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ABSTRACT
The 40Ar/39Ar age data on single detrital muscovite grains complement U-Pb zircon

ages in provenance studies, as micas are mostly derived from proximal sources and record
low-temperature processes. Ediacaran and Cambrian sedimentary rocks from northwest
Iberia contain unmetamorphosed detrital micas whose 40Ar/39Ar age spectra suggest an
Amazonian–Middle American provenance. The Ediacaran sample contained only Neopro-
terozoic micas (590–783 Ma), whereas the Cambrian sample contained three age groups:
Neoproterozoic (550–640 Ma, Avalonian–Cadomian–Pan African), Mesoproterozoic-
Neoproterozoic boundary (ca. 920–1060 Ma, Grenvillian-Sunsas), and late Paleoprotero-
zoic (ca. 1580–1780 Ma, Rio Negro). Comparison of 40Ar/39Ar muscovite ages with pub-
lished detrital zircon age data from the same formations supports the hypothesis that the
Neoproterozoic basins of northwest Iberia were located in a peri-Amazonian realm, where
the sedimentary input was dominated by local periarc sources. Tectonic slivering and
strike-slip transport along the northern Gondwanan margin affected both the basins and
fragments of basement that were transferred from Amazonian to northern African realms
during the latest Neoproterozoic–earliest Cambrian. Exhumation and erosion of these
basement sources caused shedding of detritus to the Cambrian basins, in addition to
detritus sourced in the continental mainland. The apparent dominance of Rio Negro–aged
micas in the Cambrian sandstone suggests the presence of unexposed basement of that
age beneath the core of the Ibero-Armorican Arc.
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INTRODUCTION
The origin and wander paths of the various

crustal fragments that make up present-day
western Europe and eastern North America
have spurred geological studies for more than
100 yr. Detrital zircon U-Pb age data in sedi-
mentary rocks provide first-order constraints
on paleotectonic and paleogeographic recon-
structions through their ability to fingerprint
the provenance of sediments. In the Variscan
belt of western Europe, they have contributed
to a better understanding of the evolving pa-
leogeography of northern Gondwana and the
Iapetus Ocean (Fernández-Suárez et al., 2000,
2002a, 2002b, 2003; Gutiérrez-Alonso et al.,
2003; Martı́nez-Catalán et al., 2004; Murphy
et al., 2004a, 2004b; Collins and Buchan,
2004).
However, the high closure temperature of

Pb in zircon and the lack of volumetrically
significant zircon growth below upper am-
phibolite facies conditions means that low-
temperature processes are largely invisible to
zircon studies. Furthermore, as zircons are

physically and chemically robust, they may be
transported considerable distances from their
source, either directly or through sediment re-
cycling. The application of single-grain 40Ar/
39Ar white mica thermochronology to prove-
nance analysis complements detrital zircon
studies. Muscovite is considerably less robust
than zircon and its closure temperature is low
(�350 �C). As a result, muscovite is unlikely
to survive more than one sedimentary cycle
or even long waterborne transport. The infor-
mation encoded in detrital muscovite ages
therefore places constraints on proximal
source areas where primary muscovite-bearing
rocks were present (Haines et al., 2004), and
provides information on greenschist facies
events and the exhumation history of the
source region, which is largely invisible to U-
Pb zircon studies. A limitation to the approach
is that the usefulness of detrital muscovite
40Ar/39Ar ages is restricted to rocks that have
not been metamorphosed above anchizone
conditions.
In western Europe, zircon provenance stud-

ies have proven efficient in constraining the
origin and setting of Ediacaran and lower Pa-
leozoic sediments whose basement is only lo-
cally exposed and not representative of all po-
tential basement sources exposed at the time.
Nevertheless, the interpretations are hindered
by two uncertainties: the possible blurring ef-
fect of long-traveled or recycled detritus zir-
cons, and the still-incomplete catalog of pos-
sible basement source rocks in northern
Gondwana, in particular the possible presence
of Mesoproterozoic rocks (ca. 0.9–1.2 Ga) in
the North African realm.
The aim of this article is to show how mus-

covite 40Ar/39Ar age data complement detrital
zircon studies and further constrain paleo-
geographic and tectonic models for the
Ediacaran–Cambrian evolution of northwest
Iberia. We present infrared-laser single-grain
total fusion 40Ar/39Ar data for detrital micas
extracted from samples of Ediacaran and
Lower Cambrian sedimentary rocks. The
40Ar/39Ar data also contribute to understand-
ing the nature of the basement in the core of
the Ibero-Armorican Arc, where, according to
paleocurrent analysis, the lower Paleozoic
sediments of NW Iberia are sourced (e.g., Ar-
amburu and Garcı́a Ramos, 1993).

GEOLOGICAL AND
PALEOGEOGRAPHIC SETTING
Three main paleogeographic realms can be

distinguished in the West European Variscan
Belt along the northern Gondwanan margin
during the late Ediacaran and early Paleozoic
on the basis of their geological features and
detrital zircon age spectra: (1) an Ediacaran–
Cambrian (Avalonian–Cadomian–Pan Afri-
can) magmatic arc built on basement of vary-
ing age (Fernández-Suárez et al., 2002a,
2002b; Gutiérrez-Alonso et al., 2003; Murphy
et al., 2004a, 2004b; Collins and Buchan,
2004); (2) the northern continental margin of
Gondwana s.s., which consists of an amal-
gamation of several Archean cratons and Pro-
terozoic basement units of different age be-
longing to present-day Central America, South



Figure 1. A: Simplified
geological map of west-
ern Europe showingmain
geological units and lo-
cation of samples. B:
Synthetic stratigraphic
column of Ediacaran and
lower Paleozoic sedi-
ments in unmetamor-
phosed Cantabrian zone
showing sample locations.

America, northern Africa, and the Arabian
peninsula; and (3) a backarc basin, receiving
sediments from both the arc edifice and the
north Gondwana margin, where most of the
Ediacaran sediments of coterminous West Eu-
rope are thought to have been deposited
(Fernández-Suárez et al., 2000, 2002a, 2002b;
Gutiérrez-Alonso et al., 2003). Detrital zircon
ages and the Sm/Nd signatures of these rocks
(Fernández-Suárez et al., 2000, 2002a, 2002b)
provide evidence for the participation of Me-
soproterozoic (Grenvillian s.l.) rocks in the
source area for the Ediacaran sediments of
northwest Iberia. This evidence has been used
to postulate a peri-Amazonian location for the
backarc basin in which the Ediacaran sedi-
ments were deposited.
Unconformably overlying the Ediacaran

rocks is a �2000-m-thick Lower Cambrian
red siliciclastic unit, deposited over most of
the northern Gondwanan margin in the after-
math of the Cadomian–Avalonian–Pan Afri-
can orogeny (see Fig. 1 in Avigad et al.,
2003). In northwest Iberia, this unit was de-
posited in very shallow tidal to continental en-
vironments (Aramburu and Garcı́a Ramos,
1993). Sample JG-16, collected a few meters
above the Ediacaran–Cambrian unconformity
(Fig. 1), contains Neoproterozoic (540–623
Ma), Mesoproterozoic (Grenvillian, ca. 1000–
1100 Ma), and Paleoproterozoic–Archean
(2400–2600 Ma) zircons, interpreted to be
mostly recycled from the underlying sedimen-
tary rocks (Fernández-Suárez et al., 2000).
These rocks also contain abundant volcanic
rock fragments very similar to those found in
the Ediacaran rocks nearby.
Detrital zircon studies in Ordovician to

Lower Devonian rocks of the region
(Fernández-Suárez et al., 2002a; Martı́nez-
Catalán et al., 2004) suggest that northwest
Iberia was close to the west African craton in
the early Paleozoic, in contrast to Ediacaran
time, when northwest Iberia is interpreted to
have been close to the Amazonian craton. Tak-
en together, these hypotheses are compatible
with a model of migration of the northwest
Iberian Ediacaran basins along the northern
Gondwanan margin and their eventual dock-
ing to a peri-African realm around the
Ediacaran-Cambrian boundary or in Early
Cambrian time (Fernández-Suárez et al., 2000,
2002a, 2002b; Gutiérrez-Alonso et al., 2003).
However, recent studies of detrital zircons in
Cambrian sedimentary rocks from the eastern
sector of the northern Gondwana margin (Avi-
gad et al., 2003) have yielded late Mesopro-
terozoic (Kibaran) zircons that are �3000 km
away from the nearest rocks of such age, as
observed in present-day exposures. This find-
ing casts some doubt on the model of along-
margin translation of northwest Iberia, which
hinges on the lack of Mesoproterozoic (Gren-
villian s.l.) zircons in the north African
realms.
The Narcea antiform is one of the main Edi-

acaran exposures in northwest Iberia
(Gutiérrez-Alonso, 1996) where two samples
of Ediacaran and Lower Cambrian coarse-
grained sandstones were collected (Fig. 1).
The samples were collected in the eastern
flank of the Narcea antiform (Fig. 1), where
the Kübler mica crystallinity index ranges be-
tween 0.35� and 0.40� �2� (Gutiérrez-Alonso
and Nieto, 1996), indicating that metamorphic
conditions did not reach the epizone.

GEOCHRONOLOGICAL RESULTS,
INSIGHTS, AND SIGNIFICANCE
The 40Ar/39Ar data are listed in the Data

Repository (Table DR21), and a comparison of
detrital zircon and mica ages from both for-
mations is given in Figure 2. The 12 analyzed
detrital micas from the Ediacaran Narcea
Slates (sample MD-1) have ages between 590
and 783 Ma. These ages date events within
the Cadomian–Avalonian–Pan African arc, in-
dicating that the Narcea Slates were deposited
relatively close to the main arc edifice. These
ages cluster differently from those recorded by
detrital zircons in equivalent samples from the
Narcea antiform (sample JG-12, Fernández-
Suárez et al., 2000; sample ZD-3, Gutiérrez-
Alonso et al., 2003), which range from 540 to
2517 Ma. This age mismatch suggests differ-
ences in the realms that provided sediment to
the Ediacaran northern Gondwana backarc.
The muscovite ages suggest that only Cadom-
ian igneous and/or metamorphic rocks con-
tributed mica detritus to the Ediacaran backarc
basin, and that the sources contributing Gren-
villian zircons were either far enough away
that any micas were destroyed during trans-
port, or did not contain primary muscovite, or
contained only muscovite reset by post-
Mesoproterozoic thermal events.
The Cambrian Cándana Sandstone contains

micas with a more complex age spectrum. Of

1GSA Data Repository item 2005121, Supple-
mental data, Tables DR1 and DR2, and Figure DR1,
geochemical data and analytical procedures, is
available online at www.geosociety.org/pubs/
ft2005.htm, or on request from editing@
geosociety.org or Documents Secretary, GSA, P.O.
Box 9140, Boulder, CO 80301-9140, USA.



Figure 2. Comparison of detrital mica ages (this study) with detrital zircon ages from equiv-
alent rocks (references in text). Main tectonic events to which both minerals are interpreted
to be related are shown in gray.

the 12 analyzed grains, two yielded Eocene
ages of 44.77 � 2.02 and 46.70 � 0.26 Ma.
These we interpret as micas reset by fluid cir-
culation during the Eocene uplift of the Can-
tabrian Mountains (Pedreira et al., 2003). The
remaining 10 analyses yielded three age
groups. Two grains yielded Neoproterozoic
ages (644.91 � 3.00 and 550 � 3.39 Ma) sim-
ilar to those found in the Neoproterozoic sed-
iments, and may have been recycled from
these rocks or eroded from the same base-
ment. Three grains gave Grenvillian ages
(918.38 � 4.41, 1050.86 � 4.82, and 1067.15
� 4.49 Ma), and the other five micas yielded
ages between 1584.6 � 5.4 and 1784.6 �
5.9 Ma, close to the Mesoproterozoic-
Paleoproterozoic boundary.
Detrital zircons from the same formation,

but from a sample (JG-16) collected closer to
its base, yield Ediacaran (540–623 Ma), late
Mesoproterozoic (1014–1098 Ma), and Ar-
chean (2.4–2.6 Ga) ages (Fernández-Suárez et
al., 2000). The late Mesoproterozoic ages are
similar to those found in the micas. However,
the sample JG-16 apparently lacked zircons
with ages around the Mesoproterozoic-
Paleoproterozoic boundary; in northern Gond-
wana these are found only in the Rio Negro
orogen of the Amazonian craton.

DISCUSSION
The 40Ar/39Ar data on single detrital mus-

covite grains complement zircon U-Pb data in
provenance studies, as micas are mostly de-
rived from proximal sources. The muscovite

ages presented here, together with previously
published detrital zircon data (Fernández-
Suárez et al., 2000; Gutiérrez-Alonso et al.,
2003), strongly suggest two different source
areas for the Ediacaran Narcea Slates Forma-
tion, a proximal (periarc) source from Cado-
mian muscovite-bearing rocks, and a probable
(but not necessarily) distal source from a late
Mesoproterozoic (Grenvillian s.l.) basement,
probably of Amazonian–Middle American
(e.g., Oaxacan) affinity, that provided the zir-
cons of that age (Fig. 3).
A South American origin is thus inferred

from the presence of late Mesoproterozoic zir-
cons in the age spectra of Fernández-Suárez
et al. (2000). Avigad et al. (2003) found sim-
ilarly aged zircons in Cambrian sedimentary
rocks from northern Africa and suggested that
the central African Kibaran Belt may have
been their ultimate source (Fig. 3). In contrast,
we suggest that the Mesoproterozoic (Gren-
villian s.l.) zircons in Iberia, and similar
1100–950 Ma zircons recently reported from
the Lom Basin in the northern Congo craton
(Fig. 3) (Toteu et al., 2004), have an ultimate
South American (Amazonian � Oaxaquian)
provenance.
The proximal source for the Lower Cam-

brian Cándana Formation sandstone is mostly
from a basement of Mesoproterozoic age in
which the Rio Negro (ca. 1.5–1.8 Ga; Sa-
dowski and Bettencourt, 1996) component ap-
pears to be dominant. The late Mesoprotero-
zoic (Grenville s.l.) and Ediacaran zircons and
muscovites may originate from a similarly

aged basement source or may be recycled
from the underlying Narcea Slates.
The detrital mica age spectra indicate a va-

riety of proximal sources, and are interpreted
to reflect either the migration of northwest
Iberia along the northern Gondwanan margin
and/or the progressive unroofing of basement
rocks of different ages in the terrane on which
the sediments were deposited. Subsequent ero-
sion of this basement shed micas into the Ear-
ly Cambrian basins (Fig. 3). Migration of the
basement fragments would also account for
the presence of Grenvillian s.l. zircons in low-
er Paleozoic sediments located in the northern
margin of Gondwana, including the Sinai
realm (Avigad et al., 2003).
Given the coastal depositional environment

of the Cándana Formation (Aramburu and
Garcı́a Ramos, 1993; Álvaro et al., 2003), the
detrital mica ages date the most recent tectonic
event recorded in the rocks located close to
the coast in the Early Cambrian. These rocks
likely represent the unexposed basement of
the Cantabrian zone, the foreland of the Var-
iscan Belt of northwest Iberia. The evidence
presented in this paper suggests that this base-
ment consists largely of Rio Negro (1.5–1.8
Ga)-aged rocks. The turbiditic nature of the
Narcea Slates Formation and the short time
span recorded in the mica age spectrum sug-
gest a periarc setting for the source. A late
Mesoproterozoic basement (with rocks possi-
bly not containing white mica) either beneath
the arc or providing sediment from the other
side of the basin is envisaged as the source of
the Grenvillian zircons in these rocks.
The presence of late Mesoproterozoic zir-

cons in Ediacaran–Cambrian basins in north-
ern and central Africa (e.g., Avigad et al.,
2003; Toteu et al., 2004), and the lack of tec-
tonothermal events of equivalent age in the
region, suggest that Amazonian zircons may
have become widely distributed after the ca.
630 Ma amalgamation of northern Gondwana
(Collins and Pisarevsky, 2005). Conversely,
the preservation of muscovite grains with ages
consistent with an Amazonian source suggests
that the terranes forming the northwest Iberian
basement have a peri-Amazonian origin, lo-
cated but not exposed in the core of the Ibero-
Armorican Arc.
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Figure 3. Ediacaran–Lower Cambrian reconstructions of North Gondwana and related ter-
ranes (modified from Gutiérrez-Alonso et al., 2003; Murphy et al., 2004b). A: Tentative lo-
cation of northwest Iberian basement close to Grenvillian s.l. and Rio Negro realms corre-
lated with inferred sources of detrital zircons and muscovites. Other realms and basins
mentioned in text are starred. B, C: Proposed transfer of basement sources along northern
margin of Gondwana. These basement units are thought to have shed zircons and mus-
covites into Cambrian basins in periphery of northern Africa.

tion to International Geological Correlation Pro-
gramme 453.
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Fernández-Suárez, J., Dı́az Garcı́a, F., Jeffries, T.E.,
Arenas, R., and Abati, J., 2003, Constraints on

the provenance of the uppermost allochthon-
ous terrane of the NW Iberian Massif: Infer-
ences from detrital zircon U-Pb ages: Terra
Nova, v. 15, p. 138–144.

Gutiérrez-Alonso, G., 1996, Strain partitioning in
the footwall of the Somiedo Nappe: Structural
evolution of the Narcea Tectonic Window:
Journal of Structural Geology, v. 18,
p. 1217–1230, doi: 10.1016/S0191-8141(96)
00034-X.

Gutiérrez-Alonso, G., and Nieto, F., 1996, White
mica ‘‘crystallinity,’’ finite strain and cleavage
development across a large structure (Narcea
Antiform, Variscan Belt of NW Spain): Geo-
logical Society [London] Journal, v. 153,
p. 287–299.

Gutiérrez-Alonso, G., Fernández-Suárez, J., Jeffries,
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and Jeffries, T.E., 2004a, Contiguous rather
than discrete Paleozoic histories for the Ava-
lon and Meguma terranes based on detrital zir-
con data: Geology, v. 32, p. 585–588, doi:
10.1130/G20351.1.

Murphy, J.B., Pisarevsky, S.A., Nance, R.D., and
Keppie, J.D., 2004b, Neoproterozoic–early
Paleozoic evolution of peri-Gondwanan ter-
ranes: Implications for Laurentia-Gondwana
connections: International Journal of Earth
Sciences, v. 93, p. 659–682, doi: 10.1007/
s00531-004-0412-9.

Pedreira, D., Pulgar, J.A., Gallart, J., and Dı́az, J.,
2003, Seismic evidence of Alpine crustal
thickening and wedging from the western Pyr-
enees to the Cantabrian Mountains (north Ibe-
ria): Journal of Geophysical Research, v. 108,
no. B4, 2204, doi: 10.1029/2001JB001667.

Sadowski, G.R., and Bettencourt, J.S., 1996, Me-
soproterozoic tectonic correlations between
eastern Laurentia and the western border of
the Amazon craton: Precambrian Research,
v. 76, p. 213–227, doi: 10.1016/0301-
9268(95)00026-7.

Toteu, S.F., Deloule, E., Penaye, J., and Tchameni,
R., 2004, Preliminary U-Pb ionic microprobe
data on zircons from Poli and Lom volcano-
sedimentary basins (Cameroon): Evidence for
late Mesoproterozoic to early Neoproterozoic
(1100–950 Ma) magmatic activity in the Cen-
tral African fold belt, in 20th Colloquium on
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