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Leafy axis fragments of Frenelopsis sp., leaves of Sabalites longirhachis (Unger) Kvaček et Herman and logs are
common in the Maastrichtian of the basal Tremp Formation in the Vallcebre Syncline (southern Pyrenees).
The largest plant remains, i.e. leaves of S. longirhachis and logs, appear scattered and randomly orientated,
whereas the smallest plant remains, i.e. Frenelopsis sp., are aligned in a clear east–west trend. This orientation
(based on 117 measurements) is consistent with the basin palaeogeography, which was an E–W elongated
foreland trough that confined tidal palaeoflow and deposits such as tidal bores. In the absence of usual
sedimentary indicators, e.g. tractive structures and base marks, the accurate study of fossil plant orientations
can largely assist palaeoflow determinations in palaeogeographic reconstruction.
.
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1. Introduction

The use of elongated faunal remains in the determination of
palaeocurrents is well known. Examples are commonly found in small
invertebrate shells (e.g. Jones andDennison, 1970;Wendt, 1995;Messina
and Labarbera, 2004) and large vertebrate bones (e.g. Cooley and Schmitt,
1998; Liutkus and Ashley, 2003; Valli, 2004). In contrast, the information
revealed by elongated plant remains (e.g. leaves, logs) is often under-
estimated. The rare examples includeflume-tank experimentswithwood
fragments (MacDonald and Jefferson, 1985) and studies of log lineations
in volcaniclastic (Roberts and Hendrix, 2000) and fluvial settings
(Gastaldo, 2004). Non elongated plant remains (fruits and leaves) have
also been used as palaeocurrent indicators (Boyd, 1991).

In this study, an analysis of the orientations of small and large plant
remains found in a tidally influencedmudflat is carried out. The aim is
to infer palaeocurrents and thus to improve the palaeoenvironmental
reconstruction from the tidal influenced Maastrichtian deposits of the
basal Tremp Formation of the Vallcebre Syncline (southern Pyrenees).

2. Geological setting

The sediments of the Fumanya area (Vallcebre Syncline, Lower
Pedraforca tectonic unit, Fig. 1) are accessed through four open field
lignite mines (Fumanya Sud, Mina Esquirol, Fumanya Nord and Mina
Tumí) (Vila et al., 2005, 2008). The studied strata are part of the south
Pyrenean basin infill and deposited in an east–west elongated gulf
(foreland basin trough) connected with the Atlantic Ocean (Stage I in
Puigdefàbregas et al., 1992; see Rosell et al., 2001). They span the late
Cretaceous (Maastrichtian)–Palaeocene interval and record a general
regressive trend after the succession of marine (Arén Formation, Mey
et al., 1968), marine-to-continental transitional (grey unit of the
Tremp Formation, Mey et al., 1968, see Rosell et al., 2001) and
continental facies (lower red unit, Vallcebre Limestone and upper red
unit of the Tremp Formation, Rosell et al., 2001).

TheTrempFormation includes theCretaceous–Palaeoceneboundary
and can be subdivided in the south Pyrenean area into several regional
lithologic units (Rosell et al., 2001). The localities herein analyzed
belong to the marine–continental transitional grey unit (grey marls
with abundant invertebrates, lignites, limestone and sandstone layers).
The studied strata are found at the base of the grey unit, i.e. in the basal
marly limestones unit (Aepler, 1967), also known by the miners as
“concrete level.” This unit is found inmagnetochronC32n.1n (Oms et al.,
2007), which belongs to the very top of the Campanian and the base of
the Maastrichtian (Ogg et al., 2004). The concrete level has a lateral
continuity of several kilometres around the Vallcebre Syncline (Fig. 1)
with no significant changes in thickness, petrology, sedimentary
processes or fauna content as evidenced in the sections shown in Fig. 2.

This level consists of an arrangement of two main lithologies:
mudstones (marls and marly limestones) and silts, which appear as
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Fig. 1. A. Geological map of the Pyrenees and location of the study area. B. Geological map of the Vallcebre Syncline showing the location of the sections in Fig. 2. Modified from E.
Vicens in Oms et al., 2007.
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millimetric to submillimetric laminae. Occasionally, thin layers of very
fine-grained sandstones and invertebrate shell accumulations occur.
Sedimentary processes all through the concrete level succession are
very similar both laterally and vertically. They basically consist of
carbonate and clay deposition and bioclast reworking under low
energy conditions. The sedimentary processes and the grain size of
the materials do not record of any tractive structures (cross-bedding,
etc.) or other sedimentary structures that could be used as a
palaeocurrent evidence (flute casts, etc.). The plant remains studied
belong to the top of the concrete level and a few of them are found in
the so-called “overbeds” (Vila et al., 2008), which are centimetre scale
marly layers found at the top of the level.

3. Palaeoenvironmental indicators

Brackish invertebrates are common throughout the concrete level.
They include Cerithium sp., Pyrgulifera sp. Cerastoderma sp., Corbicula
sp., anomiids, oysters and other unidentified gastropods and bivalves;
(Fig. 2; Marmi et al., 2008a). Invertebrate accumulations are common
between the mudstone and silt laminae, especially in the lower 2 m of
the succession. These accumulations appear both as horizons
resulting from reworking processes (occurring as discontinuous
ostracod layers) and horizons where reworking does not appear to
be involved. Random orientation of elongated epifaunal gastropod
shells (Cerithium sp.) is also observed.

In the upper 3 m of the section scattered burrows infilled with very
fine-grained sandstones are found, which could evidence a small
depositional hiatus. They commonly appear together with framboidal
aggregates of iron sulphides (sometimes evolved to oxides and
hydroxides). No evidence of subaerial exposure such asmud-cracks or
root mottling has been found throughout the succession.

The presence of organic matter is common throughout the
concrete level. Prospects at Fumanya Sud and Mina Esquirol localities
have provided different types of plant materials such as hundreds of
fragments of the vegetative conifer leafy axes of Frenelopsis sp., palm
leaves of Sabalites longirhachis (Unger) Kvaček et Herman (Kvaček
and Herman, 2004) and unidentified logs (Marmi et al., 2008a). The
maceral composition has been mainly classified as vitrodetrinite and
inertodetrinite and less abundantly semifusinite, fusinite, and liptinite
(García-Vallés et al., 1993).

Vertebrate remains in the concrete level consist of fish scales, stingray
stings, turtle bones (Marmi et al., 2009) and sauropod (titanosaur)
footprints. The latter constitute an exceptional record with nearly 3,000
footprints arranged in more than 50 trackways (Vila et al., 2008).
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The concrete level is found from Vallcebre to the Tremp syncline,
i.e. 60 Km distance (Riera et al., 2009, Fig. 3). The concrete level
vertical succession shows a pulsed transition from holomarine to
reducing lagoonal environments as evidenced by the presence of
marine foraminifera and corals in the underlying strata (Fig. 2). In the
overlying strata a succession of coals and other lagoonal beds with
freshwater influence is found. Moreover, the plant remains of the
concrete level surface are also found in the overbeds. Then, it is likely
that such remains would be the origin of the coals found above the
overbeds. The grey unit, and thus the concrete level, was deposited in
a proximal tidal environment from Vallcebre to the Tremp syncline
(Rosell et al., 2001; Riera et al., 2009). In the Tremp syncline detailed
studies were carried out, and a tidal setting for the grey unit and the
underlying Arén Formation is well documented (Nagtegaal, 1972;
Ghibaudo et al., 1973; Liebau, 1973; Nagtegaal et al., 1983; Díaz
Molina, 1987; Eichenseer, 1988; Krauss, 1990; Cuevas, 1992; Ardèvol
et al., 2000; López-Martínez et al., 2000). Moreover, the grey unit of
the Vallcebre Syncline and the eastern Tremp Basin evolves
westwards (basinwards) to the marine deposits of the Arén
Formation (Riera et al., 2009 fig. 3).

The tidal influence in the grey unit of the Tremp Formation has
been established in all the referred sedimentological works. None-
theless, the lamination of the concrete level was explored in order to
check any tidal signature. This was carried out in the lower part of Pla
de la Barraca section (metres 0–1.5, Fig. 2), where textural differences
allow the recognition of laminae after the succession of marly
limestones and blue marls couplets that range from 0.5 to 3.1 mm
in thickness. Some couplets display an accumulation of ostracods at
their base.

After measuring couplet thicknesses, they were plotted in a bar
graph to assess any cyclic order (Fig. 3). As shown in the bar graph, the
couplets can be grouped to form 20–28 laminae cycles in which they
thicken and thin progressively. This amount of laminae per cycle
matches semi-monthly neap–spring–neap tidal cycles (see examples
in Alexander et al., 1998). This provides further evidence for tidal
dominance in the sedimentation of the concrete level.

4. Materials and methods

Five plant categories have been distinguished in this study (Fig. 4):

Frenelopsis. They consist of isolated fragments and clusters (dense
accumulations) of 0.6–10 or more cm long vegetative axes.
Clusters consist of strongly packed accumulations of equally
orientated internodes and branches. Isolated fragments out of
clusters are disperse and randomly orientated. The latter type
sometimes occurs inside dinosaur footprints.
Sabalites longirhachis (Unger) Kvaček et Herman. They are palm
leaves with ovalo-lanceolate laminas of 43–75 cm long and 10–
41 cmwide showing totally fused segments borne by long petioles
(about 50 cm) (see Marmi et al., 2008b for detailed description).
Logs. They are preserved as cylindrical-shaped casts with no
evidence of branching. They are 0.5–14 m long and showdiameters
between 0.1 and 0.3 m, and rest parallel to the depositional
bedding plans.
Other plant fragments. They include unidentified small cylindrical
woody axes and a few partial leaf fragments of Sabalites consisting
of three to ten fused segments that measure from 5.2 to 74.5 cm
long and 1.7 to 9.4 cm wide.

We have measured the orientations of fossil plant remains
considering the length as the direction of main orientation. Meso-
and megafossil plant alignments have been measured in the lower
accessible steep wall (slope about 70°) of the localities of Fumanya
Sud and Mina Esquirol (sections 2 and 3 in Figs. 1 and 2). Some
1214 m2 have been surveyed, taking 180 measurements by using a
compass with a protractor to determine the angle with respect to
bedding strike. The orientations of 18 logs located in the upper
inaccessible steep wall of Fumanya have been measured from
photographs on which bedding strikes are clearly seen. All orienta-
tions have been tilt corrected.

All 198 measurements are represented as rose diagrams. The
results of these diagrams are discussed as either palaeoflow
orientation or direction (Fig. 5). Frenelopsis clusters, logs and other
unidentified plant fragments are characteristically cylindrical and
elongate in shape, and thus may indicate palaeoflow orientation but
not direction. Conversely, complete isolated palm leaves of Sabalites
might be a potential indicator of palaeoflow direction (Fig. 4).

5. Results and discussion

The rose diagrams show that each plant typehas its owndistribution
pattern (Fig. 5). Thus, the largest megafossil plant remains (i.e. logs,
complete palm leaves of S. longirhachis, and other unidentified plant
fragments) appear scattered and randomly orientated. In contrast, the
smallest megafossil plant remains (fragments of the leafy axes of
Frenelopsis sp.); globally show an E–W orientation. Mean azimuth for
Frenelopsis sp. axes orientations is 86.4°–266.4° (N=117). In conclu-
sion, only the smallest and lightest plant remains (i.e. Frenelopsis sp.) are
clearly orientated, whereas the largest and heaviest are not.

The response of plant material in aquatic environments (i.e.
buoyancy, submersion and transport within water column, sedimen-
tation) is well known (e.g. Spicer, 1991; Martín-Closas and Gomez,
2004). MacDonald and Jefferson (1985) observed that during the
sedimentation phase: (1) long and narrow plant fragments are more
easily orientated by the direction of flow, (2) the orientation depends
on the flow strength, and (3) wide specimens display a wide range of
orientations. The high density of Frenelopsis sp. axes accumulated in
clusters makes the measurement of their lengths difficult in most
cases. Based on a small sample (n=18), Frenelopsis sp. axes within
clusters range from 1 to 10 cm long. This suggests that clusters contain
both isolated internodes and branches consisting of some articulated
internodes. Frenelopsis internodes are variable in size (Daviero-Gomez
et al., 2001) and range from 0.25 to 4.2 cm long (Gomez et al. 2002).
Isolated Frenelopsis sp. axes out of clusters are shorter (0.6–4.9 cm
long), probably consisting of internodes only. These results are in
general agreement with MacDonald and Jefferson (1985) observa-
tions, suggesting that Frenelopsis alignments may be used as palaeo-
flow markers.

This paper documents how the same hydrodynamic process may
result in very different orientation patterns of plant remains according
to the morphology of plant fragments. Thus, although no orientation
or direction could be deduced from large logs, clear dominant
palaeoflow is evidenced when considering a whole set including the
smallest plant remains.

The clear trend of Frenelopsis orientation appears to be a
palaeocurrent indicator and can be used as a palaeogeographical
tool. The fact that Fumanya locality is located in folded strata (slope of
60°) could be misleading because the original position of plants could
appear rotated due to tectonics. This point has been solved by the
quantification of tectonic rotations (vertical axis rotation) gained
from palaeomagnetic studies (Oms et al., 2007). This work quantifies
an anti-clockwise rotation of 20°. Thus, all data in rose plots should be
rotated 20° clockwise. In consequence, roughly corrected E–W
orientations for Frenelopsis sp. can be estimated.

Independent tidal evidence has been proved for the studied
sediments. Tidal palaeocurrents were confined by the basin palaeo-
geography, which was an E–W elongated foreland basin trough.
Therefore, tides had an E–W direction.

The orientated Frenelopsis fragments show an E–W trend, thus
revealing an E–W palaeocurrent during the sedimentation of the
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Fig. 2. A. Reference section for the Tremp Formation in the Vallcebre Syncline (Oms et al., 2007). B. Concrete level sections (their location is indicated in Fig. 1). The studied localities correspond to sections 2 and 3.



Fig. 4. A. Isolated Frenelopsis internodes randomly orientated. B. Frenelopsis cluster showin
randomly orientated.

Fig. 3. Bar graphs of measured laminae thicknesses from Pla de la Barraca section
(metres 0–1.5, Fig. 2).

89V. Riera et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 288 (2010) 82–92
concrete level. Although other explanations such as wind-induced
water flow would also be possible, the most likely explanation in a
tidal-dominated environment is that tides were the responsible for
the orientated plant fragments. As the basin at that time was a vast
shallow shelf, tidal currents (such as bores) would orient Frenelopsis
axes in the basin axis direction.

Besides providing the palaeoflow direction (i.e. tidal palaeocur-
rents) for the latest Cretaceous of the study area, the studies by Rosell
et al. (2001) can be refined. While they state that the grey unit of the
Tremp Formation is supratidal in the Vallcebre area, at least the
marine to lagoonal environments transition (i.e. concrete level) is
intertidal as proved by the faunal content and palaeocurrents (Fig. 6).
For the Palaeogene, both detailed palaeogeographical and tidal
palaeocurrent reconstructions exist (Eichenseer and Luterbacher,
1992). The general direction of tidal currents in the Palaeocene was
E–W (Eichenseer and Luterbacher, 1992). So E–W tidal currents, as
g orientated axes. C. Complete Sabalites leaf from Mina Esquirol. D. Casts of five logs



Fig. 5. Rose diagrams for Frenelopsis sp. clusters, S. longirhachis, logs and other unidentified plant fragments. Orientation roses are drawn in 5º class intervals. Note a clear E–W trend
in Frenelopsis clusters, whereas no dominant orientation exists in the other three plant categories.
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proved by orientated Frenelopsis fragments, can be extended from the
latest Cretaceous to the early Tertiary.

6. Conclusions

From the measurement of the orientations of five plant categories,
we have observed that the largest megafossil remains (i.e. logs,
S. longirhachis leaves, and other unidentified plant fragments) are
randomly orientated. Otherwise, the smallest plant remains (frag-
ments of Frenelopsis sp.) show a clear E–W orientation. Thus, an E–W
palaeocurrent during the sedimentation of the concrete level can be
estimated. If only one type of plant remains had been used (i.e. logs or
Sabalites leaves) it could have led to misleading results, since it could
be concluded that no dominant flow existed.

This paper documents an example of long and narrow plant
fragments being more easily orientated by the direction of flow and
wide specimens (i.e. S. longirhachis) displaying a wide range of
orientations. The palaeoflow direction, as evidenced by orientated
Frenelopsis, coincides with the basin axis. Hence, during the Early
Maastrichtian, tidal currents were confined by the E–W elongated
foreland basin.

Besides providing thepalaeoflowdirection (i.e. tidal palaeocurrents)
for the latest Cretaceous of the study area, previous studies can be
refined. At least the transition from marine to lagoonal environments



Fig. 6. Fumanya palaeocurrent and palaeogeographical reconstruction of the south-eastern Pyrenees area during the deposition of the grey unit of the Tremp Formation.
Modified from Rosell et al., 2001.
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(i.e. concrete level) is intertidal as evidenced by the faunal content and
palaeocurrents.
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