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An ichnological study was carried out in the Middle-Upper Eocene sedimentary succession of the Pamplona Basin. This succession repre-
sents the molasse stage of the western part of the South Pyrenean peripheral foreland basin and extends from deep-marine turbiditic (Ezkaba
Sandstone Formation) to deltaic (Pamplona Marl, Ardanatz Sandstone and Ilundain Marl formations) and marginal marine deposits (Liédena
Sandstone Member, Gendulain Formation). The tectonosedimentary evolution of the basin can also be recognized by means of the
ichnoassemblages preserved throughout the succession and by the ichnofacies analysis. A total of 23 ichnogenera and at least 28 ichnospecies
have been identified. The assemblage of the Ezkaba Sandstone is characteristic of the deep-sea Nereites ichnofacies. The Ophiomorpha rudis
and the Paleodictyon ichnosubfacies can be differentiated in this unit, which are typical of channel axis and off-axis environments. Trace
fossils in the Ardanatz Sandstone and Ilundain Marl formations, with dominance of Thalassinoides and especially Ophiomorpha, could be
related to the Cruziana ichnofacies, developed in relatively low-energy environments, in semicohesive muddy substrates with intercalated silt
and sand. The ichnofauna of the Liédena Sandstone Member is composed of bird tracks, and invertebrate horizontal and vertical structures.
Microbial mat impressions also occur. The evidence suggests that microbial mats acted as a taphonomic bias favouring the preservation of
vertebrate tracks and conditioning the presence of other trace fossils. Consequently, the assignation of this ichnofauna to a specific ichnofacies
is tentative, most likely a combination of the Mermia and Scoyenia ichnofacies. Copyright © 2016 John Wiley & Sons, Ltd.
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1. INTRODUCTION Tovar et al., 2010; Cummings and Hodgson, 2011; and

references herein), but few ichnological descriptions have

The analysis of trace fossils, along with traditional sedimen-
tological studies, is commonly used to interpret depositional
systems and environmental changes from the geological
record (see Mcllroy, 2004; Knaust and Bromley, 2012). In
the South Pyrenean area, significant ichnological contribu-
tions have resulted from the study of Lower—Middle Eocene
flysch deposits (Heard and Pickering, 2008; Rodriguez-

*Correspondence to: H. Astibia, Departamento de Estratigrafia y
Paleontologia, Facultad de Ciencia y Tecnologia, Universidad del Pais
Vasco/Euskal Herriko Unibertsitatea (UPV/EHU), Apartado de Correos
644, 48080 Bilbao, Basque Country, Spain. E-mail: humberto.
astibia@ehu.eus

been carried out in the Middle-Upper Eocene molasse
deposits; only some accounts of Late Eocene avian
ichnofossils have been published to date (Mangin, 1962; Raaf
et al., 1965; Payros et al., 2000; Astibia et al., 2007). This
scarcity may partly be due to the shallow marine and terrestrial
molasse accumulations being commonly represented by
amalgamated coarse-grained deposits, which are not ideal for
trace fossil preservation.

In this work, we present an ichnological analysis carried
out in a 1500 m-thick Middle—Upper Eocene (approximately
40-34Ma) sedimentary succession accumulated in the
western part of the South Pyrenean foreland basin, which

Copyright © 2016 John Wiley & Sons, Ltd.
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shallows from deep-sea into intertidal conditions. This
succession is represented by the Ezkaba Sandstone,
Pamplona Marl, Ardanatz Sandstone, Ilundain Marl and
Gendulain formations, and represents the molasse stage
(see Astibia ef al., 2005). The objective of this study is to
carry out a trace fossil analysis throughout the molasse
succession in order to recognize changes in the
ichnoassemblages and ichnofacies that can be related to
the tectosedimentary evolution of the basin. The above-
mentioned avian ichnofossils are also revisited, and other
invertebrate ichnoassemblages first identified in the
Pamplona Basin are presented.

2. GEOLOGICAL SETTING

The Pyrenees are a collision mountain belt created by the
Santonian—Miocene convergence of the European and
Iberian plates (Mufioz, 2002) (Fig. 1a). The oblique plate
convergence led to the formation of a narrow marine gulf
during late Cretaceous and Palaeocene times, opening
northwestwards into the Bay of Biscay (Atlantic Ocean).
The gulf was located at approximately 35°N latitude and
had shallow carbonate ramps on its northern and southern
margins (Pujalte et al., 2002). Further plate convergence
during the Eocene caused tectonic uplifting of the Pyrenees.
The resulting deformation reached its maximum intensity
during the Early and Middle Eocene, when peripheral
foreland basins developed to the south and north of the ris-
ing Pyrenean orogen (Mufoz, 2002; Pujalte et al., 2002).
Due to the oblique convergence of the Iberian and European
plates, the Pyrenean uplift was a diachronous westward
extending process, which implies that tectonic activity and
palaeogeographic changes progressively propagated to the
west. The present study focuses on the western part of the
South Pyrenean foreland basins, referred to here as the
Pamplona Basin (Fig. 1a and b).

The Eocene succession of the Pamplona Basin clearly
shows a typical foreland basin evolution. In Early—
Middle Eocene (Ypresian—Lutetian) times (approximately
56-40Ma), the South Pyrenean Basin corresponded to
an underfilled deep-marine trough (Pujalte et al., 2002).
The foredeep was axially filled by siliciclastic turbidites
(the so-called Hecho Group) (Figs. 1b and 2) sourced
from the Pyrenean highlands, while it was flanked on
the passive southern margin by extensive shallow-water
carbonate ramps (Payros et al., 1999, 2010). During
this stage, the main denudation area was in the emergent
eastern Pyrenees.

The denudation of the western Pyrenean orogen began in
Middle Eocene (Bartonian) times (approximately 40 Ma).
Rivers flowing from the newly uplifted areas delivered

Copyright © 2016 John Wiley & Sons, Ltd.

increasing amounts of sediments to the remaining marine
areas, causing progressive overfilling and shallowing. A
1500 m-thick Bartonian—Priabonian shallowing-upward
succession accumulated in the Pamplona Basin, which
represents the molasse stage of the western foreland basin.

The lower part of this succession is represented by the
Ezkaba Sandstone Formation, a channel-levee, siliciclastic
turbidite system fed directly from the uplifting orogen to
the north (Payros et al., 1997) (Figs. 1b—3a—c). Thus, it
records the onset of the tectonically induced emergence
and denudation of the western Pyrenean axial zone. The
overlying Pamplona Marl, Ardanatz Sandstone and Ilundain
Marl formations mainly represent prodelta, delta front and
restricted platform environments, respectively (Astibia
et al., 2005, 2014) (Figs. 1b-3a and d—f). These units were
related to the progradation of the deltaic Belsue-Atares
Formation from the east (Puigdefabregas, 1975). Finally,
the Late Eocene (Priabonian) Gendulain Formation
(approximately 34 Ma) (Puigdefabregas, 1975) is composed
of coastal deposits divided into three distinct members: the
lower evaporite member, the middle sabkha marl member
and the upper Liédena Sandstone Member (Figs. 1b-3g).
The latter unit contains the youngest deposits with marine
influence in the region, as the equivalent sediments to the
east were accumulated by a fluviatile system (Martes and
Biban formations; Puigdefabregas, 1975). The Liédena
Sandstone Member also contains conglomerates with clasts
made up of Lutetian turbidites, showing that the Hecho
Group deposits were already unroofed, implying that the
Pyrenean axial zone had been uplifted at least 1500 m by
Priabonian times (Payros et al., 2000). Furthermore,
growth strata and lateral variations in facies and thickness
in the Liédena Sandstone record the synsedimentary
tectonic deformation of the Pamplona Basin in Priabonian
times, probably related to the inception of east—west-
trending blind thrust sheets. It has therefore been
concluded that during the Late Eocene, in response to
increasing tectonic activity, a sole thrust propagated be-
neath the South Pyrenean Basin, causing it to detach and
convert into an emergent piggy-back basin. Consequently,
a new foreland basin, the Ebro Basin, formed further to
the south (Mufoz et al., 2002).

3. METHODS AND MATERIALS

The trace fossils studied herein come mainly from the
sandy units accumulated during the molasse stage of the
Pamplona Basin: Ezkaba Sandstone Formation, Ardanatz
Sandstone (and lower part of Ilundain Marl) Formation
and Liédena Sandstone Member of the Gendulain Forma-
tion (Figs. 1b-3). The Pamplona Marl Formation was not
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Figure 1. Simplified geological maps of the Pyrenees (a), with location of the study area in the western part of the South Pyrenean zone (SPZ), and of the
Pamplona Basin and nearby areas (b). The studied formations are highlighted in boxes, and sites referred to in the text are indicated. [Colour figure can be
viewed at wileyonlinelibrary.com]

analysed in this study, although field observations are
included in the discussion. For the specific localities, see
Figure 1b and Table 1. Precise locations are not given for
the protection of the fossil sites in accordance with Natural
and Cultural Heritage legislation. Those who want to know
further details are asked to contact the corresponding
author.

Copyright © 2016 John Wiley & Sons, Ltd.

Trace fossils from the Ezkaba Formation have been arranged
in morphological groups following Ksiazkiewicz (1977), with
modifications by Uchman (1995). For the toponomy of inverte-
brate trace fossils, we have followed the classification of
Martinsson (1970). Avian footprints have been described and
classified according to Payros et al. (2000), De Valais and
Melchor (2008) and Diaz-Martinez et al. (2015).
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Figure 2. Representative columnar section of the Middle-Upper Eocene
succession in the Pamplona Basin (Navarre), with its constituent
lithostratigraphic units and the depositional environments so far proposed
in the literature. [Colour figure can be viewed at wileyonlinelibrary.com]

Most specimens were studied in the field. Some hand
samples are provisionally deposited in the Department of
Stratigraphy and Paleontology of the University of the
Basque Country (Bilbao).

Copyright © 2016 John Wiley & Sons, Ltd.

4. ICHNOLOGY

4.1. Trace fossils

The following list provides a brief description and discus-
sion of the trace fossils found in Ezkaba Sandstone,
Ardanatz Sandstone, Ilundain Marl and Gendulain (Liédena
Sandstone Member) formations (Figs. 4-8 and Table 1).
Ichnotaxa are listed alphabetically. Bird traces are described
after the invertebrate traces.

4.1.1. Belorhaphe isp. (Fig. 5g)

Remarks. Poorly preserved single specimen, angular
(zigzag) meandering string, rather straight, at least
166 mm long, with short prolongations at the apices of tri-
angular meanders, string about 4 mm in diameter, filled
with material lighter in colour than the surrounding sedi-
mentary rock, meanders with ‘wavelengths’ of 21-26 mm,
amplitudes (height) of triangles 11.5-13.0 mm, apical angle
of 115° to 120°. The trace is assigned to Belorhaphe Fuchs,
1895 (see emended diagnosis by Uchman 1998), by the
typical angular zigzag second order meander, but a
ichnospecies characterization is difficult, resembling speci-
mens of Belorhaphe zickzack (Heer, 1876) and Belorhaphe
Jfabregae (Azpeitia, 1933) in Ksiazkiewicz (1977, fig. 39 and
pl. 24), and of Belorhaphe zickzack of Uchman et al. (2004).
However, the studied specimen is larger and the apical angle
is more open than in these cases; it is more similar in size to
the ‘Zigzag cylinder’ of Uchman et al. (2004).

4.1.2.  Chondrites isp. (Fig. 4a)

Remarks. Endichnial branched thin (>1mm diameter)
tunnels; according to their size, they could be assigned to
Chondrites targioni (Brongniart, 1823), but poor preserva-
tion precludes a conclusive classification. Tunnels are filled
with either sediment lighter than the encasing sedimentary
rock or a darker (altered) ferruginous material. Chondrites
von Sternberg, 1833, is generally considered a deeper-tier
trace fossil probably produced by chemosymbiotic organ-
isms capable of living in dysaerobic conditions, but other
interpretations have also been proposed (see Izumi, 2014;
and references herein).

4.1.3.  Cochlichnus isp. (Fig. 8a and b)

Remarks. Hypichnial convex trace, resembling a sine
curve, regularly meandering, smooth and non-branching
burrow of uniform width and horizontal trail. Very thin,
width is approximately 0.1 mm; maximum length recorded
is 3mm. Cochlichnus Hitchcock, 1858, is regarded as
either a grazing trail (pascichnion) or, more likely, a loco-
motion trail (repichnion). Buatois and Mangano (1993)

Geol. J. 52: 327-349 (2017)
DOI: 10.1002/gj



TRACE FOSSILS FROM THE EOCENE OF THE PAMPLONA BASIN (WESTERN PYRENEES) 331

Figure 3. Field views of some of the outcrops of Middle—Upper Eocene (Bartonian) of the Pamplona Basin and surrounding areas (Navarre, Western Pyrenees).

(a) General view of the Pamplona Basin from the Ardanatz outcrop. Foreground, Ardanatz Sandstone (a). Further left is the city of Pamplona-Irufiea and

surrounding towns and the agricultural lands on the Pamplona Marl (p) and Ilundain Marl formations (i). To the right of the city, hills correspond to the Ezkaba

Sandstone (Uharte, eu, Artika-Antsoain, ea, and Elkarte, ee). In the more distant background is the Erize Marl Formation (e), Lutetian limestones of Sarbil (s)

and Mesozoic of Aralar (m). (b) Uharte outcrop (Ezkaba Formation). (¢) Elkarte outcrop (Ezkaba Formation). (d) Grez outcrop (Pamplona Formation). (e)
Ardanatz outcrop (Ardanatz Sandstone). (f) Badoztain outcrop (Ilundain Formation). (g) Idotzin outcrop (Gendulain Formation).

Copyright © 2016 John Wiley & Sons, Ltd. Geol. J. 52: 327-349 (2017)
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Table 1. Lithostratigraphic units of the Pamplona Basin (Navarre, Western Pyrenees) and vertical distribution of trace fossils

Sedimentary Ichnofacies
Lithostratigraphic units environments Localities Trace fossil Abundance (ichnosubfacies)
Gendulain Formation Coastal deposits (mixed  Xabier, Indurain, Cochlichnus isp. Common Combination of
(Liédena Sandstone Member) intertidal flat developed others Gruipeda isp. Rare Scoyenia-Mermia
in a partially protected Koreanaornis isp. Abundant
embayment or marginal cf. Koreanaornis Common
lagoon) (Payros et al., Leptoptilostipus Abundant
2000) pyrenaicus
ctf. Leptoptilostipus Rare
Palaeophycus Common
tabularis
Vertical tubes Common
Tlundain Marl Formation Delta front and restricted  Zolina, Planolites isp. Common Cruziana
shallow platform deposits Badoztain Halopoa imbricata Common Glossifungites ?
(Astibia et al., 2005) Ophiomorpha isp. 1 Abundant
Spongeliomorpha Rare
cf. oraviense
Spongeliomorpha Rare
cf. sicula
Indeterminate Rare
spreite burrow
Ardanatz Sandstone Ardanatz, Halopoa imbricata Common
Formation Aranguren Ophiomorpha Abundant
nodosa
Ophiomorpha isp. 2 Common
Spongeliomorpha Common
cf. oraviense
Spongeliomorpha Rare
cf. sicula
Thalassinoides isp. Common
Pamplona Marl Formation Not included in
this work
Ezkaba Sandstone Formation  Laterally migrating Antsoain, Belorhaphe isp. Rare Nereites
channel-levee turbidite Artika Ophiomorpha annulata  Common (Ophiomorpha
system (Payros et al., rudis)
1997) Ophiomorpha rudis Abundant
Elkarte Chondrites isp. Rare Nereites
Helminthorhaphe Common (Paleodictyon)
flexuosa
Multina minima Common
Nereites irregularis Rare
Ophiomorpha annulata  Common
Ophiomorpha rudis Common
Paleodictyon strozzii Abundant
Planolites isp. Common
?Squamodictyon isp. Rare
Azotz Taenidium cf. crassum  Rare Nereites
Phymatoderma isp. Rare (Ophiomorpha
Pilichnus dichotomus Rare rudis)
Scolicia strozzii Common
Uharte Ophiomorpha annulata  Common
Ophiomorpha rudis Abundant
Planolites isp. Common
Scolicia strozzii Common
Scolicia vertebralis Rare

The table shows the lithostratigraphic units, the sedimentary environments of each unit, the trace fossils and their abundance, and the ichnofacies.

Copyright © 2016 John Wiley & Sons, Ltd. Geol. J. 52: 327-349 (2017)
DOI: 10.1002/gj



TRACE FOSSILS FROM THE EOCENE OF THE PAMPLONA BASIN (WESTERN PYRENEES) 333

discussed briefly the ichnotaxonomy of the seven nominal
ichnospecies of Cochlichnus and considered only three to be
valid, C. anguineus Hitchcock, 1858, C. antarcticus Tasch,
1968 and C. annulatus Orlowski, 1989. Assignment to an
ichnospecies in this case has to be either to C. anguineus or
C. antarcticus since C. annulatus is characterized by its
annulated outer walls (Orlowski, 1989), a feature not present
in this material.

4.1.4. Helminthorhaphe flexuosa Uchman, 1995 (Fig. 5a)

Remarks. Hypichnial, 1.0-1.5mm wide meandering
strings. The meanders’ depth ranges from 11 to 25 mm and
is 0.5-3.5mm wide. There are no distinct bulges at the
meanders’ bends. Only two Helminthorhaphe specimens
were identified, but the absence of bulges at the bends
suggests, in principle, they do not correspond to the
ichnospecies Helminthorhaphe japonica (Tanaka, 1970).
Helminthorhaphe is a graphoglyptid structure, reflecting
an agrichnia behaviour (see Uchman, 1995, 1998). Recent
models on trails of Helminthorhaphe flexuosa support
their relationship with an efficient search for food (Sims
etal., 2014).

4.1.5. Halopoa imbricata Torell, 1870 (Fig. 6b and c)

Remarks. Hypichnial convex, long, fairly straight to
slightly curved and unbranched burrows, variable diameter
along one burrow, surface with irregular longitudinal
furrows and wrinkles. Burrow segments are 3.0-12.5 mm
wide and 40 to >300mm long. The characteristics are
ichnotaxobases that fit well with those of Halopoa
imbricata according to the emended diagnosis by Uchman
(1998).

4.1.6. Indeterminate spreite burrow (Fig. 6a)

Remarks. Slightly inclined to subhorizontal U- and/or
V-shaped spreite burrows, the longest ones exceeding
160 mm, limbs (marginal tunnels) 6.0-8.5mm wide with
partially scratched surface. Bioglyphs are also observed in
the spreite. The predominant horizontal orientation of the
studied specimens could suggest a tentative assignation to
the ichnogenus Rhizocorallium Zenker, 1836, which is
distinct from the vertically orientated Diplocraterion Torell,
1870, but poor preservation makes a conclusive
ichnotaxonomical assignation difficult. Rhizocorallium,
mainly R. jenense Zenker, 1836, is commonly related to
omission and erosion surfaces, associated with firm and
compacted substrates, as revealed by the presence of
bioglyphs; thus, this ichnogenus is useful in the interpretation
of firmgrounds associated to several-orders of transgressive—

Copyright © 2016 John Wiley & Sons, Ltd.

erosive surfaces (i.e., Rodriguez-Tovar and Pérez-Valera,
2008; and references herein).

4.1.7.  Multina minima (Uchman, 2001) (Fig. 5a)

Remarks. Very irregular hypichnial network preserved in
full relief. Meshes are about 3 mm across. The string is about
0.7mm wide. For discussion of Multina minima, see
Uchman (2001).

4.1.8.  Nereites irregularis (Schafhautl, 1851) (Fig. 5b)
Remarks. Endichnial, tightly —meandering ribbon
2.0-2.5 mm wide. The ribbon is meniscate. The ribbon cor-
responds only to the central part (the faecal string) of the
typical trail of Nereites MacLeay, 1839. This ichnogenus
usually has side lobes or lateral zones (the envelope zone),
but the absence of this envelope is common in Nereites
irregularis (Uchman, 2007a; Rodriguez-Tovar ef al., 2010).

4.1.9. Ophiomorpha annulata (Ksiazkiewicz, 1977)
(Figs. 4b and 5a)

Remarks. Hypichnial convex and concave burrows,
straight or slightly curved, mainly solitary, only sporadically
branched, with pelleted walls or, more commonly, with
smooth margins; tunnel diameters about 3-7mm wide.
Burrows lined with agglutinated pelletoidal sediment are
characteristic of the ichnogenus Ophiomorpha Lundgren,
1891 (Howard and Frey, 1984; Uchman, 1998). Ophiomorpha
and Thalassinoides Ehrenberg, 1944 (see below), are
substrate-controlled ichnogenera produced by the same
tracemakers. The distinction between Ophiomorpha
ichnospecies is based on the geometry of the burrow
systems and the characteristics of the burrow linings
(see Uchman, 2009). Ophiomorpha annulata is character-
ized by small-sized and elongated wall granules arranged
perpendicular to the axis of the burrow (Uchman, 1998).

4.1.10. Ophiomorpha nodosa Lundgren, 1891 (Fig. 6d-g)

Remarks. Endichnial and hypichnial convex and
concave >burrows, mainly straight or slightly curved,
occasionally branched with Y-shaped bifurcations, thick
tunnels 15-31 mm wide, well-pelleted walls with dense and
regularly distributed rounded, ovoid pellets, 2-5 mm in diam-
eter. The presence of dense and regularly distributed rounded
pellets allows the assignment of these to Ophiomorpha
nodosa. Similar species are Ophiomorpha borneensis Keij,
1965, and Ophiomorpha irregulaire Frey et al., 1978. How-
ever, Ophiomorpha borneensis is characterized by bilobate
pellets (Uchman, 2009), whereas in Ophiomorpha irregulaire,
pelletization is irregular and scarce, with flame-like and

Geol. J. 52: 327-349 (2017)
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Figure 4. Trace fossils from the Middle Eocene (Bartonian) Ezkaba Formation. (a) Chondrites isp., endichnion (Elkarte). (b) Ophiomorpha annulata (Oa) and

Ophiomorpha cf. rudis (Or) (Elkarte). (¢) Ophiomorpha rudis, epichnia (Artika). (d) Meniscate form of Ophiomorpha rudis (Or) and Planolites isp. (P),

hypichnia (Elkarte). (e) Crowded specimens of Ophiomorpha rudis covered with casts of scratch-marks (Spongeliomorpha-like) (Elkarte). (f) Horizontal and

vertical forms of Ophiomorpha rudis (Uharte). (g) Pilichnus dichotomus, endichnion (Azotz). (h) Planolites isp. (P), hypichnia (Uharte). (i) Phymatoderma
isp., endichnion (Azotz). All the traces are preserved in sandstone beds.

Copyright © 2016 John Wiley & Sons, Ltd. Geol. J. 52: 327-349 (2017)
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Figure 5. Trace fossils from the Middle Eocene (Bartonian) Ezkaba Formation. (a) Helminthorhaphe flexuosa (H), Multina minima (M), and Ophiomorpha

annulata (Oa), hypichnia (Sample El, Elkarte). (b) Nereites irregularis, endichnion (Elkarte). (¢) Scolicia strozzii, hypichnion (Uharte). (d) Scolicia strozzii,

hypichnion (Azotz). (e) Scolicia vertebralis, epichnion (Uharte). (f) Taenidium cf. crassum, endichnion (Elkarte). (g) Belorhaphe isp. (Antsoain). (h)

Paleodictyon strozzii (Ps), and Ophiomorpha rudis (Or), hypichnia (Sample E2, Elkarte). (i) Paleodictyon strozzii, hypichnion (Elkarte). (j) ?Squamodictyon
isp. (S), hypichnia (Elkarte). All the traces are preserved in sandstone beds.

Copyright © 2016 John Wiley & Sons, Ltd. Geol. J. 52: 327-349 (2017)
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Figure 6. Trace fossils from the Middle Eocene (Bartonian) Ardanatz Sandstone-Ilundain Marl formations. (a) Indeterminate spreite burrow, endichnion

(Zolina). (b) Holapoa imbricata, hypichnia (Zolina). (¢) Holapoa imbricata, hypichnia (Ardanatz). (d) Ophiomorpha nodosa, longitudinal section of an

endichnion (Ardanatz). () Ophiomorpha nodosa, concave shafts (Ardanatz). (f) Ophiomorpha nodosa, horizontal irregular maze (Ardanatz). (g) Ophiomorpha
nodosa (Ardanatz). All the traces are preserved in sandstone beds.

Copyright © 2016 John Wiley & Sons, Ltd. Geol. J. 52: 327-349 (2017)
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Figure 7. Trace fossils from the Middle Eocene (Bartonian) Ardanatz Sandstone—Ilundain Marl formations. (a) Ophiomorpha isp. 1, dense irregular maze,

hypichnia (Zolina). (b) Ophiomorpha isp. 1, hypichnion (Zolina). (¢) Ophiomorpha isp. 1, sand-filled subvertical cylinders (Zolina). (d) Ophiomorpha isp. 1,

hypichnial concave burrows, meniscate filling remains (m), and rounded (r) and conical (?) (c) casts of wall granules (Badoztain). (e) Ophiomorpha isp. 2,

horizontal regular maze (Ardanatz). (f) Spongeliomorpha cf. oraviense, hypichnia (Aranguren). (g) Spongeliomorpha cf. sicula (Sp) and Planolites isp. (P),

hypichnia (Badoztain). (h) Thalassinoides isp., horizontal and oblique burrows filled with a bioclast rich (Nummulitidae, Pectinidae and others) sandy sediment
(Ardanatz). All the traces are preserved in sandstone beds.
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Figure 8. Trace fossils from the Upper Eocene (Priabonian) Liédena Sandstone (Gendulain Formation). (a) Cochlichnus isp. (Co), hypichnia (Sample 17,

Indurain). (b) Cochlichnus isp. (Co), Palaeophycus tubularis (Pt) and vertical tubes (V), hypichnia (Sample 17, Indurain). (¢) Vertical tubes (V) and wrinkle

marks (W), hypichnia (Sample I8, Indurain). (d) Gruipeda isp., hypichnion (Sample J2, Javier-Xabier). (e) Koreanaornis isp., epichnion (Javier-Xabier). (f)

Koreanaornis isp., hypichnia (Sample LH2, Liédena-Ledea). (g) Koreanaornis isp., epichnia (Sample Z1, Zabaltza-Ibargoiti). (h) cf. Koreanaornis isp.,

hypichnia (Sample 11, Indurain). (i) Leptoptilostipus pyrenaicus hypichnion (Sample J1, Javier-Xabier). (j) cf. Leptoptilostipus (L), microbial mat (?) (Mm)

and halite moulds (Hm), hypichnia (Sample LI8, Liédena-Ledea). The specimens in figs. d—j were reproduced from Payros et al. (2000). All the traces are
preserved in sandstone beds.
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conical pellets, showing horizontal meander maze galleries
(Lopez Cabrera and Olivero, 2014; Leaman et al., 2015; and
references herein).

4.1.11.  Ophiomorpha rudis (Ksiazkiewicz, 1977)
(Fig. 4b-f)

Remarks. Epichnial and hypichnial convex and concave
tunnels, slightly curved and commonly branched, with
Y-shaped (mainly) and T-shaped bifurcations forming
meandering irregular mazes; coarse-grained lined walls,
with irregular granules (agglutinated pelletoidal sediment)
or more smooth margins or scratched walls; tunnel diameters
between 6 and 35 mm. These traces correspond well with the
ichnospecies Ophiomorpha rudis, as described by Uchman
(2009). Burrows with smooth margins resemble
Thalassinoides. Other similar traces, but with a bioglyph
sculpture consisting of slightly scratched walls, could be
allocated to Spongeliomorpha de Saporta, 1887 (Fig. 4e).
However, according to Uchman (2009), the smooth form is
the most common morphology in the horizontal parts of
Ophiomorpha rudis and the scratched form can also be
included within the variability of the same ichnospecies; the
occurrence of smooth burrows without walls, tunnels with
irregular muddy sand granules or tunnels ornamented with
scratches are all related with the consistency of sediment.

4.1.12.  Ophiomorpha isp. 1 (Fig. 7a—d)

Remarks. Endichnial and hypichnial convex and concave
burrows, slightly curved, occasionally branched with
Y-shaped bifurcations, forming high density, horizontal,
irregular mazes; vertical shafts are common, tunnels
7-20 mm wide, knobby, densely granulated walls, but com-
monly segments with slightly rough, smoother walls, pellet
shape variable from commonly ovoid-elongated to sub-
spherical or slightly conical, 2—4.5mm in diameter. The
common, more granulated walls differentiate these traces
from Ophiomorpha rudis (Ksiazkiewicz, 1977), which
has longer, smooth segments (see Uchman, 2009). As in
Ophiomorpha nodosa Lundgren, 1891, the walls of these
specimens are densely pelleted, but unlike this
ichnospecies, other segments are smoother and finely
rough. These smoother parts might correspond to the inner
surface of the lining. The horizontal galleries form irregular
mazes and not meander mazes as in Ophiomorpha
irregulaire, and vertical shafts are absent or rare (see Lopez
Cabrera and Olivero, 2014; Leaman et al., 2015, for
distinctive features of O. irregulaire). By contrast, in the
specimens described herein, the vertical shafts are deep
and abundant (Fig. 7c). According to this, assignation of
our specimens to Ophiomorpha nodosa and/or
Ophiomorpha irregulaire is uncertain, even more so taking
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into account the possible co-occurrence in the studied out-
crops of both ichnospecies.

4.1.13.  Ophiomorpha isp. 2 (Fig. 7e)

Remarks. Vertical and horizontal tunnels, horizontal bur-
rows forming regular mazes (polygonal structures). The bur-
rows are as thick as in the Ophiomorpha nodosa specimens
described above, but the walls are less rough. The differ-
ences between Ophiomorpha isp. 1 and 2 may have been
caused by either lithological changes or may be due to the
fact that only the interior surface of the lining has been pre-
served (smooth in both Ophiomorpha nodosa Lundgren,
1891, and Ophiomorpha irregulaire Frey et al., 1978)
and/or may be a response to other fossil-diagenetic
modifications.

4.1.14. Palaeophycus tubularis Hall, 1847 (Fig. 8b)

Remarks. Hypichnial convex, simple, unbranched, unor-
namented, straight to curved, very thinly lined, horizontal,
inclined to vertical and shallow burrows with an identical
infill to the host rock. Diameter is 0.5—1.5 mm; maximum
length recorded is 20 mm. Pemberton and Frey (1982) stud-
ied the ichnotaxonomy of Palaeophycus Hall, 1847, and
concluded that only five of the 54 proposed ichnospecies
are valid (Keighley and Pickerill, 1997). Only one of them,
Palaeophycus tubularis, presents unornamented walls like
the traces described here.

4.1.15. Paleodictyon strozzii Meneghini in Savi and
Meneghini, 1850 (Fig. 5h and 1)

Remarks. Hypichnial, small hexagonal net, mesh size
2.3-3.5mm and strings about 0.8 mm wide. Following the
scheme proposed by Uchman (1995), a number of
ichnospecies have been differentiated based on the maxi-
mum mesh size and thickness of string. In Paleodictyon
strozzi, mesh size is larger than in Paleodictyon minimum
(Sacco, 1888) but less than in other ichnospecies such as
Paleodictyon maximum (Eichwald, 1868) or Paleodictyon
majus Meneghini in Peruzzi, 1880.

4.1.16. ?Phymatoderma isp. (Fig. 41)

Remarks. High density of endichnial curved bands, up to
8mm wide and 30mm long. Bands or ribbons feather-
shaped, extending as asymmetrical bunches (feather duster-
like), contours ‘dentate’ and poor defined, unlined. Infill
lighter and more clay-rich than the host sedimentary rock,
but no pelletal texture is observed. However, in
Phymatoderma Brongniart, 1849, the lobes are commonly
filled with pellets arranged perpendicularly to the longer
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axes of the lobes (Fu, 1991). Phymatoderma has been
interpreted as a product of an endobenthonic deposit-feeding
animal. For discussion, see Izumi (2013, 2015).

4.1.17.  Pilichnus dichotomus Uchman, 1999 (Fig. 4g)
Remarks. Endichnial, horizontal, winding and dichotomous
Y-shaped strings, without walls. Strings are 0.8—-2.5 mm wide
and about 110 mm long, with a dark ferruginous fill composed
of small cubic crystals of altered pyrite. Strings are
surrounded by a white halo or bleaching zone. Bleaching
can be a practically synsedimentary process, produced by
reducing fluids (perhaps as consequence of biodegradation
processes) that reduce the hematite (Fe**—Fe?*) and may
also reduce sulphate to sulphide and precipitate some of
the iron as pyrite (see Chan et al., 2005; Santander et al.,
2007). Bleaching was also previously observed in specimens
of Pilichnus dichotomus (see Uchman, 2007b). The associa-
tion of Pilichnus cf. P. dichotomus, along with Oldhamia
alata, with matgrounds has recently been interpreted as
revealing systematic undermat mining, reflecting an efficient
exploitation of the organic matter preserved below the
microbial mat (Buatois and Méngano, 2012). Pilichnus was
originally recorded from Cretaceous turbidites (Uchman,
1999; Leszczynski, 2003), but its stratigraphic and
palacoenvironmental ranges have more recently been ex-
panded, now including Cambrian and Ordovician shallow-
marine deposits, Carboniferous turbidites (see Buatois and
Mingano, 2012, for review) and Middle Jurassic mixed
siliciclastic—carbonate sedimentary rocks (Joseph et al.,
2012). The specimen reported herein, from Eocene sedimen-
tary rocks, represents the youngest record of this ichnotaxon.

4.1.18.  Planolites isp. (Figs. 4d and h, and 7g)

Remarks. Hypichnial burrows 0.9 to <5.0mm wide, ori-
ented more or less parallel to bedding, straight to gently
curved, unlined, smooth to irregularly walled or annulated,
unbranched. Planolites Nicholson, 1873, is probably produced
by worm-like deposit feeders. For discussion, see Pemberton
and Frey (1982) and Keighley and Pickerill (1995).

4.1.19. Scolicia strozzii (Savi and Meneghini, 1850)
(Fig. 5c and d)

Remarks. Meandering, smooth, hypichnial semi-relief,
about 20-35 mm wide, bilobate meanders closely spaced,
axial furrow narrow, 2-10mm wide. Scolicia is a
pascichnial (locomotion and feeding behaviour) trace fossil
produced by spatangoid irregular echinoids (heart urchins),
from shallow to deep-sea environments (Smith and Crimes,
1983). This trace is associated with silty to fine-grained
sandy sedimentary rocks (Fu and Werner, 2000). Unlike other

Copyright © 2016 John Wiley & Sons, Ltd.

examples of Scolicia strozzii described in the literature
(Uchman et al., 2004; Rodriguez-Tovar et al., 2010), the axial
furrow is narrower and does not take up most of the ridge
width. Scolicia strozzii was described as Taphrhelminthopsis
Sacco, 1888, or Taphrhelminthoida Ksiazkiewicz, 1977, but
they are now considered just preservational variants of
Scolicia de Quatrefages, 1849. For discussion of Scolicia
and its toponomic variants, see Uchman (1995) and Bertling
et al. (2006).

4.1.20.  Scolicia vertebralis Ksiazkiewicz, 1977 (Fig. Se)

Remarks. Low epichnial, straight to curved, winding-
meandering bilobate structure, 67-72 mm wide, with a cen-
tral narrow furrow or groove with oblique ribs. In the central
part of each lobe, a delicate and narrow groove is outlined,
parallel to the axial groove. In general, the specimens of
Scolicia vertebralis studied herein are wider than the typical
specimens reported in the literature (e.g., Uchman et al.,
2004; Rodriguez-Tovar ef al., 2010).

4.1.21.  Spongeliomorpha cf. oraviense (Ksiazkiewicz,
1977) (Fig. 7f)

Remarks. Hypichnial branched circular or elliptical
burrows, 18-20mm wide, surface partially covered by
bioglyphs consisting of casts of incised scratches that form
Y-shaped ridges. Ridges oriented mainly oblique to the
axis of the burrow. When the ridges are in contact with
each other, the bioglyph sculptures form a sub-rhomboidal
irregular pattern(?). Spongeliomorpha Saporta, 1887, is
recognized by its surface covered by bioglyphs, which
are absent in Thalassinoides Ehrenberg, 1944 (smooth sur-
face), and Ophiomorpha Lundgren, 1891 (pelleted lining).
Spongeliomorpha, Thalassinoides and Ophiomorpha can
be part of compound structures produced by malacostra-
can crustaceans (see Bertling er al, 2006, fig. 15).
Bioglyphs provide significant palaeoethologic information
of the tracemaker (Ekdale and de Gibert, 2010). Thus,
the characteristics of the bioglyph sculpture have been used
as an ichnotaxobase (Bertling et al., 2006) at the ichnospecific
level of Spongeliomorpha (see Muiiiz and Mayoral, 2001, for
areview of the ichnospecies). The oblique arrangement of the
scratches (ridges) in the studied specimens could be related to
either the ichnospecies Spongeliomorpha oraviense or
Spongeliomorpha iberica Saporta 1887 (Ekdale and de
Gibert, 2010). We tentatively assigned the studied specimens
to S. oraviense due to the poorly developed sub-rhomboidal ir-
regular pattern, dissimilar to the well-developed rhomboidal
pattern typical of S. iberica (Ekdale and de Gibert, 2010).
Spongeliomorpha 1is usually associated to firmground
conditions, as indicated by the presence of bioglyphs,

Geol. J. 52: 327-349 (2017)
DOI: 10.1002/gj



TRACE FOSSILS FROM THE EOCENE OF THE PAMPLONA BASIN (WESTERN PYRENEES) 341

therefore being related to the Glossifungites ichnofacies and to
stratigraphically significant surfaces (see de Gibert and Ro-
bles, 2005, for the record of high frequency marine flooding
surfaces).

4.1.22.  Spongeliomorpha cf. sicula D’ Alessandro and
Bromley, 1995 (Fig. 7g)

Remarks. Hypichnial, unbranched (?) burrows, 10-12 mm
wide, surface partially covered by a strong bioglyph of longi-
tudinal ridges that apparently do not cross each other. The
longitudinal ornamentation links these ichnofossils to
ichnospecies as Spongeliomorpha? annulatum Kennedy,
1967, or Spongeliomorpha sicula. However, a higher regular-
ity and continuity of the ridges with respect to the main axis
(see Muiiiz and Mayoral, 2001) allows a tentative assignation
to S. sicula.

4.1.23.  ?Squamodictyon isp. (Fig. 5j)

Remarks. Poorly preserved net, hypichnial, small, scale-
shaped meshes, about 3.5-4.5 mm long, strings 1.0-1.5 mm
wide. Poor preservation hinders a conclusive classification.
Squamodictyon is a typical graphoglyptid trace of the
Nereites ichnofacies in flysch deposits, produced by an un-
known farming animal (see Uchman and Wetzel, 2012).
Seilacher (2007) considered Squamodictyon Vialov,
Vyalov and Golev, 1960, as an ichnosubgenus of
Paleodictyon Meneghini, 1850.

4.1.24.  Taenidium cf. crassum Bromley, Ekdale and
Richter, 1999 (Fig. 5f)

Remarks. Endichnial, thinly lined(?), unbranched,
straight or slightly curved cylindrical trace fossil, at least
19-32mm long, 1.7-3.5mm wide, meniscate fill com-
posed of deep, paraboloid, asymmetrical and offset
packets. Packets are differently coloured and accumulate
more or less as an alternating pattern of light and dark
bands. According to the diagnosis of Bromley et al.
(1999) for Taenidium crassum, the asymmetrical meniscate
backfill of our specimens allows assignation to this
ichnospecies. However, it cannot be discarded that the
apparent asymmetry could actually be a consequence of
the section observed. The sharp outline of 7. crassum
specimens, together with their co-occurrence with
Thalassinoides, was interpreted as indicative of firm
substrates (Knaust and Costamagna, 2012). The presence
of isolated tubular meniscate structures, with not repeated
occurrence, allows its differentiation from Zoophycos
(Rodriguez-Tovar and Dorador, 2014).

Copyright © 2016 John Wiley & Sons, Ltd.

4.1.25.  Thalassinoides isp. (Fig. 7h)

Remarks. Gallery systems with vertical and horizontal
components, horizontal burrows with Y-shaped bifurcations
forming regular mazes of hexagonal structures, diameters of
burrows between 8 and 35 mm, smooth walls. In some cases,
the filling of Thalassinoides Ehrenberg, 1944, includes
abundant bioclasts, mainly tests of larger foraminifers
(Nummulitidae and others) and bivalve shell fragments
(mainly Pectinidae) (Fig. 7h).

4.1.26. Vertical tubes (Fig. 8b and c)

Remarks. Hypichnial convex (endichnial?), single, verti-
cal, unbranched burrows, cylindrical or subcylindrical, lined
or unlined and perpendicular to the bedding plane. Burrow
fill predominantly massive and identical with overlying
sedimentary rock. The dimensions of the burrows vary in
different burrow populations; maximum observed diameters
vary from 1 to 4 mm. The trace fossils are preserved as cylin-
drical or subcylindrical structures perpendicular to the
bedding plane. In the slabs where they are present, there is
no evidence of these vertical tubes in the perpendicular
cross-sections. These traces could be related with Skolithos
Haldeman, 1840, if each tube is an independent trace, or
Arenicolites Salter, 1857, if the trace is U-shaped.

4.1.27.  Gruipeda isp. (Fig. 8d)

Remarks. Hypichnial convex bird tracks. They are
anisodactyl, slightly asymmetric and tetradactyl, with three
digit impressions directed forward and one directed back-
ward. The footprints are small to medium in size from 48
to 50mm and approximately as long as wide. Digit III
(central) impression is the longest. Digit IV impression is
slightly larger than digit II. Digit I is the smallest. The divari-
cation between digits Il and IV is about 100°. Webbing absent.

The three tracks classified as Gruipeda isp. are part of a
trackway (repichnia). The tracks are not well preserved and
present some variability among them. The digit impressions
are more robust than Koreanaornis-like tracks. According
with the diagnosis of Gruipeda (sensu De Valais and
Melchor, 2008), these tracks could be classified within this
ichnogenus. Gruipeda includes 12 nominal ichnospecies
(see De Valais and Melchor, 2008) which differ among each
other mainly by the size and divarication. As we have
suggested above, the shape of the tracks studied here are
variable, and they are not well enough preserved for a confi-
dent determination of the ichnospecies.

4.1.28. Koreanaornis isp. (Fig. 8e—g)
Remarks. Hypichnial convex and epichnial concave
repichnia bird tracks. They are anisodactyl, slightly
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asymmetric and tridactyl or tetradactyl, with three slender
digit impressions directed forward and, when impressed,
one directed backward. The footprints are diminutive to
small from 19 to 25 mm and approximately as long as wide.
Digit III (central) impression is the longest. Digit IV impres-
sion is larger than digit II. When it is impressed, digit I is the
smallest. Digit impressions are not connected proximally.
The divarication between digits II and IV is very variable
and ranges between 70° and 125° approximately. Claw
marks are sometimes visible and metatarsal pad impression
is absent. These tracks were considered by Payros et al.
(2000) as part of type 5 Charadriipeda ichnosp. 1 in Panin
and Avram (1962) and type 6 Charadriipeda ichnosp. 2.
Diaz-Martinez et al. (2015) classified these tracks as
Koreanaornis isp. (see discussion in this article).

4.1.29. cf. Koreanaornis (Fig. 8h)

Remarks. Hypichnial convex and epichnial concave
repichnia bird tracks. They are anisodactyl, slightly asym-
metric and tetradactyl, with three slender digit impressions
directed forward and one directed backward. The footprints
are small from 33 to 40 mm and approximately as long as
wide. Digit IIT (central) impression is the longest. Digit IV
impression is larger than digit II. Digit I is the smallest. Digit
impressions are connected proximally. A small proximal
structure is present between toes III and IV in some samples,
but is absent in the rest. The divarication between digits II
and IV is very variable and ranges between about 70° and
125°. Claw marks are sometimes visible. Metatarsal pad
impression is absent. These tracks were considered by
Payros et al. (2000) as type 4 and part of type 5
Charadriipeda ichnosp. They are similar to the tracks clas-
sified here as Koreanaornis isp. but are less well preserved.
The tracks are tetradactyl and the digit impressions are
always connected proximally. Both features differ these
tracks from Koreanaornis isp. tracks. Although these tracks
do not share all the features of Koreanaornis isp., we
classify them with open nomenclature as cf. Koreanaornis.

4.1.30. Leptoptilostipus pyrenaicus Payros et al., 2000
(Fig. 8i)

Remarks. Hypichnial convex and epichnial concave
repichnia bird tracks. Anisodactyl, semi-palmate and slightly
asymmetric tracks with three digit impressions directed
forward and one directed backward. The tracks are large to
very large (approximately between 80 and 120mm) and
approximately as long as wide. Digit III (central) impression
is the longest. Digit I impression is smaller than digit IV im-
pression, and both are slightly curved inward. Digit I
impression is the smallest and incumbent. The divarication
between digits II and IV is about 120°. Claw marks are
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sometimes visible. An interdigital mesial web extends from
the tips of the digit IT and IV impressions to the middle part
of the digit III impression. Payros et al. (2000) defined the
ichnotaxon Leptoptilostipus pyrenaicus with webbed bird
tracks published before by Mangin (1962) and Raaf et al.
(1965). This ichnotaxon differs from other tracks of
web-footed track makers (Anatipeda Panin and Avram,
1962, Charadariipeda Panin and Avram, 1962,
Phoenicopterichnum Aramayo and Manera de Bianco,
1987,  Presbyornithiformipes Yang et al., 1995,
Uhangriichnus Yang et al., 1995, and Roepichnus Doyle
et al., 2000) mainly in the position of web mark.

4.1.31. cf. Leptoptilostipus (Fig. 8j)

Remarks. Hypichnial convex repichnia bird tracks.
Anisodactyl and slightly asymmetric tracks with three digit
impressions directed forward and uncommonly one directed
backward. The tracks are large (approximately between
80mm) and slightly wider than long. Digit III (central)
impression is the longest. Digit IT impression is smaller than
digit IV impression, and both are slightly curved inward.
Digit I, when impressed, is the smallest. The interdigital
divarication between digits II and IV is about 140°. A not
well-impressed interdigital mesial web is present in some
tracks from the tips of the digit II and IV impressions to
the middle part of the digit III impression.

These bird tracks were classified by Payros et al. (2000)
as intermediate type 1-2 and type 2. They are similar to
Leptoptilostipus pyrenaicus but not so well preserved. The
web mark and digit I impression are slightly impressed in
some tracks and absent in others. In addition, the divarica-
tion between digits II and IV are larger in these tracks than
in Leptoptilostipus. Nevertheless, the size, the inward curva-
ture of digits I and IV and the outline are all similar to
Leptoptilostipus. We consider that the differences between
both morphotypes are due to changes in the mud behaviour
where the track makers walked and show the variability of
the Leptoptilostipus shape. As these last tracks do not
present the precise features of the diagnosis of
Leptoptilostipus, we have left them in open nomenclature.

4.2. Trace fossil distribution and associated
lithostratigraphic units

The trace fossil assemblage of the Ezkaba Formation consists of
13 ichnogenera and 15 ichnospecies, which can be grouped
according to their pre- and post-depositional origin. Thus,
pre-depositional  structures  are  Belorhaphe  isp.,
Helminthorhaphe flexuosa, Paleodictyon strozzii, Scolicia
strozzii and ?Squamodictyon isp., while post-depositional
structures consists of Chondrites isp., Multina minima,

Geol. J. 52: 327-349 (2017)
DOI: 10.1002/gj



TRACE FOSSILS FROM THE EOCENE OF THE PAMPLONA BASIN (WESTERN PYRENEES) 343

Nereites irregularis, Ophiomorpha annulata, Ophiomorpha
rudis, ?Phymatoderma isp., Pilichnus dichotomus, Planolites
isp., Scolicia vertebralis and Taenidium crassum. The most
abundant trace fossils in this unit are Ophiomorpha rudis
and Paleodictyon strozzii.

The trace fossil assemblage of the Ardanatz Sandstone and
Tlundain Formations consists of five ichnogenera and eight
ichnospecies: Halopoa imbricata, Ophiomorpha nodosa,
Ophiomorpha ispp. 1 and 2, Planolites isp., Spongeliomorpha
cf. oraviense, Spongeliomorpha cf. sicula and Thalassinoides
isp., together with spreite burrows (?Rhizocorallium).
Ophiomorpha nodosa and Ophiomorpha isp. 1 are the most
abundant traces.

Finally, the trace fossil assemblage at the Liédena
Sandstone consists of seven ichnotaxa. Three are invertebrate
ichnotaxa: Cochlichnus isp., Palaeophycus tubularis and
vertical tubes. The other five correspond to bird footprints
and are as follows: Gruipeda isp., Koreanaornis isp.,
cf. Koreanaornis, Leptoptilostipus pyrenaicus and cf.
Leptoptilostipus. The most abundant traces are the bird tracks
Koreanaornis isp. and Leptoptilostipus pyrenaicus. For a
more specific view of the distribution and abundance in each
locality and lithostratigraphic unit, see Table 1.

5. DISCUSSION

5.1. Ichnofacies and palaeonvironmental inferences

The trace fossil assemblages show clear differences between
the studied formations, allowing characterization of several
ichnofacies/ichnosubfacies. The Ezkaba Sandstone and the
Ardanatz Sandstone-Ilundain Marl formations show only
two common ichnogenera, the facies-crossing Planolites
and Ophiomorpha, in the latter case with different
ichnospecies. The Gendulain Formation does not share any
ichnogenus with other formations.

5.1.1.  Ezkaba Sandstone Formation

The trace fossil assemblage of the Ezkaba Sandstone Forma-
tion is characteristic of the deep-sea (more than 2000 m
depth) Nereites ichnofacies, as revealed by the presence of
graphoglyptids (e.g., Uchman, 2009; Uchman and Wetzel,
2011). The Nereites ichnofacies is associated to the different
parts of a turbidite system, and it can be divided into three
ichnosubfacies (Uchman, 2009). Firstly, the Ophiomorpha
rudis ichnosubfacies, typical of thick-bedded turbidites from
channels or proximal lobes or of thick-bedded fans of deep-
sea clastic ramps, mainly consists of Ophiomorpha, Scolicia
and, occasionally, Nereites and Chondrites (Uchman, 2001,
2009; Heard and Pickering, 2008). Secondly, the Paleodictyon
ichnosubfacies from medium- to thin-bedded sandy flysch
deposits features the presence of graphoglyptids (Seilacher,
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1974; Uchman and Wetzel, 2011). Finally, the Nereites
ichnosubfacies represents the most distal part of the turbidite
system, with muddy distal flysch deposits and the presence of
structures such as Nereites, Phycosiphon or Zoophycos
(Seilacher, 1974; Heard and Pickering, 2008; Uchman, 2009).
Mixed Paleodictyon—Ophiomorpha rudis ichnosubfacies
would be characteristic of proximal off-axis environments
(Heard and Pickering, 2008). Variations in the three
ichnosubfacies, including transitions, have been registered in
unique successions, where the ichnosubfacies have been related
to varying bathymetric and hydrodynamic conditions (Bayet-
Goll et al., 2014). However, in such cases, the sedimentological
data must be thoroughly analysed for the ichnological
discrimination between sub-environments within subma-
rine fans (Cummings and Hodgson, 2011).

According to the distribution and abundance of the trace
fossil assemblage registered in the Ezkaba Sandstone Forma-
tion, the Ophiomorpha rudis and the Paleodictyon
ichnosubfacies can be differentiated. In the Uharte, Azotz,
Antsoain and Artika outcrops (Table 1), the ichnoassemblages
show low diversity and are characterized by the dominance of
Ophiomorpha (O. rudis and O. annulata) and the presence of
Scolicia (S. strozzii and S. vertebralis) supporting the
Ophiomorpha rudis ichnosubfacies. In Elkarte (Table 1), the
presence of graphoglyptids (e.g., Paleodictyon strozzii, cf.
Squamodictyon isp. and Helminthorhaphe flexuosa) sug-
gests the Paleodictyon ichnosubfacies. The record of
Ophiomorpha (O. rudis and O. annulata) could be related
to a mixed Paleodictyon—Ophiomorpha rudis ichnosubfacies
ichnoassemblage.

Therefore, the ichnosubfacies distinguished in the Ezkaba
Sandstone Formation could be mainly related to the
variations in hydrodynamic energy and substrate (grain size)
that occur in different parts of turbiditic depositional
settings. Other important controlling factors of the deep-sea
environment, such as oxygenation or organic matter content,
may have had a variable incidence. The trace fossil assem-
blage is indicative of good oxygen (aerobic) conditions for
the macrobenthic tracemaker community. In fact, trace
fossils usually associated with decreasing oxygenation
(dysaerobic conditions), such as Chondrites and Zoophycos
(e.g.,Rodriguez-Tovar and Dorador, 2014; and references
herein), are very scarce or even absent. The general light
colour of the sedimentary rocks supports such an interpreta-
tion. The presence of pre-depositional forms, mainly
graphoglyptids, representing a K-selected equilibrium
strategy (Ekdale, 1985; Uchman, 1995), is indicative of rel-
atively stable, oligotrophic conditions during interturbidite
deposition (Rodriguez-Tovar ef al., 2010, 2015).

5.1.2.  Ardanatz Sandstone—Ilundain Marl formations
The trace fossil assemblage of the Ardanatz Sandstone and
Tlundain Marl formations, with dominance of Thalassinoides
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and Ophiomorpha, can be related to the Cruziana
ichnofacies, developed in relatively low-energy environ-
ments, in semicohesive muddy substrates with intercalated
silt and sand. The archetypal Cruziana ichnofacies occurs
from slightly above the fair-weather wave-base to the storm
wave-base, from the lower shoreface to the lower offshore,
under moderate- to low-energy conditions (e.g., MacEachern
et al., 2007; and references herein).

Such a wide lateral distribution of the Cruziana
ichnofacies includes a wide range of depositional areas,
which involves variations in environmental conditions
and hence in the ichnological assemblage. This fact allows
subdivision of the archetypal Cruziana ichnofacies
(MacEachern et al., 2007; Buatois and Médngano, 2011).
Thus, a distal expression of the Cruziana ichnofacies is
recognized at the transition between the archetypal
Cruziana ichnofacies, towards more proximal positions,
and the archetypal Zoophycos ichnofacies (or the Nereites
ichnofacies) in a basinward direction, usually from the
lower offshore towards the inner shelf, and associated
with muddy siltstone and silty mudstone substrates
(MacEachern et al., 2007; Buatois and Médngano, 2011).
With regard to Thalassinoides and Ophiomorpha, the distal
expression of the Cruziana ichnofacies shows an increase in
Thalassinoides, compared to the archetypal expression of the
Cruziana ichnofacies where Ophiophorpha are comparatively
more abundant (MacEachern et al., 2007; Buatois and
Maingano, 2011).

Accordingly, the stratigraphic variations registered in
the  relationship  between  Thalassinoides  and
Ophiomorpha in the Pamplona Basin are highly signifi-
cant. Both ichnotaxa are continuously represented in
the succession, but variations occur in their relative
abundances. At the base of the Pamplona Marl Forma-
tion (not included in this analysis), both ichnotaxa are
registered (field observations of Thalassinoides suevicus
and Ophiomorpha isp.), but in the overlying Ardanatz
Sandstone and especially in the Ilundain Marl forma-
tions, the abundance of Ophiomorpha shows a signifi-
cant increase. According to this, a stratigraphic trend
from the distal to proximal expressions of the archetypal
Cruziana ichnofacies can be envisaged. This trend could
be associated with the type of substrate as a major con-
trolling factor. Ophiomorpha, as an externally pellet-
lined burrow, is emplaced in sandy substrates, in which
burrows are stabilized by reinforcing their walls, while
Thalassinoides, with burrow margins dominantly
smooth, commonly occurs in fine-grained substrates in
which sediment linings are unnecessary.

The structures characterized by the presence of more
or less well-developed bioglyphs (i.e.,spreite burrows
?Rhizocorallium, Spongeliomorpha cf. oraviense and
S. cf. sicula) might also be significant in terms of substrate

Copyright © 2016 John Wiley & Sons, Ltd.

firmness. Their occurrence might be indicative of
firmground conditions and the associated Glossifungites
ichnofacies, although the presence of bioglyphs does not
necessarily indicate a firmground (Seike and Nara, 2007).

5.1.3.  Liédena Sandstone Member (Gendulain Formation)
The Liédena Sandstone ichnofauna presents low
ichnodiversity, being just composed by vertebrate tracks
(Leptoptilostipus, Koreanaornis and Gruipeda), horizontal
trails and burrows (Cochlichnus, Palaeophycus) and vertical
tubes. While Palaeophycus and the vertical tubes occur in
many settings (continental, coastal and marine), both the
vertebrate tracks and Cochlichnus have been related to more
specific environmental conditions and depositional environ-
ments. The typical environments where vertebrate tracks are
commonly preserved are beaches, shorelines, estuaries, tidal
lagoons, floodplains, deltas, lakes, water-holes and deserts
(Thulborn, 1990). Vertebrate tracks have been cited in the
continental ichnofacies Scoyenia, which is typical of transi-
tional alluvial-lake zones, floodplains, ephemeral lakes,
ponds and wet interdunes (Buatois and Mangano, 1995); in
the Octopodichnus—Entradichnus ichnofacies, defined in
aeolian dunes (Hunt and Lucas, 2007); and in the ichnofacies
Psilonichnus, typical of backshore areas, washover fans,
coastal dunes and supratidal flats environments (see Pemberton
et al., 1992). Desjardins et al. (2012) also suggested that
vertebrate trackways may be present in the Cruziana
ichnofacies of intertidal flats, lagoons and estuaries (Pemberton
and Wightman, 1992; Méangano and Buatois, 1999).

In this study, the vertebrate tracks were produced in a
nearly water saturated substrate, soft enough to allow the
formation of the tracks and their subsequent preservation
(de Gibert and Saez, 2009; Falkingham, 2014), thus indicat-
ing shallow-water conditions or subaerial exposure
(Thulborn, 1990). Furthermore, the Liédena Sandstone ver-
tebrate tracks are exclusively composed of bird ichnotaxa
and two of them, Koreanaornis and Leptoptilostipus, have
been related to shorebird track makers (Lockley and Harris,
2010). Lockley et al. (1994) proposed the shorebird
ichnofacies, which comprises ichnocoenoses of shorebirds
attributable to Charadriiformes (waders and gulls),
Anseriiformes (ducks and geese) and Ciconiiformes (storks
and herons), and has definitely been interpreted as a
lacustrine ichnofacies, although potentially associated with
beaches, marine influenced lagoons or other lake types (Doyle
et al., 2000; de Gibert and Saez, 2009) considered the shore-
bird ichnofacies a subset of the Scoyemia ichnofacies (an
ichnosubfacies sensu Melchor et al., 2006) that characterizes
the subaerial part of low-energy shore areas.

On the other hand, the presence of Cochlichnus in non-
marine settings is typical of the Mermia ichnofacies and sug-
gests perennial freshwater conditions from a low-energy en-
vironment (Buatois and Mangano, 2002; Hasiotis, 2002).
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However, Cochlichnus isp. has also been recorded in subaer-
ial conditions in wet mud (Hasiotis, 2002). Buatois and
Maingano (1998) cited the presence of Cochlichnus in the
Scoyenia ichnofacies, and Mikulas et al. (2013) identified
it in the Cruziana ichnofacies in tidal environments.

In summary, the Liédena Sandstone Member ichnofauna
consists of ichnotaxa commonly, though not exclusively, re-
corded from continental-coastal settings. No ichnotaxa in-
dicative of clear marine influence has been detected. The
occurrence of ichnotaxa characteristic of more than one
ichnofacies (bird tracks of Scoyenia ichnofacies and
Cochlichnus of Mermia ichnofacies) in a single ichnofauna
could be interpreted as a consequence of the trace fossil pro-
ducers being environmentally tolerant animals that could in-
habit and behave similarly in either setting. Alternatively,
the host sediment body could have been subject to changes
in environmental conditions while still at the surface (Keigh-
ley and Pickerill, 2003). In the latter case, the ichnofauna
could be regarded as examples of composite ichnofacies that
are taphonomic successors of combinations of the Mermia
and Scoyenia ichnofacies (Keighley and Pickerill, 2003).

Microbial mat impressions have also been identified as
wrinkle marks preserved in ripple troughs and as retracted
zones in the digit impressions of some tracks. Microbial
mats can greatly enhance the preservation of vertebrate and
invertebrate surface tracks (e.g., Marty et al., 2009; Carmona
etal.,2012). Carmona et al. (2012) found that thin microbial
mats (0.5cm thick) preserve trackways better than thick
mats (1.5 cm thick). Hence, the variable preservation of the
Liédena Sandstone Member tracks could likely be a conse-
quence of different thicknesses of the microbial mats. The
reducing chemical conditions beneath the microbial mats
may have contributed to the formation of ‘anoxic’ minerals,
such as pyrite (Schieber, 1999), which has also been ob-
served in the surface of some slabs. Carmona et al. (2012)
suggested that the cementation and highly reducing condi-
tions below the microbial mat preclude colonization by
typical endofauna in tidal-flats, thus preventing the oblitera-
tion of shallow imprinted vertebrate tracks. This could
explain the abundance of bird tracks in the Liédena
Sandstone Member, and the scarcity and low diversity of
invertebrate traces. Therefore, the microbial mats acted as
taphonomic bias favouring the preservation of vertebrate
tracks and determining the presence of endofauna, which
implies that the assignation of the ichnofauna to a particular
ichnofacies is merely tentative (most likely a combination of
the Mermia and Scoyenia ichnofacies).

5.2. Trace fossil analysis and the tectonosedimentary
evolution of the Pamplona Basin

The Eocene succession of the Pamplona Basin shows a typi-
cal foreland basin evolution. Whereas denudation of the
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Eastern Pyrennes occurred in the Early-Middle Eocene
(Ypresian—Lutetian; approximately 56—40 Ma), the orogenic
uplift began in Middle Eocene (Bartonian) times (approxi-
mately 40 Ma) in the western Pyrenean (Pujalte et al.,
2002). It is well known that peripheral foreland basins
evolve from an underfilled to an overfilled depositional
state (DeCelles, 2012). In ancient settings, the transition
between these states (i.e., the degree of filling of the basin)
is commonly approximated from the long-term trends in
the sedimentary facies found in the basin. This is shown
by the facies changes from deep-marine turbiditic deposits
that accumulated in the foredeep during the underfilled
stage (classically termed ‘flysch’ stage) to shallow-marine
and continental deposits that accumulated during the
overfilled ‘molasse’ stage. The flysch-to-molasse transi-
tion is commonly caused by both a reduction in the rate
of thrust wedge advance or an increase in the rate of uplift,
exhumation and sediment production in the thrust wedge
(Sinclair, 1997a, b).

In the Ezkaba Sandstone Formation, graphoglyptid
traces have been related to the Nereites ichnofacies
(Uchman and Wetzel, 2011). This ichnofacies is typical
of depths below 2000m (Uchman, 2009). Besides, the
presence of the Ophiomorpha rudis ichnosubfacies,
interpreted as turbidite successions from channels, and
Paleodictyon ichnosubfacies, related to flysch deposits, is
also significant (Uchman, 2009). The lateral co-occurrence
of both ichnosubfacies is controlled by changes in turbidite
thickness and sand content from the channel axes to prox-
imal off-axis areas. Therefore, the trace fossil analysis
agrees with the sedimentological interpretation of the
Ezkaba Sandstone Formation, which was attributed to as
a northerly sourced, westwards migrating channel-levee
turbidite system (Payros et al., 1997).

The ichnoassemblage of the Ardanatz Sandstone and
Ilundain Marl formations has been related to the Cruziana
ichnofacies, which occurs from slightly above the fair-
weather wave-base to storm wave-base (i.e., from the lower
shoreface to the lower offshore) under moderate- to low-
energy conditions (e.g., MacEachern et al., 2007; and refer-
ences herein). Finally, in the Gendulain Formation
(Liédena Sandstone Member), the ichnoassemblage could
be regarded as an example of composite ichnofacies that
are taphonomic successors of combinations of the Mermia
and Scoyenia ichnofacies (Keighley and Pickerill, 2003).
The palaeohydrological and palacoenvironmental scenario
deduced from the bioturbation and organic structures
(microbial mats), in addition to other sedimentary struc-
tures (halite moulds, desiccation cracks, raindrops marks,
synaeresis cracks, flat-topped wave ripples with ladder-
back ripples etc.; Payros ef al., 2000) is consistent with a
tidal flat developed in a partially protected embayment or
marginal lagoon behind a wave-dominated delta (Payros
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et al., 2000). Such an environment would have been
extremely sensitive to water level oscillations, causing
cyclic exposure and submersion of large areas, and to
variations in salinity throughout the tidal cycle.

6. CONCLUSIONS

The sedimentary evolution recorded by the 1500 m-thick
Middle-Upper Eocene succession of the Pamplona
Basin suggests a progressive, long-term (approximately
40-34Ma) shallowing from deep-sea into intertidal
conditions. In addition to the influence of some tectonic
uplift during the latest stages, such evolution was
mainly driven by the progressive filling of the South
Pyrenean foreland basin with sediments derived from
the denuding orogen. Consequently, the succession
can be readily ascribed to the overfilled, ‘molasse’
stage of foreland basin evolution (DeCelles, 2012).
The shallowing-up evolution can also be recognized
by means of the trace fossils preserved throughout the
succession. Thus, the Middle Eocene Ezkaba Sandstone
Formation contains trace fossils assigned to the Ophiomorpha
rudis and Paleodictyon ichnosubfacies of the Nereites
ichnofacies, which agrees with the sedimentological inter-
pretation that related the unit to a laterally migrating
channel-levee turbidite system (Payros et al., 1997).

The Ardanatz Sandstone and Ilundain Marl formations
contain trace fossils included in the Cruziana ichnofacies,
which are representative of relatively low-energy environ-
ments with semicohesive muddy substrates containing in-
tercalated silt and sand. According to the relationship
between Thalassinoides and Ophiomorpha, a stratigraphic
trend from the distal to proximal expressions of the
arquetypical Cruziana ichnofacies can be envisaged, the
latter units accumulated between the fair-weather wave-
base and storm wave-base.

The Liédena Sandstone Member of the Gendulain For-
mation, part of which accumulated in a partially protected
embayment or marginal lagoon behind a wave-dominated
barrier beach (Payros et al., 2000), contains invertebrate
trace fossils and vertebrate tracks. The evidence suggests
that microbial mats acted as taphonomic bias favouring
the preservation of vertebrate tracks and conditioning the
presence of other trace fossils. Reducing chemical condi-
tions beneath the microbial mats may have precluded colo-
nization by typical endofauna in tidal-flats, thus preventing
the obliteration of shallow imprinted vertebrate tracks and
other sedimentary structures. Due to taphonomy, attribu-
tion of this ichnofauna to a specific ichnofacies is tentative
(most likely a combination of the Mermia and Scoyenia
ichnofacies).

Copyright © 2016 John Wiley & Sons, Ltd.
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