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|ABSTRACT |

This work assessed the age distribution of Cadomian/Pan-African orogenic events (550-590 and 605-790Ma,
respectively) in several zones of Iberian Massif by means of detrital and inherited zircon analysis compilation.
Detrital zircon age spectra show that throughout the late Neoproterozoic-to-Early Ordovician era (~120Ma
sedimentary record), the main systematic peak occurs at ~610Ma, followed by peaks at typical Cadomian ages
(~590-550Ma). Inherited zircons incorporated in Cambrian-to-Lower Ordovician igneous rocks show typical
Cadomian ages (~590-550Ma) but, once again, a remarkably consistent Pan-African ~610Ma peak occurs.

In accordance with compiled zircon data and taking into account the evidence of North African peri-cratonic
inliers, Ediacaran (~610Ma) zircons incorporated in Paleozoic magmas provide indirect evidence of Pan-African
magmatism, suggesting that these magmas and synorogenic sediments are likely to constitute the cryptic
stratigraphic infrastructure of most of the Iberian Massif. The main source of ~610Ma inherited zircons may be
the lateral chrono-equivalents of the Saghro and Bou Salda-M"Gouna Groups (Anti-Atlas, Morocco) and/or coeval
igneous rocks from West African Craton or Trans-Sahara Belt, emplaced at a stratigraphic level below the late-
Ediacaran sediments of the Ossa Morena Zone and the Central Iberian Zone.

Assuming that the Iberian crust is a fragment of the Pan-African orogen, a relative paleoposition situated between
the West African Craton and the Trans-Saharan Belt during the Late Neoproterozoic is proposed. The closed-
system behaviour of Stenian-Tonian detrital zircon ages in the Trans-Sahara Belt suggests that this mega-cordillera
acted as a barrier, in paleogeographic terms, separating the Sahara Metacraton from Iberia. In Iberia, the opening
of the system to Stenian-Tonian detrital zircons during the Ordovician indicates that, at that time, the Trans-Saharan
Belt had already become a vast peneplain, which favoured a large drainage system with a long-distance transport
mechanism that fed the passive continental margins.
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INTRODUCTION The final consolidation of Gondwana also included
the peripheral Cadomian-Avalonian orogenic events (590-
The rearrangement of Gondwana’s northwestern 550Ma), affecting the north-western Gondwana marginal
marginal block ( ), where the paleoposition of Iberia block ( ). (Linnemann et al., 2008; Nance et al., 2008).

and other segments of the Western European Variscan belt
is assumed to be (Linnemann et al., 2008; Nance ef al. The Trans-Saharan Belt (TSB) (Cahen et al., 1984) is
2008), is due to global tectonic events associated with both a Pan-African Gondwanan interior orogen associated with
the Pan-African orogenic cycle and the peri-Gondwanan the development of a collisional belt between two major
Cadomian Orogeny. continental land masses, the West African Craton (WAC)
and the Sahara Metacraton (SMC), and the progressive
The Pan-African Orogeny includes all the orogens which thermal heating caused by crustal thickening with abundant
developed following the final Grenvillian thermotectonic post-collisional to syn-orogenic magmatism and high-
events up until the creation of Gondwana. It was a global, grade metamorphism (whose peak was attained during
long-term orogenic cycle (1,000-550Ma) and one of the the thermal climax), whereas the Cadomian orogenic
most important periods of crustal maturation in Earth’s setting is well constrained as being a peripheral magmatic
history, including the diachronic opening and closing arc developed in the northern region of the Gondwana
of large ocean realms and the accretion and collision of supercontinent (Alvaro et al., 2014; Boullier, 1991; Ferré
buoyant crustal blocks (Abdelsalam et a/., 2002; Bento dos et al., 2002; Murphy and Nance, 1991). Neoproterozoic
Santos et al., 2015; Collins and Pisarevsky, 2005; Ennih and crustal accretion has been documented around the western,
Liégeois, 2008; Hefferan et al, 2014; Kroner and Stern, northern and eastern boundaries of the West African
2004; Murphy et al., 2013; Rino et al., 2008). Craton (Ennih and Liegeois, 2001) and the Anti-Atlas
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FIGURE 1. Reconstruction of Gondwana at the end of the Neoproterozoic. Proposed simplified scheme for the relative location of the West-Central
European (Iberia, North Armorican, Saxo-Thuringian Zone and Teplé-Barrandian Cadomian Belt) and Northern African (Anti-Atlas, High-Atlas and
Western Meseta) peri-Gondwana correlatives within the Avalonian-Cadomian active margin during Ediacaran-Early Cambrian times ¢.570-520Ma
(adapted from Cambeses et al., 2017; Ennih and Liégeois, 2001; Linnemann et al., 2004; Murphy et al., 2006; Nance et al., 2002; Pereira et al., 2008,
2012a, b). Amazonian Craton (AM); West African Craton (WAC); Trans-Sahara Belt (TSB); Sahara Metacraton (SMC); Arabian-Nubian Shield (ANS);
LATEA Metacraton (LM); Séo Francisco Craton (SFC); Paranapanema Plate (PP); Congo Craton (CC); Tanzania Craton (TC); Kalahari Craton (KC).
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(AA) in southern Morocco is a key area to understand
such Neoproterozoic geotectonic events (Abati et al., 2010;
Alvaro et al., 2014; Errami et al., 2020; Liégeois et al.,
2006).

Most attempts to constrain time frames for each
Neoproterozoic magmatic event associated with the
consolidation of the Iberian crust constitute difficult
and subjective undertakings, especially covering the
late Cryogenian-to-early Ediacaran timeframe, during
which the Cadomian and Pan-African events overlapped,
in terms of both time and space. This is why most
Cryogenian-Ediacaran zircon-forming events expressed in
age probability distributions are generally interpreted as
reflecting the existence of a long-lived magmatic arc which
developed along the North-Gondwana margin (Avalonian-
Cadomian belt and Pan-African belt) (Pereira et al., 2012a,
b; and references therein). However, recent studies have
suggested that the two events occurred separately. The
magmatic activity associated with the Cadomian arc started
at ¢. 590Ma and lasted until ¢. 550Ma (Linnemann et al.,
2008, 2014, 2018), whereas in internal domains of North
Africa (for example, the Anti-Atlas domain in Morocco
and the TSB), two main Pan-African stages of magmatic
activity are assumed to have occurred (Black ef al., 1994;
Gasquet ef al., 2005; Linnemann et al., 2004): the first of
these was ocean opening followed by subduction-related arc
magmatism (790-690Ma); the second was ocean closure
followed by continent-continent collision (690-605Ma),
with major peaks at 660 and 615Ma (Black ez al., 1994;
Gasquet et al., 2005; Linnemann ef al., 2004).

Most paleogeographic reconstructions are based on the
“main peak” paradigm, while the analysis of frequency and
density distributions of detrital (and inherited) U-Pb zircon
age data generating curves group the main peaks in well-
defined time intervals of magmatic production. Detrital
zircon age distributions provide a window on the ages of
exposed crystalline and sedimentary rocks and also reflect
the proximal-to-distal erosional, recycling, and depositional
systems associated with main source areas (Nelson, 2001).

The aim of this study is to describe how the
Cadomian/Pan-African orogenic events impacted on the
Neoproterozoic units of the Iberian Massif and how the
Cadomian-Pan-African signature persists in the subsequent
Rift-to-Drift cycle based on compiled and new zircon age
distributions ( ). An approach to determining the
nature of Cadomian/Pan-African events in the Iberian
Massif is presented in this study and discussed with
reference to: i) detrital zircon analysis of Neoproterozoic
sediments (Pan-African-Cadomian cycle); ii) detrital
zircon analysis of Lower Paleozoic sediments (Rift-to-
Drift cycle) and iii) inherited zircon ages in Cambrian-to-
Lower Ordovician igneous rocks (Rift-to-Drift cycle). In
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the present study, only inherited/xenocrystic pre-magmatic
zircons (Bea ef al., 2007) were taken into account. All ages
within the analytical uncertainty of the crystallization age
of the igneous protolith were excluded.

In addition, for the purpose of comparison and in
order to help track the position of Iberian terranes in peri-
Gondwana margin paleogeography, several composite
probability and histogram plots of U-Pb detrital, igneous,
and metamorphic zircon ages from north-western
Gondwana (the SMC, the TSB and the AA realm) were also
produced based on indications in the literature (Abati ef al.,
2010; Altumi et al., 2013; Avigad et al., 2012; Cambeses
et al., 2017; Errami et al., 2020; Karaoui et al., 2015;
Linnemann ef al., 2008; Meinhold ez al., 2011, 2013; Wang
et al., 2020; Zik et al., 2021).

Finally, we attempt to correlate the major U-Pb age peaks
in Iberia with the main ages of igneous rocks representative
of the Cadomian and Pan-African orogens in northern
Africa, with the inclusion of Mesoproterozoic orogenic
belts and the Paleoproterozoic-to-Archaean cratonic areas
emplaced within the internal sectors of Gondwana (Fig.
1). The state of the art relative to the position of Peri-
Gondwana terranes in North Gondwana (see, for example,
Avigad et al., 2012; Cambeses et al., 2017; Pereira et al.,
2008, 2012a, b; Shaw et al., 2014) are then examined using
paleogeographic reconstructions ( ).

THE PRE-VARISCAN IBERIAN MASSIF

Two cycles prior to the Variscan Orogeny were decisive
for the development of the Iberian Massif: the first was
the creation of the Gondwana supercontinent and its
erosional dismantling through Neoproterozoic Cadomian/
Pan-African Orogeny; the second was subsequent Lower
Paleozoic rifting and Rift-to-Drift crustal evolution from
Cambrian to Lower Devonian times (Chichorro ef al., 2008;
Linnemann et al., 2008; Nance et al., 2010; Sanchez-
Garcia et al., 2003, 2019).

The pre-Mesozoic basement of the Iberian Massif (

) comprises zones with distinct tectono-stratigraphic
and magmatic features and such differentiation is largely
reminiscent of these two cycles (Eguiluz et al., 2000;
Oliveira et al., 1991; Quesada, 1991; Ribeiro et al., 1990a;
Sanchez-Garcia et al., 2003). The differences between
their Neoproterozoic and Lower Paleozoic sedimentary
successions, as well as the representativeness and nature
of Ediacaran (Cadomian/Pan-African-related)-to-Cambro-
Ordovician (Rift-to-Drift-related) magmatism are critically
important for any paleogeographic constraints to be defined.
Differences in the nature of sedimentary successions are
generally interpreted as reflecting their relative proximity to
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TABLE 1. Summary of the zircon data compilation from detrital and inherited zircon
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Geodynamic

Atributed

Tectono-Stratigraphic

Basal Allochthonous Units

Zircon type setting age Domain Geologic unit Samples References
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iz Douro-Beiras Supergroup CTP62 (n=78) Talavera et al., 2012
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FIGURE 2. |berian Massif: Zone boundaries modified after Julivert et al. (1974), Quesada (1991) and Martinez-Catalan et al. (2014). Highlighted in
blue: Major Neoproterozoic Sedimentary units; Highlighted in Red: Rift-to-Drift igneous rock related outcrops. Cantabrian Zone (CZ); West Asturian-
Leonese Zone (WALZ), Galicia-Tras-os-Montes Zone (GTMZ), Central Iberian Zone (CIZ), Ossa-Morena Zone (OMZ), South Portuguese Zone (SPZ).

Gondwanan margins and differences in the volume and
age of magmatism are generally interpreted as reflecting
their proximity to Cadomian-Pan-African Arcs and the
diachronic nature of Rift-to-Drift igneous processes
during the Lower Paleozoic (Alvaro et al., 2014, 2020a, b;
Cambeses et al., 2017; Casas and Murphy, 2018).

Both the Cantabrian Zone (CZ) and the West
Asturian-Leonese Zone (WALZ) present Ediacaran-to-
Cambrian strata characteristic of shallow-water platform
sedimentation in proximity to the Northern Gondwana
margin, whereas the Central Iberian Zone (CIZ) and
Galicia-Tras-os-Montes Zone (Schistose Domain) (GTMZ)
presents tectonostratigraphy which is external (Aramburu
et al., 2004; Martinez-Catalan et al., 1996; Pérez-Estain
et al., 1990; Quesada, 1990a, b; Quesada et al., 1991;
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Ribeiro et al., 1990b; Robardet, 2002, 2003; Robardet
and Gutiérrez-Marco, 1990a, b). The Ossa-Morena Zone
(OM2Z) is interpreted as reflecting relative proximity to the
Cadomian Arc (Eguiluz et al., 2000; Pereira et al., 2008).
The South-Portuguese Zone, whose oldest basement is
Devonian, is regarded as being an exotic terrane and beyond
the scope of the present study (see Lains Amaral ef al.,
2022).

The oldest known igneous crust in the Iberian Massif is
of Ediacaran age (Quesada, 1990a, b). These rocks, mostly
exposed in the northern OMZ along the Mérida-Abrantes
belt, have been interpreted as being Cadomian arc-related
plutonic and/or belonging to a late evolutionary phase
(late extensional collapse) of Cadomian Orogeny (Bandrés
et al., 2002; Eguiluz, 1987; Henriques, 2015; Quesada
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FIGURE 3. Insertion of samples used in composite distribution age data from the tectonostratigraphic correlation chart of the Cadomian Arc and
Rift-to-Drift related successions of the Iberian Massif. Comparison of stratigraphic columns representative of the syn-Rift, Rift-to-Drift and Drift
successions in the four Gondwanan zones of the Iberian Massif (OMZ, CIZ, WALZ and CZ).

and Munha, 1990). These scarce igneous remnants of the
magmatic arc occur in parallel with large volumes of syn-
arc- and back-arc-related sediments (the so-called Série
Negra [SN] Formation). The OMZ is bounded to the
North by the CIZ, whereas the Douro-Beiras Supergroup
features the oldest outcrops, including the Beiras and Douro
Groups, which consist of Neoproterozoic-to-early-Cambrian
metasedimentary rocks (Ferreira ef al., 2022; Medina et al.,
1998; Meireles, 2020; Sousa and Sequeira, 1993).

The OMZ is usually interpreted as representing a
Cadomian magmatic arc and back-arc setting along the
Gondwana margin (Bandres et al., 2002; Eguiluz et al.,
2000; Linnemann et al., 2008), whereas the Ediacaran
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basin in the CIZ represents either a back-arc setting (see,
for example, Eguiluz et al, 2015) or a Late Ediacaran-
Terreneuvian retro-arc foreland basin (Alvaro et al., 2020).

Immediately following the Cadomian Orogeny, a
dramatic change occurred geodynamically, currently
interpreted as being associated with the development of
a rifting process along the northern margin of Gondwana
(Quesada, 1991; Quesadaetal., 1991; Sanchez Garcia et al.,
2003; Simancas et al., 2004). The distribution of Ediacaran
sequences (Cadomian) and Cambrian-to-Ordovician Rift-
to-Drift-related sequences in the Iberian Massif is shown
in the tectonostratigraphic correlation chart for the various
zones in the Iberian Massif ( ).
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DATA SOURCES AND METHODS

A large set of zircon data based on detrital and
inherited zircon from several units of the Iberian Massif
was compiled and used in this study ( ) and its
stratigraphic positions are plotted in . In this study,
the following data from the sources detailed are presented:

i) zircon analysis of Neoproterozoic metasediments
(Pan-African-Cadomian cycle) from Série Negra in the
OMZ (nine samples), Beiras Group greywackes of the
southwest CIZ and the Allande and Navelgas units of the
Narcea Antiform (WALZ-CZ transition) ( ; ).

i) zircon analysis of Lower Paleozoic metasediments
(Rift cycle). These were also compiled in accordance with
the period during which they were formed. Samples are
representative of the initial stages of the Cambrian intra-
continental Rift period and were obtained from Lower
Cambrian siliciclastic rocks of: al) OMZ, Lower-to-Upper
Detrital Groups (the present study; Linnemann et al., 2008;
Pereira et al., 2011, 2012a, b); a2) CIZ, Lower Cambrian
sandstones from the Douro Group (Monterrubio Formation
and Aldeatejada Formation; Azorejo-Tamanes sandstones
(Gutiérrez-Alonso et al., 2003; Fernandez-Suarez et al.,
2014) and a3) WALZ and CZ, Lower Cambrian Candana
Group arkoses (eastern WALZ) and Candana-Herreria
sandstones (CZ) (Fernandez-Suarez et al., 2000, 2014).

iii) zircon analysis of the detrital component of samples
representative of Rift-to-Drift period units were obtained
from Lower Ordovician arkoses and pelites (overlain by
Armorican quartzite) that characterize the Rift-Drift
transition stage in both the CIZ and the GTMZ. Sources
were Sarnelhas arkosic sandstones (SW-CIZ, Pereira et
al., 2012a), Malpica do Tejo Shales (Central CIZ, Talavera
et al., 2012), Villalcampo schists (Talavera et al., 2012),
Arkoses from the Mora-Saldanha Volcano-Sedimentary
Complex (Upper parautochthon, GTMZ, Dias da Silva et
al., 2015), and the upper sequence of the GTMZ (Diez-
Fernandez et al., 2010).

iv) zircon data for Drift-related sequences: Early
Ordovician Armorican quartzites are from the Southwest CIZ
(Linnemann et al., 2008; Pereira et al., 2012a) and the CZ,
WALZ, and Central and Northern CIZ (Shaw et al., 2014).
Two samples from the Luso-Alcudian Southern subdivision
are distinct in terms of Stenian-Tonian representativeness.
One sample (LAZ-26, see ) appears in the N-CIZ,
WALZ, and CZ data diagram ( ) while sample LAZ-
5 is included in SW-CIZ plots ( ). These differences
were previously interpreted as either being the response to
gradual source variations along the margin or as underlining
a paleogeographic limit separating two independent sectors
inside the Luso-Alcudian Southern zone (Sola ef al., 2017).
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v) inherited zircon ages in Cambrian-to-Lower
Ordovician igneous rocks (Rift-to-Drift cycle) are derived
from Furongian to Lower Ordovician peraluminous and
calc-alkaline and alkaline suites from the CIZ (Urra Fm.,
Sold et al., 2008; Portalegre granites, Sola, 2007; the Ollo
de Sapo Formation, Bea et al., 2007; the Castilian region,
Bea et al., 2006; Talavera et al., 2013; Villaseca et al.,
2016) the GTMZ (Schistose Domain: Talavera ef al., 2008,
2013; Diez-Fernandez et al., 2012 and Malpica-Tuy Basal
Allochthonous Units, Diez-Fernandez et al., 2012). In
the OMZ, inherited zircons were extracted from igneous
protoliths (granites, metagranites, felsic orthogneisses, and
leptinites) representing Early Cambrian felsic volcanic
rocks and cogenetic shallow plutonic rocks (Alcagovas
Orthogneiss, Chichorro et al., 2008; Barquete granite,
Pereira et al., 2011; Bodonal-Cala, Pallares granite and
other felsic orthogneisses, Ordofiez-Casado, 1998).

RESULTS
Detrital zircon

Neoproterozoic metasedimentary rocks (Late
Cadomian arc)

The stratigraphy of the southwestern Iberian Massif
contains well-exposed Ediacaran detrital substrate: the
so-called SN in the OMZ, the Douro-Beiras Supergroup
(DBSG) in the Central Iberian Zone and the Allande and
Navelgas units of the Narcea Antiform (Transition from
Cantabrian Zone to West Asturian Leonese Zone) (

;3 3). provides a comparison of populations of
detrital zircon from late Ediacaran greywackes of the
OMZ ( ), the southern domains of the CIZ (Beiras
Group - Lower Alcudian/Domo Extremeno - ) and
NW Iberia (Narcea Antiform - WALZ-CZ transition,

) (Stratigraphic positions are plotted in , data
and references from ). The Neoproterozoic detrital
zircon age pattern for the OMZ (SN greywackes; 9 samples,
N=309), SW-CIZ (Beiras Group greywackes; 5 samples,
N=446), and the WALZ-CZ transition (3 samples, N=621)
are not significantly distinct ( ).

The 620-605Ma interval peaking around ~610Ma is
systematically present in all zones, being predominant in
the OMZ and in WALZ-CZ transition. In the SW-CIZ,
a ~586Ma peak is predominant. Late Ediacaran ages
(Cadomian ages ~595-550Ma) are also present in all
zones but significantly depleted in the CIZ-WALZ. These
peaks are interpreted as representing sources dominated by
Cadomian/Pan-African tectonothermal events and suggest
that OMZ, SW-CIZ and WALZ-CZ transition basins were
fed by igneous and sedimentary rocks rich in ~610Ma
zircons and that the WALZ-CZ transition basin occupies a
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more markedly distal position in relation to the Cadomian
arc setting.

The lack of representation of Stenian-Tonian (1.2Ga
to ~720Ma) zircon-forming events (Grenvillian Orogeny),
referred to as a typical feature of the OMZ, is evident in
all the diagrams, suggesting relative proximity as regards
the three basins, although there is a slight increase in the
number of Stenian-Tonian zircons in the SW-CIZ, while they
are more perceptibly evident in the WALZ-CZ transition
( ). All distributions suggest contributions of
minor importance of older crustal growth events (Eburnean
Orogeny ~1.8-2.4Ga) and traces of Liberian Orogeny
(~2.5-2.9Ga), which are perceptible to a greater degree in
the Beiras Group.

The Rift Stage (lower-to-middle Cambrian
metasedimentary rock)

The distribution of Rift Stage lower-to-middle Cambrian
clastic rocks resembles that of underlying Ediacaran
greywackes in the OMZ and CIZ, but this is not the case
with the CZ-WALZ, where the following can be seen
( ): 1) there is a much greater influence of Eburnean
and Liberian sources as compared with the OMZ and the
CIZ; ii) there is a marked increase in Cadomian ages; iii)
Stenian-Tonian (1.2Ga to ~720Ma) zircon-forming events
(late Grenvillian Orogeny) do not present a significant
change in relation to Ediacaran sediments in the OMZ
and the CIZ. In the CZ-WALZ a typical WAC signature are
virtually completely absent.

The ~610Ma peak persists in Cambrian records for
both the CIZ and the OMZ ( ), the second peak in the
WALZ/CZ following the main 566Ma peak. Ages proximal
to the Ediacaran-Cambrian transition (558-544Ma) are
present in all cases, whereas Cryogenian zircon ages are
less abundant in the WALZ/CZ ( ) relative to both
the CIZ and the OMZ.

Rift-to-Drift (upper Cambrian-to-Lower Ordovician)

The age distribution of detrital zircons from Rift-
to-Drift upper Cambrian-to-Lower Ordovician (arkoses
and pelites) overlain by Armorican Quartzite ( ),
as well as the upper Cambrian-Lower Ordovician schists
of the Upper Sequence of the Basal Allochthonous
Units, incorporates a high percentage (~18%) of syn-rift
zircon. The Neoproterozoic zircon distribution displays
a prevalence of Ediacaran zircons relative to Cryogenian
peaks, while both the intermediate representatives of
Stenian-Tonian zircons and Eburnean-Liberian signatures
resemble a mixed distribution of previous Rift-detrital
zircon ages in the OMZ and the CIZ, which is typical of
WAC provenance.
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The Drift Stage (Lower Ordovician)

The composite age distribution of detrital zircons from
Drift-Stage Lower Ordovician sandstones shows that the
Neoproterozoic age distribution of detrital zircons from
the Armorican Quartzite in the SW-CIZ and northern
Iberian domains (N-CIZ - Castillian Zone, Spanish Central
System, Eastern Iberia Cordillera, WALZ, and CZ) is once
again marked by a prominent ~610Ma peak ( ).
However, late Cryogenian ages of ~640-670Ma acquire
more importance in both Iberian domains.

There are significant differences with major
paleogeographic implications between Armorican Quartzite
units from the CZ, WALZ, and N-CIZ as compared with
those observed in the SW-CIZ:

i)  the former zones show a significant percentage of
Stenian-Tonian detrital zircons, and a relative increase in
Liberian-Eburnean ages;

ii) there is a significant discrepancy between these
two domains as far as the percentage of (Rift-Stage)
Cambrian zircons is concerned. The Cambrian zircons
found in the Lower Ordovician Armorican quartzites from
SW-CIZ (20%) fall within the interval of the Early (ca. 535-
515Ma) and Main (ca. 515-490Ma) stages of magmatic
activity in the OMZ (absent in the N-CIZ, WALZ, and
CZ), representing the onset of rifting in North Gondwana
(Sanchez-Garcia et al., 2019, and references therein).

Inherited Zircons

The inherited zircon ages recorded in Cambrian-to-
Lower Ordovician igneous rocks also provide indirect
evidence of Pan-African and Cadomian magmatism
incorporated in subsequent Paleozoic magmas. A
compilation of selected samples ( ) shows typical
Cadomian ages (595-545Ma), and, once again, a
remarkable peak dated at ~610Ma in the OMZ ( )
and the CIZ ( ). In the GTMZ, the ~610Ma peak is
less significant as compared with the prominent ~590Ma
peak ( ). Stenian-Tonian zircons are scarce and older
occurrences, such as Eburnean (1.9-2.2Ga) and Liberian
(~2.5Ga) events, are less evident, as compared with the
detrital record ( ;55 0).

DISCUSSION
Paleogeographic reconstruction
Detrital zircon age spectra have been used as a means of

recreating the position of Iberian terranes in peri-Gondwana
margin paleogeography. In general, paleogeographic
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for zircon data sources and references.

reconstructions correctly assume small variations in the
percentage of zircon age groups associated with specific
previous orogenic cycles or sub-cycles. However, changes
in sediment transport systems had an extremely profound
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impact on the provenance of formations (Zimmermann
et al., 2015). Detrital zircon age spectra can reflect: i)
the distance over which rocks were transported relative to
their sources; ii) the extent of the reach of different types
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of exposed bedrock; iii) variability in bedrock zircon differential erosion rates of source rocks (Amidon et al.,
proportions; iv) the cumulative input of various sources 2005; Dickinson, 2008; Myrow et al., 2010. Attempts to
by erosion occurring along the transport path and v) the interpret geodynamic and paleogeographic evidence based
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on detrital and igneous zircon should focus initially on
major peaks, their consistency over time, and the abrupt
changes in zircon-age data as they ascend the stratigraphic
column. The long-distance transport of sediments and
the high degree of sediment mixing and homogenization
should always be assumed as a means of dilution of the
proportion of similar significant ages (Avigad ef al., 2003).

The similarity between the detrital-zircon age pattern
of the Neoproterozoic sediments of the OMZ, SW-CIZ and
CZ-WALZ suggests a degree of relative proximity between
their basins by the end of the Neoproterozoic (
Transverse). The lack of Mesoproterozoic zircon is generally
assumed as providing evidence for peri-West African
Craton paleopositioning (Fernandez-Suarez et al., 2002;
Gutiérrez-Alonso et al., 2003; Linnemann et al., 2008;
Pereira et al., 2008). The slight increase in the number of
Stenian-Tonian zircons in the SW-CIZ and mainly in the CZ-
WALZ ( ) generally indicates the location of the
respective sedimentary basins in different Late-Ediacaran
paleogeographic scenarios. The prevailing consensus is
that the Stenian-Tonian signature indicates proximity to
the Arabian-Nubian Shield (ANS) (Altumi ef al., 2013;
Avigad et al., 2003; Casas and Murphy, 2018; Ferreira et
al., 2022; Goodge et al., 2004; Keppie et al., 1998; Lains
Amaral et al., 2022; Linnemann et al., 2004; Williams et
al., 2012); however, a mechanism producing long-distance
sediment dispersion from the ANS or other sources where
late Stenian-Tonian phenomena are described as a major
event could provide an alternative interpretation ( ).

The oldest Nd model ages (ca. 2.15-1.5Ga) of the
Ediacaran series (autochthonous or allochthonous) sediments
from the OMZ (Série Negra) provide evidence for locating
their sedimentary basins in a paleoposition influenced by
the input of cratonic sources of the WAC (Diez Fernandez
et al., 2017; Fuenlabrada et al., 2020) ( ). According
to the same authors, the range of Sm-Nd model ages of the
Ediacaran autochthonous series of the Central Iberian Zone
is younger (1.25-1.33Ga), suggesting both a more easterly
location, far from the influence of cratons, and a contribution
from more juvenile isotopic sources (Diez Fernandez ef al.,
2017; Fuenlabrada et al., 2020) ( ). Younger Depleted
Mantle Model TDM ages are also linked to the Tuareg
Shield included in the Trans-Sahara Belt ( ; 9) where,
supposedly, younger magmatic rocks, more juvenile than in
the WAC are described (see, for example, Bea et al., 2010;
Ennih and Liégeois, 2008). The schematic reconstructions
of the Gondwanan active margin during Ediacaran-Cambrian
times shown in the present paper are based on U-Pb and Sm-
Nd systematics, highlighting proximity with the WAC and its
transition to the Trans-Sahara Belt.

The onset of the diachronous progressive stretching of
the Gondwana margin is focused on the Cadomian back-
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arc thinned continental lithosphere (Eguiluz et al., 2015;
Linnemann et al., 2008) beginning in the axial Ossa-
Morena Zone (the locus of early rift-stage magmatism)
progressively affecting the Central-Iberian, West Asturian-
Leonese, and Cantabrian zones (Diaz-Garcia, 2002;
Diez-Montes, 2006, 2010; Martinez-Catalan et al., 1992;
Murphy et al., 2008; Pérez-Estatn et al., 1990; Sanchez-
Garcia et al., 2019; Valverde-Vaquero et al., 2005).

Rift-to-Drift basins dominated by normal faulting
and horst-and-graben geometry are increasingly evident
throughout Cadomian basinal settings, explaining the
similarity between detrital zircon age patterns. In this
extensional tectonic regime, large lateral transfers along
Northern Gondwana margins are not required for explaining
minor contamination from other sources. Under such
conditions, the interpretation of Rift-to-Drift detrital age
spectra also suggests Late-Ediacaran basin paleopositions.

A shift to a transtensional regime (see, for example,
Dewey, 2002; Fossen and Tikoff, 1998), or the reactivation
of older, pre-existing fault/shear systems by oblique
shortening along shear zone boundaries, may induce
the lateral transfer of syn-rift-to-drift basins and yield
a statistically robust new interval of detrital zircon ages,
a tectonic process proposed by some authors (Cambeses
et al., 2017) for assigning the CIZ-WALZ/CZ a location
proximal to the ANS in the Ordovician. Our interpretation
assumes that OMZ and SW-CIZ Cadomian basins evolved
together (but were sufficiently separate to account for
the small differences in their detrital zircon content)
along the active margin of Gondwana in Ediacaran and
Cambrian times (Pereira ef al., 2012a). As argued below,
the long-distance transport of sediments is assumed as the
explanation for contamination with exotic zircons.

The lowerto-middle Cambrian Rift Stage sediments
of the OMZ ( ) and the CIZ ( ) present
a remarkable degree of similarity with underlying
Neoproterozoic successions, indicating that Cambrian
sources remain essentially coincident: that is, both
Ediacaran and Cambrian units are derived directly, by means
of recycling, from sources characterized predominantly by
Cadomian/Pan-African tectonothermal events. In the CZ/
WALZ, however, there is an increase in the Cadomian
record ( ) which suggests a more proximal position
in relation to a Cadomian arc setting (perhaps the OMZ).

Stenian-Tonian (1.2Ga to ~720Ma) zircon-forming
events (of late Grenvillian Orogeny) in both the OMZ and the
CIZ also point to the general maintenance of rift basins in a
peri-West African craton paleoposition during early-to-mid
Cambrian times. This Grenvillian record is almost absent in
the WALZ/CZ, which also reinforces the WAC signature and,
possibly a transtensional tectonic transfer to the west. The
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much greater influence of Eburnean and Liberian sources,
as compared with the OMZ and the CIZ, points to greater
proximity to internal exposed parts of the WAC ( ).
Gutiérrez-Alonso et al. (2021) regarded the change in these
expressive sediment sources as an ephemeral phenomenon
due to possible rift-shoulder uplift and erosion of the local
Gondwanan basement. In turn, Azor ef al (2021) argue in
favour of the eastward translation, controlled by transcurrent
tectonics, of the continental ribbon represented by the OMZ
from an Ediacaran position close to the WAC to an Ordovician-
Devonian location close to the Sahara metacraton. Although
we do not advocate the requirement for such extensive
translation, we nevertheless do not exclude the possibility of
considering a mechanism involving kinematically opposed
lateral displacements, that is, as the OMZ moved to the east,
the WALZ underwent a westward translation, explaining the
scarcity of Stenian-Tonian rocks and a relative increase in the
proportion of Cadomian ages.
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In addition to the recycling of underlying syn-Cadomian
arc sediments, an evident potential source of detrital
zircons is c. 605-615Ma crystalline rocks exposed across
northern Gondwana, including ages c. 555-570Ma that can
be correlated with the remnants of the Cadomian magmatic
arc, exposed mainly in northern sectors of the OMZ (West-
African margin).

Rift-to-Drift late Cambrian-to-Early Ordovician
(Furongian-to-Tremadocian) arkoses and pelites from the
CIZ and the GTMZ incorporate a high percentage (~18%)
of syn-Rift (ca. 535-490Ma) zircon. The presence of
Furongian-Lower Ordovician zircon in CIZ Rift-to-Drift
sediments indicates the partial erosion of coeval Late rift-
related igneous rocks (Ollo-de-Sapo s.1.) (Sanchez-Garcia
et al., 2019). The presence of zircons associated with
the three igneous events (Early, Main, and Late-Rift) that
together only occur in the OMZ (Sanchez-Garcia et al.,
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2019) points to the influence of the OMZ in feeding CIZ
depocentres, suggesting, once again, the proximity of the
two basins during late Cambrian-to-Early Ordovician times.
Once again, the most common peak occurs at ~610Ma, as
observed in older Neoproterozic and Rift metasediments.
This observation, as well as the other Late Ediacaran
ages, strongly suggests the maintenance of the same
Cadomian/Pan-African sources, fertile at c. 610Ma, and a
paleoposition not very different from that which has been
established for Neoproterozoic times. The average degree of
representativeness of the Stenian-Tonian zircon population
suggests that the potential main source of detrital zircons is
the WAC, which seems to be proximal, while not excluding
the contribution of other more distal sources by means of
medium-to-long-distance sediment dispersion. Possible
sources could be the Arabian-Nubian shield (Abbo et al.,
2020; Avigad ef al., 2003) and/or Amazonia/Laurentia and
Baltica (Fernandez-Suarez et al., 2002; Slagstad et al.,
2017; Volkert et al., 2005; Volkert and Rivers, 2019). It
should be noted that small differences in the proportion of
Stenian-Tonian zircons were used to transfer terranes over
great distances along Northern Gondwana margins, while
the suggestion of long-distance transport and sediment
dispersion is indisputable (Myrow ef al., 2010).

Drift-stage Lower Ordovician Armorican Quartzites in
the SW-CIZ and northern Iberian domains (N-CIZ, WALZ
and CZ) are once again marked by a prominent ~610Ma
peak ( ). Late Cryogenian ages of ~640-670Ma
present a greater degree of significance in the N-CIZ,
WALZ, and CZ, suggesting that the Pan-African crystalline
basement is proximal, and apparently surface abrasion
reaches deeper. A significant decrease in the number of
syn-Rift (535-490Ma) zircons in the Armorican quartzites
of NW Iberia ( , -1.7%) as compared to the number
of such zircons in the underlying Tremadocian sediments
( , -18%), supports the scenario of the progressive
migration of the rift towards the innermost parts of the
Gondwanan continent, as previously proposed by Alvaro et
al., (2014), Diez-Montes et al. (2015), Marti et al. (2019),
Cambeses et al. (2017) and Sanchez-Garcia et al. (2019)
along with the establishment of stable platform conditions
on the newly-formed Gondwanan passive margin facing the
Rheic Ocean (Alvaro et al., 2007; Gasquet ef al., 2005).

There are two marked differences with major
paleogeographic implications between the Armorican
quartzites of the N-CIZ, WALZ, and CZ as compared with
those observed in the SW-CIZ:

i) the lowerto-middle Cambrian zircons in
Armorican quartzites from the SW-CIZ (20% - ) fall
within the interval of Early- and Main-stages Rift-related
magmatic activity typical of the OMZ and this suggests that
the main source of detrital input is the OMZ. This provides
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further evidence that the SW-CIZ sedimentary basin cannot
be located substantially distally from OMZ Drift basins,
although controlled by distinct basinal settings.

ii)  for the first time, N-CIZ, WALZ, and CZ Floian
Armorican quartzites present a statistically significant peak
as regards Stenian-Tonian ages, a feature which is much
less salient in the SW-CIZ. The opening of the system to
~1.0Ga sources, together with Liberian-Eburnean ages,
indicates a closer degree of proximity of North-Iberia
sedimentary basins to emerged parts of northern Gondwana
margin close to the uplifted Stenian-Tonian Basement (the
Arabian-Nubian shield and/or Baltica-Sveconorwegian
orogen) far from the influence of the peri-WAC realm. Since
a link is maintained between the SW-CIZ and the Ossa-
Morena Realm, the slight increase in the percentage of
Stenian-Tonian zircons recorded in SW-CIZ ( ) may
be explained by a more marked distal location in relation to
the source.

Late rift-related Cambrian-Lower Ordovician igneous
rocks from the CIZ and the GTMZ ( ) are fertile
in pre-magmatic zircons that remained when magma
temperature was not high enough to dissolve the zircon
from the source which underwent partial melting (Bea et
al., 2007; Castro et al., 2009; Diaz-Alvarado et al., 2016;
Talavera, 2009). A greater degree of zircon inheritance
found in igneous units (ca. 490-460Ma) exposed in the
CIZ (Ollo-de-Sapo and Urra Domains) and the GTMZ, sits
quite well with the Neoproterozoic peaks obtained for host
Ediacaran and Cambrian clastic host rocks, with a notable
peak at around 610Ma, while there are also typically
Cadomian ages. A good example of this can be observed
in Ollo de Sapo metavolcanic rocks (ca. 492-486Ma),
where ages of around 610Ma account for about 80% of
all inherited ages (Montero et al., 2009b). The presence of
Early- to Main-Rift (535-490Ma), Cadomian (593-550Ma)
and Pan-African (609Ma) peaks in such Late Rift-related
igneous rocks from the CIZ and the GTMZ, where such
magmas are not apparently represented in the basement
provides intriguing evidence. Abundant lowerto-middle
Cambrian ages, which have not been described to date in
the CIZ, were reported by Diaz-Alvarado et al. (2016) in
Variscan granitoids of the Gredos massif (Spanish Central
System batholith).

Such Cambrian inheritance could be explained by the
melting of Ediacaran and Cambrian metasedimentary rocks
(Melleton et al., 2010). However, Cambrian zircons are
almost completely absent in the rift Cambrian siliciclastic
units of the CIZ and the CZ/WALZ ( ), contrary to
the case with Lower Ordovician magmas presenting ~17%
of syn-Rift Stage-inherited zircons (peaking at 507Ma - see

). Therefore, what is the provenance of these Rift-
related and Cadomian-Pan-African zircons?
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FIGURE 9. Composite age histogram data compilation for the 1,200-542Ma interval, by collating the age data of 14 Neoproterozoic Sedimentary Units
from the SW-Iberian Massif (CIZ and OMZ) and 13 Rift-to-Drift sediments of the OMZ-CIZ-WALZ-CA-GTMZ.

A significant number of such zircons in felsic
magmas may have originated by means of melting Early-
and Main-Rift magmas entrapped in the lower crust
and crust-mantle transition, as proposed by Sanchez-
Garcia et al. (2019). In Ollo de Sapo metavolcanic rocks,
zircon inheritance and isotopic compositions (¥’Sr/%6Sr)
i= 0.707-0.713, eNdt= -5.8 to —3.3 indicate that the
source of such magmas is Ediacaran meta-igneous rocks
or young, immature sediments derived from them. The
Cambrian-Ordovician (ca. 490-460Ma) melt precipitated
zircons, found in Urra Igneous rocks, presenting 8'*Ozrn
values (>7.5%o), 49% of the data showing 8'*0zrn> 8.5%o
(Chichorro et al.,2015), which is consistent with crustal-
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metaigneous-to-crustal metasedimentary-derived
magmas. So the involvement of a meta-sedimentary
and meta-igneous crustal source is consistent with the
markedly inherited component of these magmas, and
thus the proposal that late Cambrian-Lower Ordovician
magmas reproduce, to a large extent, the presence,
volume, and nature not only of Cambrian magmas
entrapped in the lower crust but also the existence of
Cadomian and Pan-African magmas underplated in the
crust-mantle transition of the CIZ and the OMZ is valid.
In conclusion, it can be stated that Ediacaran (~610Ma
and ~590Ma) zircons incorporated in Paleozoic magmas
provide indirect evidence of Pan-African and Cadomian
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magmatism, suggesting that these magmas constitute
the deep basement of the Iberian Massif ( ).

~610Ma: a critical age for the consolidation of Iberia

The previous section discusses the main, systematically-
occurring peak in detrital zircon age spectra at ca. 610Ma
over a 120m-year stratigraphic interval (late Ediacaran to
Early Ordovician) ( ). The only difference between
Neoproterozoic and Cambrian-Ordovician sediments
is a detectable increase in Stenian-Tonian ages (

). Furthermore, the inherited zircon ages recorded in
Cambrian-to-Lower Ordovician igneous rocks ( ) also
coincide well with the Neoproterozoic peaks observed,
and a significant peak always occurs at around 610Ma.
Therefore, in Iberia the Pan-African record generally
predominates over the Cadomian record and ~610Ma ages
represent a prominent period of crustal growth, providing
evidence of a critical magmatic burst.

The age spectra presented show that, even when other
crustal growth periods can be differentiated on the basis
of other age peaks, the 610Ma peak consistently occurs
throughout the stratigraphic record. This phenomenon
may be associated with very low rates of erosion, probably
controlled by the intense Rift-to-Drift lithospheric
stretching and subsidence that culminated in the opening
of a new oceanic tract, pertaining to the Rheic Ocean in
the Early Ordovician (Chichorro et al., 2008; Diez-Montes
et al., 2010; Linnemann et al., 2008; Murphy et al., 2006;
Nance et al., 2010, 2012; Pereira et al., 2007, 2012a, b;
Sanchez-Garcia et al., 2003, 2008a, 2010).

Arc tectonic studies which accounted for the detrital
zircon age record in sedimentary packages associated with
arc dismantling and the reworking of older arcs suggest
that a single protracted subduction system tends to produce
prominent peaks over time that can be grouped within
circumscribed magmatic flare-up periods (Pastor-Galan
et al., 2021). However, mechanisms such as lithospheric
delamination/tectonic erosion and burial below newer arc-
intruded material generally play a significant role in the
progressive depletion of older magmatic pulses over time
(Pastor-Galan et al., 2021).

Although such mechanisms could explain the progressive
depletion of 790-690Ma Cryogenic arcs, the same scenarios
do not hold for the persistence of a well-preserved new ca.
610Ma “arc” which represents a Pan-African thermal climax
and post-collisional magmatism, with little involvement of
arc magmatism s.s.. Therefore, here we are probably dealing
with two different orogenic edifices with the Cadomian arc
built “on top of” the Pan-African basement separated by
angular unconformity, as described by Errami ef al. (2020),
in the Eastern Saghro inlier (Anti-Atlas, Morocco) ( ).

Geologica Acta, 20.15, 1-29 (2022)
DOI: 10.1344/GeologicaActa2022.20.15

610Ma in Iberia: Cadomian or Pan-African?

Igneous and Detrital zircon ages from northwestern
Gondwana

Igneous zircon ages

In order to track the position of Iberian terranes in peri-
Gondwana margin paleogeography, composite probability
and histogram plots of zircon ages from north-western
Gondwana (SMC, TSB, and AA-WAC) are presented in

. This data compilation serves two purposes:

i)  igneous zircon age distributions enable an
assessment of exposed crystalline basement ages in North
Africa;

ii) and detrital zircon age distributions enable an
assessment of proximal-to-distal erosional, recycling, and
depositional systems with regard to cratonic and peri-
cratonic areas, in relation to main internal Pan-African
crystalline sources and main Cadomian-Avalonian igneous
source areas.

Igneous zircon age distributions show that the most
likely source of the ~610Ma age peak is the SMC (

). The TSB is also a possible source, although it appears
to incorporate an older (~638Ma) crystalline basement
( ). In the SMC, Late Ediacaran-Cadomian arc
magmatism, although coexisting with Pan-African
collisional magmatism, tends to be less significant in terms
of representativeness ( ). Another typical signature
of the SMC is the 705-710Ma age peak, a phenomenon
which also occurs in the case of the TSB but which is
almost completely absent in the case of the Anti-Atlas (

).

The age distribution in the Anti-Atlas presents features
that distinguish it from the SMC and the TSB. There is no
record of Lower Cryogenian (~700Ma) igneous rocks, while
a bimodal curve clearly separates two Ediacaran magmatic
pulses ( ). The “Pan-African” peak tends to be
slightly more recently occurring (~600Ma), while the most
striking characteristic is a marked peak at around 555Ma,
therefore typically Cadomian in terms of age. New U-Pb
zircon ages from the Eastern Saghro Massif in the Anti-
Atlas of Morocco demonstrate that Pan-African magmatic
systems are overlapped by Cadomian magmas. Here,
the Pan-African transpressive collision of c¢. 600Ma was
replaced by transtension caused by the onset of Cadomian
subduction and arc development from c. 570Ma onward
(Errami et al., 2020). In the present study, we propose a
similar scenario for Iberian Massif terranes ( ;L)

Contrary to what is customarily assumed for Iberia,

in the AA the two Neoproterozoic orogenic processes
described above are not difficult to distinguish and never
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FIGURE 10. Composite probability and histogram plots of U-Pb detrital, igneous, and metamorphic zircon ages from western Northern Gondwana
(SMC, TSB and AA Realm) for comparison with our data. Igneous zircon ages: Anti-Atlas (compiled by Cambeses ef al., 2017). Igneous and
metamorphic zircon ages: Trans-Sahara Belt and Sahara Metacraton (compiled by Cambeses et al., 2017 and Zak et al., 2021). Detrital zircon ages:
Anti-Atlas Cambrian (Avigad et al., 2012) and Ediacaran (Abati et al., 2010; Errami et al., 2020; Karaoui et al., 2015); Trans-Sahara Belt Ordovician
(Linnemann et al., 2011); Ougarta Cambrian (Wang et al., 2020); Sahara Metacraton Ordovician (Meinhold et al., 2011, 2013), Cambrian (Altumi
et al., 2013; Meinhold et al., 2011) and Ediacaran (Altumi et al., 2013; Meinhold et al., 2011). Dashed red lines indicate Iberian peaks (610, 660,

690, 790Ma) (see text).

overlapped in time or in terms of location. Based on this
paradigm, in Figure | | we seek to show that the Pan-African
belts extending through North Africa, close to the northern
Gondwana margin, occur in an Avalonian-Cadomian arc
setting.

In conclusion, Stage I Pan-African igneous rocks are
redundant in the AA while Pan-African Stage II rocks are
slightly younger (Fig. 10A). Cadomian igneous ages tend
to increase as a proportion of ages from the SMC to the
AA, where Pan-African and Cadomian peaks are distinctly
separate. In the Late Ediacaran, Cadomian magmatism
has a minor impact in the SMC, while it is evident at an
early stage in the TSB and reaches its maximum expression
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in the AA realm at 555Ma. This evidence points to a
scenario of the oblique propagation of subduction along
the Gondwana margin from east to west (Fig. 11). Such a
scenario was proposed by Linnemann ef al. (2008), who
described a diacronic arc-continent collision caused by
an oblique vector of subduction, a phenomenon which
was initially evident in the east of Peri-Gondwana at c.
560-570Ma and resulted in the formation of a short-lived
Cadomian retro-arc basin in the Saxo-Thuringian Zone
at c. 543Ma. In contrast, more westerly in the OMZ, the
Cadomian back-arc basin was longer active, at least until
c. 545Ma (Linnemann ef al., 2008). More westerly in the
AA, a single magmatic flare-up of the Cadomian magmatic
arc at c. 555Ma marks the final subduction stage prior to
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FIGURE 11. Schematic reconstruction of north-western Gondwana, proposing a relative paleoposition of the Iberian autochthonous crust during the
Late Neoproterozoic, assuming that the cryptic Iberian crust is a fragment of Pan-African orogen (modified after Cambeses et al., 2017; Casas and

Murphy, 2018).

lithospheric stretching and continental breakup triggered
by oblique incision of the oceanic ridge accompanied by
slab break-off of the subducted oceanic plate (Sanchez-
Garcia et al., 2003). The formation of rift basins during
the early to mid Cambrian (c. 530-500Ma) is thenceforth
assisted by Rift-related Cambrian plutonism at c. 530Ma
(Chichorro et al., 2008; Pereira et al., 2012b; Sanchez-
Garcia et al., 2003, 2010, 2013).

In the northern OMZ, along the Mérida-Abrantes belt,
the SN is impacted by several plutonic intrusions (

) which are interpreted as being remnants of Ediacaran
(Cadomian) arc magmatism (Quesada, 1990a, b; Quesada,
1991; Schifer, 1990). Most of these are anatetic calc-
alkaline granitoids/orthognaisses dated from ca. 640Ma to
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540Ma (Ahillones Granite -550+10Ma, Ordonez-Casado,
1998; 585+5Ma, Schiifer, 1990; Serena granite -573+ 4Ma,
Ordoniez-Casado, 1998; Endreiros granite -544.6+2.5Ma,
Maiorga granite -569+6Ma, Mateus et al., 2015; Abrantes
Anatectic granitoids -544+2Ma, Henriques et al., 2015;
Merida diorite -577+0.6Ma, Bandrés et al., 2004;
Mosquil tonalite -544+6-5Ma, Oschner, 1993; El Cuartel
amphibolite -610+13Ma; 585+9Ma; La Cardenchosa
amphibolite -580+8.9Ma, Sanchez-Lorda et al., 2016. In
the CIZ there are a few outcrops of supposedly Cadomian
igneous rocks (Late Ediacaran ca. 590-545Ma) (Crispim
et al., 2021; Gomes and Antunes, 2011; Reis et al.,
2010; Rodriguez-Alonso et al., 2004; Zeck et al., 2004).
The Allande and Navelgas units of the Narcea Antiform
(WALZ-CZ transition) includes abundant interbedded
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volcanic rocks and are intruded by Ediacaran granitoids
whose intrusion ages range from ca. 580 to 590Ma (Rubio-
Ordonez et al., 2015). There is a consensus that in Iberia
nearly all supposedly Cadomian igneous rocks are Late
Ediacaran (ca. 580-544Ma), most of these outcropping
in the Merida-Abrantes Belt being representative of the
Cadomian arc system. Some recently dated ~610Ma
amphibolites (Sanchez-Lorda et al., 2016) suggest that
these may be representative of Pan-African events. The
sample analysed is not very reliable but indicates that most
Neoproterozoic igneous rocks in the OMZ fall within a
wider (ca. 580-554Ma) Cadomian age interval than is the
case for the Anti-Atlas, where 555Ma clearly predominates
( ). If the assumption that Cadomian igneous ages
tend to be younger as we move from east to west, the OMZ
crust would be located between the TSB and the Peri-WAC
realm ( ).

Detrital zircon ages

Ediacaran sediments in the SMC provide evidence of
self-recycling of the Pan-African crystalline basement
and cannot objectively be presented as syn-Cadomian arc
sediments, that is to say that the sedimentary basin was
located further away from the Cadomian arc setting (

). In contrast, during Cambrian times the sedimentary
system swiftly opens to the influence of the Cadomian
Arc, incorporating 560-570Ma zircons ( ).
The ~610Ma igneous basement was still being actively
eroded at this stage. As it occurs in northern Iberian
Armorican Quartzite, SMC Ordovician sediments show
that passive-margin sedimentary systems abruptly open
to Stenian-Tonian sources ( ). Since the peak
occurring (~975Ma) is of the same order of magnitude
as Cryogenian-Ediacaran peaks, Stenian-Tonian sources
appear to be relatively closer (the ANS and/or Baltica), as
compared with the area in which the Armorican Quartzites
of Iberia were deposited. The most plausible provenance
of 0.90 to 1.0Ga zircons is likely to be N-CIZ, WALZ and
CZ mature Armorican Quartzites, and to a lesser degree
SW-CIZ Quartzites, and CIZ Lower-to-Middle Cambrian
siliciclastic units in the ANS which evolved from 0.90
to 0.53Ga during Neoproterozoic Pan-African orogeny
(Avigad et al., 2003, 2012, and references therein). The
Baltica Late stage of Svecononwegian Orogen (990-920Ma,
Slagstad et al., 2017 and references therein), and to a lesser
extent Late Grenvilliam Laurentia-Amazonia convergence
(Sunsds-Ottawan orogenesis, 1.1-0.8Ga, Volkert et al.,
2005 and references therein) may be the sources of these
zircons ( ), involving a mechanism of long-distance
sediment dispersal. A small number of mesoproterozoic
zircons recently reported in middle Cambrian sandstones
of the Anti-Atlas belt have also been interpreted as being
associated with great distance of sediment transport
(Morag et al., 2011).
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In contrast with the SMC during the Cambrian, the
TSB seems to be mostly closed to the dismantling of the
Cadomian Arc system, incorporating few zircons from
such sources ( ). In fact, in the TSB, self-erosion/
recycling of the ~610Ma crystalline basement is persistent
up until Ordovician times ( ). In the Ordovician,
it starts to incorporate more material from the Cadomian
Arc system ( ). Surprisingly, TSB Ordovician
sediments do not incorporate zircons from Stenian-Tonian
sources. The closed-system behaviour of the TSB may also
be explained by this acting as a barrier to separating in
paleogeographic terms the SMC from other domains (

). As reported above ( ; 5), Ediacaran and Cambrian
siliciclastic sediments from the OMZ WALZ and CZ do not
present Stenian-Tonian zircons. In Ediacaran and Cambrian
greywackes/arkoses of the CIZ, Stenian-Tonian zircons are
present in limited numbers. This indicates that the TSB was
probably a very large mountainous range that separated
these domains. Eastern domains were able to receive
sediments from the internal East African orogen, including
the juvenile ANS, whereas other domains, located further to
the east of the TSB, were protected from these sources. This
is in keeping with the Himalayan-type collisional setting that
led to the formation of the TSB in the late Neoproterozoic
(~630-610Ma, Linnemann et al., 2011, and references
therein), and the dozens (if not hundreds) of Ma during
which such cordillera were dismantled. The first massive
entry of non-autochthonous zircons into the passive-margin
sandstones of NW-Iberia ( ) provide evidence which
can be used to infer when the TSB constituted an uplifted,
sufficiently eroded vast peneplain for receiving external
zircons, that is, when the erosive process was already taking
place, a sufficiently long interval having occurred following
the building of the mountain range. In fact, this erosional
process may be constrained by the introduction of such
external zircon in the NW-CIZ basin, Ordovician times
being the most likely candidate. It is therefore suggested
that, paleogeographically speaking, Iberian Neoproterozoic
and Cambrian-to-Ordovician basins were dependent to
a greater extent on TSB-WAC scenarios than as we move
towards the east of the TSB ( ).

The U-Pb detrital zircon age record from the Anti-Atlas
realm features a curve which results from the combination of
the Ouarzazate supergroup with the Anti-Atlas supergroup
( ). The period of deposition of the Anti-Atlas
Supergroup (maximum depositional age: 612-604 Ma)
age distributions (Abati et al., 2010; Errami et al., 2020;
Liegeois et al., 2006) is contemporaneous with the large-
scale thermal climax associated with the final orogenic event
of the Pan-African Orogeny and displays a peak at ~608Ma
( ). In turn, the Ouarzazate Group, whose maximum
depositional age is ~550Ma, shows an age distribution with a
peak at 555Ma ( ) supporting a scenario of deposition
in a back-arc basin formed during the Cadomian Orogeny.
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However, the distribution of the Ouarzazate supergroup
is remarkably different from the SN, a 610Ma age peak
being absent ( ). The only similarity between the two
is the Eburnean record and the absence of Mesoproterozoic
ages. The combination of the two distributions (the
Ouarzazate supergroup and the AA supergroup) suggests
that the AA realm is dependent on the Pan-African and
Cadomian orogens, as is indicated by the igneous zircon
distribution ( ).

Contrary to that which occurs in the TSB, in the
Cambrian, rift-related sedimentary basins are open to
the dismantling of the late Ediacaran-Cadomian Arc,
and continue to receive, either directly or by means of
recycling, material from the Pan-African crystalline
basement ( ). The SN maximum depositional
age interval, from c. 590 to 545Ma (Chichorro et al.,
2006; Linnemann et al., 2008; Ochsner, 1993; Ordénez-
Casado et al., 1998; Pereira et al., 2008, 2012a; Schifer
et al., 1993), an essentially arc-related immature
turbiditic sequence (Pereira ef al., 2006), is similar
to that which is observed in the Ouarzazate Groups,
an Anti-Atlas late Ediacaran volcano-sedimentary
succession (Alvaro et al., 2014). Alvaro et al. (2014)
emphasizing the similarities between the sedimentary
facies of the turbidites of the Saghro Group and Bou
Salda Formation and those of the Serie Negra Group,
since they were deposited in synorogenic basins of
the North Gondwanan active margin. However, the
difference between the maximum depositional ages
of the Saghro and Bou Salda units (c. 630-610Ma), as
compared with the Serie Negra Group (c. 590-545Ma),
suggests the diachronic development of magmatic arcs
and accretion to the continental margin, which occurred
initially in the Anti-Atlas and later in the Ossa-Morena
Zone. Furthermore, the detrital component of the SN
may be inherited from the erosion of the Saghro and
Bou Salda units (Alvaro ef al., 2014). This interpretation
does not invalidate the existence of Saghro and Bou
Salda-M"Gouna equivalent units below the SN ( );
it merely suggests that SN-like turbiditic units may, in
the OMZ, be much thicker and reach the stratigraphic
level of the Saghro Group. This interpretation points to
the possibility that these synorogenic (associated with
~610-600Ma Pan-African magmatism; Errami, et al.,
2020), laterally equivalent siliciclastic rocks and coeval
Pan-African igneous rocks may be the main fertile zircon
(~610Ma) source which underwent partial melting in
Cambrian-Lower Ordovician times. In conclusion, the
Ediacaran (~610Ma) zircons incorporated in Paleozoic
magmas provide indirect evidence of Pan-African and
Cadomian magmatism, suggesting that these magmas
and synorogenic sediments are likely to constitute the
cryptic stratigraphic infrastructure of the Central-Iberian
Zone and the Ossa-Morena Zone.
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CONCLUSIONS

This study describes an approach to determining the
nature of Cadomian-Pan-African events using detrital and
inherited zircon populations from Neoproterozoic-to-Lower
Paleozoic (Rift-to-Drift cycle) stratigraphic records in the
Iberian Massif. Studies have shown that throughout a 120Ma
stratigraphic record (late Ediacaran to Early Ordovician),
the main peak which systematically occurs in detrital zircon
age spectra is dated at ca. 610Ma. The inherited zircon ages
recorded in Cambrian to lower Ordovician igneous rocks
also correspond well with Neoproterozoic peaks, with a
notable peak always occurring around 610Ma.

Generally, ~610Ma is assumed as a main period
representative of the Cadomian Arc, but this age is in fact
a critical age of the internal domains of North Africa (for
example, the Anti-Atlas in Morocco), where two main
stages of Pan-African magmatic activity are described:
i) an ocean opening followed by subduction-related arc
magmatism (790-690Ma); ii) an ocean closure followed
by arc-continent and continent-continent collisions (690-
605Ma), with peaks at 660 and 615Ma.

The paleoposition of each Iberian terrane relative to
internal and peri-Gondwana magmatic arcs is solidly
supported by five systematic and statistically significant
pieces of evidence:

i)  The similarity between the detrital zircon age
pattern of the Neoproterozoic sediments of both the OMZ
and the SW-CIZ suggests proximity between the two basins
by the end of the Neoproterozoic.

ii) The most fertile period in terms of magma
production is the age interval of ca. 624-574Ma.

iii) The high proportion of Eburnean sources in rift-
related lower-to-middle Cambrian arkoses and sandstones
from the West Asturian-Leonese Zone (WALZ) and
Cantabrian Zone (CZ) clearly suggests proximity to the
most internal sectors of the Gondwana paleocontinent
cratons, including the West African Craton.

iv) The relative low proportion of Mesoproterozoic
zircons in the OMZ and the WALZ-CZ, suggesting
proximity to the West African Craton (WAC). The opening
of the system to Stenian-Tonian zircons is only statistically
significant in the Early Ordovician (both in Iberia and
North Africa) and probably indicates the influence of the
Arabian-Nubian shield (ANS) (Altumi ef al., 2013; Avigad
et al., 2003; Casas and Murphy, 2018; Ferreira et al., 2022;
Goodge et al., 2004; Keppie et al., 1998; Lains Amaral
et al., 2022; Linnemann et al., 2004; Williams et al.,
2012). In the Ediacaran and the Cambrian, the relatively
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minor subpopulation of these grains may be explained by
assuming the long-distance transport of sediments and the
high degree of sediment mixing as a means of dilution of
the proportion of these ages (Avigad et al., 2003).

v) The closed-system behaviour for these ages of
the Trans-Saharan Belt (TSB) ( ) may also be
explained by the TSB acting as abarrier paleogeographically
separating the SMC from other domains. Ediacaran and
Cambrian siliciclastic sediments from the OMZ, WALZ
and CZ do not present Stenian-Tonian zircons. In the
Ediacaran and Cambrian greywackes/arkoses of the CIZ,
Stenian-Tonian ages, although present, are scarce. This
indicates that the TSB was probably a huge mountainous
range that separated these domains. The appearance of
external zircons in the Ordovician sediments of the NW-
Iberian indicates that the uplifted TSB was, at the time, a
vast peneplain fomenting large drainage systems and long-
distance transport feeding passive continental margins.

Ediacaran (~610Ma and 590-550Ma) zircons
incorporated in Paleozoic magmas provide indirect evidence
of Pan-African and Cadomian magmatism, suggesting
that these magmas and synorogenic sediments are likely
to constitute the cryptic stratigraphic infrastructure (or
basement) of the Central-Iberian Zone and the Ossa-
Morena Zone.

The present study proposes the Iberian crust as the
continuation of the TSB and the WAC, matured by post-
collisional syn-orogenic magmatism (Pan-African event),
on which a Cadomian accretionary arc system was
superimposed. In accordance with the zircon data set
analysed and taking into account the evidence of North
African peri-cratonic inliers, it is proposed that the main
source of ~610Ma inherited zircons is likely to be the lateral
chrono-equivalents of Saghro and Bou Salda-M Gouna
turbidites and coeval -610Ma Pan-African igneous rocks of
the WAC and/or TSB, fertile in such zircons, emplaced at
a stratigraphic level below OMZ and CIZ late-Ediacaran
sediments ( ;8.

Assuming that the Iberian crust is a fragment of Pan-
African orogen, its relative paleoposition during the Late
Neoproterozoic is proposed as being between the West
African Craton and the Trans-Saharan Belt ( ).
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