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f Frasnian shallow-water carbonates from Belgium are related to facies and major
sea-level trends. The influence of the diagenetic overprint was assessed in order to determine the primary
signal of the Frasnian carbonates. Shallow-water microfacies are characterized by biostromes with
stromatoporoids and lagoonal deposits dominated by carbonate mud and calcareous algae with subaerial
exposure surfaces. The diagenetic history was controlled by three main events: early meteoric diagenesis
(short-term subaerial exposure during deposition), late meteoric diagenesis (major Famennian regression)
and burial diagenesis. The oxygen isotopic values are almost constant with respect to facies, original material
(carbonate mud and cement) and sedimentological units (no differences before or after the main regression).
This homogeneity is related to resetting during late meteoric diagenesis. The carbon isotopic values are
related to facies (with the more negative values for the shallowest facies) and to major sea-level variations
(most negative values after the main regression). This pattern is interpreted as being related to primary
signals. This trend was enhanced by early meteoric diagenesis and the influence of more negative values from
paleosols. The carbon isotope patterns reflect the influence of sea-level and water circulation on shallow-
water deposits and this influence implies that shallow-water carbonates are not necessarily good material for
assessing the primary isotopic values of the ocean because of the influence of long residence time (“aging”) of
the platform-top water and because of early diagenesis.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
The Middle Frasnian (early Late Devonian) was a time of a globally
warm (greenhouse) climate (for a recent review see Streel et al., 2000;
Joachimski et al., 2004;Hladil et al., 2005) andofhigh sea level (Vail et al.,
1977; Johnson et al., 1985; and for a recent review see Hladil, 2002). The
combination of these environmental conditions allowed the develop-
ment of vast epeiric seas with extensive shallow-water carbonates
(Copper, 2002). Reef development was extremely intense (Kiessling
et al., 1999) and the main reef-builders were stromatoporoids, tabulate
and rugose corals, calcareous algae and cyanobacteria (for a review of
Frasnian reefal systems, seeBurchette,1981;Wood,1998; Kiesslinget al.,
1999; Copper, 2002). The Frasnian–Famennian (F–F,Mid–LateDevonian)
boundary represents one of the five major extinction events in the
Phanerozoic, with the extinction of 60 to 85% of the reef-building taxa
(Copper, 2002).

Stable isotopic measurements have been carried out intensively on
the F–F boundary strata by many authors in order to understand this
critical period (Joachimski, 1997; Joachimski et al., 2001, 2002; Chen
et al., 2002, 2005; Stephens and Sumner, 2003; Goddéris and Joachimski,
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2004). House (2002) stressed that there were several extinction events
during the Frasnian and that, in order to place the mass extinction in its
Devonian context, it is especially important to study the entire Frasnian
and not to focus only on the F–F boundary. Furthermore, other authors
have identified an important positive carbon isotope excursion during
the early Middle Frasnian punctata conodont zone (punctata Isotopic
Event; Racki et al., 2004; Pisarzowska et al., 2006; Yans et al., 2007),
demonstrating the importance of the overall Frasnian interval (Baliński
et al., 2006). Carbon andoxygen isotope curves from theMiddle Frasnian
(following the formally approved stage subdivision by the Subcommis-
sion on Devonian Stratigraphy, SDS; Becker and House, 1998; SDS
Business Meeting, Leicester, July 2006) carbonate platform in Belgium
are presented here and placed in a global sedimentological context. The
high quality Tailfer section was chosen for detailed sampling and
analysis, and complementary data from three other lateral time-
equivalent outcrops were also obtained. A preliminary study of the
carbon isotope curve from the Tailfer section compared with magnetic
susceptibility was previously presented in da Silva and Boulvain (2002).

The main objective of this paper is to propose a stable isotope
transect from basinal to shallow-water platform settings. This will
allow analysis of the impact of the environmental variations on
shallow epeiric seawater geochemistry during the Frasnian, as well as
the impact of early and late diagenesis on the geochemical evolution
of the carbonate sediments.
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2. Geological setting

The Frasnian limestones studied here belong to the Rhenohercynian
fold and thrust belt (Fig. 1). During the Middle Frasnian, an extended
carbonate platform developed in Belgium (da Silva and Boulvain, 2004).
In the more distal part of the platform (in southwestern Belgium,
southern border of the Dinant Synclinorium), a succession of three
carbonate mound levels separated by shales is present (Moulin Liénaux
and Grand Breux Formations) (Boulvain, 2001). In the intermediate part
of the basin (Philippeville Anticline), argillaceous, crinoidal and
biostromal facies (Pont-de-la-Folle and Philippeville Formations) devel-
oped and in theproximalpart of the basin (northernborder of theDinant
Synclinorium, Vesdre Synclinorium and southern border of the Namur
Synclinorium), stromatoporoid biostromes and lagoonal facies appeared
(Lustin Formation) (Fig. 1B). The Upper Frasnian contains more
argillaceous formations. In the southern part of the basin, carbonate
Fig.1. A. geological map of Belgium, with location of the studied sections; B. North–south cros
Letters a and b correspond to the cross-section line a–b on A.
mounds (Petit Mont Member) are included in shales and nodular
argillaceous limestone of the Neuville and Valisettes Formations. The
northernpart of the basin corresponds to the shale-dominatedAisemont
and Lambermont Formations. The Middle Frasnian rocks studied here
are dated from the punctata to Early rhenana Zones (Bultynck et al.,
2000; Gouwy and Bultynck, 2000). Correlations between the studied
sections based on sedimentological evolution and magnetic suscept-
ibility are proposed in da Silva and Boulvain (2006).

Data come from the Villers, Tailfer, Barse, Aywaille and Colonster
sections (Fig. 1). The Villers section is the most distal outcrop and is
located in the Philippeville Anticlinorium. It belongs to the Philippe-
ville Formation; all other sections belong to the Lustin Formation. The
Tailfer and Barse sections are in the northern part of the Dinant
Synclinorium and the Aywaille section is in the eastern part of the
Dinant Synclinorium. The Colonster section is the most proximal one
and belongs to the Vesdre Synclinorium.
s-section through the Belgian Frasnian sedimentary basin, before Variscan deformation.
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In this paper, the Tailfer section is used as a reference to describe
the sedimentological and isotopic evolution. This section has been
chosen because it is the stratotype of the Lustin Formation (Boulvain
et al., 1999); it covers a large part of the Frasnian without significant
hiatus; it is not strongly affected by diagenesis; and it is exposed in an
outstanding quarry with sawn rock faces, which allows very detailed
observations. Concerning the other sections, two samples were
analysed for each sedimentological unit (see Section 4.2). In addition
to the sampling of carbonate mud, isotopic analyses were also
performed on some brachiopods from the Aywaille, Barse and
Colonster sections and on different cement generations (see Section
6.1) from the Tailfer, Barse and Villers sections.

3. Material and methods

3.1. Sedimentology

In the present study, the analysis of microfacies was based on the
detailed study of more than 1000 thin thin-sections from five outcrops
(Villers, Tailfer, Aywaille, Barse and Colonster). The maximum interval
between two samples was 1 m. Classification of stromatoporoid
morphology follows that proposed by Kershaw (1998). Facies and
microfacies were comparedwith classicmodels (Wilson,1975; Hardie,
1977; Flügel, 1982; James, 1983) and specifically with other Devonian
platforms (May, 1992; Machel and Hunter, 1994; Méndez-Bedia et al.,
1994; Pohler, 1998; Wood, 2000; Chen et al., 2001a; MacNeil and
Jones, 2006).

3.2. Isotopic data

More than 140 analyses were performed on carbonate mudstone,
including 130 analyses from the Tailfer section, five samples from the
Aywaille section, four from Colonster and four from Villers. Samples
consisted of the finest grained carbonate mudstone, without lumines-
cence, with a minimal quantity of skeletal grains, clays and sparite
from veins. In the shallow-water facies, brachiopods were almost
absent; however, one non-luminescent brachiopod was found in the
Colonster section, one in the Barse and another in the Aywaille
section. Furthermore, eight analyses were performed on cement
stages 2 and 4 (see Section 6.1 on the diagenetic history) in large
cavities from the Tailfer, Barse and Villers sections. All the data are
provided in Appendix A.

Samples were carefully extracted from polished slabs with a
millimetre-diameter dental-drill, under a binocular microscope. All
samples were investigated for evidence of diagenetic alteration under
a cold cathode luminescence microscope (Technosyn Cold Cathodo-
luminescence Model 8200 Mk3, operating at 15–20 kV and a vacuum
of 0.2 to 0.01 Torr). The isotopic analyses were performed at the
Institute of Geology and Mineralogy of the University of Erlangen,
Germany. The carbonate powders were reacted with 100% phosphoric
acid (density N1.9, Wachter and Hayes, 1985) at 75 °C in an online
carbonate preparation line (Carbo-Kiel — single sample acid bath)
connected to a Finnigan Mat 252 mass spectrometer. Results were
reported in ‰ relative to V-PDB by assigning a δ13C value of +1.95‰
and a δ18O value of −2.20‰ to the NBS19 standard. Reproducibility
was checked by replicate analysis of laboratory standards and was
found to be better than ±0.1‰.

4. Sedimentological analyses

A detailed description of the carbonate platform is not the purpose
of this paper; therefore, only a summary of the facies is provided. The
complete sedimentological description of this platform is given by da
Silva and Boulvain (2004). The facies are described from the more
distal to the more proximal. The simplified sedimentological model is
represented in Fig. 6D.
4.1. Facies, microfacies and paleoenvironments

4.1.1. External belt (microfacies 1–2)
This belt consists of decimetre-thick dark calcareous beds, with

some argillaceous intercalations. Two microfacies are described, (1)
wackestone rich in crinoids and sponge spicules (Plate IA) and (2)
packstone or wackestone with crinoids and ostracods (Plate IB). Both
microfacies are interpreted as being deposited below the fair-weather
wave base (FWWB) but within storm weather wave base (SWWB);
microfacies 2 is probably in a more proximal position.

4.1.2. Biostromal belt (microfacies 3–5):
The biostromes are mainly constructed by stromatoporoids with

differentmorphologies: (3) laminar stromatoporoid biostromes (Plate IC),
(4) rudstonewith high domical stromatoporoids and rugose and tabulate
corals (Plate ID) and (5) floatstone composed of dendroid stromatoporoid
biostromes (Plate IE). These microfacies correspond to a biostromal belt,
with low to strongwave energy, close to FWWBwhere the sediment was
episodically reworked by storms.

4.1.3. Internal belt (microfacies 6–12):
The subtidal facies (6–8) are characterized by (6) floatstone with

Amphipora, (7) packstone with paleosiphonocladales (Plate IF) and
(8) packstone with peloids.

The intertidal facies (9–11) consist of (9) wackestone or packstone
with Umbella (Plate IH), (10) carbonate mudstone with ostracods and
(11) laminated grainstone with peloids (Plate IG).

The supratidal zone (12) is characterized by strongly brecciated
decimetre- to metre-thick intervals (Plate II) cut by desiccation cracks.
The clasts (centimetre- to decimetre-size) are generally elongated in
the direction of stratification (Plate IIE); they are composed of the
microfacies from the internal belt and are surrounded by microspar
(Plate IIA to C). Circumgranular cracks (Plate IIA) are common and
granular cement is often present within the cavities and under the
clasts, forming brownish irregular pendants (Plate IIA and B).
According to Wright (1994), all these features are characteristic of
pedogenesis. Thus, this facies corresponds to the supratidal zone, with
well-developed paleosol horizons.

4.2. Sedimentological evolution

Field observations on the Tailfer section and the stacking pattern of
microfacies show that sediments are arranged into small, medium and
large-scale sequences. This kind of stacking pattern is very common in
Frasnian strata (McLean andMountjoy,1994; Brett and Baird,1996; Elrick,
1996; Garland et al., 1996; Whalen et al., 2000; Chen et al., 2001b).

4.2.1. Small-scale sequences
The small-scale sequences correspond to a few beds (one to five

beds, decimetre- to metre-thick) and show mainly a shallowing-
upward trend. In this study, because the sampling interval was
approximately 50 cm, the small-scale sequences were only identified
in the field and not on the microfacies curve. For this reason, only the
medium and large-scale sequences are considered in this paper.

4.2.2. Medium-scale sequences
The medium-scale sequences (see Tailfer section, Fig. 3b–c) are

identified by the stacking of small-scale sequences; they are metre-thick
and show both transgressive and regressive trends. They are mainly
asymmetric, with a regressive tendency being usually dominant. These
sequences are identified on the microfacies curve and in the field. These
sequences can be correlated across the entire Lustin and Philippeville
Formations, over a distance of more than 100 km.

During the approximately 0.4-My-long jamieae Zone (Kaufmann,
2006) two or threemedium-scale sequences are observed and during the
approximately 1.3-My-long hassi Zone (Kaufmann, 2006), four of these
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sequences are recorded. Using these data, the medium-scale sequences
have a calculateddurationof 135 to325ky,which corresponds to a fourth-
order sequence (Vail et al., 1977; Goldhammer et al., 1993).

This kind of fourth-order sequence is very common in carbonate
platforms and different mechanisms have been suggested for their
generation: (1) autocyclic tidal-flat progradation (Ginsburg, 1971; James,
1984); (2) episodic tectonic subsidence (Cloetingh,1988); and (3) eustatic
variations (Elrick and Read, 1991; Goldhammer et al., 1993). Eustatic
variations are probably the most likely mechanism for explaining the
generation of the sequences developed in the Frasnian carbonate platform
of Belgium. In fact, the presence of transgressive bases below subtidal
cycles in some sequences, the abundance of pedogenetic structures and
the correlation of the sequences over 100 km are good arguments for a
eustatic origin (Osleger, 1991; Elrick, 1995). Eustatic variations can be
produced by glacio-eustasy during icehouses times, but the Frasnian is
well known as a greenhouse period. In order to explain the development
of eustatic sequences during greenhouse periods, some authors have
proposed an influence of temperature changes and related ocean water
volume changes, of cyclic evaporation of isolated oceanic basins (Donovan
and Jones, 1979; Strasser, 1988) and of geoid deformation or variation in
oceanic circulation (Mörner, 1994).

4.2.3. Large-scale sequences
The large-scale sequences are several tens of metres thick and their

theoretical duration is greater than one million years, corresponding
to third-order cycles (Vail et al., 1977; Goldhammer et al., 1993). The
main sedimentological feature is an important facies shift from
dominantly biostromal to lagoonal facies (Fig. 3). The first unit (first
50 m of the Lustin Formation in Tailfer) consists of biostromal and
open-marine facies. This is called the “biostromal unit” and the
constituent fourth-order sequences start with biostromal or open-
marine deposits followed by lagoonal sediments (subtidal or inter-
tidal). The second unit (upper 50 m of the Lustin Formation, Tailfer
section) mainly consists of lagoonal deposits and is called the
“lagoonal unit”. The fourth-order sequences composing this lagoonal
unit begin with lagoonal subtidal deposits followed by intertidal or
supratidal sediments. The biostromal and lagoonal units are recog-
nized all over the sedimentary depositional area (from the southern
border of the Dinant Synclinorium to the northern border of the
Namur Synclinorium), over distances of more than 200 km, and are
probably related to sea-level variations.

Several charts of eustatic fluctuations during the Frasnian have been
published (Johnson et al., 1985; Day, 1996; Whalen and Day, 2005; Bábek
et al., 2007). Correlationwith sea-level variations fromanotherbasin could
makeagoodargument to support the ideaof a eustaticorigin for the third-
order sequences discussed here. In the carbonate platforms of Western
Alberta, Whalen and Day (2005) identified the position of an important
sea-level change between the transgressive–regressive cycles IIc and IId in
the hassi Zone. This transition could correspond to the boundary between
the biostromal and lagoonal units. It can also correspond to the lower
boundary of sequence #1 from MacNeil and Jones (2006). In Australia,
Playford (2002, in Fig. 2, p.765) identifieddifferent sequences and the limit
between his sequences 4 and 5 could also correspond to this boundary.
Correlation of Devonian eustatic events worldwide is difficult considering
that conodont zonal boundaries are not always verywell constrained (see
reviews in Sobstel et al., 2006; Zhuravlev et al., 2006). Thus, this
coincidence of sea-level events between Alberta, Australia and Belgium
could indicate a eustatic origin for the large-scale sequences recognized in
Plate I. Illustration of the microfacies from the Frasnian carbonate platform from Belgium. A
outcrop, thin-section from sample V47d, normal light, Philippeville Formation. B. Packstone
from sample V30, normal light, Philippeville Formation. C. Laminar stromatoporoid biostrom
Formation. Note that stratification is not horizontal and is indicated by S0. D. Biostromewith b
bed number 71, Lustin Formation. E. Dendroid stromatoporoids biostrome (microfacies 5), b
stromatoporoids (Stachyodes) and 2. Encrusting stromatoporoids. F. Packstone with paleosi
V123, normal light, Philippeville Formation. G. Laminated cryptalgal grainstone with peloids
light, Lustin Formation. H. Packstone with Umbella (microfacies 9), internal belt. Aywaille o
this case study. However, the uncertainties in age dating do not permit
unequivocal correlation or interpretation of a eustatic origin.

5. Diagenetic evolution

Diagenetic alteration of carbonates commonly obscures the primary
carbon and oxygen isotopic signal. In order to determine whether the
isotope signatures reflect the primary isotopic composition of seawater,
the possible effects of diagenesis have to be assessed. In the deeper part of
the external platform, in the southern border of the Dinant Synclinorium,
isotopic data are available and a model of the diagenetic history of the
Upper Frasnian carbonate mounds has been proposed (Boulvain et al.,
1992; Boulvain,1993, 2001). Thediagenetic sequencehas been found tobe
the following (see Boulvain, 2001, for a synthesis): (1) radiaxial calcite, (2)
automorphic non-luminescent calcite, followed by (3) a bright orange
luminescent fringe, (4) granular xenomorphic calcite with a dull orange
luminescence, (5) iron-bearing saddle dolomite and (6) silicification.

The radiaxial cement (stage 1) does not show the oxygen isotope
signature of marine Devonian cements but has the same signature as
stages 2and3 (δ18Obetween−7and−9‰,meanvalueof−7.7‰) (Fig.10).
The radiaxial cement has thus been interpreted as a former HMCmarine
cement,whichwas isotopicallyandchemically reset duringprecipitation
of the following stages (Boulvain, 2001). These stages (2 and 3) were
related to ameteoric origin, in relation to an important regression during
the Famennian (Boulvain, 2001). The last calcitic stage (stage 4) had
strong negative oxygen isotope values (δ18O between −9 and −12‰,
mean value of −10.9‰) and is probably related to burial.

In the Lustin and Philippeville Formations (intermediate and
shallower parts of the platform), the diagenetic record presents almost
the same cement succession (da Silva, 2004) but distribution of these
cements is different, mainly concerning the size of cavities. The Upper
Frasnian carbonatemounds are characterized by a huge number of large
cavities (more than 50 cm in length and that can affectmore than 50% of
the rock, Boulvain, 2001). On the other hand, in the Lustin Formation,
cavities are uncommon and very small (b1 mm in diameter).

Considering the burial of the Frasnian strata and average geother-
mal gradient in Belgium (Helsen, 1995), the illite crystallinity and
conodont colour alteration indices (Helsen, 1992; Fielitz and Mansy,
1999), the northern and southern part of the Dinant Synclinorium
reached the range of temperature between 120° and 245 °C. The same
succession of cements in the shallowest and in the deepest part of the
platform leads to the suggestion that the diagenetic history was
probably similar for the entire Frasnian platform.

6. Results

6.1. Carbon isotope data (δ13C)

The measurements on brachiopods furnished an average value of
2.2‰, with values of 2.8‰ from Aywaille, 2.0‰ from Barse and 1.9‰
from Colonster (see Appendix A).

The carbon isotope data obtained from the different cement stages
of the Lustin and Philippeville Formations (see diagenetic history,
Section 5) are consistent with brachiopod data. For stage 2
(automorphic non-luminescent calcite) the carbon isotope values
range between 1.5 and 3.8‰ (mean value of 2.8‰) and for stage 4
(granular xenomorphic calcite with a dull orange luminescence), they
are between 1.1 and 2.4‰ (mean value of 1.9‰).
. Microfacies rich in crinoids and sponge spicules (microfacies 1), external belt. Villers
or wackestone with crinoids (microfacies 2), external belt. Villers outcrop, thin-section
e (microfacies 3), biostromal belt. Tailfer outcrop, field picture, bed number 53, Lustin
ulbous stromatoporoids (microfacies 4), biostromal belt. Aywaille outcrop, field picture,
iostromal belt. Tailfer outcrop, scanned thin-section L13, Lustin Formation. 1. Dendroid
phonocladales (microfacies 7), internal belt. Villers outcrop, thin-section from sample
(microfacies 11), internal belt. Aywaille outcrop, thin-section from sample A153, normal
utcrop, thin-section from sample A107, normal light, Lustin Formation.
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Plate II. Illustration of different pedogenetic structures, brecciated limestone, paleosol (microfacies 12), internal belt. A. Clasts in a microsparitic cement. The upper clasts show
pendant cement and the smaller central clast is lined by circumgranular cracks. Tailfer outcrop, thin-section from sample L72c, normal light, Lustin Formation. B. Pendant cement
under a clast. Tailfer outcrop, thin-section from sample L72c, normal light, Lustin Formation. C. Globules and clasts in a microsparitic cement. Tailfer outcrop, thin-section from
sample L72, normal light, Lustin Formation. D. Brecciated limestone, Tailfer outcrop, field picture, bed number 72, Lustin Formation. E and D. Brecciated limestone, Tailfer outcrop,
scanned polished sample, bed number 72, Lustin Formation. Note that stratification is not horizontal and is indicated by S0.
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Fig. 2. Legend for lithological columns in Figs. 3 and 5.

Table 1
Carbon and oxygen isotopic mean, maximum and minimumvalues for the matrix of the
Tailfer section and Frasnian carbonate mean values from the literature

δ13C (% PDB) δ13O (% PDB)

Biostromal unit (analysis of micrite)
Mean values 3.0 −6.6
Minimum value 1.2 −5.0
Maximum value 4.8 −14.2

Lagoonal unit (analysis of micrite)
Mean values −1.2 −6.9
Minimum value −1.75 −5.0
Maximum value 2.2 −13.9

Published marine carbonate Frasnian values
Hurley and Lohmann (1989) Canning basin 1.5 to 2.5 −5.0 to −7.5
Viezer et al. (1986), Paleozoic brachiopods −1.0 to 2.0 −5.5 to −7.5
Viezer et al. (1999), Paleozoic mean values 0.0 to 2.0 −4.5 to −7.5
Chen et al. (2002), South China −6.0
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For the Tailfer section, the carbon isotope values of matrix micrites
are highly variable (mean values are given in Table 1). It is suggested
that these variations are controlled by several factors:

(1) Sedimentological units (Figs. 3 and 4): in the biostromal unit,mean
δ13C values are around3.0‰ and are relatively constant. In detail, in
the Tailfer section, the first part of the biostromal unit showsmore
positive values (4.0‰ δ13C) compared to the second part (2.7‰
δ13C). The lagoonal unit has amore highly variable signature.Mean
values are negative (−1.2‰ δ13C), with some values being strongly
negative (−7.5‰ δ13C). The strong difference between the two
sedimentological units is also evident in theAywaille andColonster
sections (more negative carbon isotope ratios for the lagoonal unit)
but this is not apparent in the Villers section, where δ13C data are
almost constant, around 2.4‰ (Fig. 4).

(2) Fourth-order sequences: when examined closely, the isotopic
ratios from the lagoonal unit of the Tailfer section seem to be
related to the fourth-order sequences (Fig. 3). For a majority of
the regressive trends, carbon isotope values become more
negative (from 0.0‰ δ13C during the transgressive phase to
−1.0 to −7.0‰ δ13C for the regressive phase). This trend related
to the fourth-order sequences is not obvious for the biostromal
unit but appears for the regressive sequences of the lagoonal
unit. In detail (Fig. 5), the tops of sequences 5 to 7 were subject
to strong pedogenesis and, for these sequences, carbon isotope
ratios reach highly negative values of −5.0 to −7.0‰. However,
the tops of sequences 8 to 10 consist of intertidal facies and
were not affected by pedogenesis; the isotope ratios remain
between −1.0 and −3.0‰.

(3) Microfacies: themeanδ13C values versusmicrofacies are shown for
the Tailfer section (Fig. 6B). There is a clear trend towards more
negative values of δ13C from the deepest to the shallowest
microfacies. For biostromal facies, ratios are from 3.0 to 1.6‰
δ13C. Subtidal microfacies (microfacies 6–8) have a mean value of
0.0‰ δ13C (0.6 to −1.1‰ δ13C); intertidal facies (microfacies 9–11)
have a mean value of −1.1‰ δ13C (−0.8 to −2.0‰ δ13C); and
supratidal facies (microfacies 12) showamean value of −5.1‰ δ13C
(with a most negative value of −7.5%). Fig. 6C shows the separated
carbon isotope data for the biostromal and lagoonal units. For the
biostromal unit, there is no clear relationship between facies and
carbon isotope data. However, values from the lagoonal unit show
an increasingly negative trend of carbon isotope ratio with facies
evolving from the external to the internal zone and, finally, to the
supratidal area.
(4) Subaerial exposure: the δ13C data of the lagoonal unit are
plotted versus the intensity of exposure (Fig. 7). In this paper,
the intensity of exposure is subdivided in the following way:
(1) Subtidal facies, not affected by pedogenesis; facies without

any trace of exposure.
(2) Intertidal facies, such as carbonate mudstone and laminar

carbonate. These facies are periodically exposed and are
characterized by stromatolites, pyrite, desiccation cracks
and some evidence of reworking.

(3) Supratidal facies with moderate pedogenesis, where the
original microfacies are still recognizable: subtidal to
intertidal facies, which were slightly transformed by
pedogenesis (thin pedogenic horizons, less than 10 cm
thick). The main observed features are the presence of
pyrite, local microsparitization, desiccation cracks and first
traces of brecciation.

(4) Supratidal facies with strong pedogenesis, where the
original microfacies is not always recognizable: subtidal
to intertidal facies, which were strongly transformed by
deeply penetrating pedogenesis (pedogenetic horizons one
to several decimetres thick). The main observed character-
istics are the presence of pyrite (and oxidized pyrite),
intense microsparitization, illuviation, desiccation cracks,
meniscus cements and intense brecciation (e.g. see Plate II).
Carbon isotope signature becomes more negative in
relation to increasing intensity of exposure (Fig. 7).
Unexposed subtidal facies (0) have values of −0.6‰;
intertidal facies (1), −1.1‰; supratidal facies with low
pedogenesis (2), −2.1‰ and supratidal facies with strong
pedogenesis (3) reach very negative isotopic values, such as
−4.1‰.

(5) Position of the different sections in the basin: in Fig. 8, themean
values of δ13C for each sedimentological unit are plotted for all
sections, arranged from the most distal (Villers) to the most
proximal (Colonster). Despite low sample density, the mean
carbon isotope values of the lagoonal unit suggest an increas-
ingly negative trend, from 2.0‰ in Villers to −4.4‰ in Colonster.
However, mean δ13C values of the biostromal units show a less
negative trend, from 2.8‰ in Villers to 1.8‰ in Colonster.

6.2. Oxygen isotope data (δ18O)

Themean δ18O values of brachiopods are similar, with brachiopods
from the Aywaille section having a mean of −6.4‰, from the Barse
section having amean of −4.5‰ and from the Colonster section having
a mean −7.1‰; their combined mean value is −6‰ (Appendix A).
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The oxygen isotope data obtained from the different cement stages of
the Lustin and Philippeville Formations (see diagenetic history, Section 5)
aremore variable. For stage 2 (automorphic non-luminescent calcite), the
oxygen isotope values range between −5.8 and −10.4‰ (mean value of
−7.5‰) and for cement 4 (granular xenomorphic calcitewith a dull orange
luminescence), they are between −3.9 and −7.2‰ (mean value of −7.4‰)
(Fig. 10).

For the Tailfer section, the oxygen isotope values of the matrix
micrites are almost constant, with amean δ18O value of −6.6‰ (Table 1).
There are no significant differences between the biostromal unit (−6.6‰
δ18O) and the lagoonal unit (−6.9‰ δ18O) (Table 1) or between the
studied sections (Fig. 8). When compared with the microfacies (Fig. 6)
and with the fourth-order sequences (Fig. 3), oxygen isotope values
appear very homogeneous. Oxygen isotope values do not seem to be
related to facies or to sedimentological units.

Considering the different carbonate materials analysed for the
Lustin and Philippeville Formations, matrix, brachiopod shells and
meteoric and burial cements show almost constant values, which fit
within the same range, mainly between −6 and −7‰.

6.3. Patterns in δ13C versus δ18O

Frasnianmatrixmicrites present a characteristic pattern,mainly based
on highly variable carbon isotope and homogeneous oxygen data (Fig. 9).
As noted, the main trends are constrained by the δ13C values (with δ18O
almost constant). The first group (Fig. 9, Circles 1a and 1b) corresponds to
the isotopic values of the biostromal unit showing the higher δ13C values
(3.0‰δ13C). It can be divided into twoparts,with the lower 30mshowing
meanδ13C values of around4.0‰ (Circle 1a) and the upper 20mof around
2.7‰ (Circle 1b). The second group (Circle 2, second trend) corresponds to
the δ13C values of the lagoonal unit and is largely negative, and the last
group (Circle 3, third trend) corresponds to paleosols and is strongly
negative.

7. Discussion and interpretation

In the light of the facies and diagenetic analyses, it is clear that
different factors have affected the isotopic evolution following deposi-
tion. These are (1) early meteoric diagenesis during short-time subaerial
exposure, corresponding to high-frequency, low-amplitude sea-level
oscillations that exposed the platform, (2) late meteoric diagenesis,
caused by a phreatic meteoric lens that invaded the Frasnian sediments
during a major Famennian regression (Boulvain, 2001) and, finally, (3)
burial diagenesis. Themaindiagenetic impact usuallyoccurs duringearly
diagenesis and generally leads to 18O and 13C depletion (Meyers and
Lohmann, 1985; Banner and Hanson, 1990). After Veizer et al. (1999),
once the rock is lithified, 18O depletion is less pronounced, except during
low-grade metamorphism.

7.1. Carbon isotope values (δ13C) and diagenetic alteration

Published carbon isotope values for Devonianmarine carbonate are
given in Table 1 (Veizer et al., 1986, 1999; Hurley and Lohmann, 1989;
Chen et al., 2002) and vary between 0‰ and 2.5‰. For the Late hassi
Zone to rhenana Zone interval studied here, Joachimski et al. (2002)
obtained values of 0 to 2‰ from the Devils Gate section, Nevada.

Mean δ13C values of the biostromal unit are around 3.0‰, which is
higher than published marine carbonate data. Considering that
diagenesis generally leads to isotope depletion, it seems that the
carbon isotope values from the biostromal unit have probably not
Fig. 3. The Tailfer section. a. Conodont zonation after Gouwy and Bultynck (2000)
(boundary ‘a’ between punctata and hassi Zones) and Bultynck et al. (2000) (boundary
‘b’ between punctata and hassi Zones). b. Lithological column (for legend, see Fig. 2); c.
Fourth-order sequences, light grey pointing-up triangles are transgressive phases and
dark grey pointing-down triangles are regressive phases; d. δ13C isotopic values; e. δ18O
isotopic values.



Fig. 4. Carbon and oxygen isotopic trends for the four studied sections [arranged from the most distal (Villers) to the most proximal (Colonster), see Fig. 1].
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been affected by diagenesis. Discussion of these values is given below.
By way of comparison, carbon isotope data from the lagoonal unit are
depleted with respect to Devonian marine carbonate. It is therefore
necessary to assess the influence of diagenesis for these facies.

7.1.1. Meteoric diagenesis
The carbon isotope data for the matrix micrites of the lagoonal unit

(Fig. 9, Circle 2) are mainly negative and low (−1.2‰). The evolution
towards more negative carbon isotopic values is observed to the top of
fourth-order regressive sequences (as in Algeo et al., 1992), in transects
from distal to proximal facies (as in recent sediments in Florida (Lloyd,
1964) and Barbados (Allan and Matthews, 1977, 1982) and in the
Cretaceous of the Jura Mountains (Joachimski, 1994)), for the paleosols
(Fig. 9, Circle 3, “third group” of values) and for themost proximal section
(Colonster) (Fig. 8).

In this case, early meteoric diagenesis, exposure rate and
pedogenesis are probably the most important processes affecting
the carbon isotope ratios. Different authors have noted the association
of exposure surface with pedogenesis and depleted 13C signal (Allan
and Matthews, 1977; Goldstein, 1991; Algeo et al., 1992; Joachimski,
1994; Algeo, 1996; Buonocunto et al., 2002, etc.). Furthermore, in the
Belgian Frasnian carbonate platform, the biostromal unit and Villers
section that are not affected by pedogenesis show normal marine
isotope values.

The influence of pedogenesis on the isotope ratios is probably
related to the pedogenesis rate and duration (Fig. 7). Joachimski
(1994) and Algeo (1996) showed that carbon isotope trends can be
correlated with increasing pedogenetic modifications in the
sequences. This increasing pedogenesis increases porosity and
permeability (desiccation cracks, roots, brecciation) and the water–
rock ratio, and also allows enhanced fluid percolation. These fluids are
charged in dissolved CO2 derived from the oxidation of continental
organic matter (Keith and Parker, 1965).

Thebiostromal and lagoonal unitswereboth affectedby latemeteoric
diagenesis (presence of meteoric cement in both units) but the
biostromal unit was not affected by early meteoric diagenesis (no traces
of subaerial exposure). The fact that isotopic data from the biostromal
unit are not depleted in carbon supports the argument that, in our case,
late meteoric diagenesis probably did not have a strong influence on the
carbon isotopes.

7.1.2. Burial diagenesis
Significant burial alteration of carbon isotope signals requires a

large water–rock ratio. However, in the Philippeville and Lustin
Formations, the micrite samples are frommassive carbonate rock, and
the porosity of these carbonates is very low, with a high micritic
content and a few small cavities. Furthermore, burial diagenetic
alteration commonly leads to a reduction of δ13C variations and
homogenization of carbon isotopes (see for example Algeo et al.,
1992). The carbon isotopes of matrix micrites from the Frasnian
certainly do not reflect homogenization and so are probably not
affected by burial.



Fig. 5. Examples of fourth-order sequences from the Tailfer section (these sequences are represented on the complete lithological column of the Tailfer section on Fig. 3c), with carbon
isotopic evolution. For legend, see Fig. 2.
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7.2. Oxygen isotope data (δ18O) and diagenetic alteration

It was noted above that the oxygen isotope values of the micritic
matrix and brachiopods are almost constant, around −7‰. In spite of
the large number of oxygen isotope analyses of Devonian marine
carbonate (Table 1) few studies have considered the middle part of the
Frasnian. Joachimski et al. (2004) presented oxygen isotope data from
biogenic calcite from different locations within the jamieae and rhe-
nana Zones, which range between −4.6‰ and −6.8‰. The oxygen
isotope data obtained from matrix micrites, brachiopods and cements
are very homogeneous and correspond to the most negative values
measured on some Devonian carbonates.

7.2.1. Meteoric diagenesis
The typical trend of an exposure surface is more negative δ13C

associated with more negative δ18O due to the addition of lighter
meteoric derived 16O (e.g., Tucker andWright,1990; Buonocunto et al.,
2002; Marquillas et al., 2007). But in this study, the oxygen isotope
values are homogeneous and micrite δ18O values of paleosols do not
show negative shifts. The relative homogeneity of δ18O and the high
variability of δ13C is a characteristic of a meteoric phreatic system
(“meteoric water line” from Lohman, 1988). Allan and Matthews
(1982) reported that homogeneous δ18O values and very variable δ13C
values are common in shallow-water carbonates.

Allan and Matthews (1982) suggested that δ18O tends to be
homogeneous because meteoric water is a ubiquitous source of
oxygen for the formation of new calcium carbonate during the process
of cementation, recrystallization and replacement. The number of
moles of oxygen derived from limestone compared to the number of
moles of oxygen derived from water presents a very low ratio in a
meteoric phreatic system. As a result of this, repeated dissolution–
reprecipitation reactions will not noticeably change this ratio of the
groundwater or of the diagenetically altered limestones and con-
comitantly precipitated cements. Therefore the δ18O of limestones
should remain relatively constant without important changes beneath
subaerial exposure. Thus, it seems that in this Devonian case, early
meteoric effects on oxygen isotopes were obliterated by resetting
during a late meteoric diagenetic event.

7.2.2. Burial diagenesis
During burial diagenesis, the isotopic composition of the diage-

netic phase is a function of the pore fluid and of the initial rock
composition, water/rock ratio and temperature at the time of fluid
rock equilibration. A high water/rock ratio (for example a rock with a
larger open volume) yields to a diagenetic phase closer in isotopic
composition to that of the pore fluid (greater 18O depletion).
Conversely, a low water/rock ratio yields to a diagenetic phase closer
in composition to that of the host rock. In the carbonate mounds, the
original porosity was very high, with many large cavities. This high
porosity was not completely filled after the meteoric stage, consider-
ing the important volume of cement stage 4. In the mud mounds, the
water/rock ratio was probably very high, resulting in a diagenetic
phase strongly depleted in 18O (δ18O ratio of between −9 and −12‰;
Fig. 10). This high water/rock ratio also led to recrystallization and
isotopic depletion of the matrix micrites.

In the shallowest part of the platform (Lustin and Philippeville
Formations), the majority of micrite samples are from massive
carbonate rocks, without important open or filled porosity. Further-
more, the fact that original δ13C values are retained argues for low
water/rock ratios during burial diagenesis (Algeo et al., 1992). Finally,
the fact that the oxygen isotope values are still homogeneous and not
strongly depleted is also an argument for a small influence of burial on
the isotopic composition, as opposed to the mud mounds, which
exhibit a broader range and more depleted δ18O values (Fig. 10).

7.3. Evolution of the carbon isotope composition of Frasnian seawater

The oxygen isotopes are completely homogenized by diagenesis
and this diagenetic overprint obscures the primary signal of Frasnian
seawater in our Belgian examples. The carbon isotope signatures were
less affected by diagenetic processes and could give some clues to the
primary seawater signal.



Fig. 6. Comparison of isotopic trends and environmental conditions. A. Mean oxygen isotopic values in the Tailfer section for each facies; B. Mean carbon isotopic values in the Tailfer
section for each facies; C. Mean carbon isotopic values for the biostromal and the lagoonal unit for each facies; D. Simplified sedimentological model for the Frasnian of Belgium (after
da Silva and Boulvain, 2004).
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Carbon isotope records from epeiric-sea carbonates have been
widely used as a proxy for secular changes in ocean chemistry.
However, numerous authors have mentioned the difficulty of using
carbon isotopes as a proxy for the global carbon cycle, noting the
impact of local-scale variations in the carbon cycle in shallow-water
seas. These can lead to lateral variations in carbon isotope values in
carbonates and these variations may be preserved as a vertical trend
(e.g., Holmden et al., 1998, 2006; Panchuk et al., 2005, 2006).

The signature of Frasnian seawater seems to have been different
during deposition of the biostromal unit, compared to the lagoonal unit.
Regarding the lagoonal unit, the low carbon isotope values could all be
related to early meteoric diagenesis, or it could be that regionally the
Frasnian seawater becamedepleted in 13C in some areas of the platform.
The second hypothesis seems more likely. The boundary between the
biostromal and lagoonal units represents an important regression. This
regressionprobably led to a restriction of the platform. This restriction is
marked, for example, by microfacies 9, which only appears within the
lagoonal unit. This facies is characterized by the abundance of the
charophyte algea Umbella which, according to Mamet (1970), was
significant in a littoral environment of extreme salinity.
In the case of modern semi-restricted marine environments, the
influence of the local carbon cycle on δ13C can be substantial.
Effectively, the shallow water of Florida Bay and the Bahama Platform
has a δ13C value of 4.0‰ lower than the open-ocean surface water
(Lloyd, 1964; Patterson andWalter, 1994). These low values have been
linked to the input of 12C from remineralized organic carbon during the
long residence time (“aging”) of the water on the platform (Patterson
andWalter,1994). This kind of lateral variation, with the lowest carbon
isotope values in the shallowest part of the platform, has also been
observed in Paleozoic sediments (see for exampleHolmdenet al.,1998;
Immenhauser et al., 2002). This was probably also the case during the
deposition of the lagoonal unit. All the trends obtained here
correspond to a proximal–distal gradient in δ13C values, with the
lowest values being in the shallowest zones (Figs. 5–8). Furthermore,
subtidal lagoonal facies unaffected by pedogenesis are also depleted in
13C (δ13C of between 1.0‰ and −1‰). Sequences 8 to 12 are free of any
traces of pedogenesis but are also depleted in 13C. As noted earlier, the
impact of late meteoric diagenesis on carbon isotope signatures was
probably low, so this depletion, without a direct link to subaerial
exposure, is probably related to original variations in seawater.



Fig. 9. Carbon and oxygen isotopic values for the Tailfer section, for the biostromal unit,
lagoonal unit and paleosols.

Fig. 7. Mean carbon and oxygen isotopic values for different degrees of pedogenesis for
the lagoonal unit samples (for explanation of pedogenetic rate, see Section 6.1).
n corresponds to the number of samples used to determine the average value.
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During the deposition of the biostromal unit, it seems there was little
lateral variation in the chemistry of Frasnian seawater. In fact, the values
for the biostromal unit are almost homogeneous (around 3.0‰). There are
no strong differences between the deepest facies and the lagoonal facies
(mainly subtidal facies), neither of which are depleted in 13C (Fig. 6C).
Furthermore, in the biostromal unit, the carbon isotope values are
abnormally positive, mainly for the lower part of this unit (Fig. 3, lower
30 m and Fig. 10, Circle 1a; mean values of around 4.0‰with the highest
value being 4.9‰). These values are higher than the carbon isotope values
for Devonian marine carbonates (between 0 and 2.5‰); however, these
high positive values are consistent with other measurements from the
punctata Zone. Brachiopod carbon isotope data from the Arche Member
in the southern Belgium (lateral time equivalent to the Tailfer section)
rangebetween4and5‰ (Yanset al., 2007). Thesepositivevalueshavealso
been observed in Moravia (Hladikova et al., 1997; Gerls and Hladil, 2004)
and in Poland (Racki et al., 2004; Pisarzowska et al., 2006). This
convergence of data confirms the reliability of the measurements and
theglobal natureof thesehighvalues. This is also anargument that, during
this period, the sea was not restricted as it was during deposition of the
Fig. 8.Mean carbon and oxygen isotopic values for the sedimentological unit and for the
studied sections arranged from themost distal to themost proximal localities (see Fig.1).
n corresponds to the number of samples used to determine the average value.
lagoonal unit, so that its open-marine nature reduced or removed the
lateral variability of the seawater carbon isotopic signature.

Other processes also affect the carbon isotopic ratio of seawater,
such as oxidation of organic detritus in the water column, on the sea
floor and in the sediment, weathering of carbonate and silicate rocks
on land and changes in primary productivity and/or burial. According
to Panchuk et al. (2006), the relative contribution of these processes to
the δ13C signal depends in part on water depth and structure and on
Fig. 10. Carbon and oxygen isotopic values for the different cement generations and for
the matrix, from the carbonate mound Petit Mont Member, in the deeper part of the
basin along the southern border of the Dinant Synclinorium (data from Boulvain, 2001),
and from the Philippeville and the Lustin Formations (matrix values are from the
biostromal unit).
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rates and patterns of seawater circulation across the epeiric seas and
between the epeiric seas and ocean.

In this Devonian case, sea level, water depth and structure and
seawater circulation appear to have strongly influenced the carbon
isotopic ratio of the Frasnian sea. In fact, during the deposition of the
biostromal unit, sea level was relatively high and the Frasnian sea
relatively open. An important regression at the beginning of the
lagoonal unit probably changed the configuration of the Belgian
Frasnian sea leading to restriction in the area of deposition of the
Lustin Formation (this was probably not the case for the Philippeville
Formation, which corresponds to another area where carbon
isotopes were not depleted). This restriction is marked by new
biotas such as Umbella and by more negative carbon isotopes
through the long residence time (“aging”) of platform-top shallow
water (Patterson and Walter, 1994). The last few metres of the Lustin
Formation, before the shaly biostromes of the Aisemont Formation,
are characterized by a transgression, with the reappearance of open
faunas such as crinoids and brachiopods. The carbon isotopes
signatures increased with the transgression and, at the top of the
Lustin Formation (Fig. 3), carbon isotope values are around zero,
which corresponds probably to a reopening of the Belgian Frasnian
sea and increasing water circulation. Actually, Immenhauser et al.
(2003) proposed that, in epeiric seas, local effects are the rule, rather
than the exception (see also discussion in Patterson and Walter,
1994; Holmden et al., 1998). These local effects will lead to low values
for platform-top carbonates (as in our example), due to 13C depleted
soil effects and to “seawater aging”. A rapid deepening will enhance
water circulation and aged platform water will be mixed with open-
marine water masses, leading to a positive trend (Immenhauser et
al., 2003).

In the Tailfer section, the boundary between the punctata and hassi
Zones is still subject to debate. Bultynck et al. (2000) positioned the
boundary almost 45 m above the base of the Lustin Formation and
Gouwy and Bultynck (2000) at 15 m above (Fig. 3, boundaries a and b
between punctata and hassi Zones). In the first case (boundary a), the
positive excursion is not restricted to the punctata Zone, but also
extends into the Early hassi Zone, and in the second case, the positive
excursion is restricted within the punctata Zone, to its upper
boundary. This positive anomaly is recognized to be restricted within
the punctata Zone (Pisarzowska et al., 2006; Yans et al., 2007), so the
punctata–hassi zonal boundary is probably close to that proposed by
Bultynck et al. (2000), around 30 m above the base of the Tailfer
section (stratotype of the Lustin Formation).

The Frasnian of Belgium shows that vertical variations of carbon
isotopes are mainly related to local structure of the basin and
seawater circulation. This implies difficulties in correlating carbon
isotopes excursions on a global scale. Vertical carbon isotope
variations can be only related to lateral variations at the basinal
scale. As showed by Panchuk et al. (2005, 2006), the presence of
similar-looking carbon isotope excursions in shallow-water sea
sediments might have been generated by regional sea-level
variations.

8. Conclusions

This paper combines isotopic data from brachiopods, cements
and matrix micrites with sedimentological and diagenetic analyses
for Middle Frasnian biostromal to lagoonal shallow-water carbonates
from Belgium. The succession consists of fourth-order regressive
sequences (some capped by subaerial exposure), with a major
regressive surface separating the Frasnian sections into a lower
biostromal unit and an upper lagoonal unit. The diagenetic history
consists of three main events. The first is early meteoric, which
corresponds to the development of short-term periods of subaerial
exposure with paleosols. The second stage is late meteoric, which is
related to a major regressive surface formed during the Famennian.
The late stage is burial diagenesis and corresponds to temperatures
between 100 and 245 °C.

The carbon isotope values showamore negative trendwith respect
to fourth- and third-order sea-level changes, with the lowest values
being after the main regression, at the top of fourth-order shallowing-
upward sequences and within the shallowest-water microfacies and
paleosols. These trends are interpreted as reflecting two main
influences. The first one probably corresponds to a primary signal,
with a lateral variation of the carbon isotopes in the Frasnian seawater
relating to the restriction of the platform (“aging” of the platform
water, Patterson and Walter, 1994). The second influence corresponds
largely to early meteoric diagenesis (pedogenesis).

These data reflect the influence of sea-level and water circulation
on carbon isotopes for shallow-water deposits and this influence
implies that shallow-water carbonates are not necessarily good
material for assessing the primary carbon isotopic values of the
ocean because of the influence of long residence time (“aging”) of the
platform-top water and because of related lateral variations of carbon
isotope signals.
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Appendix A. Oxygen and carbon isotopic data and stratigraphic
position (in metres) from the different sections
Sample number
 Strat. pos.
 δ13C
 δ18O
Tailfer section

L11b
 6
 3.80
 −7.68

L12
 6.85
 3.75
 −8.08

L12b
 8.15
 3.16
 −8.16

L13
 23.7
 2.95
 −6.99

L28c
 26.1
 4.83
 −6.60

L30
 26.25
 4.62
 −6.32

L30b
 26.5
 4.22
 −6.38

L31b
 27.6
 4.13
 −6.17

L34
 27.75
 4.18
 −6.00

L35
 28
 4.21
 −6.23

L42
 33.25
 3.52
 −6.00

L42c
 34.8
 3.23
 −5.74

L42d
 35.2
 3.30
 −5.88

L42f
 36.25
 3.14
 −6.01

L42h
 37.75
 2.60
 −5.73

L42i
 38.25
 3.19
 −5.86

L43
 38.6
 3.18
 −5.91

L43b
 39
 3.12
 −5.7

L43c
 39.4
 2.91
 −5.92

L43e
 40.3
 2.91
 −5.92

L44
 40.75
 3.10
 −5.92

L44c
 41.5
 2.85
 −5.67

L44d
 41.75
 3.14
 −5.39

L44e
 42.25
 2.77
 −5.55

L44f
 42.9
 3.03
 −5.95

L44h
 43.6
 2.44
 −5.48

L47
 46
 2.34
 −6.56

L47c
 47.1
 2.39
 −6.7
(continued on next page)(continued on next page)
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(continued)Appendix A (continued)
Sample number
 Strat. pos.
 δ13C
 δ18O
Tailfer section

L47d
 48
 1.52
 −6.57

L51
 51
 2.19
 −5.81

L51b
 51.7
 2.53
 −5.96

L51c
 51.8
 3.28
 −5.00

L53
 53.6
 1.40
 −6.41

L53b
 54
 1.71
 −6.39

L56b
 56.6
 0.34
 −6.41

L57
 56.9
 0.11
 −6.62

L57b
 57.4
 0.80
 −6.49

L58
 58.3
 −0.62
 −6.50

L59b
 59.2
 −0.45
 −6.61

L60b
 60.1
 −2.58
 −6.94

L61
 60.2
 −2.78
 −7.02

L61c
 61
 −1.94
 −7.10

L62
 61.1
 −2.28
 −7.10

L62c
 62.1
 −1.39
 −7.29

L63b
 63
 −2.75
 −7.08

L63c
 63.5
 −0.96
 −7.17

L64
 64.1
 −1.52
 −7.22

L65
 64.2
 −0.91
 −7.06

L66b
 64.9
 −1.12
 −7.28

L67
 65.5
 −1.79
 −7.25

L67b
 66
 −0.90
 −7.46

L68
 66.1
 −1.24
 −7.43

L70
 67.1
 −2.14
 −7.41

L70b
 67.5
 −0.72
 −7.42

L70c
 67.75
 −0.15
 −7.36

L70c(2)
 67.75
 −1.95
 −7.26

L71
 68.1
 −2.25
 −7.38

L72a
 69
 −7.45
 −7.11

L72b
 69
 −1.73
 −7.35

L72B
 69.2
 −3.21
 −7.34

L73
 69.6
 −2.70
 −7.50

L73b
 69.9
 −3.20
 −7.38

L73c
 70.1
 −4.36
 −7.30

L74
 70.9
 −2.73
 −7.51

L74b
 71.3
 −3.08
 −7.21

L76
 72.5
 −3.29
 −7.19

L77
 72.9
 −6.54
 −7.28

L77b
 73.6
 −5.07
 −7.19

L78c
 74.1
 −0.03
 −7.10

L79b
 74.3
 0.34
 −6.93

L80b
 74.4
 −0.77
 −6.68

L81
 74.7
 −2.26
 −7.00

L81b
 75
 −1.33
 −6.63

L82
 75.2
 −0.95
 −6.72

L85a
 76.4
 −2.12
 −6.11

L87b
 77.5
 −1.43
 −6.54

L87c
 77.7
 −1.65
 −6.79

L89a
 78.2
 −4.85
 −6.62

L92
 79.6
 −4.35
 −6.79

L93
 79.7
 −2.69
 −6.76

L97
 81.7
 −0.40
 −6.61

L98
 81.9
 −0.65
 −6.79

L98b
 82.2
 −0.39
 −6.59

L99b
 82.7
 −0.71
 −6.81

L101
 83.4
 −0.14
 −6.79

L102
 83.6
 −0.36
 −5.54

L102b
 84
 −0.41
 −5.31

L103b
 85
 −0.85
 −6.63

L103c
 85.2
 −1.03
 −5.63

L104b
 85.6
 −1.19
 −6.60

L104c
 85.7
 −1.04
 −6.40

L106
 86.05
 −1.32
 −6.67

L106b
 86.05
 −1.00
 −6.60

L107
 86.6
 −0.85
 −6.56

L107b
 86.95
 −0.72
 −6.58

L108
 87
 −0.47
 −6.61

L108b
 87.1
 −1.07
 −6.44

L109
 87.55
 −1.69
 −6.55

L109b
 87.7
 −1.81
 −6.58

L110
 87.8
 −1.51
 −6.50

L114b
 88.9
 0.57
 −6.55

L114d
 89.2
 0.71
 −6.66

L115b
 89.7
 0.51
 −6.93
(continued)Appendix A (continued)
Sample number
 Strat. pos.
 δ13C
 δ18O
Tailfer section

L116
 89.9
 0.73
 −6.74

L117
 90.3
 0.71
 −6.54

L117b
 90.4
 1.35
 −6.62

L118
 90.8
 0.46
 −6.45

L118b
 91.1
 0.39
 −6.59

L118c
 91.35
 −0.24
 −6.6

L119b
 92
 −0.59
 −6.78

L119c
 92.5
 −1.03
 −6.71

L120
 92.55
 −0.37
 −6.73

L123
 93.5
 0.05
 −6.7

L123c
 93.8
 −0.10
 −6.63

L124
 93.9
 −0.49
 −6.65

L130
 96.7
 −1.76
 −6.48

L134b
 97.8
 0.08
 −7.12

L137b
 98.75
 −0.01
 −7.52

L138
 98.9
 −0.76
 −7.51

L138c
 99.7
 −0.05
 −7.89

L139
 99.8
 0.07
 −8.14

L140b
 100.5
 0.22
 −8.54

L142
 101
 −0.34
 −8.77

L142b
 101.5
 0.36
 −8.41
Colonster section

C9a
 5.5
 1.23
 −7.64

C11
 8.7
 2.42
 −7.20

C16E
 16.6
 1.94
 −7.10

C24M
 28.7
 −2.92
 −7.87

C25
 30.7
 −5.86
 −7.91
Aywaille section

AW39
 13.6
 1.25
 −8.50

A79
 57.6
 2.36
 −8.22

A124
 84
 −2.10
 −7.82

A129
 87
 −4.94
 −7.48

A167C
 111.1
 0.03
 −7.57
Villers section

V10
 6.9
 2.99
 −8.31

V47C
 22.8
 2.66
 −7.42

V74
 59.6
 1.71
 −8.84

V86
 75
 2.21
 −7.19
Sample number
 Section
 δ13C
 δ18O
Brachiopods

C16 BR
 Colonster
 1.94
 −7.10

A49 BR
 Aywaille
 2.78
 −6.40

B13 BR
 Barse
 1.95
 −4.50

Mean values
 2.22
 −6.00
Cement (2) non-luminescent calcite

LIIB1
 Tailfer
 3.83
 −5.82

LIIB2
 Tailfer
 3.49
 −6.37

V91
 Villers
 1.52
 −10.44

V78
 Villers
 2.52
 −7.44

Mean values
 2.76
 −7.52
Cement (4) dull calcite

V91 C4
 Villers
 2.42
 −7.22

B13 C4
 Barse
 2.33
 −3.92

B1C C4
 Barse
 1.09
 −6.35

Mean values
 1.95
 −5.83
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