Available online at www.sciencedirect.com
-

“=.* ScienceDirect PALAEO

ELSEVIER Palacogeography, Palacoclimatology, Palacoecology 248 (2007) 145—168

www.elsevier.com/locate/palaeo

The Campo section (Pyrenees, Spain) revisited: Implications
for changing benthic carbonate assemblages across
the Paleocene—Eocene boundary

C. Scheibner **, M.W. Rasser >', M. Mutti -

& Universitit Bremen, FBS, P.O. Box 330440, 28334 Bremen, Germany
Y Staatliches Museum fiir Naturkunde, Rosenstein 1, D-70191 Stuttgart, Germany
¢ Universitit Potsdam, Institut fiir Geowissenschaften, P.O. Box 601553, 14415 Potsdam, Germany

Received 19 May 2006; received in revised form 17 November 2006; accepted 4 December 2006

Abstract

The Campo section is a parastratotype section for the shallow-water Ilerdian and Cuisian stages. Although a lot of work has
been concentrated during the last years on biostratigraphy, sequence stratigraphy, magnetostratigraphy, and geochemistry,
surprisingly little work has been published on the facies development. Here we evaluate the facies evolution with particular
emphasis on the biogenic assemblages of the latest Paleocene (shallow benthic zonation 4) to the earliest Eocene (shallow benthic
zonations 5 and 6) of the Campo and the nearby Serraduy section. Overall, the facies show a deepening in the Paleocene and the
Eocene, interrupted by a terrestrial interval across the newly defined Paleocene/Eocene boundary. In the late Paleocene altogether
seven microfacies types were distinguished. These are dominated by various algal taxa and subordinate corals and larger
foraminifera. The lower Eocene carbonate platform is characterised by twelve microfacies types, which are dominated by larger
foraminifera such as alveolinids, orbitolitids and nummulitids and subordinate corals. This facies dichotomy recognized in the
Campo and Serraduy sections can be extrapolated to the whole Pyrenean region in the early Paleogene and is even found in Egypt.
The comparison of the two regions shows that the facies dichotomy is less pronounced in the Pyrenean region. This is interpreted to
reflect a latitudinal trend, where corals are absent in the low latitudes, while in the middle latitudes they occur subordinately. This
gradient within the facies distribution can be explained by latitudinal temperature changes and by the long-time warming in the
early Paleogene and the short-time warming of the Paleocene Eocene Thermal Maximum. Hot temperatures in the low latitudes
hamper the growth of temperature sensitive corals, while in the middle latitudes the temperatures were still in a favourable
temperature range.
© 2007 Elsevier B.V. All rights reserved.
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and Rohl, 1999; Rohl et al., 2000) and its impact on
marine and terrestrial environments. The PETM is
associated with a sharp negative 6'>C excursion (carbon
isotopic excursion, CIE; e.g., Dickens, 1999) that
probably resulted from rapid dissociation of methane
at the sea floor (Dickens et al., 1995; Bains et al., 1999).
Open marine microfossils (planktic and benthic forami-
nifera, dinoflagellates, calcareous nannofossils) show
extinction and diversification patterns (e.g., Thomas,
1998; Crouch et al., 2001; Kelly, 2002; Bralower, 2002),
the most prominent being the benthic foraminifera
extinction event (BEE; Pak and Miller, 1992), during
which approximately 40% of all smaller benthic
foraminifera became extinct. On land the terrestrial
vertebrates show a well-documented rejuvenation (Maas
et al., 1995).

In contrast to studies on the impact of the PETM on
open marine and terrestrial environments, only few
studies exist regarding its impact on shallow marine
environments. Orue-Etxebarria et al. (2001) and Pujalte
et al. (2003a) investigated this time interval in the
Pyrenees (northern Tethys) and concluded that the
impact of the PETM on the evolution of the benthic
faunas in shallow-water environments may have been
greater than previously thought, but did not state any
possible causes for this relationship. Recently, Scheib-
ner et al. (2005) analysed Paleocene/Eocene sections in
the Galala Mountains in Egypt (southern Tethys) and
suggested an interplay between rising temperatures and
changes in the trophic resource regime and their effects
on biota (especially corals and larger foraminifera) and
long-term evolutional changes in larger foraminifera as
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the main causes for the changes in shallow-water facies.
Furthermore, for the Egyptian platform they postulated
an evolution of the shallow-water platform across the
Paleocene/Eocene boundary in three successive stages,
characterised by changing biota. The two Paleocene
stages are characterised first by a coralgal-dominated
platform and second by a larger foraminifera-dominated
platform (mainly Miscellanea and Ranikothalia). The
boundary between the second and the third stage is the
newly defined Paleocene/Eocene boundary. The third
platform stage is characterised by abundant alveolinids,
nummultids and orbitolitids (Scheibner et al., 2005).
Apart from studies on the ecological impact of the
PETM, several old and new sections around the world,
especially in Spain, have been investigated over the last
few years to establish the Global Stratotype Section and
Point (GSSP) for the Paleocene/Eocene boundary.
Particularly, the Campo section in the Spanish Pyrenees
has been investigated in great detail concerning this
potential selection. The Campo section in Spain is the
Ilerdian and Cuisian parastratotype (Schaub, 1966;
Molina et al.,, 1992; Schaub, 1992): Hottinger and
Schaub (1960) described the Larger Foraminiferal
Turnover (LFT, Orue-Etxebarria et al., 2001) for the
first time in Campo. The LFT marks the base of the
Ilerdian (Hottinger and Schaub, 1960; Hottinger, 1998)
and is characterised by the start of adult dimorphism and
a large shell size in the larger foraminifera especially the
nummulitids and alveolinids. Because of the importance
of this shallow-marine section and the search for a
GSSP, the Campo section was recently re-examined
magnetostratigraphically by Pujalte et al. (2003b),

present day

coastline Toulouse
]

Paleocene-

lower Eocene
outcrops
: Base of
Basin slope

Outer
platform platform

Inner Terrestrial

I==l-==f

@® sections

Fig. 1. Location and paleogeography of the Pyrenean area, modified after Orue-Etxebarria et al. (2001); A: recent location of the Pyrenees, the
rectangle marks the position of the Pyrenees; B: paleogeographic reconstruction of the Pyrenean basin. I: Reefs of the Urbasa—Andia plateau (Baceta
etal., 2005; see Fig. 6), II: location of the Urrobi and Mintxate sections of Pujalte et al. (2003a). The two sections of this study, Campo and Serraduy

and the section of Minerve from Rasser et al. (2005) are indicated by dots.
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isotopically by Schmitz and Pujalte (2003), biostrati-
graphically (planktic foraminifera, calcareous nanno-
plankton and dinoflagellate cysts) by Orue-Etxebarria
et al. (2001), Molina et al. (2003), and lithostratigra-
phically and sequence stratigraphically by Payros et al.
(2000). The current GSSP for the Paleocene/Eocene
boundary is located in Dababiya (Egypt): the position of
the carbon isotopic excursion is used as the boundary
criterion (Luterbacher et al., 2004). In this study we
present new sedimentological and microfacies data from
two Pyrenean (Spain) late Paleocene—early Eocene
inner-platform sections, Campo and Serraduy to better

constrain the evolution of sedimentary environments
and biogenic assemblages. The Paleocene/Eocene
boundary in these sections is located within a short
terrestrial interval and separates Paleocene environ-
ments, dominated by red algae, from Eocene environ-
ments, dominated by abundant larger foraminifera
(alveolinids, nummulitids and orbitolitids). These
results, in combination with literature data from other
Pyrenean sections, enabled us to propose a platform
subdivision for the Pyrenees in the northern Tethys,
similar to that established by Scheibner et al. (2005) in
Egypt for a southern Tethyan platform.

SR
oo
— — —~ Hal
o o o o= o
3 8 ~ 8 83
<\| N - c\l =0 c
= ~ )] = “© O
—_ —_ (o)) —_ TED
< [ - «© 532 12
5 © = 5 o858 x 0
3 2 3 @ MK S
e o 5 ° | g4%3 =
> > g > gog n 11
© © © = =
o o o o BSE £ 0
T 2¢ 6 v | 100
2
- 90
2 c
) ] IL-2 80
S g il
] o > 2.3
K 2b 70
=
N e e I A,
(7]
60
Vi
5
50
2a v
_____ I R o [\
| -
2'3 IL-1 40
] 1 1}
1
""" I - 30
1
]
(9] f=
c —
g = £ 2.2 20
o 2 g c Th-2 4
Q © ©
© £ =z |
5 = 10
K]
K=
E > = 'g ® 0
L
] c oS 02 a_ | §
< o . O® O ®© =c =
€35 = ) c = € 5 o =
= o 0 © o = [TR=) o.= @ ®
[3] = 0o £ [S == == T ®© o -
& | Bu| s | 5| 5| 85| BE|HEE| St 3
w ca < hd s no o | 02| a5 )

Fig. 2. Chronostratigraphy, lithostratigraphy, biostratigraphy and sequence stratigraphy of the Campo section. The position of the numbers in the P/E
boundary column refers to the different opinions for the location of the P/E boundary: 1. Schmitz and Pujalte (2003), 2. Molina et al. (2003), 3. Orue-
Etxebarria et al. (2001). We follow Schmitz and Pujalte (2003). The boundary between SBZS and SBZ6 is uncertain, as literature data either give
different positions for this boundary or the scale of the literature sections is too small to compare it with our scale (Robador et al., 1991; Schaub, 1992;
Molina et al., 1992; Serra-Kiel et al., 1993; Orue-Etxebarria et al., 2001; Molina et al., 2003).
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Fig. 3. Stratigraphy, depositional units, lithology, components, and microfacies types of the Campo section. The sample numbers with 5 digits are the
sample positions of Kapellos and Schaub (1973), Schaub (1992) and are painted on the rocks within the section. The distribution curves behind the
legends have values of zero. The percent values at the bottom of every curve indicate the maximum values of each scale.
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2. Geologic overview

During the Early Paleogene, the region that now
forms the Pyrenees, comprised an elongated east—west
trending gulf, which opened westward into the paleo Bay
of Biscay and is positioned at a paleolatitude of 38° N
(Hay et al., 1999; Fig. 1). Terrestrial red beds, carbonate
platform limestones and deep basinal marls surrounded
this gulf. Tectonically this time interval is characterised
by the development of a foreland basin (Paleocene) and
the migration of foreland basins (Eocene; Puigdefabre-
gas and Souquet, 1986).

The carbonate platform-to-basin strata of the Pyr-
enees, especially in the Campo section, are one of the
classical and best-studied deposits of the early Paleo-
gene worldwide. Numerous paleontological studies
have focused on various fossil groups, including
planktic foraminifera (Orue-Etxebarria et al., 2001),
larger foraminifera (Hottinger, 1960; Schaub, 1966,
1981, 1992; Serra-Kiel et al., 1993), calcareous nan-
nofossils (Kapellos and Schaub, 1973; Wilcoxon, 1973),
and dinoflagellates (Caro, 1973). A number of regional
studies have addressed lithostratigraphy (Payros et al.,
2000), stable isotope analyses (Molina et al., 2000,
2003; Schmitz and Pujalte, 2003) and the overall
paleogeography and depositional history of the Pyr-
enees (Plaziat, 1981; Puigdefabregas and Souquet,
1986; Eichenseer and Luterbacher, 1992; Pujalte et al.,
1993, 2000, 2003a; Baceta et al., 2005).

During the early to middle Eocene, the time of the
development and migration of a foreland basin, three
main carbonate platform units (Ilerdian, Cusian, Lute-
tian) existed in the Pyrenees. These platform units were
interrupted by phases of collapse and drowning
(Barnolas and Teixell, 1994). The platform collapse
events resulted in a retreat of the platform and are
associated with 8 megaturbidite beds, whereas the
drowning is documented by glauconite limestones and
marls (Barnolas and Teixell, 1994). During times of
tectonic quiescence, the platforms could grow, while
during times of major overthrust loading, collapse and
drowning of the carbonate platform occurred (Barnolas
and Teixell, 1994). The onset of this thrusting began
with the collapse and drowning of the Ilerdian platform.
Therefore, the Ilerdian platform itself can be regarded as
mostly unaffected by the tectonic influence. The
development and subsequent drowning of the Ilerdian
platform is reflected by the early Eocene Alveolina
limestone and the Assilina wackestone with glauconites,
investigated in this study. From middle Eocene time
onwards this depositional environment was uplifted and
eroded during the Pyrenean orogeny.

2.1. Stratigraphic correlation in the Campo section

Orue-Etxebarria et al. (2001) proposed the synchro-
nicity of the larger foraminifera turnover (LFT), the
benthic foraminifera extinction (BEE), and the carbon
isotopic excursion (CIE) in the Campo section,
although the identification of these events and their
correlation remain ambiguous. Molina et al. (2003) give
two possible intervals for the Paleocene/Eocene
boundary, the first interval coincides with the silici-
clastic interval, mentioned by Schmitz and Pujalte
(2003), Orue-Etxebarria et al. (2001), while the other is
a level within the Ilerdian limestones approximately
80 m above the siliciclastic interval (Figs. 2, 3). There
have been more suggestions for placing the P/E
boundary, even much more higher in the section than
those mentioned here; a summary of all the suggested
locations for the P/E boundary in Campo is covered by
Orue-Etxebarria et al. (2001). We follow Schmitz and
Pujalte (2003) and place the P/E boundary within the
siliciclastic interval above the marine Thanetian and
below the marine Ilerdian.

The definition and biostratigraphic assignment of the
different members within the Campo section from
previous studies is given below:

I. Part ¢ of the Navarri Formation: Payros et al.
(2000) gives a thickness of 32 m for the last
interval of the Navarri Formation, which ends
with the prominent karstic horizon. Part ¢ of the
Navarri Formation belongs to SBZ4 (Payros et al.,
2000; Pujalte et al., 2003a).

II. Member 1 of the Serraduy Formation: Payros
et al. (2000) measured 12 m and Orue-
Etxebarria et al. (2001) measured 14 m for
this unit. Both authors transferred member 1 to
the Serraduy Formation because of the grada-
tional transition to the overlying Ilerdian lime-
stones. In contrast to this Serraduy Formation
assignment Molina et al. (2003) measured 11 m
and attributed this part to the Navarri Forma-
tion. According to the latest isotopic studies by
Schmitz and Pujalte (2003) the Paleocene/
Eocene boundary delineated by the carbon
isotopic excursion lies within this interval,
either on top of the sandstones in the middle
of this interval or at the karstic horizon at the
base (Figs. 2, 3).

III. Member 2a of the Serraduy Formation: Payros
et al. (2000) measured 11 m and Orue-Etxebarria
et al. (2001) measured 9 m for this unit. This unit
belongs to SBZ5.
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IV. Member 2b of the Serraduy Formation: Orue-
Etxebarria et al. (2001) measured 41 m for
member 2b, while Payros et al. (2000) measured
35 m. According to Schaub (1992) and Kapellos
and Schaub (1973) the complete member 2b
belongs to SBZ5 (for comparison we used their
painted sample numbers 70105-70109 within the
section, Figs. 2, 3). In contrast to the assignment
of member 2b to SBZ5 Orue-Etxebarria et al.
(2001) attributed the lower 12 m to SBZ5 and the
upper part to SBZ6 (Figs. 2, 3).

V. Member 2c¢ of the Serraduy Formation: Orue-
Etxebarria et al. (2001), Payros et al. (2000)
measured 23 m and 28 m for this interval,
respectively. This unit belongs to SBZ6.

3. Materials and methods

This paper presents microfacies data on two sections,
Campo and Serraduy (Fig. 1). The Campo section is a
composite section, constructed along the road exposures
from Campo to Navarri (Paleocene part) and from
Campo to Ainsa (Eocene part; Figs. 3, 4A). The interval
considered in this study spans 120 m and altogether 280
samples (86 for the Paleocene, 194 for the Eocene) were
collected, of which nearly 80% are lithified rocks for
thin sections and the rest marls. The Paleocene part was
sampled along the road to Navarri, while the karstified
horizon upwards was sampled along the road to Ainsa.

The section of Serraduy was taken west of the
Isabena River at the northern end of the village
Serraduy. This location is identical to the one in the
study by Robador (1991; Figs. 4D, 5). It has a thickness
of about 150 m: 55 limestone samples were collected,
from which 44 were sampled from Eocene limestones.
Within the Paleocene there are only two small
fossiliferous limestone layers. The Eocene limestones
are partly covered by vegetation, which is the reason for
the scattered sample intervals. Both the scarcity of
Paleocene limestones and the scattered Eocene sample
intervals are the reason for using the Serraduy section
only as support for the Campo section.

In this study we investigated only the thin sections,
without concentrating on the loose material. The thin
sections of our study have 3 different sizes. The thin
sections of the Serraduy section have dimensions of
7.5 em* 10 cm, while the thin sections of the Campo
section are smaller (2.8 cm*4.8 cm and 5 cm*5 cm).
The modal distribution of the components in the thin
sections was estimated by using a classifying system
with 6 subgroups (absent, very rare, rare, common,
abundant, very abundant), customised for each individ-

ual component. In a second step, a maximum value for
each individual curve was determined (Figs. 3, 5).

4. Depositional units in the Campo and Serraduy
sections (Pyrenees)

Campo (Figs. 2—4): The investigated section can be
subdivided into eight depositional units: two in the
Paleocene and six in the Eocene. Preliminary interpre-
tation of the depositional environments is given here,
but the detailed discussion will follow in the next
chapters.

I. The first depositional unit is 22 m thick and
composed of medium to thick-bedded (20 cm—100 cm)
limestones, which are bundled into 1-m to 3-m thick
packages and partly show large-scale cross-bedding.
Rounded to angular clasts appear at the base of some
beds. The colour of the different packages varies from
bright to dark grey, partly reflecting the four different
algal to foraminiferal assemblages, which are affected
by varying terrestrial input and by different energy
regimes. This unit belongs to the lower two-thirds of
part ¢ of the Navarri Formation (Payros et al., 2000,
Fig. v2).

II. The second depositional unit is composed of very
thick (I m—2 m) limestones with abundant macroids and
corals and has a total thickness of 9 m. This unit belongs
to the upper one-third of part ¢ of the Navarri Formation
(Payros et al., 2000, Fig. 2). The Navarri Formation
terminates with a prominent karstic horizon with
abundant Microcodium.

The age determination of the Paleocene units I and II
is only possible with Assilina in the first sample and
very rare glomalveolinids. They indicate SBZ4, al-
though other characteristic foraminifera for SBZ4 such
as Hottingerina lukasi and several types of Miscellanea
and Ranikothalia are missing.

III. Unit III is identical to member 1 of the Serraduy
Formation of Payros et al. (2000, Fig. 2): this member is
13 m thick and composed primarily of calcareous shales
intercalated with a calcareous channel-fill sandstone and
a 1-m thick calcareous sandstone with cross-bedding. In
the upper part, a characteristic yellow, 1-m thick non-
fossiliferous mudstone occurs, followed by 1-m thick
shales with rhizolites. This unit reflects the terrestrial
interval between the marine Thanetian of the Navarri
Formation and the marine Ilerdian of the Serraduy
Formation.

According to the latest isotopic studies by Schmitz
and Pujalte (2003) the newly defined Paleocene/Eocene
boundary lies within this interval, either on top of the
sandstones in the middle of this interval or at the karstic
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Table 1
Summary of the microfacies types for the Campo and Serraduy sections
Number MFT Sub MFT Age Occurrence Unit Main components Texture Environment
1 Ostracode — small Paleocene Serraduy Ostracods, small benthic  Thick bedded, Restricted to
benthic miliolid miliolids, charophytes moderately sorted inner platform
wackestone
2 Assilina packstone Paleocene Campo 1 Assilina, small Only one sample  Back-reef
Miscellanea
3 Coralline algal Paleocene Campo 1 D. biserialis, Large scale cross- High energetic
grainstone fragments of bedding, well inner platform
coralline algae sorted
4 Siliciclastic Paleocene Campo 1 D. biserialis, Large scale cross- High energetic
coralline algal fragments of bedding, well inner platform
packstone coralline algae, sorted
quartz
5 Foraminiferal— Paleocene Campo, 1 Larger foraminifera, red Thick bedded, Inner platform
algal pack- Serraduy algae moderately sorted
grainstone
6 Coralgal Paleocene Campo I Corals, D. biserialis Thick bedded, Small coral
boundstone— poorly sorted patches
rudstone
7 Macroid Paleocene Campo 1T Red algae, encrusting Thick bedded, Deeper inner
boundstone foraminifera, poorly sorted platform
bryozoan
8 Restricted facies 1 Ostracode  Eocene Campo A% Ostracods, small Medium bedded  Restricted, tidal
wackestone benthic miliolids flat
2 Algal Eocene Campo Algal laminae Laminae
bindstone
3 Mudstone  Eocene Campo No components
4 Siliciclastic Eocene Campo Quartz
mudstone
9 Small benthic Eocene Campo IV, V, Small benthic Thin—thick Inner platform
miliolid VI miliolids, Alveolina, bedded,
wackestone Orbitolites moderately sorted
10 Alveolina— 1 Eocene Serraduy Alveolina, Orbitolites Nodular to thick  Inner platform
Orbitolites bedded
packstone
2 Eocene Serraduy Alveolina,

Orbitolites, small
benthic miliolids

11 Siliciclastic Eocene Campo, VII Peloids, quartz Large scale cross- High energetic
peloidal pack- Serraduy bedding, well inner platform
grainstone sorted

12 Siliciclastic Eocene Campo Vil Alveolina, Large scale cross- High energetic
Alveolina— Orbitolites, small bedding inner platform
Orbitolites benthic miliolids,
grainstone quartz

13 Alveolina 1 Eocene Campo v Dominated by Thick bedded, Inner platform
packstone Alveolina moderately sorted

2 Eocene Campo VII Less frequent
Alveolina

3 Eocene Campo VIl Less frequent
Alveolina and small
rotaliids

14 Rotaliina Eocene Campo Vil Small rotaliids Thick bedded, Inner platform
wackestone moderately to well

sorted

15 Bioclastic Eocene Serraduy Shell Nodular to thick  Inner platform
wackestone— fragments, bedded
packstone gastropods

(continued on next page)
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Number MFT Sub MFT Age Occurrence Unit Main components Texture Environment
16 Siliciclastic Eocene Serraduy Quartz, Well-moderately — Inner platform
bioclastic bioclastic sorted
wackestone fragments
17 Bivalve Eocene Campo VIl Oysters Poorly sorted Inner platform
wackestone
18 Coral wackestone— 1 Eocene Campo VI Corals Nodular to thick  Platform margin,
boundstone bedded, poorly inner platform
sorted coral patches
2 Eocene  Serraduy Encrusting
foraminifera, corals
19 Assilina Eocene Campo VIII Assilina, Medium bedded, Middle platform
wackestone Nummulites debris flows,

moderately sorted

horizon at the base. A biostratigraphic assignment is not
possible because of the absence of age-indicative fossils.

IV. Unit IV is the smallest depositional unit of the
whole section with a total thickness of 3 m. It is
composed of 2 wacke- to packstone beds; the lower one
is dominated by small benthic miliolids, while the upper
one is rich in alveolinids deposited in layers, patches and
lenses. They belong to the lower part of member 2a of
the Serraduy Formation (Payros et al., 2000, Fig. 2). The
occurrence of the first true alveolinids in this interval
clearly indicates an Eocene age.

V. This depositional unit has a thickness of 5 m and is
composed of marly intervals at the base and at the top. The
limestone intervals in-between consist of mudstone-
wackestones and are very thin to medium bedded. They
are either non-fossiliferous or dominated by algal mats or
ostracods, (Table 1). Occasionally thin layers of chert are
intercalated and small benthic miliolids occur in some
beds. In the lower part, a yellowish to reddish 1-m thick
interval is thought to represent a karstic horizon with root
traces. This unit represents the upper part of member 2a of
the Serraduy Formation (Payros et al., 2000, Fig. 2).

VI: This unit is composed of 12 medium to thick-
bedded wacke-boundstones beds with abundant corals
in the first 4 m. At the base of this interval there is an
accumulation of bivalves, probably oysters. The second
interval is 8 m thick and built by an intercalation of two
medium to thick-bedded limestone beds with small
benthic miliolids and bivalves, and shales and marls.
This unit belongs to the lower part of member 2b of the
Serraduy Formation of Payros et al. (2000, Fig. 2).

VIIL. Unit VII is built of 28 m of massive, mainly
Alveolina-rich limestones without any marly intervals,
which can be subdivided into 3 parts. The lower section
is composed of Alveolina-rich limestones with some
bivalves, the middle section is composed of large-scale
cross-bedded grainstones with abundant quartz and the

upper section is again dominated by alveolinids with an
increasing content of large bivalves. This unit represents
the well-known Alveolina limestones and belongs to the
upper part of member 2b of the Serraduy Formation of
Payros et al. (2000, Fig. 2).

VIII. Depositional unit VIII is identical with member
2¢ of the Serraduy Formation. It is 28 m thick and
composed of medium to thick-bedded (20 cm—100 cm)
limestones to marly limestones and marls which are
bundled in I-m to 4-m thick packages composed of
middle shelf Assilina wackestone (Table 1). From
bottom to top, the marly intervals become more abundant
and in the upper half of this member four 1-m to 3-m
thick slumped intervals occur, with the uppermost
slumped interval enriched in bryozoans. In the upper
half there is also a 10-m thick horizon dominated by
glauconite. In the field, larger foraminifera and bivalves
are the main visible components while echinoderms
occur only subordinately.

Serraduy (Figs. 4, 5): The ca. 150-m thick section is
dominated by Paleocene terrestrial red beds with roots and
up to 2-m thick conglomerates. In the upper part of the
Paleocene, marine ingressions expressed by marine
carbonate beds are intercalated in the red beds and have
been attributed by Robador et al. (1991) to SBZ3 and
SBZ4. According to Eichenseer and Luterbacher (1992)
the newly defined Paleocene/Eocene boundary is located
below the massive siliciclastic conglomerates, which they
interpret as braided river deposits. These conglomerates
are age-equivalent to the sandstones of member 1 in the
Campo section (Eichenseer and Luterbacher, 1992).

The Eocene marine deposits can be subdivided into
three intervals separated by vegetation cover (Figs. 4, 5).
The first interval is dominated by medium to thick-bedded
Alveolina packstones with an internal wavy structure,
which exhibit a bulbous weathering. Coral- and bivalve-
dominated wacke- to boundstones and siliciclastic
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peloidal grainstones occur subordinately. The middle part
of this section is composed of medium to thick-bedded
bulbous weathering wacke- to boundstones with quartz,
corals, and bivalves. The upper part is dominated by Al-
veolina-rich massive packstones.

The massive, up to 10-m thick, large-scale cross-
bedded tidal channel unit (Eichenseer and Luterbacher,
1992) composed of Alveolina-rich grainstones typical of
the eastern side of the Isabena River is missing in the
section investigated in this study, located on the western
side of the Isabena River.

5. Paleocene and Eocene microfacies of Campo and
Serraduy

In the course of a detailed thin-section analysis of about
280 thin-sections we estimated the relative abundance of
about 30 different elements throughout the two sections.
We plotted 27 elements in Figs. 4 and 5. Apart from micrite,
sparite, quartz, and glauconite, the elements are mainly
biogenic components, belonging predominantly to differ-
ent types of algae and foraminifera. Altogether, we
established six categories for each individual element,
ranging from not present in the thin-section to very
abundant. A total of 19 microfacies types (MFT) could be
distinguished. Their distribution within the Campo and
Serraduy sections shows a clear dichotomy in which the
boundary is marked by the terrestrial interval across the
Paleocene—Eocene boundary. The microfacies types are
presented separately for the Paleocene and the Eocene. The
19 different microfacies types are documented on 3 plates
(Plates 1-3) and their characteristics and relationship to the
depositional units are summarized in Table 1.

5.1. Paleocene microfacies

The marine Paleocene of Campo and Serraduy is
dominated by red algae that occur isolated, encrusting or
as macroid. Apart from different types of red algae,
rotaliid foraminifera, corals, and quartz grains appear in
varying amounts. Altogether seven microfacies types
could be identified within the Paleocene, which are
compared with the microfacies types of Baceta et al.
(2005) from their study from the southern margin of the
Pyrenean basin (Fig. 1).

5.1.1. Ostracode — small benthic miliolid mud-
wackestone

The microfacies type is characterised by ostracods,
small benthic miliolids, charophytes and quartz grains
in a dismicritic matrix. Microcodium fragments occur
rarely.

Occurrence and interpretation: This MFT occurs in
the lower parts of the Serraduy section. The presence of
ostracods and charophytes together with small benthic
miliolids are indicators of a restricted, probably peritidal
setting. However, no evidence for supratidal features
such as exposure surfaces and desiccation features were
recognized in the field.

5.1.2. Assilina packstone

The Assilina packstone is characterised by abundant
Assilina (A. azilensis or A. yvettae), which are the largest
components in this MFT. The matrix is composed of
micrite, while little sparite is present. Additionally, small
Miscellanea, other rotaliid foraminifera, small benthic
miliolids, fragments of Distichoplax biserialis, frag-
ments of coralline algae, algal peloids, echinoderms, and
quartz grains are present (Plate 1, fig. 1).

Occurrence and interpretation: This MFT occurs
only in the lowermost sample of the Campo section
(unit I) and indicates SBZ4. Apart from Assilina, this
MFT has similarities with the foraminiferal—algal
pack-grainstone and the siliciclastic coralline algal
packstone. The composition of this MFT with larger
foraminifera, algae and quartz grains and the relation
to other inner platform microfacies types suggest a
similar depositional environment. An analog facies
type is described by Baceta et al. (2005) as back-reef
bioclastic facies of the Thanetian, with abundant
fragments of geniculate and non-geniculate corallina-
ceans, bryozoans and small and large benthic
foraminifera.

5.1.3. Coralline algal grainstone

The coralline algal grainstone is dominated by small
fragments of D. biserialis, fragments of geniculate
coralline algae and peloids (algal peloids), which are
well sorted. Interparticle pore space is now filled with
sparry calcite. Additionally small benthic miliolids,
small rotaliids, small Miscellanea, echinoderms, peys-
sonnelid algae (Polystrata alba), udoteacean algae
(Halimeda nana) and quartz grains are present
(Plate 1, fig. 2; Plate 3, fig. 6).

Occurrence and interpretation: The first ten metres
of the Campo section (unit I) are nearly entirely
composed of this MFT. Transitional microfacies types
to the foraminiferal-algal pack-grainstones and the
siliciclastic coralline algal packstone are present.
Geniculate corallines prefer intertidal to shallow-
subtidal rocky substrates, thus indicating a position
close to the shore-line (Riosmena-Rodrigues and
Siqueiros-Beltrones, 1995, 1996). The grainy texture,
the small fragments of D. biserialis, and the well-
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sorted components suggest deposition in a high-energy
environment. In their facies description of Paleocene
coral reefs and related facies in the Pyrenean region,
Baceta et al. (2005) described different species of
coralline algae as the dominant group of organisms in
the Thanetian reefs without mentioning D. biserialis.
In contrast, Aguirre and Braga (personal communica-
tion) found them in great abundance in the Basque-
Cantabrian region, W Pyrenean. A similar dominance
of D. biserialis has been described from Paleocene
back-reef sediments from Oman (Racz, 1979) and
from the Northern Calcareous Alps (Moussavian,
1984).

5.1.4. Siliciclastic coralline algal packstone

This microfacies type is dominated by small frag-
ments of D. biserialis, rounded fragments of geniculate
coralline algae, peloids, and quartz grains. In contrast to
the coralline algal grainstone, this MFT comprises
micritic matrix. Peloids, rotaliid and small benthic
miliolid foraminifera, small Miscellanea, P. alba and
echinoderms are additional components (Plate 1, fig. 3).

Occurrence and interpretation: This MFT occurs in
unit I of the Campo section. Transitional microfacies
types exist to the foraminiferal-algal pack-grainstones
and the coralline algal packstone. The main difference of
this MFT in comparison to the coralline algal grainstone is

Plate 1. Paleocene microfacies types from the Campo section. (see page 157)

1. Assilina packstone, This facies is present only at the lowermost sample (sample E1-1).

2. Coralline algal grainstone, This facies is composed of fragments of non-geniculate red algae (a) and fragments of Distichoplax biserialis,
rotaliid foraminifera are rare (sample E1-7).

3. Siliciclastic coralline algal packstone, Apart from quartz grains dark fragments of coralline algae are present, the brighter fragments (a)
belong to Polystrata alba (sample E1-45).

4. Foraminiferal—algal pack-grainstone, the foraminifera are represented by a: Kathina sp. and other rotaliids and b: Discocyclina sp. The
dark particles are mainly fragments of coralline algae (sample E1-21).

5. Macroid boundstone, In this slide all four encrusting organisms are present: a: Acervulina sp.; b: bryozoans; c: Polystrata alba; d:

coralline algae (sample E1-69).

6. Coralgal boundstone—rudstone, On the left side corals are visible, while the right side is dominated by long fragments of the red algae
Distichoplax biserialis. The inlay shows different cross-sections of D. biserialis and a planktonic foraminifer (sample E1-73; inlay:

sample E1-75).

7. Macroid boundstone, a: encrusting foraminifer Acervulina sp.; b: encrusting coralline algae. On the right corner a fragment of a coral is

visible (sample E1-83).

8. The karstification on the top 50 cm of the Paleocene Navarri limestones (macroid boundstone) is indicated by Microcodium; a: area
dominated by Microcodium prisms; b: intact Microcodium, the prisms are oriented in a ring-like structure (sample E1-85).

Plate II. Eocene microfacies types from the Campo and Serraduy sections. (see page 158)

Restricted facies, Algal bindstone (sample E1-124).
Restricted facies, Ostracode wackestone (sample E1-133).
Restricted facies, Charophytes (a) (sample E1-134).
Small benthic miliolid wackestone: (sample E1-112).
Alveolina packstone, (sample E1-117).

Siliciclastic peloidal pack-grainstone, (sample E1-181).
Alveolina—Orbitolites packstone, (sample 11-13).

P NN RN

Siliciclastic Alveolina/Orbitolites grainstone (sample E1-189).

Plate III. Eocene microfacies types from the Campo and Serraduy sections (1-5); Paleocene algae from the Campo section (6-8). (see page 159)

1. Rotaliina wackestone, (sample E1-200).
2. Bivalve wackestone, (sample E1-144).
3.

Bioclastic wacke- to packstone, This microfacies type is present only in the Serraduy section and it is dominated by shell fragments (a)

and gastropods (b). Green algae (c) occasionally occur (sample 11-21).

Coral wacke- to boundstone, (sample E1-149).
Assilina wackestone, (sample E1-226).

N o e

E1-22).

Coralline algal grainstone, fragments of geniculate red algae (a) and Distichoplax biserialis (b) (sample E1-6).
Foraminiferal—algal pack-grainstone, A non-geniculate red algae (Lithothamnion-type) is growing around rotaliid foraminifera (sample

8. Macroid boundstone, alternating encrustation of the foraminifer Acervulina ogormani (a) and coralline red algae (Sporolithon) (b)

(sample E1-65).
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Plate I (caption on page 156).
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Plate II (caption on page 156).
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Plate III (caption on page 156).
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the common occurrence of quartz grains and of micrite.
The similarity of both microfacies types suggests a similar
depositional environment, but in this case probably less
energetic and closer to a siliciclastic source. The
combined occurrence of D. biserialis and quartz is
described from back-reef sediments from the Northern
Calcareous Alps (Moussavian, 1984).

5.1.5. Foraminiferal-algal pack-grainstone

The foraminiferal-algal pack-grainstone is charac-
terised by different types of foraminifera (rotaliids,
Miscellanea, Kathina) and red algae (D. biserialis,
geniculate and non-geniculate forms (Sporolithon,
Lithothamnion-type, P. alba). Subordinate components
are peloids, intraclasts, small benthic miliolids, echino-
derms, and bryozoans. The groundmass is dominated by
sparite. In one sample Discocyclina is abundant. This
MFT is moderately sorted and the components,
especially the non-geniculate coralline algal fragments,
are larger than in the two coralline algal facies types
(Plate 1, fig. 4; Plate 3, fig. 7).

Occurrence and interpretation: This MFT occurs in
the middle of the Paleocene part of the Campo section
(unit I) and in the Serraduy section. The foraminiferal—
algal pack-grainstone has a somewhat intermediate
position between the coralline algal packstones and the
two boundstone MFTs, as it has similarities to both of
them. The presence of geniculate red algae, fragments of
D. biserialis and quartz grains suggest a relationship to
both coralline algal packstones while the larger fragments
of the coralline algae (Sporolithon, Lithothamnion-type)
resembles the coralline algae of the boundstone MFTs.
The depositional environment probably lies between the
shallow intertidal to shallow-subtidal rocky substrates of
the coralline algal packstones and the deeper reef-related
microfacies types. A similar facies type with abundant
fragments of non-geniculate and geniculate corallina-
ceans, P. alba, and larger foraminifera is described as reef
crest/back-reef deposits by Baceta et al. (2005).

5.1.6. Coralgal boundstone—rudstone

The coralgal boundstone—rudstone is characterised
by different types of coral species, which were probably
reworked, and large, unfragmented specimens of
D. biserialis within a micritic matrix. The corals are
encrusted to some extent by red algae (P. alba, non-
geniculate coralline algae), encrusting foraminifera
(Acervulina ogormani) and bryozoans. Other compo-
nents like echinoderms or shell fragments are present
only in very small amounts (Plate 1, fig. 6).

Occurrence and interpretation: This MFT occurs in
the upper part of the Paleocene (unit II). The micritic

matrix and the unfragmented specimens of D. biserialis
suggest a low-energy environment, probably below
wave base. The reworked corals suggest that this MFT
was deposited in close vicinity of coralgal associations.
Eichenseer and Luterbacher (1992) and Pujalte et al.
(1993) found similar coralgal associations at the
platform margin. In contrast to the Danian reefs that
are dominated by corals in the Pyrenean area, suggesting
a very shallow water position, the Thanetian reefs are
algal-dominated, allowing for a deeper water setting
(Baceta et al., 2005). A modern example for this depth
gradient are the Flower Garden Banks in the Gulf of
Mexico, where coralline algae dominate the deeper
water (Minnery, 1990). The last one-and-a-half-metres
of the Paleocene part of the Campo section is dominated
by a mixture of this coralgal bound-rudstone and the
macroid boundstone described below.

5.1.7. Macroid boundstone

The macroid boundstone is dominated by encrusting
algae (coralline, Polystrata alba), encrusting foraminif-
era (Acervulina ogormani) and encrusting bryozoans.
Quite often the encrusting organisms do not form real
macroids but grow as authochthonous crusts directly on
the sediment. Similar to the coralgal boundstone, large
specimens of D. biserialis are abundant. Rotaliid and
small benthic miliolid foraminifera, Miscellanea, green
algae and echinoderms are present in smaller amounts
(Plate 1, figs. 5, 7; Plate 3, fig. 8).

The uppermost Paleocene part of the Campo section
is characterised by a karstic surface with dissolution
pipes extending into the upper 50 cm and in-filled with
yellow crystalline carbonate. Microcodium (Plate 1,
fig. 8) occurs commonly in the upper 50 cm.

Occurrence and interpretation: This MFT occurs in
the upper part of the Paleocene of the Campo section
(unit II). In contrast to the coralgal boundstone, which
is only subordinately encrusted by Acervulina ogor-
mani, the macroid boundstone is formed to a great
extent by 4. ogormani. Both facies types probably
occur in the same facies belt, below wave base, as A.
ogormani is able to build small reefs and can substitute
corals as the main reef builder. This substitution is
conspicuous in the early Eocene of the Pyrenean basin
(Plaziat and Perrin, 1992). Both types of boundstones
are deposited in deeper water depth than the coralline
and foraminiferal-algal packstones because the in-
creasing amount of peyssonneliacean algae (P. alba)
and acervulinid foraminifera (Rasser, 2000). Acervuli-
nid foraminifera are an indicator for a reduced
competition for substrate encrustation, which could be
related to a decrease in light intensity (Perrin, 1992).
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According to Baceta et al. (2005) rhodolith bound-
stones, which probably reflect our macroids, are typical
for inter-reef facies.

5.2. Eocene microfacies

The Eocene is dominated by larger foraminifera
(Alveolina, Orbitolites, Assilina), which were living at
different depths. We utilize the general analyses of
Hottinger (1973, 1997) and the specialised study of
Rasser et al. (2005) to arrange the depth zonations of the
larger foraminifera facies types. Subordinate restricted,
bioclastic and coral-dominated facies occur in the
Campo and Serraduy sections. In total, twelve micro-
facies types have been identified, which have been
compared with the facies types of Rasser et al. (2005).
They describe a shallow-water inner platform paleoen-
vironmental standard section for the early Ilerdian in
Minerve (France), which at that time belonged to the
northern part of the Pyrenean carbonate platform. They
describe nine facies types, from which seven facies
types can be identified in our sections also. The two
missing types are transitional facies types that do not
exist in our successions. The additional five facies types
in this study result from the broader environmental
lateral changes from restricted to middle platform facies.

5.2.1. Restricted facies

The restricted facies is very heterogenous and com-
posed of at least 4 different subtypes but because of the
similar depositional environment in which they occur and
their small thickness (about 4 m; Fig. 3) they are combined
into this one MFT. The most common subtype is ostracode
wackestone, characterised by the presence of abundant
ostracods within a micritic matrix, with occasional
charophytes. The second subtype is algal bindstone,
which is composed of undulating micritic layers. Besides
ostracods, rare small benthic miliolids, rare small benthic
foraminifera, very rare echinoderms and peloids are
present. In some samples gypsum crystal ghosts occur,
replaced by sparite. Transitions occur between both
subtypes. Mudstones and siliciclastic mudstones without
any biogenic/abiogenic components are the third and
fourth subtypes (Plate 2, figs. 2, 3; Plate 2, fig. 1).

Occurrence and interpretation: This MFT occurs in
units [T and V of the Campo section and starts above the
siliciclastic Paleocene/Eocene interval. The monospe-
cific character of this facies, together with the occurrence
of ostracods, charophytes, algal mats, evaporitic crystals
and the absence of any open marine organisms suggest
sedimentation in a restricted, evaporitic environment in
the intertidal zone. The non-fossiliferous mudstones,

which have been found together within this facies are
also indicators of a restricted environment. Eichenseer
and Luterbacher (1992) interpret these facies types as
carbonate tidal flats.

5.2.2. Small benthic miliolid wackestone

This MFT is dominated by the occurrence of small
benthic miliolid foraminifera in a micritic matrix. Other
components are Alveolina, Orbitolites, echinoderms,
shell fragments and peloids (Plate 2, fig. 4).

Occurrence and interpretation: This MFT occurs in
units IV, V, and VI of the Campo section. In some parts of
the section it interfingers with, and shows transitions to,
the restricted facies and the A/veolina packstone while in
other parts entire intervals, separated by marls from other
microfacies types, are composed by this MFT. The
abundance of small benthic miliolids and the transitional
status between the restricted facies and the alveolinid- and
orbitolitid-dominated facies attribute this facies type to the
proximal facies of the inner platform. Eichenseer and
Luterbacher (1992) interpret this facies together with the
alveolinid-dominated Alveolina packstone as lagoonal
deposits.

5.2.3. Alveolina—Orbitolites packstone

This MFT can be subdivided into two subtypes. The
first subtype is characterised by alveolinids and
orbitolitids as the most prominent components, the
alveolinids having a slightly higher relevance. The
second subtype is dominated, apart from alveolinids and
orbitolitids, by small benthic miliolids. Other important
components are green algae, shell and gastropod
fragments (Plate 2, fig. 7).

Occurrence and interpretation: The first MFT-
subtype is characteristic for the lower and upper parts
of the Serraduy section, whereas the second subtype is
restricted to a 1-m thick interval in the lower part of the
Eocene Serraduy section. The high abundance of
orbitolitids and small benthic miliolids together with
the presence of green algae suggests a very proximal
inner platform setting. According to Hottinger (1973,
1997), Orbitolites occurs in the shallowest parts of
carbonate platforms. For Minerve, a comparable facies
type was attributed to the shallowest (inner lagoonal)
part of a carbonate ramp (Rasser et al., 2005).

5.2.4. Siliciclastic peloidal pack-grainstone

The siliciclastic peloidal pack-grainstone is well
sorted and dominated by peloids, quartz grains, and
echinoderm fragments. Other components are small
benthic miliolids, Alveolina, Orbitolites, shell frag-
ments, and small rotaliid foraminifera. In contrast to the
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peloids present in the Paleocene part of the section,
which are mainly derived from algal remnants, the
origin of the peloids are micritised biogenic fragments.
Within layers composed of this facies type, large-scale
cross-bedding is visible (Plate 2, fig. 6).

Occurrence and interpretation: This MFT occurs in
unit VII of the Campo section and in the lower part of
the Serraduy section. In some parts it interfingers with
and shows transition to the Alveolina packstone and the
siliciclastic Alveolina/Orbitolites grainstone. The sort-
ing, the large-scale cross-bedding and the lack of
depositional mud suggest a high-energy environment.
This facies type has no equivalent in the Minerve section
of Rasser et al. (2005).

5.2.5. Siliciclastic Alveolina/Orbitolites grainstone

This MFT is characterised by the presence of Alveolina,
Orbitolites, small benthic miliolids, and quartz grains
groundmass. Other components are echinoderms and shell
fragments (Plate 2, fig. 8).

Occurrence and interpretation: This MFT occurs in
VII of the Campo section. In some parts it interfingers
with, and shows transition to, the Alveolina packstone
and the siliciclastic peloidal pack-grainstone. The
dominance of alveolinids and orbitolitids suggests a
deposition in the open waters of the inner platform, while
the quartz grains suggest a position close to a source area.
The grainy texture hints at a high-energy environment. A
similar facies type has been described in Minerve
(Rasser et al., 2005) as the terrigenous alveolinid facies,
although in Minerve Orbitolites are much scarcer than in
Campo.

5.2.6. Alveolina packstone

The Alveolina packstone can be subdivided into three
subtypes. The first subtype is dominated by Alveolina, in
the second subtype alveolinids occur less frequently,
whereas the third subtype is similar to the second but
contains small rotaliids. Associated with the alveolinids
are small benthic miliolids, Orbitolites, peloids, echino-
derms, gastropods, and peloids (Plate 2, fig. 5).

Occurrence and interpretation: The three subtypes
of this MFT occur in unit IV (subtype 1), and unit VII
(subtypes 2 and 3) of the Campo section. In some
parts it interfingers with, and shows transitions to, the
small benthic miliolid wackestone, the siliciclastic
Alveolina/Orbitolites grainstone, siliciclastic peloidal
grainstone and the rotaliina wackestone. Alveolinids
are important faunal contributors to open water
sediments of the inner platform. They have a slightly
deeper depth range than orbitolitids (Hottinger, 1997).
This facies is comparable with the alveolinid facies of

Minerve (Rasser et al.,, 2005), which is the most
prominent of that section.

5.2.7. Rotaliina wackestone

The rotaliina wackestone is characterised by abundant
small rotaliid foraminifera within a predominantly
micritic matrix. Other components are Alveolina, Orbi-
tolites, small benthic miliolids, green algae, echinoderms,
gastropods, shell fragments, and peloids (Plate 3, fig. 1).

Occurrence and interpretation: This MFT occurs in
unit VII of the Campo section. The difference of this
MEFT to the third subtype of the Alveolina packstone is
the more frequent occurrence of small rotaliid forami-
nifera and the less frequent occurrence of Alveolina and
Orbitolites. The dominance of micrite in combination
with the above mentioned bioclasts suggests a deposi-
tion in the protected part of the inner platform. This
facies type has no equivalent in the Minerve section of
Rasser et al. (2005).

5.2.8. Bioclastic wackestone—packstone

Large recrystallised shell fragments and gastropods
dominate the bioclastic wacke—packstone facies. Rota-
liid and small benthic miliolid foraminifera, green algae
and alveolinids are present in minor percentages. Corals
are present in one thin-section out of three. Echinoids
have been found in situ within the interval composed of
this MFT (Plate 3, fig. 3).

Occurrence and interpretation: This MFT is restricted
to a l-m interval in the lower part of the Eocene
Serraduy section. The organisms present suggest depo-
sition on the inner platform with moderate circulation
and wave energy. A similar facies type in Minerve is the
bioclast facies, although pack-grainstones dominate this
facies type (Rasser et al., 2005) and suggest deposition in
a higher energy environment than that of the bioclastic
wacke-packstones of this study.

5.2.9. Siliciclastic bioclastic wackestone

This MFT is characterised by moderate to high
amounts of quartz within a dominantly micritic matrix.
Small bioclastic fragments (small benthic miliolids,
alveolinids, recrystallised shell fragments, gastropods)
occur in low numbers. In two thin-sections significant
quantities of green algae occur.

Occurrence and interpretation: The siliciclastic
bioclastic wackestone is present in the upper part of
the Eocene Serraduy section. It differs from the
bioclastic wacke-packstone in the smaller size and the
small numbers of the individual components. Similar to
the bioclastic wacke-packstone the depositional envi-
ronment of this MFT is the inner platform, but within a
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low energy environment. This facies type has no
equivalent in the Minerve section of Rasser et al. (2005).

5.2.10. Bivalve wackestone

Large bivalves with a vesicular shell structure are the
dominant components in the bivalve wackestone. Other
components are small benthic miliolids (Plate 3, fig. 2).

Occurrence and interpretation: This MFT is very
rare (only one sample) and occurs at the base of unit VI
of the Campo section. It forms the base of the three-and-
a-half-metre coral wackestone—boundstone bed. The
dominance of bivalves, most certainly oysters, together
with small benthic miliolids in a micritic matrix in the
absence of outer platform biota suggests an in situ
deposition as oyster banks on the inner platform. These
oyster banks occasionally served as hard substrates for
small coral patch-reefs.

5.2.11. Coral wackestone—boundstone

The first subtype of this MFT is characterised by
various types of corals in a micritic matrix. Additional
components are shell debris, gastropods, and encrusting
coralline algae. The second subtype is characterised,
apart from corals, by very abundant encrusting acervu-
linid foraminifera. One thin-section is composed
completely of acervulinid foraminifera (Plate 3, fig. 4).

Occurrence and interpretation: The first subtype
occurs in a three-and-a-half-metre thick bed within the
lower part of unit VI in the Campo section and in a 30 cm
thin layer on top of the siliciclastic peloidal pack-
grainstones in the Eocene Serraduy section. The second
subtype is present in a three-and-a-half-metre thick bed in
the upper part of the Eocene Serraduy section. According
to Eichenseer and Luterbacher (1992) and Pujalte et al.
(1993), coral reefs in the Pyrenees grow at the carbonate
platform margin. A further depositional setting of coral
reefs could be as small patch reefs within the open inner
platform, as the coral-dominated interval in Campo is
sandwiched between the restricted facies and the miliolid
wackestones. Eichenseer and Luterbacher (1992) de-
scribed foraminiferal reef mounds of “Solenomeris” (the
former name of the genus Acervulina) from the study
area. Such foraminiferal mounds are typical for the Early
Eocene and have been described by Plaziat and Perrin
(1992) from the northern rim of the paleo Gulf of Biscay
(SW-France). A similar facies type in Minerve is the coral
facies that is restricted in that section to one sample
(Rasser et al., 2005).

5.2.12. Assilina wackestone
Associated with abundant Assilina are Nummulites,
shell fragments, bryozoans, planktic foraminifera, Dis-

cocyclina, small rotaliids and echinoderms. Compared
to other MFTs, small benthic miliolids and Alveolina
are rare to absent. Within the 4ssilina wackestone there
is a 10 m interval (section m 103-113) with a
glauconite accumulation. The uppermost samples of
the Campo section are dominated by bryozoans (Plate 3,
fig. 5).

Occurrence and interpretation: The Assilina wack-
estone occurs in unit VIII of the Campo section without
transition to other MFTs. The dominance of assilinids
and the occurrence of Discocyclina and planktic
foraminifera in a micritic matrix together with the
absence of inner platform organisms suggest a deposi-
tion on the middle platform, while the glauconite hint to
low sedimentation rates. The nummulitid facies in
Minerve (Rasser et al., 2005) is a comparable facies
type, although in Minerve it was probably deposited in
shallower water-depths than the 4ssilina wackestone of
Campo, due to the existence of small benthic miliolids,
corals and lack of depositional micrite.

6. Environmental interpretation of the Campo and
Serraduy sections

Both the late Paleocene and the early Eocene
successions reflect a deepening shelf, interrupted by
the terrestrial siliciclastic interval across the Paleocene/
Eocene boundary.

6.1. Paleocene

The latest Paleocene (SBZ4) in the Campo section is
dominated by different algae species that show
columnar/protuberated or crustose growth forms.
Other components are larger foraminifera, corals,
bryozoans, peloids, and quartz grains. The deepening
upward is reflected by the succession from grainstones
rich in geniculate coralline algae at the base (coralline
algal grainstone, siliciclastic coralline algal packstone),
to facies types dominated by non-geniculate corallines,
peyssonneliacean algae, and acervulinid foraminifera
(coralgal boundstone, macroid boundstone). Geniculate
corallines thrived in intertidal to shallow-subtidal rocky
shorelines and were reworked in high-energy, shallow-
marine grainstones. Probably, the problematic alga
Distichoplax biserialis preferred the same environ-
ments. The decreasing abundance of geniculate cor-
allines upsection as well as the increasing abundance of
peyssonneliacean algae and — especially — acervulinid
foraminifera reflect a characteristical deepening-upward
succession (e.g., Reid and Macintyre, 1988; Perrin,
1992; Rasser and Piller, 1997; Rasser, 2000).
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(2005); column 7 after Scheibner et al. (2005).

The last 8 m of the Paleocene carbonates form
coralgal associations, which have been described by
Baceta et al. (2005) from other areas in the Pyrenees
as typical for the Thanetian: according to Baceta et al.
(2005) the dominance of red algae over corals is also
a sign for a deeper water setting. A recent analogy for
depth dependence of corals and red algae are the
Flower Garden Banks in the north-western Gulf of
Mexico, where coralline algae are the dominant
sediment contributors below 50 m (Minnery, 1990).
In comparison, corals with a subordinate abundance
of red algae dominated the Danian reefs in the
Pyrenees, which indicate reef growth in very shallow
waters (Baceta et al., 2005). In contrast to this
deepening trend in part C of the upper part of the
Navarri Formation that we concluded from the change
in algal associations, Payros et al. (2000) proposed a
shallowing-upwards character for this interval, from
larger foraminiferal grainstones to algae-dominated
limestones and stated that the organisms are arranged
in several metre-thick sequences with nummulitids in

their lower parts and alveolinids and small benthic
miliolids in the upper ones. In the Serraduy section, a
deepening or shallowing trend in the Paleocene is not
obvious, because of the scarcity of marine intervals.

6.2. Eocene

The precise position of the Paleocene/Eocene boundary
is uncertain but according to Schmitz and Pujalte (2003) it
lies within the siliciclastic interval, either on top of the
sandstones or at the karstified horizon on top of the
Paleocene limestones of the Navarri Formation. In the
Eocene of the Campo section, the overall deepening trend is
even more obvious than in the Paleocene part. After the
terrestrial siliciclastic interval around the Paleocene/Eocene
boundary (unit I1I), the first marine sediments are deposited
in lagoonal and restricted environments with a slight
terrestrial influence (charophytes, unit V). The following
Alveolina-dominated facies types (member 2b) are charac-
teristic for an inner platform setting, while the Assilina
wackestone in the upper part of the section (unit VIII) is
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characteristic for a middle platform setting and probably
formed as a response to increased subsidence during the
middle to late Ilerdian, due to the onset of thrust loading in
the foreland basin. This thrust loading resulted in the
collapse and retreat of the Ilerdian carbonate platform, for
which the slumped beds in the upper part of the Assilina
wackestone may be the first evidence, followed by
subsequent drowning of the Ilerdian carbonate platform
(Barnolas and Teixell, 1994). The glauconitic limestones in
this interval probably reflect low sedimentation rates during
periods of increased deepening.

In Serraduy a similar overall deepening is not visible
as it is dominated at the bottom and at the top by inner
platform Alveolina—Orbitolites packstone. Only the
coral wacke- to boundstone with abundant encrusting
foraminifera (Acervulina) could indicate a deepening.
The overall facies distribution in the Eocene sections of
Serraduy and Campo suggest a more landward paleo-
geographical position of the Serraduy section in
comparison with the Campo section. A partly compa-
rable deepening-upward succession was described from
Minerve (Rasser et al., 2005), which lacks, however,
middle platform environments.

7. Facies changes across the Paleocene/Eocene
boundary in Spain

The sections of Campo and Serraduy in the
Spanish Pyrenees show a clear dichotomy at the
newly defined Paleocene/Eocene boundary. The
uppermost part of the Paleocene (depositional units
I and II, member ¢ of the Navarri Formation) is
dominated by red algae, with minor appearance of
benthic foraminifera (rotaliids) and corals, whereas
the Eocene is characterised by larger foraminifera
(alveolinids, nummulitids, orbitolitids), with minor
appearance of corals and bivalves. In contrast to all
other studies in the Pyrenees that mention geniculate
(Jania) and non-geniculate (Lithothamnion-type,
Sporolithon, Mesophylum) corallines as the important
red algae genera, the Campo section is dominated by
D. biserialis, a species, not mentioned in other
studies. Probably, other authors interpreted this
species as geniculate coralline alga, although Aguirre
and Braga (personal communication) found high
amounts of D. biserialis in the Basque-Cantabrian
region (W. Pyrenean). In contrast to the dominance of
red algae in Campo and the subordinate occurrence of
corals, other Pyrenean sections are marked during this
time interval by larger foraminifera, often of the type
Assilina (Assilina beds of Pujalte et al., 2003a; Baceta
et al., 2005; Fig. 6). Furthermore, Baceta et al. (2005)

stated in their study on Pyrenean coralgal-reefs that
the uppermost Paleocene is devoid of reef biocon-
structions. An explanation for the deviation of the
facies of the Campo section may be the fact that all
other Pyrenean sections are situated on the outer
platform, whereas the Campo section is situated on
the inner platform.

The facies dichotomy at the Paleocene/Eocene
boundary can be observed in all Pyrenean sections, in
fact, the dominance of larger foraminifera in the latest
Paleocene to earliest Eocene can be traced Tethyan-wide
(Scheibner et al., 2005). They presented a three-fold
platform subdivision in the southern Tethys (Galala
Mountains, Egypt; 20°N paleolatitude) across the
Paleocene/Eocene boundary. In Egypt, platform stage I
is dominated by coralgal associations, which are time
equivalent to the Thanetian reef phases 4 and 5 (Baceta et
al., 2005) of the Pyrenean region (Fig. 6), a time interval
not investigated in this study. Platform stage II, as
defined in Egypt, correlates with depositional units I and
II of the Paleocene part of the Campo section. According
to Scheibner et al. (2005), platform stage II is dominated
in Egypt by larger foraminifera shoals (Miscellanea and
Ranikothalia) and is characterised by the absence of
coralgal associations or even corals. Baceta et al. (2005)
described for the Pyreneans a similar dominance of
larger foraminifera (A4ssilina beds). In contrast to Egypt,
the Pyrenean region during this time interval is not
totally devoid of corals as this study reveals. The
deposits of platform stage III in Egypt and those of the
Eocene in Campo (unit III to unit VIII) and Serraduy are
very similar, time equivalent and are dominated by
different depth-dependant larger foraminifera species
(Orbitolites, Alveolina, Nummulites, Assilina). Howev-
er, the Egyptian lower Eocene strata studied in the Galala
Mountains (Scheibner et al., 2005) is more or less devoid
of corals, whereas in Campo and Serraduy coral-
associated facies types occur subordinately.

According to Baceta et al. (2005) the conditions for
coralgal-reef systems in the Pyrenees deteriorated from
middle Thanetian times onwards, caused by a global
cooling of about 3—4 °C in mid to low latitudes, whereas
the late Paleocene absence of reefs is interpreted as a
regional feature caused by the increase of siliciclastic
input. In contrast to this global cooling as the reason for
the demise of the coral reefs, Scheibner et al. (2005)
proposed, apart from varying trophic resource regimes
and the overall long-term evolution of larger foraminif-
era, a global warming as the reason for the changes in
Late Paleocene to Early Eocene platform settings in
Egypt. The warming trend started at 59 Ma (Zachos
et al., 2001), which corresponds with the base of coral
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reef phases 4 and 5 in Spain and the base of platform
stage I in Egypt (Scheibner et al., 2005). The mid
Paleocene cooling that according to Baceta et al. (2005)
resulted in the demise of the coralgal-reefs, appeared in
an already very warm climate, so that this cooling was
most probably not the reason for the disappearance of
corals in the low latitudes, as in Egypt (Scheibner et al.,
2003, 2005). For the Pyrenean region this short-term
cooling might be a reason for the demise of coralgal-
reefs, as this region has no direct connection to the
Tethys, but opens to the paleo Bay of Biscay (Atlantic;
Pujalte et al., 1993) and could therefore be influenced by
cooler waters than the Tethyan regions.

The early Eocene larger foraminifera dominance of
platform stage III, at least in low latitudes such as Egypt
(Scheibner et al., 2005), but to some extent also in
higher latitudes like Spain, has several reasons (Scheib-
ner et al., 2005). Apart from changes in the trophic
resource regime, the long-term evolution of larger
foraminifera, the dominance of larger foraminifera is
the result of long-time and short-time warming, as corals
are more sensitive than larger foraminifera to temper-
ature increase, which may cause symbiont loss,
bleaching and subsequently the death (Hallock, 2000;
Gattuso and Buddemeier, 2000), while larger foramini-
fers and their photosynthetic symbionts appear to be less
sensitive to elevated summer temperatures (Hallock et
al., 2006). The long-time warming culminated in the
Early Eocene Climatic Optimum around 52 Ma, the time
of the highest temperatures in the Cenozoic. The start of
platform stage III also coincides with the onset of the
Paleocene Eocene Thermal Maximum, characterised by
a rise in sea-surface temperature of §°C to 10°C in high
latitudes and 4 °C to 5°C in low latitudes (Zachos et al.,
2003).

Upon comparison of the Egyptian strata from low
latitudes at the southern Tethys (Scheibner et al., 2003,
2005) with the Pyrenean succession from the middle
latitudes at the northern Tethys (this study) the overall trend
within the three platform stages is the same, while
latitudinal differences exist, especially in platform stages
IT'and I1I. The Egyptian succession at the Galala Mountains
is devoid of corals in both platform stages II and III. This
overall trend of a less frequent coral occurrence is also
apparent in the Pyrenean area (Baceta et al., 2005), but this
study clearly shows the presence of small coral patches in
the late Paleocene platform stage II as well as in the early
Eocene platform stage III. In both regions the reasons for
the evolution of the platform stages were probably the
same, but consequences were less severe in the middle
latitudes of the Pyrenees, thus representing a latitudinal
effect. In the low latitudes (Egypt) apart from reasons

mentioned above, temperatures were too warm to sustain
the growth of coral reefs and enabled the larger
foraminifera to occupy this niche and flourish during the
early Paleogene. In the middle latitudes (Pyrenees) the
temperatures were cooler than in the tropics, so that coral
reefs still could grow, but played only a minor role beside
the dominant larger foraminifera.

8. Conclusions

The Late Paleocene—Early Eocene Pyrenean sections
of Campo and Serraduy are characterised both in the
Paleocene and in the Eocene by a deepening. The
Paleocene deepening is marked by a facies change from
intertidal to shallow-subtidal rocky substrates rich in
geniculate coralline algae to algal and coralgal facies
comprising non-geniculate algae, peyssonneliacean
algae, and acervulinid foraminifera. This deepening is
interrupted by a terrestrial interval across the Paleocene/
Eocene boundary. The investigated Eocene part of the
Campo section show a well-defined deepening from
terrestrial to restricted facies, followed by Alveolina-
and Orbitolites-dominated inner platform facies and
nummulitid-dominated middle platform facies. This
Eocene deepening is triggered by the onset of the
tectonic thrusting in the foreland basin.

The late Paleocene and early Eocene sediments are
characterised in Campo by a well-pronounced dichotomy
with red-algae-dominated Paleocene facies and larger
foraminifera-dominated Eocene facies, although corals
have a minor appearance in both time intervals. This
dichotomy is not only apparent in other middle latitude
Pyrenean sections but also in southern Tethyan low
latitude sections in Egypt, although in the Campo section
it is not as pronounced as in Egyptian sections. The main
difference is the occurrence of corals in the middle latitude
Campo and Serraduy sections, while the low latitude
Egyptian sections are apparently devoid of coral reefs or
corals. This facies distribution pattern probably reflects a
latitudinal temperature gradient from warmer tempera-
tures in the low latitudes to cooler temperatures in the
middle latitudes during a time of overall warm tempera-
tures and the onset of the short-time warming at the
Paleocene Eocene Thermal Maximum.
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