérez-Lorente, 1979). The reworked material increases 150 

upwards, being arkosic at the transition to the Cambrian overlying unit (the Torreárboles Formation; Eguíluz et al. 151 

2000). 152 

153 

A section of the Malcocinado Formation crops out exceptionally well near the village from which its 154 

name is derived. This section of volcano-sedimentary origin has an approximate thickness of c. 2000 m and 155 

includes mostly calc-alkaline volcanic lithologies intruded by at least one plutonic body. The reference schematic 156 

column of the Malcocinado Formation may be followed in Figure 2b. The bottom of the formation is not exposed 157 

in this section. The materials found ascending in the sequence are the following. 1) Andesitic-dacitic metabreccias. 158 

These rocks are formed by angular fragments of porphyritic andesites and dacites surrounded by a matrix with the 159 

same composition (Fig. 3a). The fracturing shown by these rocks suggests an important thermal contrast during 160 

its generation. The cooled edges shown by some of the included fragments (hyaloclastites, glassy tuffs, crystalline 161 

tuffs) are also indicative of this contrast (Fig. 3b). This suite of breccias is the thickest level into the sequence. 2) 162 

Discrete, thin levels of fine-grained sedimentary rocks. 3) Massive levels of metaandesites, metadacites, and 163 

metarhyolites (Fig. 3c), where the samples for analysis were collected. There are also some massive fine-grained 164 

levels, which may correspond to cinerite layers. Towards the top of the formation, the fragments included in the 165 

breccias vary in size and nature, appearing at some points massive aphanitic materials that may be derived from 166 

volcanic glass, including some flame structures (Fig. 3d). These rock fragments are generally poorly deformed, 167 

although deformation is heterogeneous through the sequence. The series is intruded by a granitic-granodioritic 168 

massif, which is considered coeval with this formation. 4) The materials located in the upper part of the 169 

Malcocinado Formation are essentially clastic-supported metaconglomerates, with volcanoclastic matrix (Fig. 3e 170 

and 3f). The pebbles correspond to reworked immature metasediments and acidic-intermediate volcanic rocks. 171 

Some of them are variably sized structured rocks floating dispersed in a matrix cemented by pyroclastic material. 172 

The rounding of these pebbles indicates high-energy transport in a possibly aqueous medium (Fig. 3e and 3f) and 173 

suggesting strong erosion of all previous arc materials. The amount of reworked material increases upwards the 174 

formation. 175 

176 



 177 

Sample selection and methodology 178 

 179 

Sample selection 180 

Fourteen samples of metaigneous rocks were selected for whole-rock and isotopic (Sr-Nd) analysis. All 181 

samples were collected from outcrops at the reference section (Fig. 2a). . Sampling was focused on collecting the 182 

most representative and unaltered samples, avoiding the sections affected by late fracturing and fluid percolation. 183 

Sample locations are included in Table 1. Two groups of samples have been differentiated in this formation. Ten 184 

samples of massive metavolcanic rocks. Within this group, andesites are the most abundant lithologies, although 185 

dacites and a felsic volcanic rock were also sampled. The remaining four samples belong to the intrusive 186 

metagranitic massif 187 

 188 

Whole-rock major and trace elements analysis 189 

Samples were crushed and pulverized for the analyses at the Universidad Complutense de Madrid. Major 190 

and trace elements analyses were performed at Activation Laboratories (ActLabs), Ontario (Canada). Sample 191 

fusion was performed with lithium metaborate/tetraborate. Major and some trace elements were determined by 192 

ICP-OES, while most trace elements were measured by ICP-MS. The detection limits of the analytical procedure 193 

range from 0.01% for most major elements to 0.001% for TiO2 and MnO. Results of major and trace element 194 

analyses are included in Table 2 and the main compositional features are shown in figures included in Results 195 

section (Figs. 5 to 7). 196 

 197 

Whole-rock Sr-Nd isotopic analysis 198 

Sr-Nd isotopic analyses were performed at the Geochronology Unit (CAI of Earth Sciences and 199 

Archaeometry; https://cai.ucm.es/ciencias-tierra-arqueometria/geocronologia/) of the Universidad Complutense 200 

de Madrid, by TIMS (Thermal Ionization Mass Spectrometry). The samples were dissolved with ultrapure reagents 201 

(HF, HNO3, HCl) in successive heating and evaporation steps. In a first chromatographic separation step (using 202 

Resin Dowex AG®50x8) the Sr (free of Rb) and REE fractions were extracted from the matrix; while in a second 203 

step, Nd was separated from Sm using an extraction resin (Ln-Resin®). Sr and Nd samples were analyzed in an 204 

IsotopX-Phoenix® mass spectrometer (TIMS), following a dynamic multicollection model. Potential 87Rb 205 



interferences were corrected for 87Sr/86Sr ratios and normalized to the average 86Sr/88Sr value of 0.1194 (Nier, 206 

1938), used for conventional inner corrections. The final Sr isotope ratios were corrected by considering the Sr 207 

standard isotope ratios (NBS 987 - Standard Reference Material 987), analyzed together with the samples and 208 

providing an average value of 87Sr/86Sr = 0.710246 (±0.000017; 2σ) for 10 standard replicates. In order to correct 209 

for procedural and instrumental mass fractionation, the 143Nd/144Nd ratios were normalized to the value of 210 

146Nd/144Nd = 07219 (O'Nions et al. 1979) and corrected for potential interferences from 142Ce and 144Sm. 211 

Deviations from the isotopic ratios of the samples were corrected using the Nd isotopic standard values (JNdi-1; 212 

Tanaka et al. 2000). Analysis of 7 replicate of this standard together with the samples provided an average value 213 

of 143Nd/144Nd= 0.512112 with an internal precision of ±0.000009 (2σ). Analytical biases in the 87Sr/86Sr and 214 

143Nd/144Nd ratios were estimated to be lower than 0.01% and 0.006%, respectively. The Sr and Nd blank are 215 

always under 0.5 and 0.1 ng, respectively. The results of the Sr and Nd isotopic analyses are summarized in Table 216 

3 and the main isotopic features are plotted in the diagrams included in Fig. 8 into the Results section. 217 

 218 

 219 

Results 220 

 221 

Petrographic features 222 

 Thin sections were prepared of all the selected samples. Under microscope, the primary minerals of the 223 

volcanic rocks appear to be completely replaced by other low temperature secondary minerals. Matrix of the 224 

metaandesites and metadacites is mostly chlorite and opaque minerals, although these still preserve plagioclase 225 

pseudomorphs (Figs. 4a and 4b). Sarrionandia et al. (2020) suggest the existence of extensive albitisation and 226 

chloritization processes in these rocks, as a product of interaction with seawater at low temperature. In thin section, 227 

the metagranites show close to eutectic mineral assemblage. Intergrowth textures are abundant (Figs. 4c and 4d), 228 

indicative of shallow emplacement. Plagioclase usually preserves in many cases primary igneous idiomorphic 229 

texture, although it is mostly saussuritized. The few mafic preserved minerals are biotite, mostly replaced by 230 

chlorite. 231 

 232 

Whole rock geochemistry  233 



Metaandesites show slightly higher Fe2O3, MgO, CaO, and Na2O contents, while metadacites and 234 

metarhyolites show higher SiO2 and K2O contents. The average TiO2, Al2O3, MnO, and P2O5 contents are similar 235 

in all metavolcanic samples (Table 2). In plutonic rocks, major elements are uniform in all samples (Table 2), and 236 

similar to the metadacites-rhyolites in the contents of TiO2, Fe2O3, MgO, K2O, and P2O5, with slightly higher MnO 237 

contents. While CaO and Na2O contents are closer to the metaandesites values. 238 

 239 

Considering the high LOI value (in some cases >2-3 wt%), the rocks were classified according to the 240 

Nb/Y-Zr/Ti diagram (Winchester and Floyd, 1977, modified by Pearce, 1996a; Fig. 5a). Six samples appear 241 

represented in the field of andesites and basaltic andesites, three samples show dacitic composition and one has 242 

rhyolitic nature. The rocks studied follow a potassium-rich calc-alkaline trend, transiting to shoshonitic, according 243 

to the Co/Th diagram (Hastie et al. 2007; Fig. 5b). On the other hand, plutonic rocks are metagranodiorites at the 244 

Nb/Y-Zr/Ti diagram (Fig. 5a). All of them are ferroan granites in relation to their nFe, occurring mostly in the 245 

alkaline-calcic field on the MALI diagram (Figs. 5c and 5d; Frost et al. 2001; Frost and Fost, 2011). These bodies 246 

are also essentially peraluminous (Shand, 1943) and show compositions close to those of the Cordilleran batholiths 247 

(Frost et al. 2001). 248 

 249 

Chondrite normalized REE (Sun and McDonough, 1989) exhibit two distinct trends. Andesites show 250 

weakly fractionated patterns, with slightly enriched LREE ((La/Sm)N=1.84-3.05) and almost flat HREE patterns 251 

((Gd/Yb)N=1.04-1.57). These rocks show a slight negative Eu anomaly (Eu/Eu* = 0.22-0.30) and a positive Dy 252 

anomaly (Fig. 6a). Intermediate-felsic rocks (metagranites, metadacites and metarhyolite) display more 253 

fractionated patterns, with significant LREE enrichment ((La/Sm)N=3.40-5.39) and slightly more enriched HREE 254 

patterns ((Gd/Yb)N=0.92-1.94). These rocks show a significant negative Eu anomaly (Eu/Eu* = 0.16-0.22) and 255 

positive Dy anomaly (Fig. 6b).  256 

 257 

Primitive Mantle normalized trace elements (McDonough and Sun 1995) also depict two groups of 258 

patterns. Metaandesite show enriched LILE, with variable contents in most of the mobile elements (Cs, Rb, Ba, 259 

K) and HFSE patterns close to the unit (Fig. 6c). These rocks display negative Nb and Ti anomaly, along with 260 

positive anomalies in Pb and K. Metadacites-metarhyolites and metagranodiorites show more homogeneous trace 261 

element patterns with higher fractionation between LILE and HFSE (Fig. 6d). These rocks exhibit reduced 262 



mobility in lighter elements, with significant negative anomalies in Nb, Sr, P, and Ti, and slightly positive in Th, 263 

U, and Pb. 264 

 265 

Massive andesites with adakitic signatures have been described in other sectors of the Ossa-Morena 266 

Complex within this formation (Sarrionandia et al. 2020). Nevertheless, according to the YbN vs. (La/Yb)N diagram 267 

(Martin, 1986; MacPherson et al. 2006; Fig. 7a), the studied metaandesites show geochemical patterns associated 268 

with common volcanic-arc rocks (Defant and Drummond, 1990; Drummond et al. 1996; Martin et al. 2005; 269 

MacPherson et al. 2006), away from the adakitic rocks field. These rocks have high Th/Yb contents, appearing 270 

displaced from the MORB-OIB array towards an arc supra-subduction setting on the Th/Yb-Nb/Yb diagram (Fig. 271 

7b; Pearce, 1982, 2008). 272 

 273 

An arc-linked tectonic setting is also compatible with the genesis of the metagranites intruding the 274 

Malcocinado Fm. (Pearce et al. 1984; Pearce, 1996b). The studied samples are represented in the VAG field, within 275 

the area representing modern Chile-type arcs (Fig. 7c; Pearce, 1996b). The Rb, Y+Nb, and Ta+Yb contents are 276 

similar in all samples and tend towards slightly more alkaline values, close to intraplate granites. According to the 277 

tectono-magmatic Th-Hf-Nb diagram (Fig. 7d; Wood, 1980), employed to unify the above observations, all studied 278 

metaigneous rocks share calc-alkaline signature, suggesting a common subduction scenario for the magma source. 279 

 280 

Sr-Nd isotopic geochemistry  281 

The latest published age of the Malcocinado Formation (c. 534 Ma; Sarrionandia et al. 2020) was taken 282 

for Nd and Sr calculations of metavolcanites (Table 3). Based on the intrusive relationship between these rocks 283 

and the metagranitic bodies, the same age was considered as reference for the Nd and Sr calculations of the studied 284 

metagranodiorites. The metaigneous rocks of the Malcocinado Formation show negative ɛNd(0) values. The 285 

metavolcanites exhibit heterogeneous values (between -0.2 and -8.6), while the metagranodiorites describe more 286 

restricted values (between -4.0 and -5.5; Figs. 8a and 8b). The ɛNd(t) values show large variation in the 287 

metavolcanites, from strongly negative values close to those established for continental crust-derived rocks (eg., 288 

DePaolo and Wasserburg, 1976; White, 2015), to positive values (Figs. 8a and 8b). The metagranodiorite samples 289 

exhibit less variation in ɛNd(t) values (between 0.6 and 2.5; Figs. 8a and 8b; Table 3). The model ages of the studied 290 

metaigneous rocks conforming the Malcocinado Formation (Fig. 8a; calculated according to DePaolo, 1988) 291 

ranging from TDM=841-1410 Ma. The most homogeneous model ages are provided by the metagranodiorites, 292 



ranging from 841 to 988 Ma, falling entirely within the range defined by the Mérida metagranitic complexes. 293 

While the metavolcanites show a wider range of values, between 883 and 1410 Ma, heterogeneously distributed 294 

and slightly overlapping the range calculated for the metabasites of the Montemolín Formation(Fig. 8a; Rojo-Pérez 295 

et al. 2022). Sr values show restrictive values on metagranodiorites, while the metavolcanic rocks display large 296 

variation (Fig. 8b). 297 

 298 

 299 

Discussion and conclusions 300 

 301 

Most accretionary orogens typically preserve evidence of recurring extension and contraction events or 302 

stages, which leading the opening and closure of basins on active margins. Furthermore, extensional stages may 303 

occur almost synchronously with collisional stages, even in adjoining regions of the same margin (e.g., Collins, 304 

2002a and b; Cawood et al. 2009). In addition, these events have been eventually associated with arc migration 305 

towards the trench (Glen, 2005; Collins and Richards, 2008; Collins et al. 2020), and changes in magmatism. 306 

Cyclicity in active margin magmatism operating on active margins is influenced by slab-mantle-upper plate 307 

interactions. Initial stages and contractional events seem to correlate with a lower subduction angle and a greater 308 

input of crustal material to the subduction channel (Bourgois et al. 1996; Kay, 1978; Kay et al. 2005). While 309 

greater subduction angles are related to episodes of slab roll-back and extension in the upper plate (e.g., Collins, 310 

2002b; Collins et al. 2020, Díez Fernández et al. 2015; 2019). In long-lived arc margins, this cyclicity eventually 311 

tends  towards higher slab angles in each episode, whose imprint on magmatism is visible through the geochemistry 312 

and isotopic sources of the generated melts (Collins, 2002b; Collins et al. 2020). In some Pan-African-Cadomian 313 

Orogen domains, discrete contraction to extension events have been described usually attributed to some type of 314 

collision, followed by extension/rifting stages (e.g., Gasquet et al. 2005; Errami et al. 2009; Nouri et al. 2022 and 315 

references therein). In western sectors, close to the West African Craton, this cyclicity is also reported during the 316 

Ediacaran times (Arenas et al. 2018, submitted; Díez Fernández et al. 2022; Rojo-Pérez et al. 2022). Although the 317 

latest subduction-related magmatism stages, at the beginning of Cambrian times, remain unclear in this section of 318 

the Gondwana margin. 319 

 320 

Geochemistry and isotopic sources during Ediacaran-Cambrian transition 321 



The Ossa-Morena Complex contains a well-preserved representation of Cadomian-Avalonian continental 322 

arc magmatism, the cyclical magmatic events recorded in the Mérida Massif (N of the OMC) range from c. pre-323 

602 to 541 Ma (Rojo Pérez et al. 2022). The most mature stage of the Cadomian-Avalonian arc has been 324 

traditionally represented by the Malcocinado Formation in this section of the Gondwanan margin.  325 

 326 

The Malcocinado Fm. metavolcanites exhibit a strong subduction-related signature, as typified by their 327 

calc-alkaline nature with tendency towards higher K contents (Fig. 5b), and the significant negative Nb and Ti 328 

anomalies, and the relative Th enrichment (Fig. 6a). The arc-related setting is also supported by the high Th/Y 329 

values of metaandesites regarding the MORB-OIB array (Fig. 7b), which suggests a genesis from a mantle source 330 

influenced by fluid input and/or partial melting of material extracted from the slab. This geochemical signature 331 

has been also described in the oldest (Montemolín Formation) mafic magmatism preserved in this margin section, 332 

follow by magmatic episodes with adakitic signature (Rojo-Pérez et al. 2022). At the mature stage of this arc, 333 

Sarrionandia et al. (2020) describe again adakite nature for the metaandesites of the Malcocinado Formation. 334 

However, according to the geochemistry of analyzed rocks from the Malcocinado Formation, the existence of 335 

adakitic-signature materials cannot be confirmed in the studied region (Fig. 7a). The wide range in the ɛNd(t) (-3.5 336 

to 3.0) and TDM values (883 to 1410 Ma; Fig. 8a) is far away from of the apparent model ages that depleted mantle-337 

derived rocks should have at 534 Ma. However, these differences in isotopic parameters are not exclusive of these 338 

rocks and have been recently described in the metabasites of Montemolín Fm. (Rojo-Pérez et al. 2022), being 339 

consistent with an derivation from a largely modified mantle wedge.  340 

 341 

Fractional crystallization evolution from an enriched mantle was also suggested for latest stages of the 342 

peri-Gondwanan arc construction (c. 541 Ma; Rojo-Pérez et al. 2022), displaying a typical Cordilleran granites 343 

signature. The next pulse, studied in this research, exhibits rather a calc-alkaline to alkaline-calcic and ferroan 344 

behaviour (Fig. 5c and 5d). Although, most of ferroan granites belong to the so-called A-type granites (Frost and 345 

Frost, 2011), in subduction settings such granites may be generated by abundant partial melting of calc-alkaline 346 

magnesian granitoids under low-pressure conditions (Eby, 1992; Skjerlie and Johnston, 1993; Frost and Frost, 347 

2011; and references therein). The intergrowth textures (graphics) typical of melts crystallized at shallow crust 348 

shown by these rocks support a low-pressure conditions. 349 

 350 



Compared to the Ediacaran pulses of the continental arc, an increasing input from the mantle during the 351 

Early Cambrian is suggested by positive ɛNd along with model ages (TDM) closer to protolith crystallization ages 352 

and to those calculated for the previous (Ediacaran) roll-back magmatic episode (Fig. 8a; Rojo-Pérez et al. 2022). 353 

This is also supported by the mantle signature of Sr isotopes, which plot close to the Mérida metagranitic 354 

complexes (Fig.8b). Although departing slightly from the traditional chemistry expected for Cordilleran granites, 355 

Nd and Sr isotopic sources of the Malcocinado Formation plot close to the calculated paths for Andean batholiths 356 

(Fig. 8b; Castro et al. 2021). The cyclicity of Ediacaran-Cambrian magmatism (Rojo-Pérez et al. 2022) seems also 357 

in agreement with recent modeling, proposing an alternation of felsic and intermediate-basic magmatic episodes 358 

(e.g., Collins et al. 2020). Considering the geochemistry of studied metaigneous rocks, mature stages of the arc in 359 

this section would transit to a more alkaline magmatism, with a higher input of mantle material in each cycle. 360 

 361 

Tectonic setting: an incipient geodynamic switching 362 

These changes in magmatism have been linked to progressively higher subduction angles. In these 363 

dynamic conditions the upper plate extensional and compressional events generate the opening and closure of 364 

basins  (Arenas et al. 2018, Submitted; Díez Fernández et al. 2019; 2022). A well-recorded geodynamic event of 365 

this Cadomian cycle with contractional character appear preserved along the Variscan Belt at c. 550-540 Ma (e.g., 366 

Quesada, 1990; Eguíluz et al. 2000; Bandrés et al. 2004; Rojo-Pérez et al. 2022; Arenas et al. submitted). In the 367 

OMC, this event has recently been related to the closure, accretion and obduction of oceanic domains (Arenas et 368 

al. 2018), coeval with arc-continent collision and accretion of the external Gondwana margin under the volcanic 369 

arc (Díez Fernández et al. 2022; Arenas et al. submitted). This compressional stage is almost synchronous with 370 

the last Late Ediacaran magmatic episode of the arc construction dated at c. 541 Ma, which has been linked to roll-371 

back dynamics and a lower input of cortical material into the subduction zone (Rojo-Pérez et al. 2022). The 372 

virtually equivalent age of this pulse and the sedimentation of the oldest part of the Malcocinado Fm. is compatible 373 

with the destabilization and erosion of the arc towards the end of Ediacaran times, generating the unconformity on 374 

which it was deposited (Fig. 9). The overlapping of magmatic cycles separated by destabilization and erosion 375 

stages seen in this section of the Gondwanan margin, is common in different volcanic arc systems (e.g., Stern, 376 

1994; Meert, 2003; Fritzet al. 2013). Analogous unconformities at the same period of age have been reported and 377 

interpreted as evidence of tectonic switching across peri-Gondwana (e.g., Ma et al. 2022).  378 

 379 



Although magmatism of this formation still exhibits a continental arc signature, its slightly more alkaline 380 

signature has been also associated with post-collisional magmatism in subduction settings(Figs. 7c and 9; Pearce 381 

et al. 1984; Eby, 1992). This would agree with its generation after an accretionary and compressional stage 382 

recorded on this margin (e.g., Quesada, 1990; Díez Fernández et al. 2022; Arenas et al. submitted). An increasing 383 

angle of subduction would explain the geochemical and isotopic characteristics shown by the magmatism in early 384 

Cambrian times in this section of the Gondwana margin. It would limit the input of tectonic erosion and on the 385 

other hand, it would increase the volume of mantle input in the resulting melt. In the modelling of Andean-type 386 

orogens, the presence of thick mantle wedges formed during and after prolonged subduction together with slab 387 

roll-back has been suggested may contribute to upper plate extension (Fig. 9; e.g., Rey and Müller, 2010; Gómez-388 

Tuena et al. 2014; Díez Fernández et al. 2015; Parolari et al. 2021).  389 

 390 

These data suggest the beginning of a deep geodynamic switching on the Gondwana margin, compatible 391 

with the transition towards an increasingly extensional regime (e.g., Díez Fernández et al. 2015; 2019; 2022). In 392 

these dynamic settings, the prolonged attenuation of the lithosphere commonly leads to the eventual basins 393 

formation and the sedimentation of mostly clastic and/or carbonate deposits, possibly analogous to the materials 394 

that appear culminating in the Malcocinado Formation and start the overlying Cambrian formation (Liñan, 1984). 395 

 396 
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812 

Figure captions 813 

Figure 1. Zonation of the Variscan Orogen (Díez Fernández and Arenas, 2015; Arenas et al. 2016), based on 814 

Franke (1989) and Martínez Catalán (2011). Location of the geological map shown in Fig. 2a is marked by the 815 

dashed polygon. 816 

817 

Figure 2. (a) Geological map of the Ossa–Morena Complex and the southern part of the Central Iberian Zone, 818 

based on the 1:1.000.000 geological map of Spain and Portugal (Rodríguez Fernández et al. 2014; Rojo-Pérez 819 



et al. 2019). Location of the study area is marked by a rectangle. (b) Schematic stratigraphic column of the 820 

Malcocinado Formation. 821 

822 

Figure 3. Pictures showing field aspects of the metabreccias, metavolcanics and metaconglomerates of the 823 

Malcocinado Formation. (a) Andesitic breccias. (b) Angular rock fragments with cooling rims in metabreccias. 824 

(c) Metadacite-metarhyolite layer with 1 cm quartz crystals. (d) Volcanic glass preserved in a flame structure825 

within a metadacite-metarhyolite layer. (e) and (f) Clast-supported conglomerate with well-rounded clasts of 826 

granites and volcanic rocks, surrounded by detrital matrix. 827 

828 

Figure 4. Microscope images of andesites and metagranites of the Malcocinado Formation. (a) Flow texture in 829 

metaandesite (XPL), with microcrystalline matrix and plagioclase phenocrysts. (b) Metaandesite with autolytic 830 

microbrecciation (PPL); note the idiomorphic plagioclase pseudomorphs. (c) Intergrowth (graphic) texture in 831 

metagranite (XPL). (d) General texture of a metagranite (XPL); note the graphic textures, partially 832 

saussuritized plagioclase and potassium feldspar, and chloritized biotites. 833 

834 

Figure 5. (a) Zr/Ti - Nb/Y diagram (Pearce, 1996a) showing the classification of the Malcocinado Formation 835 

metaigneous rocks. (b) Th-Co diagram (Hastie et al. 2007) for the Malcocinado Formation metavolcanites. (c) 836 

and (d) Fe-number vs. SiO2 diagram and MALI-index vs. SiO2 diagram (after Frost et al. 2001), respectively, 837 

of the Malcocinado Formation metagranites. 838 

839 

Figure 6. (a) and (b) Chondrite-normalized REE patterns (Sun and McDonough, 1989) of the Malcocinado 840 

Formation samples. (c) and (b) Multivariate trace element patterns normalized to the Primitive Mantle (after 841 

McDonough and Sun, 1995) of the Malcocinado Formation samples. 842 

843 

Figure 7. (a) (La/Yb)N-YbN discrimination diagrams for adakite-like rocks and common volcanic-arc magmas 844 

(Defant and Drummond, 1990; MacPherson et al. 2006). (b) Th/Yb - Nb/Yb diagram (Pearce, 2008, 2014) for 845 

the Malcocinado Formación. SSZ, Supra-Subduction Zone; N-MORB, Normal-Mid Oceanic Ridge Basalts; 846 

E-MORB, Enriched- Mid Oceanic Ridge Basalts; OIB, Ocean Island Basalts. (c) Tectonic setting847 

discrimination diagram for metagranites (Pearce et al. 1984). Dotted regions represent areas for Chilean and 848 

Alaskan arc batholiths. ORG, Ocean-Ridge Granitoids; syn-COLG, Syncollisional Granitoids; post-COLG, 849 



Postcollisional Granitoids; VAG, Volcanic-Arc Granitoids; WPG, Within-Plate Granitoids. (d) Hf-Th-Nb 850 

discrimination diagram (Wood, 1980). A, N-MORB; B, E-MORB and Within-Plate Tholeiites; C, Within-Plate 851 

Alkaline Basalts; D, Volcanic-Arc Basalts, the dashed line separates the Island-Arc Tholeiites (Hf/Th > 3) from 852 

the Calc-Alkaline Basalts (Hf/Th < 3). 853 

854 

Figure 8. (a) ɛNd vs. age diagram showing TDM values for Early Paleozoic Malcocinado Formation metaigneous 855 

rocks. The range of Nd model ages obtained by Sarrionandia et al. (2020), as well as those of the Montemolín 856 

metabasites and metagranitic complexes of the Mérida Massif (Rojo-Pérez et al. 2022) are also shown. (b) 857 

ɛNd(t) vs. 87Sr/86Sr(t) diagram for the rocks belonging to the Malcocinado Formation. Values of Montemolín 858 

metabasites and Mérida Massif metagranitic complexes appear gathered in green and red areas, respectively. 859 

The relative location of the continental crust and enriched mantle type I (EM I) and type II (EMII) are shown. 860 

Red and green arrows show the mixing paths calculated by Castro et al. (2021) for Andean batholiths. 861 

862 

Figure 9. Simplified model for the (Early Cambrian) mature stage of the continental arc section preserved in the 863 

Ossa-Morena Complex. Early Cambrian arc collapse and erosion before the onset of a tectonic switch affecting 864 

the North-African Gondwana margin. Magmatic events occurred between pre.-602 and 541 Ma are described 865 

in Rojo Pérez et al. (2022). 866 

867 

868 



Table 1 Coordinates of the Malcocinado Formation rocks.

Latitude                    Longitude

Metadacites and Metarhyolites

MAL-01 38º 06' 06" -5º 42' 45"

MAL-02 38º 06' 25" -5º 42' 20"

MAL-03 38º 06' 25" -5º 42' 20"

MAL-11 38º 05' 40" -5º 43' 57"

Metaandesites

MAL-04 38º 06' 25" -5º 42' 20"

MAL-05 38º 06' 25" -5º 42' 20"

MAL-10 38º 05' 40" -5º 43' 57"

MAL-12 38º 05' 40" -5º 43' 57"

MAL-13 38º 05' 40" -5º 43' 57"

MAL-14 38º 08' 30" -5º 49' 20"

Metagranitoids

MAL-06 38º 05' 55" -5º 43' 05"

MAL-07 38º 05' 55" -5º 43' 05"

MAL-08 38º 05' 55" -5º 43' 37"

MAL-09 38º 05' 55" -5º 43' 37"

table
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Table 2 Whole-rock major and trace elements of the Malcocinado Formation

MAL-01 MAL-02 MAL-03 MAL-11 MAL-04 MAL-05 MAL-10 MAL-12 MAL-13 MAL-14 MAL-06 MAL-07 MAL-08 MAL-09

SiO2 80.44 66.5 68.24 59.35 52.37 60.55 56.49 52.51 57.16 52.15 68.96 70.79 69.57 67.27

TiO2 0.074 0.361 0.334 1.001 0.85 0.578 0.909 1.034 0.919 0.484 0.242 0.268 0.263 0.28

Al2O3 10.53 17.45 16.76 16.72 17.98 16.27 16.94 18.36 17.28 15.01 14.52 14.93 16.11 15.2

Fe2O3(T) 1.95 4.72 4.41 7.79 7.18 7.53 9.48 9.65 7.65 8.39 2.97 2.28 2.3 2.47

FeO 1.75 4.25 3.97 7.01 6.46 6.78 8.53 8.68 6.88 7.55 2.67 2.05 2.07 2.22

MnO 0.016 0.012 0.016 0.163 0.134 0.126 0.188 0.155 0.164 0.236 0.048 0.045 0.054 0.087

MgO 0.63 0.59 0.47 4.22 2.77 2.27 2.79 5.13 4.14 8.53 0.62 0.44 0.41 0.49

FeO(t)/MgO 2.79 7.20 8.44 1.66 2.33 2.98 3.06 1.69 1.66 0.89 4.31 4.66 5.05 4.54

CaO 0.05 0.19 0.15 0.85 4.24 1.97 1.33 1.31 1.47 4.44 1.22 1.07 0.98 3.15

Na2O 0.29 2.86 2.8 3.68 4.03 3.47 7.76 5.06 5.74 3.1 3.83 3.97 2.81 3.4

K2O 3.78 5.66 5.38 2.64 3.66 3.85 0.32 2 1.34 0.14 4.24 4.82 5.66 4.56

P2O5 < 0.01 0.1 0.06 0.28 0.26 0.22 0.21 0.23 0.28 0.18 0.07 0.09 0.09 0.09

LOI 1.91 2.04 1.91 3.54 5.47 3.38 2.15 3.54 3.15 7.16 1.98 1.81 2.21 3.47

Total 99.67 100.5 100.5 100.2 98.94 100.2 98.58 98.99 99.3 99.84 98.69 100.5 100.5 100.5

MgO/MgO+FeO 0.26 0.12 0.11 0.38 0.30 0.25 0.25 0.37 0.38 0.53 0.19 0.18 0.17 0.18

A/CKN 2.56 2.00 2.01 2.33 1.51 1.75 1.80 2.19 2.02 1.95 1.56 1.51 1.70 1.37

AI 13.03 1.98 1.92 0.72 0.91 1.11 0.04 0.40 0.23 0.05 1.11 1.21 2.01 1.34

Cs 3.7 5.7 5.3 3.2 6.6 7.6 0.3 2.2 1.5 0.1 1.3 1.3 2.4 2.2

Ba 719 1312 1348 578 622 1051 229 419 345 84 910 898 932 752

Rb 119 146 153 98 120 127 9 76 50 2 98 104 148 134

Sr 9 91 87 163 293 230 269 246 266 78 99 88 60 100

Nb 6.2 9.9 10.4 9.1 5.4 4.5 3.9 5.4 5 1.5 12.4 12.5 14.4 15.9

Hf 3.5 6.3 6.6 10.7 3.8 3.6 2.7 4.1 3.8 1.6 6.8 5.7 6.2 7.3

Zr 121 250 252 418 151 145 99 154 139 57 276 258 242 261

Y 27 33.1 27.4 32.8 33 18.7 23.4 29.9 26.7 15.8 35.6 31 30.3 38.2

Pb < 5 6 8 < 5 11 < 5 7 8 5 < 5 8 5 9 9

Th 13.3 16.3 15 8.36 1.97 2.51 1.52 2.62 2.49 1.48 25 22.9 27 31.2

U 4.65 4.69 5.14 1.79 0.74 0.7 0.73 1.01 1.04 0.42 6.35 6.72 6.89 9.72

Metadacites and metarhyolites MetagranitesMetaandesites 

table
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Cr < 20 < 20 < 20 110 < 20 50 < 20 20 < 20 100 < 20 < 20 < 20 < 20

Ni < 20 < 20 < 20 < 20 < 20 < 20 < 20 < 20 < 20 30 < 20 < 20 < 20 < 20

Co 3 5 11 22 20 17 20 26 25 26 12 24 18 16

V 8 9 6 154 167 150 167 179 139 126 17 15 19 18

Sc 5 15 13 19 16 11 19 20 18 27 6 6 6 6

Ga 13 20 19 19 20 19 15 20 17 16 15 14 16 17

Sr/Y 0.33 2.75 3.18 4.97 8.88 12.30 11.50 8.23 9.96 4.94 2.78 2.84 1.98 2.62

Ba/Th 54.06 80.49 89.87 69.14 315.74 418.73 150.66 159.92 138.55 56.76 36.40 39.21 34.52 24.10

Th/Ta 23.33 23.62 20.00 10.72 4.93 6.61 5.63 6.09 6.23 11.38 20.83 20.63 20.61 23.11

Ce/Yb 14.84 31.16 27.57 17.05 6.67 10.71 9.71 11.20 10.61 11.87 27.03 29.46 34.06 28.32

La 22.7 67.6 52.6 27.6 12.5 11.9 12.5 17.3 14.6 8.62 59.5 55.8 67.3 76.3

Ce 50.3 129 102 61.9 22.6 24.1 23.2 33.6 33.2 17.8 110 104 125 143

Pr 5.43 15 11.6 7.09 3.4 3.44 3.97 4.83 4.36 2.51 12.1 11.6 13.4 15.6

Nd 20.5 56.2 43.2 28.8 14.9 14.7 18.1 20.2 18.7 11.2 43 41.7 47.6 55.2

Sm 4.31 10.3 8.09 5.84 3.79 3.13 4.38 4.85 4.58 2.69 8.17 7.44 8.06 9.8

Eu 0.641 1.82 1.58 1.53 1.05 0.662 1.33 1.4 1.3 0.757 1.27 1.13 1.37 1.61

Gd 3.76 8.19 6.12 5.74 4.26 2.87 4.53 4.83 4.66 2.72 6.32 5.81 6.09 7.55

Tb 0.66 1.1 0.91 0.94 0.78 0.47 0.76 0.84 0.78 0.44 0.97 0.91 0.9 1.13

Dy 4.49 6.24 4.98 5.91 5.3 3.05 4.55 5.19 4.89 2.63 5.95 5.41 5.23 6.62

Ho 1 1.28 1.02 1.21 1.19 0.67 0.9 1.06 1.04 0.55 1.23 1.1 1.05 1.37

Er 3.17 3.84 3.28 3.57 3.54 2.25 2.59 3.09 3.2 1.6 3.65 3.29 3.17 4.22

Tm 0.473 0.577 0.521 0.529 0.524 0.338 0.368 0.463 0.46 0.225 0.577 0.511 0.504 0.667

Yb 3.39 4.14 3.7 3.63 3.39 2.25 2.39 3 3.13 1.5 4.07 3.53 3.67 5.05

Lu 0.563 0.694 0.628 0.596 0.566 0.401 0.39 0.525 0.509 0.244 0.693 0.605 0.622 0.81

Ta 0.57 0.69 0.75 0.78 0.4 0.38 0.27 0.43 0.4 0.13 1.2 1.11 1.31 1.35

Eu/Eu* 0.16 0.20 0.22 0.26 0.26 0.22 0.30 0.29 0.28 0.28 0.18 0.17 0.20 0.19

LaN/YbN 4.80 11.71 10.20 5.45 2.64 3.79 3.75 4.14 3.35 4.12 10.49 11.34 13.15 10.84

GdN/YbN 0.92 1.64 1.37 1.31 1.04 1.06 1.57 1.33 1.23 1.50 1.28 1.36 1.37 1.24

sumREE 120.82 305.29 239.60 154.29 77.22 69.83 79.57 100.65 94.90 53.24 256.81 242.23 283.34 328.12

LREEN 307.20 841.57 656.09 392.07 182.14 177.74 199.83 253.69 231.72 133.44 703.64 665.40 783.87 902.07

HREEN 129.55 201.92 163.93 166.04 145.22 92.42 124.45 142.67 140.37 75.27 177.80 160.99 162.39 209.26

LREE/HREE 2.37 4.17 4.00 2.36 1.25 1.92 1.61 1.78 1.65 1.77 3.96 4.13 4.83 4.31



LaN/SmN 3.40 4.24 4.20 3.05 2.13 2.45 1.84 2.30 2.06 2.07 4.70 4.84 5.39 5.03

dm (LaN/YbN) 33.82 52.78 49.84 36.52 21.12 28.80 28.56 30.64 26.13 30.57 50.43 52.09 55.25 51.13

dm (Sr/Y) 8.42 11.10 11.57 13.57 17.91 21.70 20.81 17.18 19.11 13.53 11.14 11.20 10.25 10.96

La/Sm 5.27 6.56 6.50 4.73 3.30 3.80 2.85 3.57 3.19 3.20 7.28 7.50 8.35 7.79

Ba/La 31.67 19.41 25.63 20.94 49.76 88.32 18.32 24.22 23.63 9.74 15.29 16.09 13.85 9.86

Nb/Zr 0.05 0.04 0.04 0.02 0.04 0.03 0.04 0.04 0.04 0.03 0.04 0.05 0.06 0.06



Table 3 Whole-rock Isotopic Sr-Nd data of the Malcocinado Formation.

Sample Sm Nd Sm/Nd
147

Sm/
144

Nd
143

Nd/
144

Nd ±StErr*
10-6 (b)

TDM ɛNd(0)
(a)

ɛNd(t) fSm/Nd
143

Nd/
144

Nd(t)

MAL_01 4.31 20.5 0.210 0.1271 0.512430 2 1082 -4.1 0.7 -0.35 0.511985

MAL_02 10.3 56.2 0.183 0.1108 0.512358 2 1019 -5.5 0.4 -0.44 0.511970

MAL_03 8.09 43.2 0.187 0.1132 0.512396 1 987 -4.7 1.0 -0.42 0.512000

MAL_11 5.84 28.8 0.203 0.1226 0.512199 1 1410 -8.6 -3.5 -0.38 0.511770

MAL_04 3.79 14.9 0.254 0.1538 0.512627 1 1061 -0.2 2.7 -0.22 0.512089

MAL_05 3.13 14.7 0.213 0.1287 0.512555 1 883 -1.6 3.0 -0.35 0.512105

MAL_10 4.38 18.1 0.242 0.1463 0.512555 1 1104 -1.6 1.8 -0.26 0.512044

MAL_12 4.85 20.2 0.240 0.1451 0.512489 4 1230 -2.9 0.6 -0.26 0.511982

MAL_13 4.58 18.7 0.245 0.1481 0.512493 1 1274 -2.8 0.5 -0.25 0.511975

MAL_14 2.69 11.2 0.240 0.1452 0.512462 1 1290 -3.4 0.1 -0.26 0.511954

MAL_06 8.17 43.0 0.190 0.1149 0.512426 1 957 -4.1 1.4 -0.42 0.512024

MAL_07 7.44 41.7 0.178 0.1079 0.512408 3 921 -4.5 1.6 -0.45 0.512030

MAL_08 8.06 47.6 0.169 0.1024 0.512435 3 841 -4.0 2.5 -0.48 0.512077

MAL_09 9.80 55.2 0.178 0.1073 0.512357 2 988 -5.5 0.6 -0.45 0.511982

Sample Rb Sr Rb/Sr
87

Rb/
86

Sr
87

Sr/
86

Sr ±StErr*10-6 ɛSr(0) ɛSr(t)
87

Sr/
86

Sr(t)

MAL_01 119.00 9.00 13.22 39.096 0.932308 3 3234 -982 0.6347

MAL_02 146.00 91.00 1.60 4.655 0.735890 2 446 -48 0.7005

MAL_03 153.00 87.00 1.76 5.105 0.742076 2 533 -9 0.7032

MAL_11 98.00 163.00 0.60 1.741 0.718614 2 200 21 0.7054

MAL_04 120.00 293.00 0.41 1.186 0.713130 2 122 3 0.7041

MAL_05 127.00 230.00 0.55 1.599 0.715682 2 159 -5 0.7035

MAL_10 9.00 269.00 0.03 0.097 0.707573 2 44 42 0.7068

MAL_12 76.00 246.00 0.31 0.894 0.712480 2 113 26 0.7057

MAL_13 50.00 266.00 0.19 0.544 0.710449 2 84 35 0.7063

MAL_14 2.00 78.00 0.03 0.074 0.707074 2 37 38 0.7065

Metadacites and
metarhyolites

Metaandesites

Metagranites

Metadacites and
metarhyolites

Metaandesites

table
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MAL_06 98.00 99.00 0.99 2.869 0.726169 2 308 7 0.7043

MAL_07 104.00 88.00 1.18 3.427 0.731835 2 388 27 0.7057

MAL_08 148.00 60.00 2.47 7.169 0.754540 2 710 -55 0.7000

MAL_09 134.00 100.00 1.34 3.887 0.733020 2 405 -6 0.7034

a
 εNd(t) calculated at 534 Ma (Sarrionandi et al., 2020) for the Malcocinado Formation.

b
 Nd model ages (DePaolo, 1981)

Decay constant for 
147

Sm: 6.54 × 10–12 years−1 (Lugmair and Marti, 1978)

CHUR current parameters: 
147

Sm/
144

Nd = 0.1967; 
143

Nd/
144

Nd = 0.512638 (Jacobsen and Wasserburg, 1980)

Metagranites
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