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| ABSTRACT |

The pre-Variscan rocks of the Pyrenees exhibit a polyphase deformation linked to the Variscan crustal shortening
and a low-pressure-high-temperature metamorphism. However, there is scarce chronostratigraphic evidence of
this Variscan deformation. In the Pyrenean low-grade metamorphic domains, maximum ages have been provided
by the synorogenic Carboniferous Culm deposits. In medium- to high-grade metamorphic areas, the Variscan
regional metamorphism or intrusive magmatic bodies constrain the age of the main Variscan deformation
structures. However, these data usually provide a minimum age. Here, we present new palaeobotanical records
that assign a Namurian age to the base of the Culm deposits of la Cerdanya in the eastern Pyrenees. This dating
is based on the co-occurrence of the sphenopsids Archaeocalamites radiatus, Mesocalamites cistiiformis and the
seed of Cardiocarpus sp. The plant remains were found in sandstone facies produced by high-density turbidity
flows of a deep-sea fan system. The new biostratigraphic information constrains the age of the Carboniferous
Culm succession in the eastern Pyrenees.
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INTRODUCTION

Knowing the precise age of deformation events is
important in understanding the evolution of orogenic
processes. Geochronological methods are useful in
determining the age of regional metamorphic or magmatic
processes, while synorogenic sediments, if present, can
provide additional information to constrain the age of
the deformation in low-grade rocks. Like the other pre-
Variscan rocks of Central and Western Europe, the pre-
Variscan basement rocks of the Pyrenees were involved in
the Variscan Orogeny linked to the closure of the Rheic
Ocean and the collision of Laurussia and Gondwana in the
Late Palaecozoic (Matte, 2002; Nance et al., 2010). In the

northwest of Iberia, a continuous exposure enables the
reconstruction of the different stages of the Variscan
evolution, from the end of the oceanic closure in the
late Devonian to the onset of the continental collision in
the Tournaisian-Visean and the end of the contractional
deformation in the Moscovian-Kasimovian (Martinez
Cataldn et al., 2009 and references therein). By contrast,
evidence of deformation or high-pressure metamorphism
linked to subduction during the early Variscan
convergence is lacking in the pre-Variscan rocks of
the Pyrenees. There, pre-Variscan rocks only display
a polyphase deformation linked to the main period of
Variscan crustal thickening and a low-pressure—high-
temperature metamorphism.
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Chronostratigraphic evidence for the Variscan shortening
event in the Pyrenees is scarce. In low-grade metamorphic
domains, data may be provided by the synorogenic
Carboniferous deposits, which generally developed in
turbidite or flysch basins and are known regionally as the
Culm facies. However, the age of these deposits is difficult to
ascertain. It has been estimated mainly using biostratigraphic
data of conodonts from older rocks corresponding to
limestones underlying the Culm deposits and from reworked
carbonate blocks and olistostromes occurring within Culm
conglomerates in other areas of the Pyrenees and Montagne
Noire (Engel and Raymond, 1983; Delvolvé and Perret, 1989;
Delvolvé et al., 1998). It should be noted that these methods
provide maximum ages. Recently, a maximum depositional
age was also provided by the U-Pb ages of detrital zircons
(Martinez et al., 2015). A minimum age was provided by the
dating of crosscutting granites (Romer and Soler, 1995; Maurel
et al., 2004; Pereira et al., 2014). In medium- to high-grade
metamorphic areas, the geochronological ages of regional
metamorphism or intrusive magmatic bodies constrain the
age of the main Variscan deformation structures. This method
also provides a minimum age, as the main Variscan structures
predate both thermal events.

Here, we present new palaeobotanical data constraining
the age of the Culm deposits from la Cerdanya area, in the
eastern Pyrenees, using plant remains that were coeval with
the deposition. The study area is situated near the village of
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Bellver de Cerdanya (Catalonia), to the North of the Segre
River, in the Carboniferous rocks located in the hangingwall
of the Neogene normal fault bounding the la Cerdanya Basin
(Figs. 1 and 2). These are the first data obtained from rocks
in the eastern Pyrenees that directly provide an age for the
Culm deposits, shedding light on the date of the Variscan
deformation in the low-grade metamorphic rocks of this part
of the chain.

GEOLOGICAL SETTING OF THE STUDY AREA

The pre-Variscan rocks of the Pyrenees are involved in the
Alpine lower thrust sheets and crop out extensively along the
backbone of the mountain chain (Fig. 1). These rocks form
an elongated strip, unconformably overlaid by Mesozoic and
Cenozoic rocks that are not continuous with the neighbouring
outcrops of the Catalan Coastal Range to the South or the
Mouthoumet, Montagne Noire and French Central massifs to
the North (Fig. 1). In the eastern Pyrenees, a complete pre-
Variscan succession ranging in age from the Ediacaran to the
late Mississippian/early Pennsylvanian can be identified.

Ediacaran to Lower Ordovician rocks constitute a thick
(3,000 meters) sequence of metasedimentary rocks, with
gneissic bodies, and layers of marbles, quartzites and calc-
silicates interbedded in its lower part. A well-dated Upper
Ordovician succession (Cavet, 1957; Hartevelt, 1970) lies
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FIGURE 1. Simplified geological map of the eastern Pyrenees showing the study area (see in the upper right corner for context map) (Fig. 2).

Geographical coordinates are provided in UTM.
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FIGURE 2. Geological map of the study area in la Cerdanya, modified from Institut Cartografic i Geologic de Catalunya (2006). OS, Orden Section; RPS,
Roca Punxenta Section. Location of cross-sections in Figure 3, and stratigraphic columns in Figures 4 (OS) and 5 (RPS) are shown. Geographical

coordinates are provided in UTM.

unconformably over the sequence (Santanach, 1972; Garcia-
Sansegundo and Alonso, 1989; Casas and Ferndndez, 2007).
Although it is difficult to evaluate the magnitude of this
unconformity, it can be assumed that there was considerable
erosion before the Upper Ordovician deposition. During the
Silurian, black shales were deposited, which grade upwards
to an alternation of black limestone and black shales. The
Devonian is represented by a limestone sequence with
common facies and changes in thickness along the chain.
In the study area, Sanz-Lépez (2002, 2004) identified a
complete succession from the Lochkovian to the Famennian.
The upper part of the Devonian succession consists of
characteristic nodular limestone widely occurring throughout
the Pyrenees. It should be noted that the first Carboniferous
conodonts can be recorded on the uppermost part of these
limestones (Sanz-Lépez, 2002). Black radiolarian, chert
and shales from the Tournaisian lie above the nodular
limestone and are, in turn, overlain by an intercalation of
chert with nodular to massive limestones of the Aspe-
Brousset Formation (Fm.), that housed the conodonts from
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the Upper Tournaisian to Lower Serpukhovian. Siliciclastic
rocks corresponding to the Culm facies, formally defined as
Bellver Fm. in the study area (Brouwer in Hartevelt, 1970),
overlie unconformably the Aspe-Brousset Fm. (Delvolvé
et al., 1998; Sanz-Ldpez, 2002, 2004). The age of the
Culm deposits is based on scarce fossils and varies along
the Pyrenees (Delvolvé and Perret, 1989), although a Late
Visean—Early Namurian (Serpukhovian) age for the Culm
deposits in the eastern and central Pyrenees is accepted by
most authors (Cygan et al., 1981; Engel and Raymond, 1983;
Delvolvé et al., 1993; Delvolvé et al., 1998; see Discussion
in Sanz-Lépez, 2002).

A pervasive cleavage (S3) linked to East-West trending
folds (D3) is the main Variscan deformation mesostructure
observed in low-grade pre-Variscan rocks of eastern
Pyrenees. S3 is the main cleavage in the Pallaresa Massif,
the Tor-Casamanya and Llavors{ synclines and the Rabassa
and Orri domes (Speksnijder, 1986; Poblet, 1991; Clariana
and Garcia-Sansegundo, 2009; Margalef and Casas, 2016).
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The Culm rocks of the study area exhibit a well-developed
cleavage that can be correlated with this S3 mesostructure.
Clariana et al. (2009) and Clariana and Garcfa-Sansegundo
(2009) indicated that a similar subvertical S3 cleavage is a
crenulation that deforms a previously formed S1-2 foliation
in the pre-Silurian rocks of the eastern part of the Pallaresa
Massif, South of the Aston Massif and North of the Tor-
Casamanya syncline. Additionally, in the study area, several
thrust sheets involving Devonian and Carboniferous rocks
can be observed (Figs. 2 and 3). Their basal detachment is
located in the Silurian black shales and although most of the
thrusts are South-directed, some North-directed thrusts can
be observed (Figs. 2 and 3A; B). At outcrop scale, thrusts
cut D3 folds and at kilometric scale South-verging D3 folds
deform the thrusts and the lower detachment. The thrusts
dip to the South and southeast in the southern limb of D3
megastructures, such as the Rabassa dome (Fig. 3A). Thus,
thrust development must have been broadly synchronous
with the D3 folds in the supra-Silurian rocks.
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FIGURE 3. Cross-sections of the study area (location shown in Fig. 2).
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MATERIALS AND METHODS

The stratigraphy and sedimentology of the Bellver Fm.
(Culm facies) were studied in two stratigraphic sections located
inthe thrust sheet cropping out North of the Bellver de Cerdanya
Village (Fig. 2). These sections, Ordén and Roca Punxeta
sections, correspond to laterally equivalent facies within the
same deep-sea fan system. The Ordén Section crops out along
the local road from Bellver to Talltendre, ca. 2.8km southeast
of the village of Ordén (base coordinates 42°23°12.01”N,
1°46°52.54”E  and top coordinates 42°46’°52.54”N,
01°46°52.54E). It represents the base of the Bellver Fm. and
shows one complete retrograding megasequence of a deep-
sea fan. The Roca Punxenta Section was studied in the same
road about 1.8km northeast of the junction with the main road
N-260 (base coordinates 42°22°47.57”N, 1°46°51.82”E and
top coordinates 42°22°52.36”N, 1°46°59.82”E). This section
also contains the base of the Bellver Fm., but includes a more
developed record of the channelised facies than the Ordén
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Section. The Roca Punxenta Section yielded most of the plant
remains studied here.

Plant remains were obtained after systematic sampling
of all the beds, particularly sandstones, where they were
most abundant. Plant fossils were prepared, analysed
and photographed in the palaeontology laboratory of the
Departament de Dinamica de la Terra i de 1’Ocea at the
University of Barcelona, and are housed in the Museu de
Ciencies Naturals de Barcelona (MCNB) with the reference
codes MGB 77557 to MGB 77585.

Stratigraphy, sedimentology and plant taphonomy

The study area corresponds to the stratotype of the Bellver
Fm. The two sections analysed provide an insight into the
stratigraphic framework and sedimentary facies of the lower
part of this formation, helping to determine the transport and
depositional conditions of the fossil plant remains studied.

The Ordén Section
Description

The Ordeén Section shows one complete fining-upward
sedimentary megasequence, about 135m-thick, belonging
to the Bellver Fm. (Fig. 4). This megasequence occurs on
top of a small sandstone-to-shale sequence that, in turn, lies
unconformably on the limestone of the Compte Fm. (Hartevelt,
1970), which is rich in crinoids. The base of the megasequence
is a massive conglomerate, about Sm-thick, with a lateral
continuity about 100m and an erosive convex base. The clasts,
supported by a grey pelitic matrix, are of up to 10cm in diameter
and poorly sorted. They comprise mostly white hydrothermal
quartz (rounded clasts) and Tournaisian black chert (angular
clasts) and, rarely, granite clasts but no carbonate lithologies.
These facies correspond to what Mutti and Ricci Lucchi (1972)
and Walker and Mutti (1973) call unorganised conglomerate in
a pelitic matrix (facies A,). On top of the basal matrix-supported
conglomerate, there is a succession, up to 20m-thick, containing
a number of small sequences, beginning with lenticular layers
of massive 1-4m-thick clast-supported conglomerate that pass
upward to massive grey sandstone beds, a few decimeters-
thick. Most clasts share a similar lithology to that of the basal
conglomerate, their diameters decreasing upward in the section
from up to 20cm in the first sequences to up to 10cm in the
other sequences. The clasts occasionally show imbrications, but
the conglomerate beds do not generally show any sedimentary
structure. These conglomerates correspond to facies A, of Mutti
and Ricci Lucchi (1972) and Walker and Mutti (1973). On
top of the clast-supported conglomerate, there is a 25m-thick
interval of sandstones, formed of poorly sorted medium- to
coarse-grained sand, containing mainly whitish quartz and
black chert lithoclasts, but no carbonate. They are stratified in
massive beds a few decimeters thick. These sandstones contain
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abundant plant remains, mainly unidentifiable woody axes and
comminuted plant debris. The upper part of the megasequence
consists of more than 60m of fine to medium-grained
sandstones intercalated with shales, the latter becoming more
abundant towards the top. These deposits show a centimeter-to-
decimeter recurrence of sandstone intervals, with plane-parallel
lamination and ripple marks passing upward to grey finely-
laminated shales.

Interpretation

The fining-upward megasequence is attributed to
deposition in a retrograding deep-sea fan, with facies
corresponding to slope aprons, upper-fan channelised facies
and interchannel facies, according to the classification of
Mutti and Ricci Lucchi (1972), Walker and Mutti (1973) and
Stow et al. (1985). The basal matrix-supported conglomerate
is attributed to a single sedimentation event of debris flow
of high-viscosity in the slope apron, as shown by the poor-
sorting and the abundant pelitic matrix that supports the clasts.
The overlying sequences of clast-supported conglomerate
grading into massive sandstones are attributed to the infilling
of deep-sea fan channels, as attested by the lenticular shape
of the conglomerate beds, its erosive base and the occasional
imbrication of clasts, indicating transport by traction. The
lithology of the conglomerate clasts suggests that they arose
from two very different sources: rounded whitish quartz
may represent polycyclic clasts from an old hydrothermal,
probably an Ordovician, source, while angular black chert
represents the immediately pre-orogenic Tournaisian chert.
The absence of limestone clasts suggests that the underlying
largely Devonian Compte Fm. was still unexposed in the
source area of the Culm conglomerates in Bellver, refuting
the assumption that the limestone intercalations in the Culm
deposits represent olistostromes from dismantled coeval
carbonate platforms as described in other areas of the Pyrenees
(Delvolvé and Perret, 1989). Instead, these intercalations have
been interpreted as repeated thrust sheets cutting the top of the
pre-orogenic carbonatic rocks (Institut Cartografic i Geoldgic
de Catalunya, 2006). Most of the medium- to coarse-
grained sandstone deposits overlying the basal conglomerate
correspond to single events of high-density flow depositions,
as indicated by their tabular shape and massive structure.
Finally, the upper part of the megasequence, formed by fine-
to medium-grained sandstones intercalated with laminated
shales, are attributed to interchannel turbidite facies.

The Roca Punxenta Section
Description
This section unconformably overlies pre-orogenic Visean

limestone (Aspe-Brousset Fm.) and chert. The section contains
a number of thinning- and fining-upward sequences, each up

[111]



C. Martin-Closas et al. Palaeobotanical data contrain the age of the Variscan deformation

= 100 ——— —
T T
] e
s .
—:l:‘| _
—— —
PR ’,(\
40 — 90 -
T
~
oy
— =
— —
=
—
e 130 -
et Matrix-supported
— IEI conglomerate
—~
oo g| Clast-supported
R 9 2 | conglomerate
B Sandstone
I 1 N\
= —  Ele
| 120 == Limestone
' —N @ (pre-orogenic Devonian
A and Carboniferous)
= |Z| Covered
1 = O Intraformational
i — O pebbles
| —
I
T ] = Parallel lamination
I —N
— ¥ ~ Cross lamination
110 = +—  Scour mark
— U
= —  Fault
—N
— 1 Bioturbation
=V é Plant remains
o = B N {é}' Crinoids
% o [m] o u] O [m] DD .+ L
m 50 o 100& —N
T 11711 T 1 1 1 1 1T 1T 1 71 1
L FS MSCSVCSC L FS MSCSVCS C L FS MSCSVCSC
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to 30m-thick, identical in facies and vertical evolution (Fig. 5).
They begin with 1-4m-thick clast-supported conglomerate
organised in beds 0.5-2m-thick. These beds are massive and
show a lenticular shape, an erosive base and a flat top. The
clasts are up to 10cm in diameter and mainly composed of white
hydrothermal quartz (rounded) and black chert (angular), rarely
of granite or schist, being limestone absent. They correspond
to A, facies of Mutti and Ricci Lucchi (1972) and Walker
and Mutti (1973). The basal conglomerate in each sequence
is usually overlain by medium- to coarse-grained sandstone
intervals, several meters-thick, organised in tabular beds ranging
from a few decimeters to 4 meters in thickness. Most of these
sandstones are massive, showing a microconglomeratic lag
deposit, and some contain abundant woody axes, providing the
plant material studied herein. On top of the sandstone interval,
some of the sequences display an interval of fine sandstones
grading to finely-laminated grey shales (Bouma sequences T,
and T, ). These sequences become increasingly enriched in
finer deposits upward in the section.

Interpretation

Each of the cycles described, composed of a clast-
supported conglomerate at the base followed by a massive
sandstone interval and fine sandstones and shales (Bouma
sequences), represent a single event of channelised turbidites
as described by Mutti and Ricci Lucchi (1972) and Walker
and Mutti (1973). The succession shows progressively less
energetic and less channelised facies. The basal conglomerate
represents the infilling of the turbidite channel, as indicated by
their lenticular shape, erosive base and multilayered internal
structure. Tabular, medium- to coarse-grained sandstone beds
with alag deposit and massive internal structure were produced
by single high-viscosity turbidity flow expanding into laminar
fluxes over the infilled channel. These flows carried most of
the plant remains studied herein. Finally, the recurrences of
fine- to medium-grained sands and laminated shales indicate
gravity-mediated deposition of the suspended sediment load.
These sediments accumulated under too low energy conditions
to carry any plant macro-remains.

The Ordén Section includes a single fining- and thinning-
upward cycle with relatively more proximal facies (slope
apron facies and proximal channelised facies) than the Roca
Punxenta Section, which contains abundant fining- and
thinning-upward cycles, but only facies corresponding to
channel and interchannel areas of the deep-sea fan. Thus, the
Ordeén Section represents the upper deep-sea fan area, while the
Roca Punxenta Section represents the middle part of the fan.

Plant taphonomy
The studied plant remains were found in the middle part

of the deep-sea fan, in the sandstone beds corresponding to
high-density flows. These beds contain two types of plant
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taphofacies (Fig. 6). One of these types involves abundant
non-oriented woody axes tridimensionally preserved as casts
within the sandstone, and rare lignified seeds. The axes show
large variations in size (from comminuted debris that are
millimeters-long to 20cm-long axes), but less variation in their
plant organ type and shape (most are elongated axes and rarely
seeds). Assemblages of selected axes and seeds deposited in
marine environments indicate a long transportation involving
floating in the sea (Martin-Closas and Gomez, 2004). When the
empty internal spaces of these remains became saturated with
seawater, they sank to the seafloor and became incorporated
into the turbidity flows that generated the sandstone layer,
parts of which were filled in with sediment and buried. The
infilling of the pith cavity of sphenophyte axes follows the
model developed experimentally by Rex (1985), who showed
that the quite regular infilling of the pith is due to the relatively
short length of the axis parts preserved compared to their
diameter. Most of the pith casts show signs of early diagenetic
deformation, such as flattening, with the compression borders
or depressions resulting from the incomplete infilling of the
pith. Corresponding external casts, although also flattened, are
much more regular in shape.

The other type of taphofacies corresponds to adpressed
axes found on top of the sandstone beds. These remains, left
on sand deposits after the turbidity flow ceased, were not filled
in with sediment, thus hindering the formation of pith casts.
They were completely flattened during the early burial and
show parallel orientation.

Systematic palaeobotany

The first records of the occurrence of plant remains
in the Culm deposits of Bellver were provided by Solé-
Sabaris and Llopis-Llad6 (1947), who had already reported
the presence of Archaeocalamites (?7) in “greywackes” of
the section near Cal Codolet. More recently, Gémez-Alba
(2007) noticed the occurrence of “calamitalean remains”
near Bellver, corresponding to sample 86-1/2 of Lluis-
Maria Vidal’s collection housed in the MCNB. They are
poorly-preserved adpressions of a single sphenophyte axis.
The present study provides the first taxonomic description
of the plant remains found in the Culm deposits from
Bellver de Cerdanya.

Phylum: Sphenophyta

Class: Sphenopsida

Order: Calamitales

Family: Archaeocalamitaceae

Genus Archaeocalamites STUR, 1875

Type species: Archaeocalamites radiatus (BRONGNIART,
1828)

Material. One single portion of pith cast (specimen
MGB 77557) about 15.5cm-long and 3.9cm-wide.
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FIGURE 5. Stratigraphic log of the base of the Bellver Formation (Culm facies) at Roca Punxenta (location shown in Fig. 2). Legend as in Figure 4.
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Description. Axis organised in nodes and internodes,
the latter generally having greater widths than lengths
(nodes are separated from each other by 1.8 to 2.5cm).
Internodes display up to 40 clearly marked longitudinal
and parallel ribs that are 1.3-2mm-wide, striated and
continuous at each side of the nodes, forming a clearly
visible straight line. Infranodal thickenings are generally
absent, usually elongated and poorly visible when present.
No branch scars are visible.

Chronostratigraphic range. The genus Archaeocalamites
mainly occurs in the uppermost Devonian and lowermost
Carboniferous deposits (Stewart and Rothwell, 1993;
Dimichele et al., 2001; Taylor et al., 2009). However,
Mamay and Bateman (1991) described the occurrence of
Archaeocalamites lazarii in the Permian of Texas. This
unique and extemporary record has been attributed to a
relict occurrence of the group in particular facies (Cleal
and Thomas, 1994) and is generally not considered for
biostratigraphic purposes.

Family: Calamitaceae
Genus Mesocalamites HIRMER, 1927
Type species: Mesocalamites cistiiformis (STUR, 1877)

Material. Four well-preserved pith casts, up to 10cm-
long and 2cm-wide attributed to first order axes (MGB
77558-77561). Six smaller pith casts, up to 7cm-long and
8mm-wide attributed to second order axes (MGB 77562
77566, 77568).

Description. Axis organised in nodes and internodes.
Internodes generally have greater lengths than widths. Two
types of axes are preserved: i) first-order axes, which are up to
2cm-wide with nodes separated from each other by 6.0-6.3cm
(Fig. 8), and ii) second-order axes that are up to 8mm-wide
with nodes separated from each other by 2.8-3.0cm (Fig. 9).

First-order axes display about 40 well marked longitudinal
and parallel ribs that are 0.8—1.6mm-wide, sometimes finely
striated. Ribs, either alternating or continuous at each side
of the nodes, end in rounded tips, giving a relatively straight
nodal line that is sometimes undulated. No visible branch scar.
Infranodal thickenings are small, rounded and poorly visible.

Second-order axes display around 20-30 ribs, with
similar features as those of first-order axes, but with
predominantly continuous ribs at both sides of the nodal
line. Two of these second-order axes (specimens MGB
77565 and MGB 77566) show 1-2 branches at each
node, emerging at an acute angle and suggesting that the
branching was opposite rather than alternate (Fig. 9B).

Remarks. According to Josten (1983), M. cistiiformis is
very closely related to M. ramifer (STUR, 1877), but differs
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by the absence of the interdigitated ribs at the node forming
a zig-zag line.

Chronostratigraphic range. Stewart and Rothwell
(1993) indicated that Mesocalamites is typically
reported from the middle to Upper Carboniferous (i.e.
the Namurian); however, some species have also been
documented from the Visean (Villalba-Breva and Martin-
Closas, 2009). Specifically M. cistiiformis was reported
by Josten (1983) from the top of the Namurian A until
the upper part of the Namurian C in the Ruhr district
(Germany), being very abundant in the Namurian B-C.
These two old regional substages are equivalent to the
modern Kinderscoutian, Marsdenian and Yeadonian
substages according to Wagner and Winkler-Prins (2016)
after Ramsbottom et al. (1978).

Phylum: Tracheophyta

Class: Pinopsida

Order: Cordaitales

Family: Cordaitaceae

Genus Cardiocarpus BRONGNIART, 1881
Cardiocarpus sp.

FIGURE 6. Plant taphofacies found in the turbiditic deposits (Culm
facies) of Bellver Formation. A) Plant taphofacies of tridimensionally
preserved axes (internal casts) within the turbiditic sandstone. B) Plant
taphofacies formed by adpressed axes at top of a turbiditic sandstone.
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FIGURE 7. Pith cast of Archaeocalamites radiatus (MGB 77557) from Roca Punxenta Section.

Material. A single seed preserved as a limonitised
adpression (MGB 77567).

Description. Rounded, bilaterally symmetrical,
broadly heart-shaped seed with a maximum diameter
of 1.5cm. The apex is rounded, slightly pointed, and
the base concave (emarginated). The wing (sarcotesta)
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is well-developed, smooth and up to 2mm-wide in the
equatorial area, decreasing in width towards the apex
and base.

Remarks. The specimen found is similar in shape and

size to that of C. sartisensis STOCKMANS AND WILLIERE,
1961. However, the wing is not wider in the apex than
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FIGURE 8. Pith casts of first-order axes of Calamites (Mesocalamites) cistiiformis from Roca Punxenta Section. A-C) General view of pith casts,
D-F) details of the nodes showing both the continuous and alternating ribs along the nodal line. A, D) Specimen MGB 77559; B, E) Specimen

MGB 77558; C, F) Specimen MGB 775561.

in the equator in the material studied here, as it is in the
holotype of this species.

Chronostratigraphicrange. The organ genus Cardiocarpus
is usually attributed to cordaitalean seeds (Taylor er al.,

Geologica Acta, 16(2), 107-123 (2018)
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2009). Cordaitales are considered to have ranged mainly
from the Lower Namurian to the Lower Permian (Stewart
and Rothwell, 1993), although some isolated remains such as
wood (Bell, 1992) and leaves (Mosseichik and Ruban, 2010)
suggest that they might have an earlier origin.
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FIGURE 9. Pith casts of Calamites (Mesocalamites) cistiiformis from Roca Punxenta Section. A-B) Second-order axes with branch bases (arrows);
A) Specimen MGB 77566; B) Specimen MGB 77565; C) Axis between two nodes, specimen MGB 77562; D-E) Specimens MGB 77563 and
MGB 77568, respectively, showing prevailing continuous ribs at both sides of the nodal line.

DISCUSSION

Biostratigraphy of the Culm deposits of Bellver de
Cerdanya based on plant remains

The Carboniferous biostratigraphy of plant macro-
remains is based mainly on assemblages consisting of
fern and pteridosperm foliage and lycopsid bark, e.g.
the classical biozonations of Wagner (1984) and Cleal
(1991). Sphenopsids have been usually considered less
precise biostratigraphic indicators, given their wide
chronostratigraphic ranges. Nevertheless, this plant
group shows a relatively well-known chronostratigraphic
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succession of morphologies that remains consistent
over large biogeographic areas and is extremely useful
when other fossils are absent due to taphonomic factors.
Although a formal biozonation based on these fossils has
not been proposed yet, the succession of the sphenophyte
species has been used by some authors, such as Josten
(1983), for the biostratigraphic characterisation of the
Namurian. In the case of the Culm facies and similar flysch
deposits, sphenopsid remains are especially useful since
they can withstand long-distance transport by flotation
or traction even in very distal and deep marine settings.
Furthermore, they are easily fossilised as adpressions
or casts, the former without further reworking. Another
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FIGURE 10. Seed of Cardiocarpus sp. from Roca Punxenta section
(specimen MGB 77567).

type of plant remains that can be easily transported and
preserved as allochthonous assemblages are pteridosperm
and cordaitalean seed. The combination of both axes
and seeds enable a relatively reliable biostratigraphic
characterisation of the Culm deposits, based on coeval,
rather than reworked fossils.

The biostratigraphic succession of Carboniferous
sphenopsid genera is composed of three intervals. The first
interval, represented by assemblages of Archaeocalamites,
ranged from the Upper Devonian (Famennian), to Middle-
Upper Visean, from where the firstrecords of Mesocalamites
have been reported (e.g. Villalba-Breva and Martin-Closas,
2009). The second interval (Upper Visean and Namurian)
is represented by the concurrence of Archaeocalamites
and Mesocalamites (e.g. Feist and Galtier, 1985), although
Mesocalamites may have dominated or even been the
only type of sphenopsid axis present (Josten, 1983). This
interval ends with the disappearance of Archaeocalamites
from most of the floras during the lowermost Pennsylvanian
(e.g. Dimichele and Phillips, 1996; Taylor et al., 2009) and
the change from Mesocalamites to Calamites (Boureau,
1964). The third interval, corresponding to the remaining
part of the Pennsylvanian (largely the Westphalian and
Stephanian), is where mainly Calamites sp. occurred among
the sphenopsid axes (Stewart and Rothwell, 1993; Taylor
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et al., 2009). The base of the Pyrenean Culm deposits from
Bellver de Cerdanya belonged to the second interval.

The reported concurrent ranges of Archaeocalamites
radiatus, Mesocalamites cistiiformis and Cardiocarpus sp.
suggest a Namurian age for the base of these Culm deposits
(Fig. 11).

Onset of the Variscan deformation in the eastern
Pyrenees

The new palaecobotanical data presented here are
the first to directly assign a Namurian (Serpukhovian
to Bashkirian) age to the base of the Bellver Fm. (Culm
deposits) in the eastern Pyrenees. The results clarify and
constrain a previous age provided East of the study area
by Sanz-Lépez et al. (2006), who used foraminifers to
attribute a latest Visean or Serpukhovian age to the
Camprodon Fm. (sensu Trow in Boersma, 1973). This
formation presumably corresponds, at least in part, to
the Carboniferous flysch (Culm facies). Taken together,
these data are compatible with the Serpukhovian age
of the limestones underlying the Culm deposits in the
Garona River (Ariege, France), confirming the westward
migration of the Culm deposits from the eastern and
central Pyrenees during the Namurian to the westernmost
Cinco Villas Massif during the Middle Westphalian
(Moscovian) (Delvolvé, 1981; Delvolvé and Perret, 1989;
Delvolvé et al., 1993). Moreover, there was a southward
migration (in present-day coordinates) of the Culm
deposits from the Montagne Noire and Mouthoumet
Massif (late Visean-early Namurian) to the eastern and
central Pyrenees (Namurian) (Bessiére and Schulze,

Stages/Substages Biostratigraphic ranges
Westphalian
C | Yeadonian
S B Marsdenian | =/ haeocalamites
g Kinderscoutian| radiatus
g Alportian E
Chokierian 1
Z | A ;
Arnsbergian !
Pendleian H
1
Calamites H
(Mesocalamites) H
cistiiformis H
1
Visean Cardiocarpus sp.

FIGURE 11. Biostratigraphic range of the three taxa found in the
Bellver Formation, based on Josten (1983), Stewart and Rothwell
(1983) and Taylor et al. (2009). Regional substages according to
Wagner and Winkler-Prins (2016).
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FIGURE 12. Age of the Variscan deformation in the Pyrenees based on the Culm sedimentation. Culm sedimentation biostratigraphic data of the
eastern Pyrenees based on this study. Central Pyrenean data based on Delvolvé (1981), Delvolvé and Perret (1989) and Delvolvé et al. (1993).
Western Pyrenean data based on Delvolvé and Perret (1989), the crosscutting Andorra-Montlluis granodiorite (Romer and Soler, 1995), Maladeta
granodiorite (Martinez et al., 2015) and Lys-Caillaouas granite (Esteban ef al., 2015), the unconformable Baga rhyolite (Martinez et al., 2015) and
Castellar de N’'Hug ignimbrite (Pereira et al., 2014), the youngest detrital zircon population from Guils and Baga (Martinez et al., 2015), the Bossost
and Soulcem granites that may provide the undeformed cobbles of igneous rocks (Mezger and Gerdes, 2016), and the Mississippian Variscan

metamorphism (Martinez et al., 2015).

1984, Feist and Galtier, 1985; Delvolvé and Perret, 1989;
Delvolvé et al., 1993; this study). Therefore, we can
confirm a northeast-southwest migration, from internal to
external zones, of the Variscan deformation, as proposed
previously (Feist and Galtier, 1985; Delvolvé et al., 1993;
Sanz-Lépez, 2002).

The biostratigraphic results obtained in the present
study constrain the age of the Variscan deformation
in the low-grade supra-Silurian rocks of the eastern
Pyrenees between 330 and 319Ma. This time span is
consistent with the maximum depositional ages of
336+2Ma and 356+9Ma obtained from U-Pb dating
of the detrital zircons in Carboniferous rocks at Guils
de Cerdanya and Baga, not far fom the study area
(Martinez et al., 2015) (Fig. 12). A minimum age can
be deduced from the age of the crosscutting Andorra-
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Montllufs granodiorite, dated as 305+3Ma by Romer
and Soler (1995), 305+t5Ma by Maurel et al. (2004)
and 301.5+1.9Ma by Pereira et al. (2014), or more to
the West by the radiometric age of the Maladeta and
Lys-Caillaouas plutons, dated as 301.7+7.3Ma and
300+2Ma by Martinez et al. (2015) and Esteban et
al. (2015), respectively. It is also compatible with the
age of the Baga rhyolite (287.7+3.7Ma) proposed by
Martinez et al. (2015) and the age of the Castellar de
n’Hug ignimbrite (283.4+1.9Ma) provided by Pereira
et al. (2014) (Fig. 12). Both of these igneous rocks
overly unconformably the Culm deposits near the
study area. The presence of undeformed cobbles of
igneous rocks in Culm conglomerates (Solé-Sabaris
and Llopis-Lladd, 1947; Fontboté and Julivert, 1952;
Hartevelt, 1970) confirms pre-latest Visean igneous
activity in the Pyrenees (Soulcem and Bosost granites,
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ca. 339-336Ma old, according to Mezger and Gerdes,
2016) (Fig. 12), which significantly predates the
much younger late Carboniferous magmatism (ca.
312-305Ma). By contrast, the presence of strongly
foliated schist and gneiss cobbles (Solé-Sabaris and
Llopis-Llad6, 1947; Hartevelt, 1970) indicates the
pre-Culm Variscan ductile deformation (see discussion
in Martinez et al., 2015). The age of this pre-Culm
deformation is not well constrained, although it may
be linked to the formation of the S1-2 foliation in
medium- to high-grade pre-Silurian rocks and to the
early Carboniferous Variscan metamorphism (ca. 360—
350Ma) proposed by Martinez et al. (2015), based on
the radiometric age of the monazite and metamorphic
rims in zircons in gneiss cobbles. A different, younger,
deformation event (D3 deformation), synchronous with
the Culm sedimentation, could be responsible for the
folds, cleavage and thrust formation in the Silurian,
Devonian and Lower Carboniferous rocks. However,
the correlation between the structures developed in
both events (D1-2 and D3) is hampered by the different
expression of each of these events in the low-grade and
medium- to high-grade metamorphic rocks.

CONCLUSIONS

Vascular plant macro-remains, one cordaitalean seed
and several sphenopsid axes, have been useful for the
chronostratigraphic characterisation of the deep-sea
fan deposits in Culm facies, which were previously
characterised using only indirect evidence. These types
of remains can withstand long transportation by floatation
or traction, even in marine environments, but generally
cannot withstand further reworking, being one of the few
palaeontological remains coeval to the sedimentation
found in Culm flysch deposits. The biostratigraphic
succession of Archaeocalamites, Mesocalamites and
Calamites provides a broad approximation of the flysch
succession age, which is possible to determine even with
only field data. Further refinement can be obtained by a
detailed taxonomic study and biostratigraphic analysis.
The age obtained in the Culm deposits of Bellver by the
concurrent ranges of A. radiatus, M. cistiiformis and
Cardiocarpus sp. is Namurian.

This new biostratigraphic information constrains the
age of the Variscan deformation in the low-grade supra-
Silurian rocks of the eastern Pyrenees to 330-319Ma.
The data presented here agree with the occurrence of
two different Variscan ductile deformation events that
are pre-Culm and Culm in age, respectively, extending
the time during which the Variscan deformation phases
occurred in the Pyrenees to between the Visean and
Namurian.
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