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ABSTRACT

This study undertakes a multi-disciplinary approach (sedimentology, carbon isotopes, magnetic
susceptibility and thickness distribution) to improve understanding of a major Palaeozoic carbonate
platform, the Frasnian platform of Belgium. These combined techniques are used to reconstruct the
platform history, which evolved in two main steps. During the first phase, the basin was strongly
influenced by faulting, producing notable thickness and facies variations, with open ocean condi-
tions, with good water circulation and no/or limited barrier reef. The second phase of platform
development was less influenced by differential subsidence, as indicated by homogeneous facies
distribution. However, this platform developed under restricted waters, with low circulation which

is likely related to the development of a barrier reef.

INTRODUCTION

Ancient carbonate platforms are sometimes difficult to
understand because the platforms are often incomplete
(due to tectonic deformation and diagenesis) and as the
environmental conditions and the faunas were different,
actualism is not always the appropriate answer. The
Belgian Frasnian platform was affected by the Variscan
Orogeny, leading to the formation of a fold and thrust belt
and to the loss of the major part of the platform. For
example, debates remain about the existence of a barrier
reef system in Belgium during the Frasnian. Tsien (1984)
interpreted the Merlemont dolomite outcrop in the
Philippeville Anticlinorium as a barrier reef but Boulvain
et al. (1994) interpreted it as a restricted lagoonal deposit
formed in the centre of an atoll.

This study undertakes a multi-faceted approach to
provide a comprehensive interpretation of the Belgian
Frasnian platform. It brings together many data sets and
applies several analytical techniques, to stratigraphic
sections from a variety of platforms. Detailed sedimento-
logical analysis investigates the depositional palaeo-
environments and their evolution through time and space.
Magnetic susceptibility (MS) aids identification of
sea-level changes, stratigraphic correlations and high-
lights the influence of detrital input (Da Silva & Boulvain,
2006). Carbon isotope geochemistry provides insight into
complex interactions between production of organic
matter and water circulation on a platform (Da Silva &
Boulvain, 2008). Furthermore, this article uses variations
in sediment thickness to reconstruct platform geometry
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and interpret differential subsidence. This integrated
approach is used to better constrain the timing and rela-
tionships between sea-level changes, water circulation,
sediment supply and platform geometry.

GEOLOGICAL SETTING

Southern Belgium has well exposed Palaeozoic limestones
that are historical stratotypes for several stages of the
Devonian (d’Omalius d’Halloy, 1862). This setting pro-
vides a good opportunity to apply various techniques
across carbonate depositional environments within a well
developed palaeontological and stratigraphic framework.
During the Frasnian, southern Belgium (relicts of Devo-
nian basins contained in the Variscan allochton) was
located between the Southern Tropic and the palacoequa-
tor. The main landmasses (and detrital sources) were
located to the north (Brabant Massif) and depositional
environments generally deepen towards the south east.
During the Devonian, southern Belgium was located on
the southern border of Laurussia, the so-called ‘Old Red
Continent’; which was a passive extensional margin
affected by syn-sedimentary faults (Floyd, 1982; Von
Winterfeld, 1994; Adams & Vandenberghe, 1999; Oncken
et al., 1999; Franke, 2000; Lacquement & Meilliez, 2006;
Salamon & Konigshof, 2010). Syn-sedimentary NE- and
WNW-striking faults subdivided the Rhenohercynian
passive margin (platforms and their slopes) during the
Early Devonian to Mississippian (e.g. Meilliez & Mansy,
1990; Fielitz, 1992, 1997). These syn-sedimentary faults
are commonly identified through marked lateral thickness
and facies variations. The location of these synsedimentary
extensional faulting was proposed for the Givetian
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(Kasimi & Preat, 1996) and for the Famennian (Paproth
et al., 1986) Belgian platforms, but was still missing for
the Frasnian platform. These structures had a major
influence on the subsequent formation of the Rheno-
hercynian fold and thrust belt as they delimitated domains
of different rheology and competence which were charac-
terized by different internal deformation. During the
Variscan Orogeny, basin closure (Franke, 2000) led to the
inversion of main synsedimentary faults (Fielitz, 1992,
Vanbrabant ez al., 2002).

This study concerns mainly the Frasnian, from puncta-
ta to the lower part of Lower rhenana conodont zones
(Gouwy & Bultynck, 2000) and during this time, different
formations, corresponding to major palacoenvironments

are observed, from the south to the north (Figs 1 and 2;
Boulvain ez al., 1999):

*  Southern Area (SA) — southern border of the Dinant
Synclinorium: most distal part of the platform; this
area presents a succession of three carbonate mounds
separated by argillaceous intervals (Arche and LLa Bov-
erie mounds in the Moulin Liénaux Formation and
Lion mound in the Grands Breux Formation).

* (Central Philippeville Area (CPh) — Philippeville Anti-
clinorium: argillaceous and nodular crinoidal marls
and lenses of stromatoporoid-coral coverstones during
the Pont de la Folle Formation and dark crinoidal
argillaceous carbonates overlain by biostromal and
shallow-water facies of the Philippeville Formation.
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Fig. 1. Geological setting of the Frasnian in

Belgium. (a) Geological map of southern Belgium, with location of studied sections,

numbers are explained on (c); (b) north—south cross-section through the Belgian Frasnian sedimentary basin, before Variscan
deformation and corresponding areas. Section numbers are explained on (c) and letters X and Y correspond to the cross-section line
X-Y on (a); (c) table with numbers of the sections and corresponding section names, corresponding formation names, locations
(EDS-NDS-SDS, East-North-South Dinant Synclinorium; NNS, North Namur Synclinorium; PA, Philippeville Anticlinorium),

Thick., thickness; Sples, number of samples.
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Fig. 2. Correlations from the different areas developed during the Frasnian Belgian platform, with facies evolution. Conodont
zonations are from Gouwy & Bultynck (2000). Sea-level changes are from Da Silva ez a/. (2010). Pont-de-la-Folle Formation is in dot-
ted line as most of the data are from literature (no continuous outcrops). Legend is on Fig. 3d.

* Central Lustin Area (CL) — northern and eastern bor-
ders of the Dinant Synclinorium, southern border of
the Namur Synclinorium and Vesdres Synclinorium:
the Lustin Formation is dominated by stromatoporoid
biostromes and shallow-water facies.

e Northern Area (NA) — north eastern border of the Na-
mur Synclinorium: this area is characterized by rare
outcrops and there is no continuous Frasnian section.
The Bovesse Formation corresponds to an alternation
of dolomite with tabulate corals, shales, marls and dark
limestones. The Huccorgne Formation is composed of
dark thinly bedded limestones overlain by shallow-
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water facies. The contact between the two formations
is a gap in the outcrop.

TECHNIQUES

In this study, microfacies analysis was undertaken on
more than 1600 thin sections from nine outcrops (LLa Bov-
erie and Nord quarries (Moulin Liénaux and Grands
Breux Formations), Villers, Neuville (Philippeville
Formation), Tailfer, Aywaille, Tilff and Barse (Lustin
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Formation) and Huccorgne (Bovesse and Huccorgne for-
mations). The interval between two samples is typically
50 cm, except in Nord quarry (I m). Facies and micro-
facies were compared with classical models (Hardie, 1977,
Fliigel, 2004) and specifically with other Devonian plat-
forms (Méndez-Bedia et al., 1994; George et al., 1997,
2009; Pohler, 1998; Whalen et al., 2000; Chen ef al.,
2001; Macneil & Jones, 2006).

Magnetic susceptibility is a measure of the response of
a sample to an applied magnetic field. MS of a rock
depends on its mineralogical composition, mineral grain
size, shape of the mineral and orientation of the mineral
grains (detailed method in Da Silva & Boulvain, 2006).

Carbon isotopic analyses were performed on carbonate
matrix and the whole data set corresponds to 187
measurements, including 130 analyses from the Tailfer
section (previously published in Da Silva & Boulvain,
2008), and the other data are provided for comparisons
and insight into lateral variability in carbon isotopes from
Huccorgne (9), Villers (11), Neuville (11) and La Boverie
(26). Samples consisted of the finest grained carbonate
mudstone, without luminescence, with a minimal quan-
tity of skeletal grains, clays and calcite veins. The isotopic
analyses were performed at the Institute of Geology and
Mineralogy of the University of Erlangen (Germany) (see
detailed method in Da Silva & Boulvain, 2008).

SEDIMENTOLOGY, FACIES AND
CYCLICITY

As presented in the Geological setting, the Frasnian in
Belgium is laterally and vertically subdivided in different
formations, interpreted as recording different palaeoenvi-

ronmental settings (Figs 1 and 2). The SA (carbonate
mounds) sedimentological model was described in Boul-
vain (2001, 2007) and Da Silva & Boulvain (2004). Facies
in the CPh and CL are similar and therefore described by
one model (Da Silva & Boulvain, 2004). The NA repre-
sents a third model not presented before. A synthesis of
facies is presented in Table 1.

Depositional model for the Southern Area (SA)

The coding scheme used herein for designating the mud
mound facies follows Boulvain (2007), in that identical
facies are given identical facies numbers, even when they
are present in mounds at different stratigraphic levels.
Off mound facies (S0-0b) are composed of argillaceous
sediment (S0) and argillaceous crinoidal packstone (SOb).
Both microfacies are interpreted as being deposited below
the fair weather wave base (FWWB) but above storm
wave zone (SWZ). Deep mound facies (S2—S5) corre-
spond to muddy and peloidal facies with abundant
stromatactis, crinoids and corals (S2) or stromatoporoids
(S3), udoteacean algae and branching stromatoporoid
floatstone (S4) and microbial facies (stromatolithes, trom-
bolithes, clotted matrix) (S5). S3 developed close to the
storm wave base in a subphotic environment, S4 is char-
acterized by the occurrence of green algae and developed
close to the fair weather wave base in a photic environ-
ment and S5 is observed as lenses in S3 or S4. Shallow
mound inner facies (S6-S8) corresponds to branching
and bulbous stromatoporoid rudstone (S6), peloidal lami-
nated limestone (and/or loferites) (S7) and bioturbated
mudstone (S8) and are all observed in the centre of the
mounds and are interpreted as very shallow water.

Table 1. Microfacies from Southern, Central and Northern Areas with the main characteristics for each area underlined

Southern Area

Central Area

Northern Area

S0: shales
SOb: argillaceous crinoidal
packstone

Deep facies

Buildup facies  S2: mud, peloids with

stromatactis, crinoids, corals

S3: mud with stromatoporoids
S4: udoteacean algae and branching

stromatoporoids floatstone

S5: microbial facies
Shallow facies  S6: Amphipora and high

domical stromatoporoid

S7: laminated peloidal grainstone

S8: bioturbated mudstone

C1: shales with carbonated
intercalations
C2: crinoidal micropackstone

N1: laminated or bioturbated shales
N2: mudstone to packstone with
gastropods and crinoids

to wackestone with ostracods
and sponge spicules

C3: laminar stromatoporoids
with high mud content

C4: high domical stromatoporoid
rudstone

C5: branching stromatoporoid
floatstone

C6: Amphipora floatstone,
peloids and algae

C7: mudstone to wackestone
with Umbella and ostracods

C8: laminated peloidal grainstone

C9: paleosols

N3: dolomitized biostrome with
branching and massive stromatoporoid and
branching tabulate corals.

N4: Amphipora floatstone, peloids
and algae

N5: algal packstone to boundstone,
oncoids

N6: mudstone to wackestone with
Umbella and ostracods

N7: laminar grainstone with peloids
and clasts

Facies S1 was observed in the Upper Frasnian mounds but not in these outcrops, so facies S1 is not described herein (for description, refer to Boulvain,

2001).
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Facies succession (Fig. 2) was described in detail in
Boulvain (2007) and is based on the subdivision of all
buildups in two main parts: a lower part dominated by
deeper facies (S1-S5) and a second part dominated by
shallower facies (S6—S8). The bases of the Lion and Arche
mounds (Fig. 2) are characterized by off mound facies
(S0), overlain by the deepest mound facies (S3—S5). After
about 30-80 m of stacking of this facies forming the bulk
of the mounds, reworking facies developed on the flank of
the mound and restricted shallow-water facies developed
in the central part of the buildups (S6-S8) (around 75 m
of shallow-water facies). This geometry suggests the
development of an area of restricted sedimentation, i.e. an
inner shallow lagoon, sheltered by the bindstone or float-
stone facies (S4) of the mound margin. The same geome-
try is observed in the Arche and Lion buildups (Fig. 1)
and the name ‘atoll-like mound’ was suggested for these
members (Boulvain ez al., 2004). The intermediate La
Boverie mound is thinner than the two other mounds
(Arche and Lion mounds are more than 100 m thick, La
Boverie mound is around 50 m thick) and until now, no
data are available on its geometry, but the evolution from
deep to shallow facies is similar to what is observed in the
other mounds. Development of the mounds is interpreted
as closely related to sea-level changes (Boulvain, 2007):
reef initiation occurred during transgression with devel-
opment of the deepest facies and off mound deposits
(S0-S5). Subsequent sea-level drop restricted reef growth
to downslope locations and this is associated with emergence
and synsedimentary lithification (Sandberg er al., 1992),
local development of pendant cement, karstic features
(pictures in Da Silva er al., 2010 in Fig. 5) and/or very
sharp facies change (commonly S2 or S3 to S6 or S7). The
following transgressive stage (S5—S6), led to the develop-
ment of a circular reef margin (atoll ‘corona’). Therefore,
the occurrence of restricted shallow-water inner facies (S6
—S8) inside this corona is possibly the result of a balance
between sea-level rise and reef growth. As a result,
sequence stratigraphic development is probably similar
for the three mound levels (Fig. 2; Boulvain, 2007; Da
Silva et al., 2010). Sequence 0 is not complete (upper part
of a transgressive system track (T'ST) and a high stand
system track (HST)) and corresponds to the base of the
Arche mound (deep facies), and is capped by the first
sequence boundary (SBI1), overlained by Sequence 1
(TST and HST), composed of the upper part of Arche
mound (shallow facies), and lower part of the L.a Boverie
mound (deep facies). The shallow part of the I.a Boverie
mound and the lower deep part of the L.ion mound corre-
spond to Sequence 2, capped by SB3. Base of Sequence 3
corresponds to the upper part of the Lion mound
(shallow-water facies) (Fig. 2).

Depositional model for the Central Area (CA)

The deep facies belt (C1-C2) consists of shales with some
carbonate intercalations (Cl similar to SO to SOb) and
decimetre bedded crinoidal wackestone with possible
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sponge spicules and ostracods (C2), within a micropack-
stone matrix. Both microfacies are interpreted as being
deposited below the FWWB but within the distal SWZ.
These facies are mostly observed in the CPh, with only a
minor distribution in the CL. The biostromal belt (C3—
C5) is composed of biostromes mainly constructed by
stromatoporoids with different morphologies: laminar
stromatoporoid biostromes (C3), rudstone with high
domical stromatoporoids and rugose and tabulate corals
(C4) and floatstone composed of dendroid stromatopor-
oids (C5). These microfacies correspond to biostromes
developed within variable wave energy, close to or within
the FWWB. The shallow platform (C6—C9) presents a
subtidal to supratidal succession. Subtidal facies (C6) are
characterized by Amphipora floatstone, peloidal and palae-
osiphonocladales packstone. Intertidal facies consist of
Umbella (calcified part of charophytes) and ostracods
wackestone or packstone (C7) and laminated grainstone
with peloids (C8). The supratidal zone (C9) is character-
ized by brecciated decimetre- to metre-thick intervals
with desiccation and circum-granular cracks and pendant
cement corresponding to well develop paleosols.

In the CA, the sections are divided in two main units
(Fig. 2), a lower unit characterized by deep and biostro-
mal facies assemblages and an upper unit composed of
shallow facies. The boundary between the two units is
interpreted as a sequence boundary (Boulvain & Coen-
Aubert, 1997; Da Silva et al., 2009a) and is characterized
by various features such as scalloped sharp surface with
centimetre-scale relief, local red staining and centimetre-
thick argillite unit. After Strasser & Hillgirtner (1998), in
shallow water to supratidal environments, argillaceous
levels could be related to sequence boundary (when asso-
ciated to charophytes as observed here); through increas-
ing erosion or through low-energy conditions and settling
out of the clay).

Depositional model for the Northern Area (NA)

The deep belt (N1-N2) is composed of laminated or
bioturbated shales with local concentration of pyrite and
dolomite (N1 similar to SO and C1), interpreted as depos-
ited under the FWWB. Facies N2 is a crinoidal mudstone
to packstone (Table 1), with gastropods. Locally, some
bioclastic accumulations are observed with the same domi-
nant organisms, and a few brachiopods, ostracods, bryozo-
ans, trilobites and clasts, with some strongly altered
paleosiphonocladales and Umbella. 1.ocal bioturbations are
also observed. Facies are dominated by mudstones with os-
tracods and crinoids and with local coarser levels with fos-
sils of mostly open origin, without algae (the few algae are
strongly altered) indicating deposition in a quiet setting
(below the FWWB), probably below the photic zone but
sporadically affected by storms. In the biostromal belt
(N3), biostromes are observed, with solitary rugose corals,
branching stromatoporoids and tabulate corals but these
biostromes are strongly dolomitized. The shallow belt
(N4-N7) is made of subtidal to intertidal facies. Subtidal
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facies are paleosiphonocladales packstones (facies N4
similar to C6, from CA) and microbial-algal packstone to
boundstone with cyanophytes, porostromates, oncoids,
Sphaerocodium and Umbella, with few ostracods, broken
stromatoporoids and Amphipora (which can be the centre
of oncoids) (facies N5). The intertidal zone presents
wackestone or packstone with Umbella and mudstone
with ostracods (N6, similar to C7) and laminar grainstone
with peloids and clasts (N7, close to C8 but with coarser
grains).

The Bovesse Formation has not been observed in con-
tinuous sections and is characterized by a lower acyclic
part with shales (N1), mudstones with crinoids or gastro-
pods (N2) and dolomitized biostromes (N3). The lower
40 m of the Huccorgne Formation corresponds to gastro-
pods and crinoids mudstone to packstone (N2). Between
40 and 50 m there is a gap in the section and the upper
part of the Huccorgne Formation is characterized by
inner shallowing upward cycles (N4-N6). Two main
units can be recognized, a lower biostromal unit, corre-
sponding to the Bovesse Formation and the lower part of
the Huccorgne Formation, and an upper lagoonal unit
corresponding to the upper part of the Huccorgne Forma-
tion. These units are similar to the biostromal and lagoo-
nal unit described in the CA. Although in this NA, a
potential sequence boundary between the two units is not
recognized because of the gap in the outcrop in the middle
part of the Huccorgne Formation.

Interpretation of depositional model and
facies evolution

All facies models (synthesis in Table 1) are characterized
by strong facies similarity with minor differences between
the different areas:

o Deep facies: shaley crinoidal material (S0, C1-C2 and
N1-N2) or poorly diversified mud-rich mound facies
(S2-S3). However, these facies are characterized by
stromatactis and high mud content in the mounds
from SA, micropackstones in the CA and gastropods
and mud in the NA.

e ‘Buildups’ facies (S4-S5, C3—C5 and N3) dominated
by reef-building organisms or boundstone with micro-
bial structures. The dominant reef-builders are
branching and bulbous stromatoporoids and microbes
in the mounds from the SA; laminar, bulbous and
branching stromatoporoids in the CA and tabulate
corals and bulbous stromatoporoids in the NA (dolom-
itized biostromes).

* Shallow facies (S6—S8, C6—C9 and N4—N7) dominated
by algae and peloids. These facies are similar in all the
Areas; the main difference is the local occurrence of
Umbella in the Central Lustin and NA and of oncoids
in the NA.

In the mud mound succession (SA), each mud mound
level is characterized by a lower phase with deep outer
facies corresponding to transgressive and high stand
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conditions. After an important sequence boundary occur-
ring in the middle of the mound, the upper mound is
characterized by shallow mound inner facies in transgres-
sive condition (Boulvain, 2007). The three mounds are
divided by a sequence boundary. In the CA and NA, only
one major sequence boundary was identified, dividing the
sections, in a lower biostromal unit and an upper lagoonal
unit (Fig. 2; Da Silva et al., 2009a).

MAGNETIC SUSCEPTIBILITY

Ellwood et al. (2000) suggested that MS trends in
sedimentary rocks depends on the lithogenic fraction (ter-
rigenous contributions, para- and ferromagnetic contribu-
tions), which is related mainly to eustatism, or climatic
changes. During sea-level lowstands, larger surface areas
are subject to weathering and the detrital influxes to the
world’s oceans are higher (Davies ez al., 1977). Thus,
theoretically, the highest MS magnitudes represent maxi-
mum sea-level lowstands and MS signal increases during
a sea-level fall (Crick ez al., 1997). Lowest MS magnitude
represent maximum sea-level highstands and decreasing
MS occurs during rising sea level. MS has therefore been
used as a proxy for sea-level variations (Devleeschouwer,
1999; Racki et al., 2002; Hladil ez al., 2003; Da Silva &
Boulvain, 2006). Atmospheric dust and eolian supplies
were also identified as important mineral carriers (Hladil,
2002; Hladil et al., 2006, 2010). During glaciations or
increasing rainfalls; MS also increases.

Magnetic susceptibility in the SA

Magnetic susceptibility data are incomplete in the SA
with some results presented on the Lla Boverie mound
(Boulvain & Coen-Aubert, 2006). MS application
allowed good correlations to be made between this
mound from the Nord quarry and the surrounding
mounds (distant of several tens of kilometres, Fig. 3a,
b). In mound examples, MS is lower for the shallowest
facies and decreases in regressive trends and is higher
for the deepest facies and increases in transgressive
trends (Fig. 3b). As described before, a sharp shallowing
event is observed in all mound levels corresponding to
the transition from deep mound to shallow mound
(Boulvain, 2007). MS measurements have been made on
this transition in the La Boverie mound (L.a Boverie
quarry and Nord quarry, Fig. 3a, b) as well as in the
Lion mound (Lompret section, see Da Silva et al.,
2009b) and in all these successions, shallowing is charac-
terized by a sharp decrease of MS values.

Magnetic susceptibility in the CA

Complete MS curves are available on Neuville, Villers,
Aywaille, Tailfer, Barse and Tillf sections (Fig. 5). If we
consider the Tailfer section as a reference section, differ-
ent trends (Fig. 4) are observed (complete description in
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Fig. 3. Magnetic susceptibility evolution in the Southern Area.
(a) Lithological column and magnetic susceptibility curve for La
Boverie section after Boulvain ez al. (2005); (b) formations,
magnetic susceptibility, microfacies evolution from cores Frl
and Fr2 in the Nord quarry (Boulvain & Coen-Aubert 2006);

(c) mean magnetic susceptibility evolution from the Nord quarry
cores with microfacies, after Da Silva ez al. (2010); (d) legend
for Figs 2,4, 5and 7.

Da Silva & Boulvain, 2006): (1) subdivision of the curve
in two distinct parts which corresponds to the biostromal
unit (low MS values around 2 x 107% m? kg™") and
lagoonal unit (high mean values around 6.62 x 10°%
m® kg ') (Fig. 4a); (2) Correlation of the cycles identified
on the MS curve and the fourth-order sequences, each
regressive trend corresponding to a MS peak on the MS
evolution curve (Fig. 4b); (3) Strong relationship between
MS and microfacies, with increasing mean MS related to
proximality (Fig. 4c); (4) a comparison of the mean MS
values of the biostromal unit of the different sections
(Fig. 4d) shows that mean values are the highest in Tilff
and Huccorgne (from NA) which are closest sections from
the source and decrease with distance from source. The
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Fig. 4. Magnetic susceptibility evolution in the Central Area
(a—c) and general trend on the whole platform (d). (a) Lithologi-
cal column, microfacies evolution curve and magnetic suscepti-
bility from Thailfer section (after Da Silva & Boulvain, 2002); (b)
enlargement of Sequences 3 and 5 (after Da Silva & Boulvain,
2006) showing the strong link between magnetic susceptibility
and microfacies; (c) evolution of mean magnetic susceptibility
with microfacies (after Da Silva & Boulvain, 2006); (d) evolution
of mean magnetic susceptibility for biostromal unit from the dif-
ferent studied sections. Legend is on Fig. 3d.

first trend (1) corresponding to the separation in a
biostromal and lagoonal unit is clearly observed in all
sections (Fig. 5). The cyclic (2) pattern is obvious in Vil-
lers, Aywaille and Barse but less clear in Neuville and Til-
ff. The similar pattern observed in most of the sections
has been used to propose a correlation chart based on MS
peaks (Fig. 5).

Magnetic susceptibility in the NA

The Huccorgne section is strongly fragmented and so
fourth-order cyclicity is difficult to identify. However, as

© 2011 The Authors
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A.-C. Da Silva and F. Boulvain

observed in the CA, the biostromal unit has mean lower
MS values (3.4 x 10 m* kg™ ") than the lagoonal unit
(8.9 x 107 m3 kg ™).

Interpretation of MS results

In the Central and Northern models, MS follows a classi-
cal proximal-distal trend related to the strong link
between MS and lithogenic inputs (e.g. Ellwood et al.,
2000; Hladil, 2002; Da Silva et al., 2009a) and offers good
correlations between the sections. In the mound system
(SA), good correlations in the same mound and between
the mounds are observed (Boulvain & Coen-Aubert,
2006). However, there is an opposite correlation between
MS and microfacies which could be explained by a stron-
ger water agitation during deposition of the atoll crown
and a protected environment inside the atoll crown.

Furthermore, the occurrence of condensed levels and low
carbonate productivity during lower mud mound deposi-
tion (facies S1-S3) could explain the higher MS values in
the lower mound level (for complete explanation, see Da
Silva et al., 2009b). It is interesting to note that M'S mea-
surements from Quaternary mound systems (Porcupine
mounds) have showed that these mud mounds are rela-
tively independent systems, and that the susceptibility
pattern from the mound itself cannot be recognized in the
surrounding sediments (Foubert & Henriet, 2009).

CARBON ISOTOPES
Carbon isotopes in the SA

A carbon isotopic curve from the SA is proposed on
micritic matrix from the upper part of the La Boverie
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Fig. 6. Comparison of carbon isotopes trends for the different areas (data from Tailfer section were published in Da Silva & Boulvain,
2008). Sequences 1-2 present high values in all the sections. During Sequence 3, extremely low values are observed in the Central
Lustin Area, low to intermediate values in the central Philippeville and Northern Areas and values close to the mean isotopic values
for Frasnian marine carbonates in the Southern Area. Legend is on Fig. 2.
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section (La Boverie, Bieumont and Lion members,
Fig. 6). The argillaceous carbonates (S1) between the
Arche and La Boverie mounds and deep mound (S2—
S5) from the base of L.a Boverie mound have very high
values, around 4.0%,. Then, the Bieumont Member
(argillaceous carbonates, S1) presents low to high values
(1.14-3.19,,) and the Lion Member shows values
between 2.79,, and 3.29, for the deep mound facies
(lower part of the mound) and 1.4-2.59, for the lagoo-
nal facies (upper part of the mound). These results are
in agreement with the results published by Yans ez al.
(2007).

Carbon isotopes in the CL

A complete carbon isotopic curve for the Tailfer section is
presented in Fig. 7 (Da Silva & Boulvain, 2008). Carbon
isotope values of micritic matrix are highly variable
(Figs 6 and 7) but the trend is clearly related to proximity
with decreasing carbon isotope values with shallowing
trends. Detailed results are presented in Da Silva & Boul-
vain (2008) and are synthesized herein: (1) the biostromal
unit (Sequences 0-2) has mean 8"C values constant
around 3.09,, and the lagoonal unit (Sequence 3) has a
lower highly variable signature [mean values are negative
(—1.2%, 313C), with some values being strongly negative
(—7.5%, 8"C) and the values are slightly increasing to the
top of the lagoonal unit (09,,)]; (2) the isotopic ratios from
the lagoonal unit of the Tailfer section seem to be related
to the fourth-order sequences (Fig. 7a, b); (3) mean 3¢
values vs. microfacies shows more negative values of 8'°C
from the deepest to the shallowest microfacies, with
extreme negative values for the paleosols (Fig. 7¢); (4)
3"3C data of the lagoonal unit are plotted against the
intensity of exposure and carbon isotope signature
becomes more negative with increasing intensity of sub-
aerial exposure (Fig. 7d).

Carbonisotopes in the CPh

Further analyses are presented for the Neuville and
Villers sections (Fig. 6). In Villers, the biostromal unit is
characterized by values between 2%, and 39, and the
lagoonal unit, by values between 0.69,, and 2.29,,, with a
mean value of 1.629,. The Neuville section, cutting only
the lagoonal unit, presents values between —(0.23%, and
1.759%,, with a mean value of 0.89,,.

Carbonisotopes inthe NA

The data obtained for the Huccorgne section are clearly
in agreement with those observed for the Tailfer
section, with high values (2.139, and 3.59,,) for the
biostromal unit (Sequences (0-2) and negative or low
values (0.45%, and —0.8%,) for the lagoonal unit
(Sequence 3). However, the low values, even for weakly
pedogenetic facies, do not reach the negative values
observed in Tailfer.

© 2011 The Authors

Interpretation of carbon isotopic trends

Detailed interpretations of the results from CA are
published in Da Silva & Boulvain (2008). These inter-
pretations are synthesized herein and compared with the
new results to propose a model for the whole Belgian
platform.

The signature of Frasnian seawater in Belgium is very
different during deposition of Sequences 0—2, compared
to Sequence 3. During deposition of Sequences 0-2 (bio-
stromal unit), the carbon isotope values were constant and
high (around 3.09/,; Fig. 7f) across the whole platform,
indicating a homogeneous seawater composition (Fig. 7f),
with only a negative peak above the Arche Member (Yans
et al., 2007). These positive values (and the negative
peak) have also been observed in Moravia (Gersl & Hladil,
2004; Hladil ez al., 2009), China (Ma et al., 2008), Cana-
dian Rockies (Sliwinski ez al., 2010), Poland (Racki ez al.,
2004; Pisarzowska et al., 2006) and Nevada (Morrow
et al., 2009). This convergence of data confirms the reli-
ability of the measurements and global oceanic connection
between these high values.

The carbon mean isotopic data for the micritic matrix
of Sequence 3 (lagoonal unit) are positive in La Boverie,
Villers and Neuville, to negative in Tailfer and Huccor-
gne has an intermediate close to zero mean values.
Furthermore, for the CL., C-isotopic values decrease for
paleosols and to the top of fourth-order sequences (obser-
vation on Taifler section, the only section with detailed
sampling). The evolution towards more negative carbon
isotopic values has also been observed in literature, for the
decreasing trend to the top of fourth-order regressive
sequences (as in Algeo er al., 1992; Joachimski, 1994;
Hladil ez al., 2004, 2009) and transects from distal to
proximal facies (Lloyd, 1964; Allan & Matthews, 1982).
These low carbon isotope values could eventually be
related to early meteoric diagenesis, or it could be that
regionally Frasnian seawater became depleted in *C in
some areas of the platform. The second hypothesis seems
more likely, as a clear distal-proximal decreasing trend
is observed (Fig. 7c—f). In the case of modern semi-
restricted marine environments, the influence of the local
carbon cycle on 8"*C can be substantial. Effectively, the
shallow-water of Florida Bay and the Bahama Platform
has a 8"*C value of 4.0%, lower than the open ocean sur-
face water (Lloyd, 1964; Patterson & Walter, 1994).
These low values have been linked to the input of *C
from remineralized organic carbon during the long
residence time ‘ageing’ of the water on the platform (Patt-
erson & Walter, 1994). This kind of lateral variation, with
the lowest carbon isotope values in the shallowest part of
the platform, has also been observed in Palaeozoic sedi-
ments (see e.g. Holmden ez al., 1998; Immenhauser et al.,
2002), and could explain the carbon isotopic values
observed. All the trends obtained here correspond to a
proximal-distal gradient in 813C values, with the lowest
values being in the shallowest zones (Figs 6 and 7) and
this was confirmed by the new data, from La Boverie,

Basin Research © 2011 Blackwell Publishing I.td, European Association of Geoscientists & Engineers and International Association of Sedimentologists 347
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NA = Northern Area
CL = Central Lustin Area

CP = Central Philippeville Area
SA = Southern Area
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Fig. 8. Thickness distribution of Frasnian successions in
Belgium. The graphs were overturned, so the less thick succes-
sions are corresponding to the ‘shallowest’ areas and the thickest
successions to the ‘deeper’ areas. For definition of Sequences
0-3, see text chapter sedimentology and cyclicity of Southern
Area and Fig. 2.

Villers, Huccorgne and Neuville. I.a Boverie having val-
ues close to published carbon isotope values for Devonian
marine carbonate (e.g. Hurley & ILohmann, 1989;
between 1.59%, and 2.59,). The uppermost few metres of
the Lustin Formation (CA), are characterized by a trans-
gression, with the reappearance of an open marine fauna
including crinoids and brachiopods. The carbon isotope
signatures increased with the transgression and, at the top
of the Lustin Formation (Fig. 7), carbon isotope values
are around zero, which corresponds probably to a reopen-
ing of the Belgian Frasnian sea and increasing water circu-
lation [a rapid deepening will enhance water circulation
and aged platform water will be mixed with open marine
water masses, leading to a carbon isotope positive trend

(Immenhauser ez al., 2002)].

CORRELATIONS AND THICKNESS
DISTRIBUTION

A correlations chart (Fig. 2) has been constructed from
two main sources: (1) MS results (Fig. 5) and (2) graphic
correlations published by Gouwy & Bultynck (2000) and
based on the presence of conodonts, brachiopods, corals,
stromatoporoids and bentonite layers. The most
important result of these correlations is that strata of the

© 2011 The Authors
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punctata conodont zone shows strong lateral variations in
thickness from NA to SA. The punctata conodont Zone is
about 110 m in the SA; around 60 m in the CPh, only
15 min the CL and 50 m in the NA (Gouwy & Bultynck,
2000). So in the CL, punctata conodont Zone is very thin
compared to the other Areas. In the ‘Sedimentology,
facies and cyclicity’ section, the sedimentological evolu-
tion of the mounds was described, and the successive
mound levels are all characterized by a sequence boundary
dividing the three mounds in a lower deeper part and an
upper shallower part. The two lowest mounds levels
(Arche and La Boverie, Sequences 0—1), corresponding
mostly to the punctata conodont Zone are very difficult to
precisely correlate with the central model considering the
thickness reduction in this area. However, the sequence
boundary in the Lion mound (SA, sequence boundary 3
on Fig. 2) can be correlated with the sequence boundary
in the CA and NA corresponding to the transition from
the lower biostromal unit and upper lagoonal unit (see
Figs 2 and 5; Boulvain e al., 1994; Da Silva et al.,
2009b) and located in the middle of the /Aassi conodont
Zone.

To provide thickness distribution graphs to improve
understanding the geometry of the platform, thicknesses
of stratigraphic intervals from different locations were
collected in the field or from literature (a complete table
of thickness and related references in Da Silva, 2004).
Each outcrop was located on a grid (coordinates) and was
associated with its thickness. A 3D graphic of thickness
distribution was made using the programme Surfer® and
the graphic obtained were overturned to represent the
lowest thickness areas in relief and the higher thickness as
deeper zones. T'wo 3D plots of thickness distribution are
presented (Fig. 8), one corresponding to the Sequences
0-2, punctata to the middle part of hassi (Fig. 2) and the
second corresponding to Sequence 3, /assi to base of
Lower rhenana (Fig. 2). The SB3 boundary was chosen
for two main reasons: (1) SB3 is the only boundary that
can be traced through the SA,; CA and NA; (2) SB3 corre-
sponds to major changes of facies, MS and carbon
isotopes and (3) SB3 corresponds to the boundary
between the biostromal unit and the lagoonal unit and was
recognized for a long time in the literature and lots of data
are available on the thickness distribution of these two
units.

Following these premises, sequences, correlations and
thickness distribution are as follows:

o Sequences 0—1: Arche and lower part of the L.a Bov-
eric Membre in the SA; corresponding to the major
part of the Pont de la Folle Formation in the CPh; to
very limited deposition in the CL and to most part
of the Bovesse Formation in the NA (Fig. 2). Until
now, we are not able to provide the lateral variations
and location of SBI considering the lack of continu-
ous outcrop of the Pont de la Folle and Bovesse
formations and the reduced thickness of this interval
in the CL.
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o Sequence 2: upper La Boverie, Bieumont and lower
part of the Lion members (Fig. 2) in the SA,
corresponds to the lower part of the Philippeville
Formation (biostromal unit) and most of the biostro-
mal unit of the Lustin Formation in the CA and to the
biostromal unit of the Huccorgne Formation in the
NA. For the same reason as mentioned below for SB1,
we could not provide the lateral variations of SB2.

Thickness distribution of Sequences 0-2 presents
strong relief, with a very shallow zone corresponding to
the CL (lowest thickness in the northern part of the CA,
corresponding to the southern border of the Namur Sync-
linorium). On both sides of this low subsidence zone,
deeper zones (higher subsidence) are observed, corre-
sponding to the SA, CPh and NA (Fig. 8). This differ-
ence of sediment thickness distribution between the
different areas was probably even stronger considering
differential compaction; facies from SA, CPh and NA
(mostly deep outer deposits and shales) being more sensi-
tive to compaction than the facies observed in the CL
(pure limestones).

o Sequence 3: upper Lion Member in the SA, corre-
sponding to the lagoonal unit of the Philippeville,
Lustin (CA) and Huccorgne (NA) formations. Thick-
ness distribution presents a ‘classical’ morphology,
without strong evidence of synsedimentary block
faulting (Fig. 8).

It is also interesting to note that Sequences () and 1
were deposited during a relatively short time (about (.5
my for the two sequences), when Sequences 2 and 3 were
deposited during a larger time (at least 0.7 Myr for
Sequence 2 and at least 1 Myr for Sequence 3) (Gouwy &
Bultynck, 2000; Kaufman, 2006). This difference in the
duration of sequences also supports the scheme of a
platform strongly affected by block faulting and syn-
sedimentary tectonic control.

DISCUSSION - PLATFORM STRUCTURE
AND SEA WATER CIRCULATION
THROUGH TIME

The Frasnian is globally transgressive (Johnson et al.,
1985; Sandberg et al., 2002) with superimposed regres-
sive events. A synthesis of these main sea-level changes
for Belgium is based on the mound succession and previ-
ously published results (Fig. 2; Boulvain, 2007; Da Silva
et al., 2010). A platform model and its evolution through
time is presented on Fig. 9 and all the characteristics from
the different Areas are summarized on Table 2.

During deposition of Sequences (0 and 1 (Figs 2 and
9¢, most part of the punctata conodont Zone, only the
upper part is missing), differences between the four
paleogeographic Areas are maximal, with high subsi-
dence in the SA and development of two mounds levels
(at least 150 m thick) in an outer deep platform setting

and lowest subsidence in the CL (about 10-15 m thick).
The graph of thickness variation also shows that the CL
corresponds to an east-west shallow-water ridge charac-
terized by very low physical accommodation. The fault
at the boundary between the SA and CPh has been
described by Dumoulin ez al. (1998) and Boulvain
(2001) and is confirmed here. In the Lower Frasnian
platform of the Canning Basin in Australia, the platform
evolution is also strongly affected by syn-sedimentary
faulting (George ez al., 2009). George et al. (2009) high-
lighted some important features related to the block
faulting which are also observed in our case such as: (1)
generation of differential subsidence which controlled
major lateral and vertical facies distribution; (2) genera-
tion of topography filled with siliciclastic facies (in our
case, the Pont de la Folle Formation and Ermitage
Member); (3) promoting subaerial exposure of footwall
high possibly in conjunction with sea-level falls (in our
case, this is mostly during deposition of Sequence 3;
and (4) control on major flooding and associated back-
stepping (e.g. a major backstepping event is observed
between the Givetian and the Frasnian; Boulvain ez al.,
2009).

During deposition of Sequences 0 and 1, in the SA,
development of the Arche mound began under transgres-
sive conditions, with deep mound facies. Then a marked
sea-level drop (SB1, Fig. 2) led to local emersion of the
mound (Sandberg et al., 1992) and strong reworking and
is followed by the next transgressive stage, with atoll
and lagoonal deposits. Continued transgressive conditions
and inability for carbonate production to keep up is indi-
cated by the Arche mound being drowned and overlain by
shales. FFollowing this, the I.a Boverie mounds start grow-
ing within deep environments and just as for the Arche
mound, a sea-level drop led to local emersion of the
mound and reworking (SB2, Fig. 2) and is followed by
the next transgressive stage, with lagoonal deposits
(beginning of Sequence 2). The SB1 and SB2 were not
observed in the CA and NA. This could be related to a
thin stratigraphic development; and Sequence 0 and 1
and the SB were not recorded in relation with the active
syn-sedimentary tectonic and to the shallow sea level at
this time. Another reason to explain the nonobservation
of SB1 and SB2 could be the poor outcrop quality (shaley
and dolomitized, not continuous outcrops) and even if the
SB were deposited, they are not well exposed on the field.

During deposition of Sequence 2 (Figs 2 and 9c,
Lower hassi conodont Zone), observed sedimentological,
faunal, geochemical and thickness features are similar
than during deposition of Sequence 1. The platform
structure did not change and they are still strong differ-
ences between the NA; CA and SA. In the SA, the lower
Lion mound, developed in deepwater facies. In the CPh,
deep outer crinoidal micropackstones (from the lower part
of the Philippeville Formation) are deposited and the CL.
is dominated by biostromes. The NA also presents deep
outer platform deposits but dominated by gastropods

© 2011 The Authors
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(a) Sections location (b) Legend « Qutcrops
===== Deep carbonated facies
==-= BShales

—====== Nodular limestones and argillaceous

=i limestone

In blue, deep mound z’a

In pink, shallow lagoonal mound.
Biostromes lE
A Aywaille Ta: Tailfer|| —1—1 Shallow limestones

B: Barse Ti: Tilff
N: Nord V: Villers ;rii Local exposures (cracks
He: Huccorgne and paleosols)

LBv : La Boverie
Nv: Neuville | 77/Channel

Huccorgne Formation

Shallow facies {stromatoporoids,
Reefal structure Umbella, algae, oncoids)

" Lustin Formation

hallow facies (stromatoporoids
Umbella, algae, paleocsols)

Shallow facies (stromatoporoids

) Grand Breux Formation

La Boverie mound level  Top of the Lion mounds (shallow mound)
Arche mound level

Sequence 2

Bovesse Formation
Deep (gastropods) facies

Lustin Formation
Biostromes alternating with shallow
facies and few deep (crinoids) facies

Philippeville Formation
Deep (crinoids) facies

Grand Breux Formation
Base of the Lion mound  ~~——0n.

(deep mound) La Boverie mound level
Arche mound level

Sequences 0 to 1 Bovesse Formation
Deep facies (gastropods)

and few biostromes

Lustin Formation (very thin)
mostly hiatuses

~"Pont de la Folle Formation
Deep (crinoids) and shaly facies

“"Moulin Liénaux Formation
Arche mound

Fig. 9. Reconstruction of the Frasnian Belgian platform. (a) Model with blocks separated by syn-sedimentary faults with areas and
location of the sections; (b) legend; (c) Frasnian platform in Belgium during Sequences 0-3 (see text chapter sedimentology and
cyclicity of Southern Area and Fig. 2 for definition of Sequences).
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wackestone (high mud content), alternating with a few
biostromes.

During the lower three sequences, carbon isotope val-
ues are high and similar not only in all Areas but also in
other oceans. This close relationship between our values
and worldwide trends is explained by open ocean condi-
tions with good circulation. Furthermore, MS values are
similar in all the Areas (Table 2; Fig. 5), corresponding
to a good and homogeneous distribution of these inputs
into the whole basin, also indicating good circulation.
Lagoonal zones are not widely developed and biostromes
are characterized by strong reworking (facies C4 float-
stone with high domical stromatoporoids). These charac-
teristics (good oceanic circulation, wide distribution of
detritic inputs, limited development of lagoonal facies and
marked reworking of biostromes) tend to point to an open
ocean during the development of Sequences 0, 1 and 2. It
is noteworthy that despite the existence of syn-sedimen-
tary relief commonly associated with linear barrier reef
complexes (Bosence, 2005) such structures seemed to be
poorly developed or absent. This could probably be
explained by the fact that the platform is still in an early
stage, just developing on top of shales (Nismes and
Presles formations).

Sequence boundary SB3 (Fig. 2) corresponds to a
major event, associated with major paleogeographic
changes (platform geometry and water circulation). After
this event, the lagoonal palacoenvironments developed
everywhere on the CA and NA. Furthermore, thickness
distribution presents a much more regular model with the
disappearance of the east—west shallow-water ridge and
the development of a platform with a more gentle slope.
The CL and NA seem to be isolated from open sea as
shown by the occurrence of new biotas such Umbella
which are well known to develop in abnormal salinity
zones (Mamet, 1970) and by the strongly negative carbon
isotopic values (related to ‘ageing’, corresponding to the
long residence time of the shallow water in this restricted
ocean, Patterson & Walter, 1994). Furthermore, MS
values show strong variations (Fig. 5), consistent with
changes in local circulation and platform structure. In the
NA, facies are similar than the CA (shallow subtidal to
supratidal), but no paleosols are observed and isotopes are
close to what is observed in CPh. So, the NA was likely
deeper than the CL, indicating that block faulting is still
slightly active.

So the Sequences 0, 1 and 2 were deposited in a faulted
terrain (blocks) with open communication with the ocean
and a poorly developed barrier reef; whereas Sequence 3
corresponds to a strongly restricted CA and NA (general-
ized lagoonal facies, Umbella and low 8'*C) which point
to a better developed reefal structure probably at the
southern boundary of the CAs (Fig. 9¢). In the SA (and
in the south of the barrier reef), mud mounds still devel-
oped in a deep setting basin (Boussu-en-Fagne shale
Member) and their growth, with development of
sequence boundary 3 lead to the development of an atoll
crown with shallow-water deposits.

© 2011 The Authors

CONCLUSIONS

It is difficult to reconstruct the Belgian Frasnian platform
because of the overprinting by diagenesis and tectonic
deformation. In this article, we have used a combination
of techniques (facies, magnetic susceptibility (MS), stable
isotopic variations and thickness distribution) to propose
an integrated model (sea-level changes, water circulation,
geometry, tectonics, detritic inputs, etc.) of the Belgian
Frasnian platform.

Paleogeographic evolution of the platform involved two
main phases separated by a major sequence boundary
(karstic features, pendant cement, red staining, pedogene-
sis, clays):

o Sequences 0-2 — punctata to Loower hassi: the basin is
strongly influenced by tectonics (block faulting), with
a shallow-water ridge in the centre surrounded by
deep outer platform deposits. The deepest zone devel-
oped in the south of the basin (SA), showing a succes-
sion of mud mound levels (two complete mounds and
the base of a third one reaching about 200 m thick in
total). During this interval, carbon isotopes and MS
show little variation and are indicative of an open
ocean and good water circulation, without well devel-
oped barrier reef.

o Sequence 3 — Upper hassi to Lower rhenana: the
impact of block faulting is less significant and facies
are more widely distributed across the platform. Fur-
thermore, isotopes and MS as well as fauna are indica-
tive of a very restricted platform, with restricted water
circulation, probably resulting from better developed
barrier reef.
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