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ABSTRACT. The Paleogene greenhouse world comprises variable paleoclimate conditions providing an indispensable
deep-time perspective for the possible effects of human-induced climate change. In this paper, paleotemperature data of
the early Eocene climatic optimum (EECO) from the mid-latitude marginal marine Belgian Basin are discussed. They are
derived from fish otolith 018 compositions of four non-migratory species belonging to the families Congridae and
Ophidiidae. Otoliths from several levels and localities within the middle to late Ypresian were selected. After manual
polishing, bulk and incremental microsamples were drilled and analyzed by a mass spectrometer. A cross-plot of bulk
otolith 0180 vs. (V2C results shows a discrepancy between both families used. Ophidiid data probably represent true
bottom water temperatures of the Belgian Basin. The mean annual temperature (MAT) ofthe EECO is calculated at 27.5
°C, which is in line with other proxy results. However, variations in MAT up to 6 °C occur, suggesting a pronounced
expression of climate variability in mid-latitude marginal basins. Incremental analyses revealed a ~9.5 °C mean annual
range of temperatures, similar to modem seasonality. These results show that marginal marine enviromnents such as the
Belgian Basin are well suited to infer high-resolution paleoclimate variability.
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1. Introduction estimates (Pearson et al., 2007) and the occurrence of
crocodilians within the Arctic Circle (Markwick, 1998,
2007). It has been attributed by Kent & Muttoni (2008) to
atmospheric greenhouse gas emissions, related to the

collision of India with Asia around 50 Ma.

During the past decade the early Paleogene greenhouse
world, being the youngest greenhouse period in Earth’s
history, lias increasingly engaged the attention of
paleoclimatologists. It is characterized by high global
mean temperatures and the absence of a pronounced sea-
surface temperature (SST) gradient, with little if any ice
on Earth’s poles (Zachos et al., 2001, 2008; Bijl et al.,
2009). Atmospheric carbon dioxide (C02) concentrations
were at least two times higher than pre-industrial levels,
as hasbeen inferred among others from pedogenic goethite
(Yapp, 2004), planktic foraminiferal boron isotopes
(Pearson & Palmer, 2000), leaf stomata (Retallack, 2001)
and global carbon cycle modeling (e.g. Tajika, 1998;
Wallmann, 2001). Interestingly, the long-tenn trend of
rising temperatures culminating in the Early Eocene
Climatic Optimum (EECO; Zachos et al., 2001, 2008; see
Fig. 4) lias been found to be superimposed by short-term
climate variability. Multiple hyperthermal events
(Paleocene/Eocene thermal maximum, PETM; Eocene
thermal maximum 2, ETM2; ETM3) were recognized
recently (Lourens et al., 2005; Zachos et al., 2001, 2008;
Agnini et al., 2009), and high-resolution b 2C. core color

Since the extent of early Paleogene climate variability
seems to approximate icehouse climate variability, this
period becomes particularly attractive to investigate
climate system behavior with respect to elevated
temperature and greenhouse gas conditions, and by
consequence, its possible effects onthe biosphere. Linking
deep-sea and continental realms trough marginal marine
settings can play an important role in these investigations.
In these marginal enviromnents, climate variability is
expressed and recorded in many ways, such as sea-level
changes archived as stratigraphie sequences (e.g.
Hardenbol et al., 1998), faunal shifts in space and time
(e.g. Scheibner & Speijer, 2008), and variable oxygen
isotope signatures of biominerals secreted by many
benthic and planktic organisms (e.g. Ivany et al., 2000;
Zachos et al., 2005). Also, by studying adjacent basins,
local expressions of latitudinal climatic gradients can be
obtained.

reflectance and X-ray fluorescence data have been linked
to variations in Earth’s orbital parameters (Cramer et al.,
2003; Lourens et al., 2005; Westerhold et al., 2008;
Westerhold & Rohl, 2009). The EECO (ca. 52-49 Ma)
represents the warmest period of the past 70 myr, as
indicated by low-latitude TEX®& paleotemperature

The Belgian Basin is an example of a marginal basin
that is well suited for paleoenviromnental studies of the
early Paleogene because of its fairly complete sections
with integrated sequence stratigraphy (Steurbaut, 1998;
Vandenberghe et al., 2004) and often abundant fossil
content. This paper focuses on the upper Ypresian
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sediments of the Belgian Basin (see section 2), which
cover the EECO interval. Already since halfway the 19*
century, the Belgian Ypresian sedimentary deposits have
been studied intensively and correlated with successions
in the Hampshire, London and Paris Basins (Lyell, 1852).
More recent research led to extensive summaries of the
regional stratigraphy (Vandenberghe et at., 1998; Steurbaut
1998, 2006). These sediments and their fossil contents
have also been interpreted in tenus of early Eocene
climate. The fossil assemblages discovered so far, such as
the vertebrate assemblage at the base of the Egemkapel
Clay Member (Steurbaut, 1998), the teleost fish fauna of
the Egem Sand Member (Steurbaut & Nolfi 1991) and the
sporopollinic assemblages of the Gentbrugge and Aalter
Fonnations indicating the presence ofNypa palms (Roche,
1991), all pointto a (sub(tropical climate. This is confinned
by a relatively high percentage of Apectodinium spp.
dinoflagellata cysts (Van Simaeys et al.,, 2003) and the
kaolinite and smectite clay mineralogical content of some
units (Mercier-Castiaux & Dupuis, 1991; Robert &
Chamly, 1991), indicatinga wann climate with contrasting
seasonal humidity.

Despite this overwhelming evidence of high
temperatures in the Belgian Basin during the Ypresian,
quantitative temperature and seasonality data are lacking.
Yet this infonnation is necessary to fully understand the
external and internal forcing mechanisms of the climate
system. It also contributes to ourunderstanding of climate-
induced changes on ecosystems and the geochemical
composition of the sea-water. Stable oxygen and carbon
isotopes, measured from fish otoliths, are used here as a
paleotemperature and paleoseasonality proxy. Previous
studies have shown that oxygen isotopes in biogenic
aragonite of otoliths are precipitated in or near equilibrium
with ambient water, and that the fractionation factor is
temperature dependent (Iacmnin et al., 1992; Patterson et
al., 1993; Thorrold et al., 1997, Weidman & Millner,
2000; Hoie et al., 2004; Stonn-Suke et al., 2007). Carbon
stable isotopes on the other hand, were found to be
deposited in disequilibrium with the Dissolved Inorganic
Carbon (DIC) of the enviromnent, which can be partly
attributed to metabolic and dietary effects (Thorrold et al.,
1997; Schwarcz et al., 1998; Campana, 1999; Weidman &
Millner, 2000). So far, the use of otolith stable isotopes to
infer Paleogene climate changes lias been very limited
(Ivany et al., 2000; De M anet al., 2004), especially for the
Ypresian (Ivany et al., 2003). Similar studies involved
otoliths from the Jurassic (Patterson, 1999; Price et al.,
2009) and Holocene periods (Patterson, 1998; Andrus et
al., 2002).

Our objective is to assess the use of otolith 0180
paleothennometry as a high-resolution paleoclimate
proxy for early Paleogene marginal settings. To achieve
this, bulk analyses (mean annual temperatures, MAT) and
analyses of individual growth increments (seasonality)
have been performed on well-preserved otoliths of several
units covering the EECO interval. Otoliths from non-
migratory bottom-dwellers (families Ophidiidae and
Congridae) were selected for our purposes, because these
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are thought to yield bottom water temperatures, and
because of their abundance in the Belgian Ypresian (see
section 3.1). Given the general scarcity ofearly Paleogene
stable isotope data within the entire North Sea Basin, our
data help identify the nature of latitudinal temperature
variability during this wann period in this region.

2. Geological and paleogeographical setting of
Belgium during the early Eocene

During the Ypresian, the Belgian Basin and its western
and southern prolongations, respectively the London and
Hampshire(-Dieppe) Basins and the Paris Basin, fonned
part of the southern North Sea Basin (e.g. Murray, 1992;
King, 2006, Fig. 1B-C-D). The surrounding Precambrian-
Paleozoic massifs were drained by large rivers, probably
just like today (King, 2006). During the early Ypresian,
shortly after the PETM (Steurbaut et al., 2003), the end of
thermal updoming of Greenland and the initiation of sea-
floor spreading between Norway and Greenland led to
regional subsidence (Vandenberghe et al.,, 2004; King,
2006), while simultaneously a eustatic sea-level rise
occurred (Miller et al., 2005, Fig. 1B-C).

It was during this time of high relative sea-level and
subsequent basin-wide transgression (Vandenberghe et
al., 2004; King, 2006; Steurbaut, 2006), that the Kortijk
Clay Fonnation was deposited. This unit is part of a
succession of marine clays and silts, reaching a thickness
of 100 m in northern Belgium. It overlies the lowennost
Ypresian fluvio-lacustrine facies of the Tienen Fonnation
and conelates with the London Clay Fonnation in the
LondonBasinandthe Rosnes Clay FonnationinDemnark
(Neal, 1996; Vandenberghe et al., 1998; King, 2006;
Steurbaut, 1998, 2006). In northern Belgium, this unit
represents deposition at middle-outer neritic depths (50-
200 m); towards the south it represents near-shore
deposition (Fig. 1C, Steurbaut, 2006). The Kortrijk Clay
Fonnation is divided into five members (Vandenberghe et
al., 1998, 2004; Steurbaut, 1998, 2006). The lowennost is
the Zoute Silt Member, which contains wood fragments
and volcanic ash particles, and is sharply separated from
the overlying memberby a pebble layer. This is interpreted
as an interruption of sedimentation, which can be
correlated to temporary uplifting of the Brabant Massif
and Artois Axis (Fig. 1A-B). This unit is overlain by two
decalcified members: the Mont-Heribu Clay Member,
consisting mainly of silty clays, and the Orchies Clay
Member, consisting of stiff clays. The Roubaix Clay
Member is composed of calcareous clays and silts and
very fine sands, passing towards the southeast into the
predominantly sandy Mons-en-Pévéle Sand Fonnation.
The uppennost member is the generally decalcified
Aalbeke Clay Member, comprised of fine silty clays.

These predominantly argillaceous lower Ypresian
deposits are overlain by a heterogeneous upper Ypresian
succession of fine glauconitic sands and silty clays,
deposited at inner neritic to coastal depths (Vandenberghe
etal., 1998,2004; Steurbaut, 1998,2006). This shallowing
is essentially due to eustatic sea-level fall and renewed
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Figure 1. Stratigraphie and paleogeographic framework of Ypresian deposits in the Belgian Basin. A) Sequence stratigraphie chart
modified after Vandenberghe et al. (2004), according to the time scale of Hardenbol et al. (1998). Dark grey infillings: continental
deposits; middle grey: mainly sand deposits; light grey; mainly clay to silt deposits; vertical hatching: schematic representation ofthe
eroded incisions. Otolith sampling is indicated by black triangles. The ranges of the species used are plotted on the right (thick line:
abundant; dotted line: no record due to décalcification). B-C-D) Paleogeographic facies maps are modified after Steurbaut (2006) and
Van Eetvelde & Dupuis (2004) and represent the Belgian Basin and surroundings at the onset of the Ypresian (B), during the early to

middle Ypresian (C) and tire EECO interval respectively (D).

uplift of the Brabant Massif and the Artois Axis (Fig. 1A-
D). The southern coastline of the North Sea Basin
gradually shifted northwards (Fig. ID). However, several
levels with abundant Nummudlites in the Egem Sands point
to a southwestern marine connection to the Atlantic Ocean
(see King, 2006). The upper Ypresian sedimentary record
starts with the Tielt Fonnation, consisting of the slightly
calcareous Kortemark Silt Member, the Egemkapel Clay
Member bounded by omission surfaces and the Egem
Sand Member. The latter comprises glauconitic fine sands
with shelly layers (‘faluns’, probably deposited during
stonns) rich in calcareous fossils, deposited relatively
close to the coastline. It is succeeded by the Hyon Sand
Fonnation, which begins with the carbonate-free Bois-la-
Haut Sand Member, followed by the poorly sorted
glauconitic fine sands containing carbonaceous fossils of
the Panisel Sand Member. The next Gentbnigge Fonnation
is a heterogeneous unit including five distinctive members,
representing offshore (Kwatrecht, Merelbeke Clay and
Pittem Clay Members), near-coastal (Vlierzele Sand
Member) and at the top (Aalterbnigge Member) even

swamp enviromnents. Only the Pittem Clay Member is
calcareous in outcrop. The Vlierzele Sand Member incises
deeply intounderlying deposits. Asubsequenttransgression
led to the deposition ofthe Aalter Sand Fonnation. rich in
glauconite and shells. The Ypresian-Lutetian transition is
situated in the middle ofthis fonnation.

The above infonnation is summarized on Fig. 1A
From this it becomes clear that the lower Eocene record of
the Belgian Basin is fairly continuons. Having suffered
only minor defonnation (Henriet et al., 1991), it is well-
suited for studies on the impact of early Eocene climate
variability on marginal marine ecosystems.

3. Material and methods

3.1. Material

Ypresian otoliths in the Belgian Basin have been described
by Steurbaut and Nolf (1991). In general, 55 % of the
species can be attributed to modem genera, and species of
the families Ophidiidae (60 %) and Congridae (15 %)
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dominate the Ypresian fauna. There is a shift in abundance
patterns of individual species corresponding to the
transition of the lower to upper succession of Ypresian
sediments (see section 2). The lower Ypresian is
characterized by an acme and dominance (up to 90 % of
the fauna) of Glyptophidium polli, and the upper Ypresian
by its general absence and the frequent occurrence of
‘Neobythitinorum ” subregidaris. The fish fauna of the
Egem Sand Formation is the most diverse of the Belgian
Ypresian. The samples selected for this study are
represented by four species belonging to two families:
Paraconger papointi and P. sauvagei of the family
Congridae; Glyptophidium polli and the extinct genus and
species ‘Neobythitinorum” subregidaris of the family
Ophidiidae (Fig. 2A-B-C-D). Their ranges and relative
abundances are plotted on Fig. 1A. They were selected
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Figure 2. A-B-C-D)
Otolith species used in
this study; A) Paraconger
sauvagei, B) Paraconger
pcipointi, C) ‘Neobythiti-
norum ”  sub-regulciris,
D) Glyptophidium polli.
E) Polished P. pcipointi
from the Panisel Sand
Member with visible in-
crements, F) incremental
and total and inner bulk
microsampling of a P
pcipointi from the Panisel
Sand Member, G) cold
cathode  luminescence
image of a P pcipointi
from the Egem Sand
Member after microsam-
pling, H) SEM image of
a partly broken P. pa-
pointi from the Egem
Sand Member.

from the well-documented and taxonomically up-to-date
otolith collection ofthe Royal Belgian Institute of Natural
Sciences (RBINS), Brussels, curated by Dirk Nolf. The
selected otoliths have been collected during the second
half of the 20th century, at six different localities within
the Belgian Basin (Table 1), some of them remaining
accessible today. The sampled units are the Mons-en-
Pévele Formation, two coquinas (‘faluns I and II”) of the
Egem Sand Member, the Panisel Sand Member and the
Aalter Sand Formation (Fig. 1A, Table 1).

3.2. Methods

During selection, attention has been paid to their size,
because larger otoliths normally contain more increments
than smaller ones. First the external preservation state of
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all selected otoliths was assessed with optical microscopy.
Five otoliths representing four stratigraphie levels and all
species, except P. sauvagei, were crashed and analyzed
for their X-ray diffraction (XRD) pattern by a Philips PW
1830 Generator (CuKa, 30 inA, 45 Kv, 15-55° detection),
at the Department of Earth and Enviromnental Sciences
(E&ES) of the K.U.Leuven. Comparison with standard
patterns was perfonned by Topas Academic V4 software.
Thirty otoliths were selected for bulk and incremental
stable isotope analyses. Forbulk analyses, tins corresponds
to an average of 2.7 otoliths per species per level. They
were embedded in resin with a Beuhler SimpliMet 3000
Automatic Mounting Press (E&ES). Tins involves
elevated pressure and temperature, which led in some
cases to bursting of the otolith, but the duration is too
short to have any effect on the isotopic composition ofthe
otolith carbonate. Next the resulting resin stubs were
polished on wetted sand paper (P150-P1200) until the
sagittal plane (with visible nucleus) was reached (Fig.
2E). Although the transverse plane contains the most
complete growth history ofan otolith, the sagittal plane is
less compressed and hence more suitable for incremental
sampling (Panella, 1980a; Van Neer et al., 2004).

After tins preparation procedure, otoliths were ready
for microsampling and the evaluation of possible
diagenetic alterations by cold cathodoluminescence. The
latter has been applied on eleven stubs representing all
species and stratigraphie levels using a Teclmosyn Cold
Kathodo Luminescence Model 8200 MKII at the E&ES.
Given the prerequisite to be able to accurately define
microsampling paths, a Merchantek MicroMill at the
Stable Isotope Lab (SIL) ofthe Free University of Brussels
was used. Total bulk sample (rim to core), inner bulk
sample (200 pm from rim to core) and incremental sample

OID  Species Family 513C (VPDB) stdv
OIA Paracongersauvagei Congridae -2,32 0,061
OIB Paraconger sauvagei Congridae -3,67 0,061
02A  "genus Neobythitinorum subregularis Ophidiidae -1,25 0,061
02B  "genus Neobythitinorum subregularis Ophidiidae -2,09 0,061
02C  "genus Neobythitinorum subregularis Ophidiidae -1,76 0,061
02D  "genus Neobythitinorum subregularis Ophidiidae -0,91 0,083
07A  Paracongerpapointi Congridae -3,05 0,069
07B  Paracongerpapointi Congridae -2,78 0,190
08A  "genus Neobythitinorum subregularis Ophidiidae -1,04 0,190
08B "genus Neobythitinorum subregularis Ophidiidae -0,22 0,190
05A Paracongerpapointi Congridae -2,42 0,190
05B  Paracongerpapointi Congridae -3,36 0,019
05D Paracongerpapointi Congridae -1,51 0,069
06A  "genus Neobythitinorum subregularis Ophidiidae -1,20 0,069
06B  "genus Neobythitinorum subregularis ~ Ophidiidae -0,65 0,069
06D  "genus Neobythitinorum subregularis Ophidiidae -0,70 0,190
03A Paracongerpapointi Congridae -3,19 0,041
03B Paracongerpapointi Congridae -3,69 0,061
03C Paracongerpapointi Congridae -3,28 0,061
03D Paracongerpapointi Congridae -2,711 0,083
04A  "genus Neobythitinorum subregularis Ophidiidae -1,46 0,019
04B  "genus Neobythitinorum subregularis Ophidiidae -0,42 0,083
04 C  "genus Neobythitinorum subregularis Ophidiidae 0,39 0,019
OIOA Glyptophidiumpolli Ophidiidae -2,35 0,050
O10E Glyptophidiumpolli Ophidiidae -1,86 0,050
OI10D Glyptophidiumpolli Ophidiidae -2,82 0,050
OlA  "genus Neobythitinorum subregularis Ophidiidae -2,86 0,050
OIIB  "genus Neobythitinorum subregularis ~ Ophidiidae -4,59 0,060
one "genus Neobythitinorum subregularis Ophidiidae -3,14 0,050
OI12B Glyptophidiumpolli Ophidiidae -1,77 0,050

(always starting at the rim) paths were selected on a
computer screen and automatically drilled with a 0300
pm drill bit (Fig. 2F). As incremental paths become shorter
towards the nucleus, drilling depth was set deeper in these
paths, carefully avoiding contamination with earlier
drilled paths (drill bit is thicker than increment path
widths). The fact that the sagittal plane is slightly bulged
(Panella, 1980b) lias been ignored. Application of tins
working-method allowed an average number of 12
increment paths to be drilled per otolith. One otolith that
partly crumbled off during drilling was used for
ultrastractural investigation by a JSM-6400 Scanning
Electron Microscope (SEM) at the E&ES.

The powder resulting from drilling was manually
collected in glass tubes and stored in a 50 °C oven to avoid
moisture. Tins procedure does not affect the isotope
signature (see Guiguer et al., 2003). Average microsample
weight is estimated at ca. 70 pg, based on the calculated
microsample volumes and including an assumed 30 %
loss of powder during its collection. Following an average
residence time of 25 days in the oven, the microsamples
were analyzed for their oxygen and carbon isotopic
content in a ThennoFinnigan Kiel (III) automated
carbonate extraction device (reaction with 70 °C
phosphoric acid, see Hoefs, 1997), coupled to a
ThennoFinnigan DeltapisXL  isotope ratio mass
spectrometer at the SIL. During each analysis ran, in-
house MAR2 standards (calibrated with NBS-19) have
been measured to calculate analysis precision. The
obtained precision was a standard deviation 0f0.06 %o for
513C and 0.18 %o for 518). The results were corrected for
the number of gas expansions that have been made during
the acid reaction in the Kiel, and are always reported in
5-notation, relative to VPDB.

518 (VPDB stdv. T°C Age Lithostratigraphy Locality
-4,40 0,123 384 49,8 Aalter Sand Fonnation Aalter
-3,84 0,123 35,5 49,8 Aalter Sand Fonnation Aalter
-3,14 0,123 31,9 49,8 Aalter Sand Fonnation Scherpenberg
-2,14 0,123 27,0 49,8 Aalter Sand Fonnation Scherpenberg
-3,44 0,123 334 49,8 Aalter Sand Fonnation Scherpenberg
-3,05 0,284 31,4 49,8 Aalter Sand Fonnation Scherpenberg
-3,42 0,253 33,3 50,75 Panisel Sand Member Schepdaal
-4,08 0,392 36,7 50,75 Panisel Sand Member Schepdaal
-1,75 0,392 25,1 50,75 Panisel Sand Member Schepdaal
-1,65 0,392 24,6 50,75 Panisel Sand Member Schepdaal
-5,37 0,392 43,6 51,4 "Falun II", Egem Sand Member Egem
-3,90 0,067 35,8 51,4 "FalunIl", Egem Sand Member Egem
-3,10 0,253 31,7 51,4 "FalunII", Egem Sand Member Egem
-2,72 0,253 29,8 51,4 "Falun II", Egem Sand Member Egem
-2,85 0,253 30,5 51,4 "Falun II", Egem Sand Member Egem
-2,26 0,392 27,6 51,4 "FalunII", Egem Sand Member Egem
-4,14 0,062 37,0 51,5 "FalunI", Egem Sand Member Egem
-4,78 0,123 404 51,5 "FalunI", Egem Sand Member Egem
-5,77 0,123 458 51,5 "FalunI", Egem Sand Member Egem
-2,92 0,284 308 51,5 "FalunI", Egem Sand Member Egem
-1,64 0,067 24,5 51,5 "FalunI", Egem Sand Member Egem
-1,54 0,284 24,1 51,5 "FalunI", Egem Sand Member Egem
-1,99 0,067 26,3 51,5 "FalunI", Egem Sand Member Egem
-3,19 0,077 32,2 53 Mons-en-Péveéle Sand Formation Ronse
-2,64 0,077 294 53 Mons-en-Pévele Sand Formation Ronse
-1,98 0,077 26,2 53 Mons-en-Pévele Sand Formation Ronse
-3,17 0,368 32,1 53 Mons-en-Pévéle Sand Formation Ronse
-4,10 0,088 36,8 53 Mons-en-Pévéle Sand Formation Ronse
-1,75 0,368 25,1 53 Mons-en-Pévéle Sand Formation Ronse
-2,74 0,368 29,9 53 Mons-en-Pévéle Sand Formation Montreuil-aux-Bois

Table 1. Bulk OlsO and 6 I3C results, ages and stratigraphie information ofthe otoliths used in this study.
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Paleotemperatures were calculated with the equation
established by Thorrold et al. (1997): 1000*lnoc =
18.56*% 103*(7°K'l) - 32.54 with a = (5180 adith + 1000)/
(5180water + 1000). This equation is used because it is
derived from a bottom-dwelling tropical to subtropical
shelf species (Micropogonias undulatus: Lassuy, 1983),
that was reared under controlled enviromnental conditions.
For the conversion of the VSMOW standard for water to
VPDB. the equation §180 (VSMOW= 1.03091*5180 (VP[H +
30.91 (Copien et al., 1983) was used. To discriminate
between groups ofdata, statistical analyses were performed
with Statistica 8.0 (StatSoft). First Levene’s test was
applied to test equality of variances (p < 0.05 in all tests
used in this study). If so, the unpaired t-test was used to
test whether or not the means of the groups differ
significantly. If not, this was achieved with the Welch test
(adapted t-test for unequal variances).

Crossplot Congridae vs. Ophidiidae
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4. Results and Discussion

4.1. Preservation ofthe selected otoliths

Otoliths are generally composed of radial elongated
crystals of aragonite (Panella, 1980a), and a small
percentage (0.2-10 %) of organic material, called the
otoline (Nolfi 1985; Campana, 1999). The otoline contains
glycoproteins and othermacromolecules.whichapparently
play a pivotal role in the carbonate biomineralization
process (Campana, 1999). In aberrant otoliths, the
precipitated carbonate polymorph is principally vaterite,
or otherwise calcite (Nolfi 1985; Tomas & Geffen, 2003;
Falini et at., 2005). Their occurrence also seems to be
influenced by the macromolecules involved during
crystallization (Falini et at., 2005). Often, in the case of
vaterite, this polymorph constitutes only part ofthe otolith,
with a sharp delineationbetween the vaterite and aragonite
phase. Inthe more primitive taxa, suchas the Anguilifonnes
(including the Congridae), vaterite is more frequently
present (Nolfi 1985).

Early Eocene latitudinal SST gradients
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Figure 3. A) OlsO and 6 I3C cross-plot ofthe families Congridae and Ophidiidae, based on the data in Table 1, with modem relatives of
both families depicted. B) Comparison ofotolith mean summer temperatures (MST) with the latitudinal TEX8 sea surface temperature
(SST) gradient for the Ypresian established by Bijl et al. (2009). Otolith temperatures were calculated using the Thorrold et al. (1997)
equation and assuming a O180swof- 1.o %o, for boththe Congrid and Ophidiid data. C) Incremental stable isotope pattem ofa Paraconger

papointi from tile Egem Sand Member.
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Because the isotope preservation potential of pristine
aragonite is high, but moderate to low for secondary
calcites (Marshall, 1992; Corfield, 1995), a detailed
preservation survey is a prerequisite for stable isotope
studies on fossil otoliths (see Patterson, 1999; Price et at.,
2009). Several methods were applied here to detect the
eventual effects of diagenesis on the selected otoliths.
X-ray diffraction patterns of otoliths sampled from the
Mons-en-Pévéle Formation and the Panisel and Egem
Sand Members (coquinas I and II ofthe latter) all perfectly
match that of aragonite. Cathodoluminescence was
applied to polished otoliths to assess secondary
crystallization and the presence of calcite veins. In
addition, cathodoluminescence may distinguish between
aragonite and vaterite, because otolith vaterite is enriched
in Mn (activator for luminescence, Marshall, 1992; Tomas
& Geffen, 2003). Samples showed no to a slightly greenish
luminescence (Fig. 2G), which suggests that no significant
alteration has occurred (Marshall, 1992). Scanning
Electron Microscopy on a P papointi otolith from the
Egem Sand Member (‘Falun II’) revealed long prismatic
crystal morphologies (Fig. 2H), similar to those ofpristine
aragonite described elsewhere (Panella, 1980a; Lecomte-
Finiger, 1992; Falini et al., 2005; Price et al., 2009).

Still, despite this convincing evidence against internal
diagenetic alteration, some indications of external
taphonomic effects seem to be present in at least some
samples. When viewed under an optical microscope, the
surfaces of otoliths originating from the Schepdaal
location (Panisel Sand Member), and to a lesser degree
from the Aalter location (Aalter Sand Formation), show
erosion marks and signs of abrasion. According to Nolf
(1985), the main processes affecting otolith erosion are
post-mortem transport, etching by predator digestion
acids, and sedimentary décalcification. However it is
difficult, if not impossible, to discriminate among these
causes. A method to test whether surface taphonomic
effects influenced the stable isotope composition of the
outer rim of the otoliths involves a comparison between
inner and total bulk stable oxygen and carbon isotope
data. As inner bulk samples exclude the otolith rim zone
(Fig. 2F), the difference between total and inner bulk
samples should indicate trends in diverging isotopic
signatures of rim zones. No such trend was observed when
comparing all total and inner bulk data from otoliths
where both a total and an inner bulk sample was available,
for either b 13C (Levene’s p=0.920; t-test p=0.826) as for
0180 (Levene’s p=0.687; t-test p=0.876), or when
evaluating the rim zones of the incremental isotope
patterns (see Fig. 3C).

w2 Intertaxon variability

One way of evaluating the analyzed (total) bulk
microsamples is to examine their isotopic signatures on a
013C versus bIxO cross-plot (Fig. 3A). Nearly all samples
plot in the lower left quadrant, with negative values for
both b13C and OI0. In Price et al. (2009), similarly
negative otolith 018) values were interpreted together
with mollusk 0180 data as a depth-related temperature

profile with otoliths representing surface water
temperatures. Their negative 013C values were explained
as a depletion related to high metabolic rates, due to the
high temperatures that prevailed during the Jurassic
greenhouse world (see Kalish, 1991). In Patterson (1999),
the b180 and 013C values oftwo groups of data are thought
to represent one group of fishes inhabiting an estuarine
habitat (more negative values ofboth 018 and 013C) and
the other group reflecting migrations to open marine
enviromnents. Yet the otoliths studied here represent non-
migratory benthic fishes, complicating the comparison of
our isotopic signatures with these earlier studies.

When considering all bulk data of our study, the large
spread of more than 4 %o for both 0180 and 0 13C isotopes
is striking. For 018, this would translate in a minimum
estimate for early Eocene temperature variability (see
Patterson, 1999) of ca. 20°C, which we consider
unrealistically large. Alternatively, this would argue for
substantial mixing of freshwater to have influenced the
isotope signatures. However, when the results are plotted
as two data groups representing the two otolith families
used, another pattern appears (Fig. 3A). Both groups
overlap, but can be clearly distinguished visually and
statistically (013C Levene’s p=0.758 and t-test p=0.000;
018 Levene’s p=0.095 and t-test p=0.003), with
Congridae representing the lowest values for both stable
isotopes. This discrepancy reduces the spread of the data
within the taxa, but was not observed in earlier studies on
the same families (Ivany et al., 2003; De Man et al., 2004;
De Man, 2006).

One possible explanation of the discrepancy in 0180
values could be a difference in the incorporation of the
isotopic signal between Congridae and Ophidiidae
members. Although fish precipitate their otoliths in or
near equilibrium with ambient water, it was found that the
slopes (representing temperature dependence of the
fractionation factor a) ofthe few otolith paleotemperature
equations established yet are similar, but that they all have
a different intercept (e.g. Patterson et al., 1993; Thorrold
et al.,, 1997; Hoie et al., 2004; Stonn-Suke et al, 2007).
Probably taxon-related vital effects cause small (but
constant) departures from equilibrium, which implies that
the general applicability of paleotemperature equations
might not be appropriate, and should be developed at a
taxon-specific level (for discussion, see Stonn-Suke et al.,
2007). Because no infonnation on paleotemperature
equations for the taxa or their relatives used here is
available, the equationofThonold etal. (1997), established
on a bottom-dwelling shelf species (see section 3.2), was
applied here to all species.

We believe however that a difference in prefened life
enviromnent between Congridae and Ophidiidae, is more
plausible. This would better explain the infened ~10°C
difference between the 0180 means of both families;
known paleotemperature equation offsets do not differ
that much. It also explains differences in mean OI13C values
between the two families, as these values partly reflect
digested carbon derived from the enviromnent. If habitat
preferences indeed caused the observed taxon
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inconsistency, and given that the temperature difference
between different habitats would be rather small, then
based on the more negative 018) and b 13C values of
Congridae, this family inhabited more coastal
enviromnents, sensitive to (seasonal) riverine freshwater
influx. Today’s eastern North Sea near-shore zones are
indeed characterized by depleted 0180swvalues (Harwood
et at., 2008). Following the interpretation on similar data
ofPatterson et al. (1999) mentioned above, the Congridae
data would even indicate estuarine conditions, but this is
not supported by the sedimentological data (see section
2). Accordingly, the data of the Ophidiidae specimens
point to a more offshore, fully marine enviromnent, less
prone to freshwater mixing.

This explanation does not contradict the fact that inter-
taxon inconsistencies were not reported in earlier work
(e.g. Ivany et at., 2003). It seems not unlikely that during
the hothouse conditions of the EECO, elevated water
temperatures or other enviromnental changes (e.g.
changed runoff patterns) may have forced the Congridae
and Ophidiidae species used in this study to diverge
ecologically. Interpreted in this way. Ophidiidae isotopic
data should yield a true bottom water temperature signal,
while those of Congridae probably represent a composed
signal of temperature and coastal water freshening.

One complication involved by this explanation is the
co-occurrence of both isotopically delineated ecological
groups in the same taphonomic setting. Note that modem
relatives of both groups comprise benthopelagic species
occupying a stationary life position when adult (Ivany et
al., 2003). Two taphonomic elements could explain this
complication. Firstly, most otoliths trapped in the sediment
record derive from migratory predators (Nolf, 1995). This
is based on the observation that in settings where both fish
bones and otoliths are found (including the Belgian
Eocene), almost no osteological remains belong to taxa
that are represented by otolith occurrences. Instead, these
remains belong to larger and predominantly predatory
fishes, leading to the hypothesis that the major pathway
through which otoliths enter a given taphonomic setting is
via the secretion of predators (bones are preferentially
digested with respect to otoliths). The foraging behavior
ofthese predators could explain why different ecological
groups occur in the same taphocoenosis. Secondly, many
of the otoliths were probably transported shortly after
deposition by (stonn) wave action and currents before
being definitively buried. Such transport is supported by
the abrasion (roundedness) observed in many otoliths
(Nolf, 1985; see section 4.1).

4.3. Sea-water oxygen isotope composition

In order to interpret the results in tenns of temperature, a
value for the isotopic composition of the Ypresian sea-
water is required. Assmning an ice-free world, a mean
value of -1.0 % (VSMOW) was estimated for early
Eocene oceanic bIx0.v;by Shackleton andKennett (1975)
and Zachos et al. (1993, 1994). However, this value does
not necessarily correspond to the bIx0.wof the Belgian
Basin at that time, because of possible local influences on
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sea-water salinity, and latitudinal and longitudinal
gradients in oceanic blx0.w (e.g. Zachos et al., 1994;
Tindall et al., 2010). Previous discussions concerning
stable isotope data of early middle Eocene Turritella and
Venericardia bivalves from the Paris Basin (Andreasson
and Schmitz, 1996) have highlighted the complexities
involved when constraining past salinity of the southern
North Sea Basin (Andreasson & Schmitz, 1996, 1997,
Klein & Fricke, 1997; Purton & Brasier, 1997). Indeed,
excluding the effects of local deviations in sea-water
salinity lias become a major challenge in stable isotope
paleothennometry of marginal marine realms, forcing
authors to reinterpret their data. For example, suspiciously
negative bIxO values of early Eocene Venericardia
bivalves from Alabama were corrected for supposed
seasonal discharge of 180-depleted rivers into the Gulfof
Mexico (Ivany et al., 2004). Recently, Zacke et al. (2009)
attributed some anomalously low apatite bIxO values of
an early Paleogene shark-tooth record from the North Sea
Basin, including samples from the Belgian Basin, to a
temporary basin-wide surface water freshening. These
authors proposed that during a ca. 3 myr period, starting
before the onset of the Eocene, North Sea Basin bIxO_,
was probably lowered by 2-3 %po. This lias been related by
Zacke et al. (2009) to a temporary isolation of the North
Sea Basin from the Atlantic, due to the combined effects
oflow relative sea-level, tectonismandbasaltic magmatism
at the end ofthe Paleocene. As mentioned above, the early
to middle Ypresian was characterized by a transgressive
phase (see section 2, Fig. 1C). During this phase, the
northern North Sea Basin became reconnected with the
Atlantic, and by the late Ypresian, surface water salinity
was probably restored to nonnal early Eocene conditions
(Zacke etal., 2009). In addition, a southwestern connection
of the southern North Sea Basin with the Atlantic via the
English Channelis indicated by the presence of Nummulites
andMorozovella species in multiple upper Ypresian levels
(King, 2006; see section 2). Based on these data no
anomaly in fully marine bIx0.wvalues was present in the
Belgian Basin during the EECO.

Only a few studies are available to constrain a realistic
b 180 swvalue for the Belgian Basin. Present-day values in
the North Sea Basin are close to 0.0 %o, varying roughly
from west to east between 0.4 and-0.4 %o (LeGrandeand
Schmidt, 2006; Harwoodetal., 2008). Forthe southernmost
North Sea and the English Channel blx0.w data are
lacking. According to salinity studies, ocean water from
the Atlantic is gradually mixed with less saline water
while it moves northeastward through the Channel and
enters the North Sea (Taylor et al., 1983; Jones and
Howarth, 1995). This can be seen as an argument for an
analogous gradient in A ) .wcompositions in these areas.
Although the paleogeography ofthe North Sea region was
somewhat different in the early Eocene compared with
today (see section 2), a similar b i) .wgradient probably
prevailed during this period. The oceanic end member of
this gradient is the early Eocene oceanic b ) .wvalue at a
paleolatitude 0f45° N (Scotese et al., 1988). Zachos et al.
(1994) established a paleolatitudinal correctionfor oceanic
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bIxO_ values, as the use of one mean ocean value for all
latitudes would underestimate temperatures at the tropics
and overestimate temperatures at high-latitudes. Assuming
a global mean ocean value of -1.0 %ofor the early Eocene,
this correction results in an adjusted latitudinal value of
-0.8 %o at 45° N. Unfortunately, the Zachos et al. (1994)
correction is based on recent surface seawater 018 data
and does not account for longitudinal variability. Other
attempts have been made to estimate 0180 _ distributions
of past oceans, by using isotope-enabled climate models
(e.g. Roche et al., 2006; Roberts et al., 2009). Recently
Tindall et al. (2010) used such a model to simulate
temperatures and surface water 0180 during the early
Eocene. Modeled values at 45° N are in the range of -0.2
to -1.0 %o, and represent a relatively enriched northern
Atlantic Ocean because restricted oceanic exchange
between the Arctic and Atlantic Oceans was assumed.
This agrees with the ‘closed’ scenario of the model of
Roberts et al. (2009) for the early Paleogene, in which the
Greenland-Norway seaway is closed. This scenario could
help explain the occurrence of the low-salinity tolerant
Azolla fern in the Arctic around 48-49 Ma, but a ‘closed’
scenario was possibly not the case during the earlier
EECO interval. According to an ‘open’ scenario, oceanic
(VxO_, at45° N could have been as low as -1.5 %o (Roberts
et al., 2009).

Given the uncertainties associated with these
estimations of an oceanic bIx0.v, end member, and given
the gradient towards more negative bIx0 . wvalues between
the Atlantic and the North Sea, a bIXO_ value of -1.0 %o
for the Belgian Basin is a reasonable estimate, keeping in
mind that a change 0f0.2 %ocorresponds to ~1 °C. Hence,
in this study, for the calculation of paleotemperatures of
otoliths from the family Ophidiidae, which we believe to
have inhabited fully marine enviromnents (see section
4.2), we adopt a bIlx0.wvalue of -1.0 %o (Table 1). For
Congridae, we invoke sea-water freshening of near-shore
zones to explain their low oxygen and carbon stable
isotope data. As we have no means to estimate a certain
coastal b X).w value, no paleotemperature series with
adapted b1x0.wwas calculated for Congrid stable isotope
data. Thus, also a value of -1.0 %o for 0180  was used,
which allows comparison with the Ophidiid data when
expressed in terms of paleotemperatures.

L Mean annual temperature variability during the
EECO

From the above discussion it follows that the conversion
ofisotopicsignaturestotemperaturesis not straightforward.
Nevertheless, we believe to have good reasons to accept
temperatures calculated from Ophidiid isotope data that
can directly be compared to results from other studies. In
Fig. 4, Congridae and Ophidiidae total bulk data and their
means were plotted together with the benthic foraminiferal
global deep-sea temperature record of Zachos et al. (2008)
and recently published tropical (Pearson et al., 2007) and
high-latitudinal (Bijl et al., 2009) TEXx6 SST records.
During the EECO, Ophidiid mean annual temperatures
varied between ~25 and ~31 °C, with a mean value of

27.5 °C, which is comparable to present-day mean
temperatures in tropical regions. This suggests that during
the EECO, bottom water temperatures of the Belgian
Basin were on average 15 °C wanner than deep-sea
temperatures. Considering the southern high-latitude SST
data of Bijl et al. (2009), it seems acceptable that our
bottom water data are on average slightly colder,
particularly because TEX ghpaleotemperatures are possibly
biased towards summer temperatures (Bijl et al., 2009).
When converted to the paleotemperature equation of
Thorrold et al. (1997), the few Congridae otolith stable
oxygen isotope data from the Ypresian U.S. Gulf Coast
(30° N) are ~2 °C lower (Ivany et al., 2003) than our

Temperature (°C)

EECO

ETM2 - Elmo

ETM1 ~ PETM

Deep-sea temperature
Mean annual SST East Tasman Plateau
Mean annual SST Tanzania
o Annual bottom water temp. Congridae
Mean annual bottom water temp. Congridae
A Annual bottom water temp. Ophidiidae
- Mean annual bottom watertemp. Ophidiidae

>

Figure 4. Comparison of calculated paleotemperatures from
Congrid and Ophidiid bulk OlsO analyses with deep-sea
temperature data from benthic foraminifera OlsO analyses
(Zachos et al., 2008 in Bijl et al., 2009) and TEX®& sea surface
temperatures of the East Tasman Plateau (Bijl et al., 2009) and
Tanzania (Pearson et al., 2007). Temperatures were calculated
using tile Thorrold et al. (1997) equation and assuming a 0 180sw
of-1.0 %o, for both the Congrid and Ophidiid data.
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oro  Distance fromrim (pm) 5’ (VPDB) stdv 510 (VPDB) stdv T°C stdv  Sample information

02B 65 3,13 0,061 239 0,123 258 06 Age 49,8

02B 190 1,78 0,061 3,52 0,123 313 0,6 Species:  ‘genus Neobythitinorum "subregularis
02B 310 0,68 0,061 -3,09 0,123 292 0,6 Family:  Ophidiidae

02B 430 -1,28 0,061 -3,13 0,123 294 0,6 Unit: Aalter Sand Formation

02B 550 1,74 0,061 2,51 0,123 264 0,6 Location: Scherpenberg

02B 670 1,83 0,061 1,86 0,123 233 06

02B 790 143 0,061 -1,02 0,123 193 0,6

02B 910 1,37 0,061 0,81 0,123 184 06

02D 60 0,76 0,083 w453 0,284 365 15 Age: 498

02D 300 0,89 0,083 -5,46 0,284 414 15 Species:  ‘genus Neobythitinorum "subregularis
02D 420 0,96 0,083 5,12 0,284 39,6 1,5 Family:  Ophidiidac

02D 540 0,53 0,083 -435 0,284 355 1,5 Unit: Aalter Sand Formation

02D 660 0,02 0,083 3,13 0,284 294 14 Location: Scherpenberg

02D 780 0,49 0,083 2,12 0,284 245 14

02D 1020 0,88 0,083 148 0,284 214 13

02D 1150 0,92 0,083 1,48 0,284 215 13

02D 1280 128 0,083 -1,98 0,284 238 13

02D 1410 142 0,083 237 0,284 257 14

02D 1540 1,73 0,083 -3,10 0,284 292 14

02D 1670 1,72 0,083 -3,10 0,284 292 14

07A 140 2,91 0,069 3,19 0,253 297 13 Age 50,75

07A 260 1,82 0,069 3,01 0253 288 12 Species:  Paracongerpapointi

07A 500 1,77 0,069 1,73 0,253 22,6 12 Family:  Congridae

07A 620 2,09 0,069 2,30 0,253 253 12 Unit: Panisel Sand Member

07A 740 3,33 0,069 3,30 0253 302 1,3 Location:  Schepdaal

07A 860 -4.20 0,069 3,88 0253 331013

07A 980 436 0,069 335 0253 305 13

07A 1110 436 0,069 -3,81 0253 328 13

07A 1240 -4,05 0,069 3,51 0253 313 13

07A 1370 3,29 0,069 4,12 0253 344 13

07A 1500 2,65 0,069 3,77 0253 326 13

07B 60 0,76 0,190 1,22 0,392 202 18 Age 50,75

07B 180 2,04 0,190 -1,82 0,392 23,0 18 Species:  Paracongerpapointi

07B 420 0,87 0,190 -2.86 0,392 281 1,9 Family:  Congridae

07B 540 0,83 0,190 2,40 0,392 258 19 Unit: Panisel Sand Member

07B 660 -1,03 0,190 2,52 0,392 264 19 Location: Schepdaal

07B 900 -1,65 0,190 321 0,392 298 19

07B 1150 1,27 0,190 4,04 0,392 34,0 20

07B 1410 -1,66 0,190 443 0,392 360 2,0

07B 1670 2,41 0,190 4,13 0,392 344 20

07B 1800 2,17 0,190 4,26 0,392 351 2,0

07B 1930 1,79 0,190 3,88 0,392 332 20

07B 2060 -1,60 0,190 3,45 0,392 310 19

05A 35 -1,51 0,061 3,75 0,123 325 06 Age 514

05A 130 1,89 0,061 437 0,123 357 0,6 Species:  Paracongerpapointi

05A 250 -3,03 0,061 5,75 0,123 429 0,7 Family:  Congridae

05A 370 -3,01 0,061 5,61 0,123 422 0,7 Unit: "Falun D", Egem Sand Member
05A 490 2,87 0,061 546 0,123 414 0,7 Location: Egem

05A 610 2,53 0,061 471 0,123 374 06

05A 730 2,52 0,061 5,14 0,123 39,7 06

05A 850 2,34 0,061 5,07 0,123 393 06

05B 40 3,01 0,019 2,76 0,067 275 03 Age 51,4

05B 280 2,24 0,019 231 0,067 254 03 Species:  Paracongerpapointi

05B 520 4,70 0,019 347 0,067 31,1 03 Family:  Congridae

05B 640 5,51 0,019 3,92 0,067 333 03 Unit: "Falun D", Egem Sand Member
05B 880 5,14 0,019 422 0,067 349 03 Location: Egem

05B 1000 4,88 0,019 -4,62 0,067 370 03

05B 1260 2,64 0,019 -4,16 0,067 34,6 03

05B 1390 2,25 0,019 424 0,067 350 03

03A 35 2,18 0,041 1,36 0,062 209 03 Age 51,5

03A 190 -3,56 0,041 3,16 0,062 295 03 Species:  Paracongerpapointi

03A 310 -3,03 0,041 -4,06 0,062 341 03 Family:  Congridae

03A 430 -2,27 0,041 -1,52 0,062 21,6 03  Unit: 'TalunI”, Egem Sand Member
03A 550 3,52 0,041 2,72 0,062 274 03 Location: Egem

03A 670 4,62 0,041 4,84 0,062 381 03

03A 790 -3,86 0,041 4,89 0,062 383 03

03A 910 2,75 0,041 422 0,062 349 03

03A 1030 3,53 0,041 437 0,062 356 03

03A 1160 4,62 0,041 -4,90 0,062 384 03

03A 1290 -4,04 0,041 4,96 0,062 38,7 03

03A 1420 3,36 0,041 524 0,062 402 03

03A 1550 3,18 0,041 5,18 0,062 399 03

03A 1680 2,49 0,041 4,79 0,062 379 03

03D 40 -1,66 0,083 -1,56 0,284 218 13 Age 51,5

03D 160 2,15 0,083 2,52 0,284 264 14 Species  Paracongerpapointi

03D 280 2,86 0,083 3,14 0,284 294 14 Family:  Congridae

03D 400 -4,10 0,083 3,81 0,284 328 14 Unit "Talun I”, Egem Sand Member
03D 640 3,94 0,083 3,73 0,284 324 14 Location: Egem

03D 760 3,82 0,083 -3,60 0.284 31,7 14

03D 880 -3,60 0,083 3,47 0,284 3L 14

03D 1000 -3,20 0,083 2,93 0.284 284 14

03D 1130 2,99 0,083 2,69 0,284 272 14

03D 1260 2,40 0,083 3,17 0,284 296 14

03D 1390 135 0,083 -1,86 0,284 232 13

03D 1520 -1,66 0,083 2,74 0,284 275 14

04A 40 141 0,019 2,05 0,067 241 03 Age 51,5

04A 160 1,72 0,019 2,88 0,067 281 03 Species:  “genusNeobythitinorum "subregularis
04A 280 144 0,019 2,64 0,067 270 03 Family:  Ophidiidac

04A 400 0,66 0,019 2,82 0,067 278 03  Unit: "Talun I”, Egem Sand Member
04A 640 1,11 0,019 2,17 0,067 247 03 Location: Egem

04A 760 0,92 0,019 2,28 0,067 252 03

04A 890 0,94 0,019 -1,85 0,067 232 03

04A 1150 1,52 0,019 -1,76 0,067 28 03

OIOE 40 1,89 0,050 2,60 0,077 268 04 Age: 53

OIOE 160 -1,96 0,050 1,83 0,077 23,1 04 Species:  Glyptophidiumpolli

OIOE 420 2,23 0,050 -1,29 0,077 20,6 04 Family:  Ophidiidac

OIOE 540 -1,95 0,050 -2,00 0,077 239 04 Unit: Mons-en-Pévéle Sand Formation
OIOE 780 -1,56 0,050 3,45 0,077 31,0 04 Location: Ronse

OIOE 900 1,53 0,050 3,54 0,077 314 04

OIOE 1160 -1.90 0.050 372 0.077 323 04 A
olB 50 6,20 0,060 -4,94 0,088 386 05 Age: 53 Tableﬂ 2. Incremental OlsO
011B 153 5,68 0,060 -433 0,088 355 05 "genus Neobythitinorum"subregularis and OIC results, ages and
OllB 273 5,65 0,060 4,71 0,088 374 0,5 Family:  Ophidiidac . . .
ouB 373 533 0,060 477 0,088 377 05 Unit Mons-en-Pévéle Sand Formation stratigraphie information of
olB 463 -4,90 0,060 4,15 0,088 345 0,5 Location: Ronse it : : :
P P s 0,060 205 0088 340 0s individual otoliths used in this

oluB 813 3,65 0,060 -3,72 0,088 323 04 Study
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Belgian Basin temperatures. Consistently, Gulf Coast
Venericardia bivalve and other mollusk stable isotope
analyses suggest early Eocene temperatures of 26 °C
(Ivany et at., 2004) and 26-27 °C (Kobashi et at., 2001).
Given the presumably very low paleotemperature gradient
during the early Eocene (Bijl et al., 2009; Fig. 3B), this is
a small difference, and could reflect the more closed
nature of the Belgian Basin in comparison to the Gulf
Coast embayment. In fact, our data confirm that the (sub)
tropical regions were very broad during the early Eocene
(see section 4.5). Our data are also in line with otolith
oxygen isotope data of the early middle Eocene Lede
Sand Fonnation from the Belgian Basin (De Man et at.,
2004). Converting those data to Thonold et al. (1997),
temperatures at about 3 myr after the end of the EECO
approximated 26 °C. Our temperatures are at least 3.5 °C
wanner than North Sea Basin bottom-water temperature
estimates for the middle to late Ypresian based on shark
teeth (VXO measurements (Table 3 in Zacke et al., 2009).
However, the lower values of these measurements were
not included in those temperature calculations, because
they probably reflect a signal that is influenced by other
factors than temperature variability, such as seasonal
changes in salinity and fluvial discharge. On the other
hand it is worth to mention that although they are derived
from actively swiimning Odontaspidid sharks, the only
two samples from the upper Ypresian ofthe Belgian Basin
used in Zacke et al. (2009) give temperature estimates of
28-30 °C, which is even wanner than our mean EECO
value 0f27.5 °C.

The variation in mean annual temperatures up to 6°C

throughout the late Ypresian, can be explained by recent
findings that the early Paleogene climate was more
variable than previously thought. For example, 0180
measurements on single species deep-sea benthic
foraminifera from Demerara Rise (tropical Atlantic),
reveal variations in the order of 1 %o throughout the early
to middle Eocene (Sexton et al., 2006). This variability as
observed in deep-sea records should have been well
expressed in mid-latitude marginal settings, because of
their shallow and more diverse nature, subjected to local
expressions of climate changes and seasonality. Since a
large range of biota record this variability geochemically
or through their assemblage patterns, these marginal
enviromnents may also be well suited to unravel early
Paleogene climate variability (see section 1).
Finally, the Congrid temperatures (Fig. 4) correspond to
the early Eocene mean annual SST around the equator
(Pearsonetal.,2007). This confinns that paleotemperatures
inferred from Congrids, assuming a blx0 .wof-1.0 %o, are
indeed too high to represent an unbiased temperature
record, contrary to those of'the Ophidiidae.

4.5. EECO seasonality

Fish and their otoliths, are known to grow continuously.
Concentric growth patterns in the otolith aragonite have
been observed representing even sub-daily growth cycles
(e.g. Panella, 1980a). Seasonal variations in otoliths are
visible by alternating opaque and translucent growth

rings. This seasonal pattern makes them well suited for
studying intra-annual variations in stable isotope
geochemistry. Counting and interpreting the visible
growth increments can then be used to estimate the
number of stable isotope analyses that cover yearly growth
cycles. This control is needed because too few analyses
will result in averaging ofthe isotopic signals.

Here, incremental analyses were performed to infer
seasonality. The obtained resolution was on average four
analyzed increments per year. The average age ofthe fish
was two-three years. Otoliths sampled in this way show
substantial variability in both oxygen and carbon stable
isotopic signatures (Fig. 3C, Table 2). This variability is
around 2.1 %o on average for both the Ophidiids and
Congrids. As the Ophidiidae probably inhabited fully
marine settings, their incremental isotope values are less
affected by seasonal bIx0.w changes and represent
temperature variability. Therefore, assuming a constant
leOWf -1.0 %o (see section 4.3)y our best estimate for
the average mean annual ranges of temperature (MART)
during the EECO is ~9.5 °C. This finding agrees well with
earlier research that the early Paleogene was not equable
when concerning interannual variability (Andreasson &
Schmitz, 1996, 2000; Kobashi et al., 2001; Ivany et al.,
2003). Apparently, even during the EECO interval, a
seasonal temperature contrast comparable to present-day
seasonality in the North Sea prevailed (e.g. Lane &
Prandle, 1996). Ophidiid mean summer temperatures,
were found to be ~31 °C and winter temperatures -21.5
°C on average. The mean Ophidiid summer temperatures
are added as a single data point to the latitudinal SST
gradient of Bijl et al. (2009), because this gradient may be
biased towards summer temperatures (Fig. 3B). This
supports the view that the latitudinal SST gradient during
the early Eocene was lower than today’s gradient (Bijl et
al., 2009; Fig. 3B).

For the Congrids, it is not possible to reliably infer
seasonal temperature variability, as we have no estimation
for near-shore bIxXO_ values. In addition, we do not know
whether the supposed mixing with OlxO-depleted waters
was seasonal or continuous. If continuous, the Congrids
experienced similar seasonal temperature contrasts as the
Ophidiids during the EECO, since their incremental b IxO
variability is the same. If not, then assuming that Congrid
annual temperature contrasts would have been larger
(rather than smaller) than those of Ophidiids, this would
imply that the more shallow areas of the Belgian Basin
were isotopically enriched during summer and depleted
during winter.

5. Conclusions

Paleotemperature and paleoseasonality during the EECO
interval in the Belgian Basin was inferred from otolith
stable isotope data. An intertaxon difference was observed
between the family Congridae and Ophidiidae. The
Ophidiid data are thought to represent fully marine bottom
water temperatures, while Congrids lived probably in
more coastal waters influenced by freshwater mixing,
leading to an overestimation of paleotemperatures. Mean
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annual temperature (MAT) during the EECO calculated
from Ophidiidae is 27.5 °C. Even during the EECO,
changes in MAT through time of up to 6 °C seem to have
occurred. The average mean annual range of temperature
is calculated at 9.5 °C. Our data also confirm that the early
Eocene latitudinal paleotemperature gradient was lower
than today’s gradient. These findings suggest that the high
variability as observed in deep-sea records is also recorded
in mid-latitude epicontinental basins. Because several
calcareous intervals in the lower Paleogene ofthe Belgian
Basin allow high-resolution sampling of otoliths, future
analyses will undoubtedly increase our understanding
about the nature ofthese variations. As a cautionary note,
we have to keep in mind that the choice of the
paleotemperature equation used, and the choice of a value
for the sea-water isotopic composition, could possibly
bias the temperature record with several degrees.
Independent high-resolution salinity estimates for the
southern North Sea Basin, and the establishment of a
taxon-specific paleotemperature equation should rule out
these assumptions in the future. Nevertheless, bridging
the continent and the deep sea, our data highlight the
importance of studying climate variability in marginal
marine basins.
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