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Magnetic susceptibility (MS) measurements on carbonate rocks are considered as a proxy for impurities
delivered to the carbonate environments. In the absence of strong climatic or tectonic variations, bulk MS
values have been linked to sea level variations, because sea-level fall increases clastic supply and therefore
increases in magnetic mineral deposition. In this paper we explore the relationship between the average

magnitude of bulk MS, with shallowing-up sequences and facies evolution in different Devonian carbonate
complexes. Similarities and differences between these parameters have been scrutinized in carbonate
attached platform and detached platforms (mounds and/or atolls) from Belgium and Canada.
In the carbonate attached platforms from Belgium and Canada, the MS patterns are directly related to
depositional environment. Mean MS values increase from the most distal towards the most proximal facies
and towards the top of the majority of fourth-order shallowing-up sequences. These trends are in agreement
with theoretical background (MS increases with regression).
In the Belgian detached platform, the averageMSpattern generally shows anopposite behaviour to that observed
in the attached carbonate platforms. AverageMSdecreases towards themost proximal facies and towards the top
of a majority of the fourth-order shallowing-up sequences. This behaviour can be explained by the influence of
sedimentary rate and water agitation during deposition. A high sedimentary rate will dilute the magnetic
minerals in the atoll facies and the highwater agitation during depositionmay be expected to have prevented the
deposition of themagnetic grains. So, the combination of these two effects will result in the observed low values
in the atoll crown and lagoonal facies. In the Canadian detached platform,MS ismainly negative. Thismeans that
the limestones are very pure. The technique does not appear to be appropriate in these rocks.
The variations of average MS behaviour by platform type can imply difficulties in correlating carbonates from
different settings. A comparison of time equivalent mound and platform deposits shows that after an important
regressive surface, the MS values are increasing for the platform deposits and decreasing for the mound. So MS
evolution can be in complete opposition (caused by highly different sedimentary rates) in different depositional
settings. The MS signal preserved in carbonate rocks is probably mainly related to 1) varying clastic supplies;
2) varying carbonate accumulation rates (dilution of the magnetic minerals by high carbonate production) and
3) potentially diagenesis.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Since the work of Crick et al. (1997, 2000, 2001, 2002) and Ellwood
et al. (1999, 2000, 2001, 2006, 2007) on the use of magnetic
susceptibility (MS) in correlating Palaeozoic sediments, this technique
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has become widely used (Racki et al., 2002; Hladil et al., 2003a, 2004,
2005; Whalen and Day, 2005; da Silva and Boulvain, 2002, 2003,
2006; Mabille and Boulvain, 2007). Crick et al. (1997) defined the
correlations obtained with MS as intercontinental, facies independent
and of a better precision than biozones. Ellwood et al. (2000)
contended that MS is directly related to lithogenic inputs. Eustatic
sea-level changes result in base-level fluctuations that cause varia-
tions in erosion and detrital influx to the world’s oceans (Davies et al.,
1977; Worsley and Davies, 1979). Eustatic changes in sea-level
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therefore affect MS values. During eustatic sea-level rise detrital
supply decreases and during high sea-level, average MS values are
low. During eustatic sea-level fall detrital supply increases and during
low sea-level, average MS values are high (Crick et al., 1997; Ellwood
et al., 2000). In addition to “classical” aquatic delivery, different
authors considered that important amounts of magnetic minerals in
carbonate rocks are related to supply from eolian suspension and
atmospheric dust (Hladil, 2002; Hladil et al., 2005).

This paper compares MS behaviour on carbonate attached plat-
forms and carbonate detached platforms. These termswere defined by
Handford and Loucks (1993). Carbonate platform may be isolated
(detached) from or theymay be linked (attached) to a large siliciclastic
sourcing landmass, such as a continent or large island. Attached
platforms are commonly long, linear features that face open seas,
usually along passive continental margins. This term is general and
includes “attached rimmed shelf” and “attached flat-topped shelf (or
unrimmed)” (Handford and Loucks, 1993, p. 11, 12).

Correlating attached carbonate platform sediments with time
equivalent carbonate detached platforms can be problematic. The aim
of this study is to identify the impact of depositional environment on
theMS signal on these different carbonate platform types.We propose
that MS measurements on carbonate deposits can be strongly
influenced by the sedimentary rate and by the water agitation during
deposition. These influences can result in correlative problems be-
tween different depositional settings.

2. Geological setting

The studied material is from two major depositional settings. The
first depositional environment is the attached carbonate platform,
which outcrops in Belgium (Barse, Tailfer, Aywaille and Villers) and in
Alberta (Yamnuska). The second one is the carbonate detached platform
(atolls) which is studied in outcrops in Belgium (Moulin Bayot, Lion, La
Boverie andLompret sections) and in subsurface cores in Belgium(Nord)
and in Alberta (Redwater and Golden Spike atoll reefs).

During the Frasnian, Belgium and Albertawere located in relatively
similar paleogeographic position (Fig. 1) (McKerrow and Scotese,
Fig. 1. Paleogeographic reconstruction during the Givetian–Frasnian transition. Location of th
after Kiessling et al. (2003).
1990; Copper, 2002; Kiessling et al., 2003). This location, close to the
paleoequator, led to the development of widespread carbonate
platforms, with comparable facies. The Belgian platform developed
at 20° south (Kiessling et al., 2003; Torsvik and Cocks, 2004), in the
Paleotethys sea (Heckel and Witzke, 1979). The western Canadian
platform developed around 15° south (Kiessling et al., 2003) along the
western margin of Laurentia (Heckel and Witzke, 1979).

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) and of high sea level (Vail
et al., 1977; Johnson et al., 1985; and for a recent review, see Hladil,
2002). During the Devonian, the Earth's surface temperature reaches a
peak during the Givetian and according to Streel et al. (2000) those hot
climates lasted until the Latest Frasnian. During the Frasnian, this hot
period was interrupted by two short-term cooling events in the Late
rhenana zone and at the base of the Frasnian–Famennian transition
(Joachimski et al., 2004) (which is younger than studied interval, see
here-under). Hladil et al. (2005) suggested that the Early–Middle
Frasnian was a period of uniform climate.

2.1. Geological setting of the Frasnian in Belgium

During the Middle part of the Frasnian, an extensive carbonate
platformdeveloped in Belgium (Fig. 2) (Boulvain et al.,1999). In themore
distal part (SWof Belgium, southern border of the Dinant Synclinorium),
the Middle Frasnian succession (Moulin Liénaux and Grand Breux
Formations) is characterized by three carbonate mound and atoll levels
(Arche, La Boverie andLionmembers) separated byargillaceous intervals
(Boulvain, 2001) (Fig. 2B). In the intermediate part of the basin
(Philippeville Anticline), argillaceous, crinoidal and biostromal facies
(Pont-de-la-Folle and Philippeville Formations) are present and in the
proximal part of the basin (northern border of the Dinant Synclinorium,
Vesdre Synclinorium and southern border of the Namur Synclinorium),
stromatoporoid biostromes and lagoonal facies developed (Lustin
Formation). These formations studied herein, were deposited during
the transitans to early rhenana conodont zone or Montagne Noire
conodont zones4–7 (Klapper,1988;GouwyandBultynck, 2000) (Fig. 2B).
e Frasnian carbonate platforms, mounds and atolls from Belgium and Alberta. Modified



Fig. 2. A. Geological map of Belgium, with location of the studied sections; B. North–South section through the Belgian Frasnian sedimentary basin, before Variscan deformation.
Letters X and Y correspond to the line X–Y on A. Conodont zonations are drawn after Gouwy and Bultynck (2000).

5A.-C. da Silva et al. / Sedimentary Geology 214 (2009) 3–18
The sections studied in this paper, located at Tailfer, Aywaille and
Barse (Lustin Formation) and Villers (Philippeville Formation),
represent shallow-water and intermediate carbonate platform set-
tings, whereas the Moulin Bayot, Lion, Nord, La Boverie and Lompret
sections are distal atoll deposits (Fig. 2B and Table 1).

2.2. Geological setting of the Frasnian in Alberta

During the late Middle and early Late Devonian (Givetian–
Frasnian) the Alberta basin was a large intra-cratonic sea located on
the western margin of the North American craton. Numerous
carbonate banks and platforms rimmed this sea. Land masses,
transgressed by the end of the Devonian, were present on the west
and northwest (the West-Alberta ridge and the Peace River Arch) and
to the Northeast (Canadian Shield) (Fig. 3B). A system of attached and
detached platforms, with a distinct NE–SW trend developed in the
Frasnian (Potma et al., 2001) (Fig. 4).

The stratigraphic nomenclature for the Frasnian is divided in two
parts (Fig. 3C). “Surface” terminology is used for outcrops in the Rocky
Mountains and is mainly characterized by platform deposits (Cairn
Formation and Peechee Member) with an alternation of biostromes
and lagoonal deposits (Mallamo and Geldsetzer, 1991). “Subsurface”
terminology is used for the oilfield cores from the east of the Rocky
Mountains, in central Alberta. The subsurface is characterized by high
relief Leduc Formation reefs surrounded by Duvernay and Ireton
Formation shales (Meijers Drees and Geldsetzer, 1984) (Fig. 4). Se-
quence stratigraphic frameworks are proposed by van Buchem et al.
(1996), Whalen et al. (2000a), and Potma et al. (2001).

The sections studied herein is the Yamnuska section, located in the
Fairholme complex (carbonate attached-platform), in the eastern
border of the Canadian Rockies (Fig. 3B). The lower part of the section
is in the Cairn Formation and the upper part in the Peechee Member
(Table 1). This section is completely dolomitized and falls within the
punctata to lower rhenana conodont zones (Montagne Noire Conodont
zones 5–12).

The studied cores are from the Golden Spike and the Redwater atoll
reefs. They are mainly from the Leduc Formation (punctata to lower
rhenana zones or Montagne Noire Conodont zones 5–12) (Fig. 4).

3. Methods

This paper compares the MS evolution with environmental
parameters. To reach this goal, an understanding of the sedimento-
logical facies and depositional environments is necessary. For each



Table 1
Sections studied in this paper with their name; m: studied thickness; n: number of
samples and magnetic susceptibility measurements; corresponding formation names
and FM: corresponding facies model described in Section 4 and in Fig. 5

Name m n Formation name FM

Belgian outcrops (attached platform)
Villers 105 m 242 Philippeville PF
Tailfer 105 m 268 Lustin PF
Aywaille 120 m 260 Lustin PF
Barse 46 m 120 Lustin PF

Belgian outcrops and cores (atolls and mounds)
Lion 445 m 133 Moulin Lienaux-Grands BMA
Lompret 48 m 77 Breux BMA
Moulin Bayot 118 m 187 Grands Breux BMA
Nord 375 m 375 Moulin Lienaux BMA
La Boverie 440 m 195 Grands Breux BMA

Canadian outcrop (attached platform)
Yamnuska 330 m 170 Cairn and Peechee PF

Canadian cores (atolls)
Golden Spike 1 414 m 590 Waterways–Leduc CA
11-23-51-27W4 1357 ft
Golden Spike 2 202 m 176 Leduc CA
15-23-51-27W4 662 ft
Redwater Reef 1 303 m 260 Waterways–Leduc CA
05-36-56-21W4 993 ft
Redwater Reef 2 303 m 235 Waterways–Leduc CA
01-22-57-22W4 995 ft

PF is Belgian and Canadian platform model; BMA is Belgian mound and atoll model and
CA is Canadian atoll model.
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sample, an identification of fossils, textures and sedimentary struc-
tures leads to a facies classification.

MS measurements were made on the same samples used for thin-
sectionmanufacture. The sampling rate appliedwasdifferentdepending
on the outcrop or whether the samplewas from core (Table 1). Material
was limited and the sampling rate lower due to government restriction
on core samples and by difficult access to some of the outcrops.
Sampling rate in the attached platform of Belgium is the highest (more
than 2 samples/m). For the atolls in Canada and Belgium, the sampling
rate is around 1 sample/m. In the attached platform outcrop in Canada,
Fig. 3. Geological setting of the Alberta Frasnian basin. A. General location; B. Detailed locati
Spike and Redwater reef cores in atolls and of the Yamnuska outcrop (platform); C. Upper D
Central Alberta subsurface. GS2 is the abbreviation for the core Golden Spike 2. Modified af
we obtained 170 samples for 330mof section but significant portions of
the section were covered by scree, and the sampling rate is one sample
for each 1.5m. For the atolls of Belgium, the sampling rate is the highest
for Lompret, Nord andMoulin Bayot (more than1 sample permetre) but
is very low for Lion and La Boverie (1 sample/2 or 3m). No selectionwas
made when choosing the samples for MS measurements, except that
fossil-rich or large fossil bearing rocks were rejected to maximize the
fine grain-size content of the sample.

Magnetic susceptibility is a measure of the response 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. Natural materials have three major magnetic behaviours:
diamagneticminerals have extremelyweak negative values ofMS (e.g.
calcite and quartz), paramagnetic minerals have weak positive values
(e.g. smectite, illite, biotite, dolomite and pyrite) and ferromagnetic
minerals have high and positive values (e.g. magnetite, pyrrhotite,
hematite, goethite) (Walden et al., 1999).

Crick et al. (1997) showed that the MS signal of a rock is mainly a
result of the abundance of paramagnetic and ferromagnetic minerals
whichhave a higher response to anappliedmagneticfield. Ellwood et al.
(2000), suggested that within sedimentary rocks, paramagnetic and
ferromagnetic minerals concentration depends on the lithogenic
fraction (terrigenous contributions), which is markedly related to
eustatism (provided there is no strong climatic or tectonic influence).
During low stands of sea level, larger surface areas are subject to
weathering, erosion (Hladil, 2002) and the detrital influx to the world’s
oceans are higher (Davies et al., 1977; Worsley and Davies, 1979). Thus,
theoretically (Crick et al., 1997) the highest MS magnitudes represent
maximum low stand in sea level and MS signal increases during a sea
level fall. Lowest MS magnitude represent maximum high stand in sea
level and MS signal decreases during a sea level rise. MS has therefore
been used as a proxy for sea level variations (Devleeschouwer, 1999; da
Silva and Boulvain, 2002, 2006; Racki et al., 2002; Hladil et al., 2003a,b).
Atmospheric dust and eolian supplies were also identified as important
mineral carriers (Hladil, 2002; Hladil et al. 2005).

Magnetic susceptibilitymeasurementswere performedon theKLY-2
Kappabridge of the University of Lille and on the KLY-3S Kappabridge of
on map of the overthrust belt in western Alberta illustrating the location of the Golden
evonian stratigraphic nomenclature for the Rocky Mountains, Western Alberta and the
ter Whalen et al. (2000a).



Fig. 4. Southeast–northwest cross-section across the Alberta basin, late Givetian to Frasnian stratigraphic nomenclature for the Central Alberta subsurface. Dotted lines and
corresponding numbers represent conodont zonation. 1. Base late falsiovalis zone; 2. Base transitans zone; 3. Base early hassi zone; 4. Base Late hassi zone; 5. Base early rhenana zone;
6. Base late rhenana zone; F/F: Frasnian–Famennian boundary. Modified after Potma et al. (2001) and Wendte (1992).
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the University of Liège. We used mass-normalized magnetic suscept-
ibility (which is volume magnetic susceptibility multiplied by a
reference volume of 1 m3 and divided by the sample mass) expressed
inm3/kg.Measurements aremade on each sawn sampleweighedwith a
precision of 0.01 g. The used data presented represent an average of the
three measurements.

4. Sedimentology

The detailed sedimentological analysis that underpins assessment
of MS in this paper is provided by Boulvain et al. (2004) and da Silva
and Boulvain (2002, 2004) for Belgium, and by McGillivray and
Mountjoy (1975), Weissenberger (1994) and Whalen et al. (2000a,b)
for Alberta. A summary is given here to place the MS data in appro-
priate sedimentological context.

4.1. Carbonate attached platform from Belgium and Canada

4.1.1. Platform facies model (PF, Fig. 5A)
Belgian and Canadian platform facies are relatively similar. This

similarity allows us to propose a single facies model for both
carbonate platforms (platform facies model, PF). Facies are presented
on Fig. 5A and are ordered from the more distal (PF1) to the more
proximal (PF7) environment.

The deposition model starts in the deepest water zone with dark
coloured, crinoidal beds and abundant carbonate mud and argillac-
eous material (mudstone in the deepest zone (facies PF1) and
wackestone (facies PF2)). The biostromal zone is mainly built by
stromatoporoids (facies PF3). The back-reef or lagoonal zone is
characterized by floatstone with branching stromatoporoids (Amphi-
pora), wackestone to packstone–grainstone with calcareous algae
(facies PF4) and peloids (facies PF5) in the subtidal area, mudstone and
stromatolites (facies PF6) in the intertidal zone and palaeosoils (facies
PF7) in the supratidal zone. The Yamnuska section was situated in a
relatively shallow-water position and the distal deposits (PF1 and 2)
are not represented.

4.1.2. Platform facies evolution
The facies model and facies succession lead us to propose a

sedimentological evolution curve (Figs. 6 and 7C for Tailfer section in
Belgium and Fig. 8 for Yamnuska sections in Alberta). The facies
evolution revealsmetre-scale cycles,mainly regressive, probably fourth-
order. Furthermore, third-order trends are alsoobserved. InBelgium, the
lower part of all the Frasnian platform sections is dominated by distal or
biostromal facies and the upper part is dominated by proximal lagoonal
deposits. These two units are separated by an important regressive
surface (da Silva and Boulvain, 2002) (Figs. 6 and 7). In Alberta, the same
kind of evolution is observed. The subjacent Cairn Formation corre-
sponds to distal and proximal facies and the super-jacent Peechee
Member represents only proximal facies (Fig. 8).

4.2. Detached carbonate platform from Belgium

4.2.1. Belgian mound and atoll (BMA, Fig. 5D) facies model
A facies model of the middle Frasnian carbonate mounds was

developed in previous publications (Boulvain, 2007; da Silva and
Boulvain, 2004).

Facies BMA1 corresponds to microbioclastic argillaceous pack-
stones and shales (with some brachiopods, crinoids, fragments of
rugose and tabulate corals, fenestellid bryozoans, ostracods and
trilobites) which were deposited in the base of the mound or which
drowned the mound. Facies BMA2 and 3 correspond to the carbonate
mounds sensu stricto, and developed in the deepest environment.
Floatstone with stromatactis, corals and crinoids (BMA2) or stroma-
toporoids (BMA3) developed in a low energy environment, below the
storm wave base, and the photic zone.

Floatstone with corals, peloids and Udotaeaceae (BMA4) and
microbial limestone (thrombolites and stromatolites) (BMA5) are



Fig. 5. Mean magnetic susceptibility compared with microfacies for each sedimentological model. A. Simplified platform model of Belgium and Alberta (PF model, see Section 4.1.);
B. Mean MS versus platform facies (PF) for the Belgian carbonate platform (Barse, Tailfer, Aywaille and Villers sections); C. Mean MS versus platform facies (PF) for the Canadian
carbonate platform (Yamnuska section). Facies numbers are corresponding to the platform model in A; D. Simplified sedimentological model of the mound and atolls from Belgium
(BMA,model, see Section 4.2.); E. MeanMS versus facies for the Belgianmounds and atolls (Moulin Bayot, Lion, Lompret, Nord, La Boverie andMoulin Bayot sections). Facies numbers
are corresponding to the mound and atoll model in D; F. Simplified sedimentological model of the atolls of Canada (CA model, see Section 4.3.). G. Mean MS versus Canadian atoll
facies (cores Golden Spike 1 and 2 and Redwater 1 and 2). Facies numbers are corresponding to the sedimentological model in F. Legend of A, D and F are in Fig. 7F.
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characterized by the first occurrence of green algae and cyanobacteria
coating developed in the photic zone, close to the fair-weather wave
base.

Facies BMA6, BMA7 and BMA8 correspond to the inner lagoon
deposits. Facies BMA6 floatstone and grainstone with dendroid stroma-
toporoids developed above the fair-weather wave base in a moderate to
high energy setting. Facies BMA7 is a fenestral limestone, developed in a
very shallow quiet intertidal area and facies BMA8 is a very fine-grained
algal limestone deposited in a quiet lagoonal subtidal environment.

4.2.2. Belgian mound and atoll facies evolution
A Middle Frasnian Belgian carbonate mound sequence strati-

graphic scheme is proposed in Boulvain (2007) (Fig. 6A). Reef
initiation occurs during a transgression with the development of the
deepest facies (BMA1) and mud or skeletal mound facies (BMA2 and
BMA3). Next, a clear progradation corresponding to the HST (reduced
accommodation) is recorded by fore-mound sedimentation of
reworked material and by algal facies (BMA5) alternating with mud
and skeletal mound facies (BMA2–3). During the subsequent lowstand
reef growth was restricted to a downslope position, with possible
emergence and synsedimentary lithification (Sandberg et al., 1992).
During the following transgressive stage algal and microbial mound
facies (BMA4 and BMA5) were deposited corresponding to a circular
reef margin. The occurrence of relatively restricted facies (BMA6 to
BMA8) inside this crown is possibly the result of a balance between
sea-level rise and reef growth. During the main regression (regressive



Fig. 6. Comparison of the mound and atoll successions of the Arche, La Boverie and Lion Members (A) with the platform succession of the Lustin Formation (B). A is modified after
Boulvain (2007). Legend of B is in Fig. 7F.
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surface Fig. 6) which causes the emersion of the top of the reef
(Sandberg et al., 1992) and the displacement of the facies downslope,
some flank deposits are developed corresponding to the dismantling
of the top of the mounds (BMA9).

The atoll and mound facies of the Moulin Liénaux (Arche and La
Boverie mounds) and Grand Breux Formations (Lion mound) are time
equivalent to the Lustin Formation platform. The Arche and La Boverie
members correspond to very reduced depositional thickness in the
shallowest part of the platform, in the area of the Lustin Formation
(see Gouwy and Bultynck, 2000: total thickness of the transitans and
punctata corresponding to Arche and La Boverie members is between
150 and 200 m and thickness of these conodont zones in the Lustin
Formation is between 10 and 50 m). However, the first stage of the
development of the Lion Member (mound facies) corresponds to the
upper part of the biostromal unit in the Lustin Formation (Fig. 6). The
main regression which causes the emersion of the Lion mound
corresponds to the boundary between the biostromal and the lagoonal
unit and the development of the atoll crown of the Lion Member
corresponds to the lagoonal unit (Fig. 6).

4.3. Detached carbonate platform from Canada

4.3.1. Canadian atoll (CA, Fig. 5F) facies model
Facies from the more distal zone comprise argillaceous mudstone

to packstone with crinoids (CA1) in the basinal or fore-reef or flank
zone. The reef margin zone consists of well-developed laminar (CA2)
and low domical (CA3) stromatoporoids. The reef flat is characterized
by oncolitic grainstone and by coral and stromatoporoid rubble (CA4).
In the reef interior, Amphipora floatstones (CA5) were developed in a
restricted area (subtidal). Mudstone and algal laminated limestone
(CA6) correspond to the semi restricted inter- to supratidal zone.

The main difference between the sedimentological model of the
detached platform in Belgium and Canada is that the mud mound
stage seen in Belgium was not present in the Canadian platforms.

4.3.2. Canadian atoll facies evolution
The Waterway Formation is interpreted as a regressive phase

composed of numerous shallowing-upward shale–carbonate alterna-
tions (Oldale et al., 1996) (basin to slope depositional environments,
grouped in facies CA1). The overlying formation, the Leduc Formation
corresponds to the reef development with three major reef stages
(Switzer et al., 1994).

5. Magnetic susceptibility

5.1. Carbonate attached platform from Belgium and Canada (Platform
facies model, PF)

A comparison of magnetic susceptibility results and sedimentolo-
gical evolution of the carbonate platform of Belgiumwas proposed by
da Silva and Boulvain (2006). The magnetic susceptibility curve is
compared to the microfacies evolution curve for the Tailfer section
(Fig. 7). The fourth-order cycles identified on the basis of facies
stacking patterns can also be identified on the MS evolution curve.
Most of the fourth-order regressive cycles culminate with a MS peak
on the MS evolution curve (Fig. 7, cycles 1 to 13 and on the en-
largement, cycles 3 to 6). Furthermore, the carbonate platform
succession of Belgium can be divided into two parts: a lower part,
the biostromal unit which is more distal and an upper part, the
lagoonal unit which is more proximal separated by a regressive
surface (Fig. 6B). The biostromal unit records low mean MS values
(2×10−8 m3/kg) and the shallower lagoonal unit is characterized by
high mean MS values (6.6×10−8 m3/kg).

The example from the Tailfer section can be extended to the other
Belgian sections (Barse, Aywaille and Villers) (da Silva and Boulvain,
2006). Correlations were made on the basis of conodont zonation
(Gouwy and Bultynck, 2000), and of MS peaks (da Silva and Boulvain,
2006), which according to Crick et al. (1997) are isochronous. The
high-resolution MS data permits more precise correlations between
the sections than biostratigraphy (fourth-order correlations).

The microfacies evolution of the Yamnuska section from Alberta
also records fourth-order mainly shallow-water regressive cycles
(Fig. 8). The MS data on the Yamnuska outcrop display a similar
evolution to sections in Belgium. Actually, most of the regressive
fourth-order cycles identified on the microfacies evolution curve, a
MS increase is obvious (values from 0 at the lower part of the cycle to



Fig. 7. All the data from the Tailfer section. A. Conodont zonation after Gouwy and Bultynck (2000); B. Lithological column (Legend is in F); C. Facies evolution (platform facies model,
PF) and fourth-order cycles. The dotted line corresponds to the regressive surface (RS) described in Sections 4.1 and 4.2 and in Fig. 6; D. Magnetic susceptibility curve; E. Enlargement
of sequences 3 to 6; F. Legend of Figs. 5–10.
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2 or 5×10−8 m3/kg at the upper shallower part of the cycle). As with
the Belgian sections, the Yamnuska section can be divided in a lower
deeper part (Cairn Formation) and an upper shallower part (Peechee
Member). The MS evolution indicates lower average values in the
Cairn Formation (3×10−8 m3/kg) and higher variability and higher
average values in Peechee Member (7.8×10−8 m3/kg).

A comparison of mean MS with facies is given in Fig. 5B and C for
the Belgian and Canadian platforms. Both examples show the same
pattern; an increase of mean MS values from the deepest to the
shallowest facies (1×10−8 to 7×10−8 m3/kg in Belgium and 0.1×10−8

to 0.7×10−8 m3/kg in Canada).
Magnetic susceptibility evolution is therefore similar in both

carbonate platforms, with MS values increasing toward the most
proximal facies and towards the top of the fourth-order regressive
sequences.
5.2. Detached carbonate platform from Belgium (Belgian mound and
atoll, BMA)

Different facies trends are identified in the carbonate mounds from
Belgium but the main facies trend is marked by an important
regression corresponding to the transition between the deep mud
mound facies and the shallowest atoll crown and inner lagoonal
deposits (Fig. 6A). Furthermore, different lower order cycles are also
observed. This evolution frommud mound to atoll can be observed in
the different levels of carbonate mounds (Arche, La Boverie and Lion
sections).

A comparison of the cores from the Nord quarry is given in Fig. 9.
The main variations in the MS signal correlate with significant facies
changes, with the mean highest MS values corresponding to the
deepest facies (basinal facies BMA1 and buildup facies BMA2 to



Fig. 8. Lithological column of the Yamnuska section and corresponding microfacies (platform facies model, PF) and magnetic susceptibility trends. Main cycles and MS peaks are
pointed by black arrows. Legend is in Fig. 7F.
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Fig. 9. Lithologic successions of the boreholes drilled in the Nord quarry at Frasnes with facies evolution (dotted lines, Belgian mound and atoll facies model, BMA) and magnetic
susceptibility curves (MS). This figure shows that for the carbonate mound MS decreases toward the shallowest microfacies. Legend is in Fig. 7F.
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BMA4). A transition between shallow facies and deeper facies corre-
sponds to an increase of average MS.

The comparison of the mean magnetic susceptibility values with
the main facies (Fig. 5E) reveals a pattern of MS evolution significantly
different from those obtained for the Belgian and Canadian attached
platforms (Fig. 5B and C). Basinal facies (BMA1), mud or skeletal
mound (red stromatactis wackestone to floatstone, BMA2 and BMA3)
and flank deposits have average high values (between 3.5×10−8 and
1.8×10−8 m3/kg) decrease from BMA1 to BMA3. The algal and
microbial mound (BMA4 and BMA5) and the lagoonal deposits with
branching stromatoporoids (BMA6) have similar average low values
(between 1×10−8 and 1.3×10−8 m3/kg). The shallower lagoonal
deposits (BMA7 and BMA8) and the facies formed by the erosion of
the mound (BMA9) have also relatively low intermediate values
(between 1.7×10−8 and 1.9×10−8 m3/kg).
Fig. 10. Lithologic successions of the boreholes drilled in Redwater and Golden Spike reefs w
Fig. 7F.
The Belgian atolls thus display a mean MS evolution opposite to
that observed in both Belgian and Canadian attached platforms and
instead of mean MS values increasing with the shallowest facies they
appear to decrease.

5.3. Detached carbonate platform from Canada (Canadian atoll, CA)

Considering the detached carbonate platform from Canada, most
of the MS data is negative and this main trend is interrupted by some
positive peaks which do not seem to be related to a particular facies
trend (Fig. 10).

A comparison of mean MS values with microfacies (Fig. 5G) shows
that except for the more distal facies which has positive values (flank
facies, CA1) the mean MS values are negative and don't show any
relationship with facies.
ith facies evolution (dotted lines, Canadian atoll model, CA) and MS curves. Legend is in
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6. Discussion

6.1. Origin of magnetic susceptibility variations

The relationship between facies, sequences and mean magnetic
susceptibility can help us to understand the origin of MS variations. In
the carbonate platforms, mean MS decreases with depositional depth.
For the carbonate atolls andmounds fromBelgium,meanMS increases
with depositional depth. For the carbonate atolls from Canada, mean
MS values are negative except for the flanking basinal deposits.

Concerning the primary origin of magnetic minerals, terrigenous
inputs are the main accepted origin for the MS signal (Crick et al.,
2000, 2002; Ellwood et al., 2000; Stage, 2001; Racki et al., 2002; Hladil
et al. 2005). However, numerous authors propose different origins for
magnetic minerals like volcanism (Crick et al., 1997; Borradaile and
Lagroix, 2000), black smokers (Borradaile and Lagroix, 2000),
extraterrestrial impact (Ellwood et al., 2003a,b), pedogenetic minerals
(Tite and Linington, 1975) and biogenic magnetite (Kirschvink and
Lowenstam, 1979; Hladil et al., 2004). In our case, on a shallow-water
platform and in atolls, volcanic ash, black smokers and extraterrestrial
impact are considered as to have insignificant effects on the MS signal
in view of oceanographic setting. Pedogenesis is common in the
shallow-water platform of Belgium but as shown in Fig. 5B,
pedogenetic levels (facies PF7) do not display a stronger MS signal
than other lagoonal deposits. The occurrence of bacterial magnetite, in
shallow-water platforms or atolls, can not be excluded during the
Frasnian. However this kind of very fine-grained bacterial magnetite
are mainly observed at the surface of actual sediments and their
occurrence decreases strongly with depth because of a loss of the fine-
grained component (Blakemore, 1975; McNeill et al., 1988).

Different diagenetic processes (secondary origin) are able to modify
MS after deposition, but the effects of these secondary processes on the
MS of carbonate rocks are not well known. Diagenetic processes can
create magnetic minerals (Henshaw and Merrill, 1980; McCabe and
Elmore, 1989; Zegers et al., 2003). Processes of magnetite authigenesis
can be related to the transformation of smectite into illite and
remobilization of the iron for magnetite formation (Jackson et al.,
1988; Katz et al., 1998) or to chemical conditions related to hydrocarbon
migration andmaturation of organicmatter (Elmore et al.,1987;Machel
and Burton, 1991). MS can also increase in relation to burial migration
fluids (Schneider et al., 2004) or dolomitization (Bityukova et al., 1998;
Shogenova, 1999). Diagenetic processes can also destroy magnetic
minerals by the alteration of one magnetic mineral into another
(oxidation of magnetite to maghemite, Henshaw and Merrill, 1980; or
transformation of magnetite and pyrite into pyrite and pyrrhotite,
Rochette, 1987) or by dissolution.

It is interesting to observe that the mean MS values for Canadian
platform are almost ten times lower than those observed for the
Belgian platform (mean Canadian values around 0.5×10−8 m3/kg and
mean Belgian values around 3.5×10−8 m3/kg) (Fig. 11). Concerning the
Fig. 11. Mean MS values for the carbonate Belgian platform, Canadian platform, Belgian
atolls and Canadian atolls.
Belgian atolls, mean MS values are close to 2×10−8 m3/kg and for the
Canadian atolls, mean MS values are close to 0 m3/kg with a lot of
negative data (Fig. 11). These lower values for the Canadian carbonates
can be related to a lesser proportion of magnetic material available to
the Canadian basin than the Belgian basin or to a post depositional
factor that decreasedmagnetic susceptibility. Rochette (1987) showed
that the breakdown of magnetite and its transformation into less
magnetic minerals like pyrite and pyrrhotite corresponds to the
anchizone–epizone boundary. In Belgium, the metamorphism does
not reach this boundary (temperature 120–240 °C Fielitz and Mansy,
1999; Helsen, 1992). The Canadian attached platform reach maximal
burial depth of 4000 m and maximal temperature of 150 °C (Shields
and Brady, 1995). Burial depth of the Leduc reef was about 2500 m
(Amthor et al., 1993), which is significantly shallower than for the
outcrop belt, where the Yamnuska section is situated. Thus meta-
morphism and magnetite breakdown does not seem to be the reason
for the lower MS in the Canadian outcrops.

A process of remagnetization by the creation of new magnetic
minerals can also be considered for the Belgian Frasnian carbonates.
Zegers et al. (2003) studied the magnetization of some Devonian
limestones in Belgium and identified a process of magnetite formation
related to the conversion of smectite to illite. This remagnetization event
is especially developed in dark grey Givetian rich in clay limestones
(Zegers et al., 2003). So, for the Frasnian Belgian platform and atolls,
diagenetic magnetite formation cannot be excluded. However the effect
of these diagenetic phase are probablyminor as Frasnian limestones are
not clay rich, so clay diagenesis was probably not an important process
occurring in these rocks. Furthermore, clay intervals are also related to
lithogenic inputs, and it seams that iron released during the smectite–
illite conversion will partly remain in situ in the clay and the magnetite
will crystallize in situ, in the clay aggregate (Zegers et al., 2003). So the
diagenetic magnetite formation will probably enhance the primary
signal which is related to lithogenic inputs.

At first sight, it appears that mean MS variations are generally
consistent with environmental control (primary signal) and that
secondary processes do not change strongly these trends. Actually, in
the comparison of MS trends with facies trends (Figs. 7, 8, and 9), the
general pattern is a relationship between MS and facies but some
exceptions are observed and could be related to the influence of
diagenesis. Furthermore, the influence of diagenesis by increasing or
by reducing the signal can not be excluded. However a complete
review of diagenetic processes affecting the magnetic minerals will be
relevant to distinguish the importance of the primary and secondary
processes on the MS signal.

If the MS signal is mainly related to lithogenic inputs, the opposite
behaviour of MS trend along a proximal–distal transect for the
platform and the atoll can be explained by differences in sedimentary
rate or by higher water agitation. High carbonate production probably
strongly influencesmeanmagnetic susceptibility by dilutingmagnetic
minerals and a low carbonate productionwill lead to condensed levels
and concentration of magnetic minerals. In the same way, water
agitation during deposition will suspend fine-grained magnetic
minerals and prevent their deposition. This process can explain the
magnetic susceptibility evolution in the Frasnian atoll. Actually, basinal
facies surrounding the atoll are received significant inputs of clay
minerals that do not accumulate on the platform tops due to higher
turbulence. This explains the mean MS evolution with microfacies.
During the deposition of the basinal and flank deposits (BMA1) and
mudmound facies (BMA2 and 3), below stormweather wave base the
accumulation rate is very low and corresponds to sediment starvation
(Reitner and Neuweiller, 1995) and low water agitation during
deposition. The association of these two parameters leads to magnetic
minerals concentration and high mean MS values. The atoll crown
facies (BMA5 and 6) correspond to high carbonate production (Einsele,
2000; Yamano et al., 2002) and highwater agitation during deposition
which lead to the lower meanMS values. Finally, the lagoon inside the
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atoll crown has a relatively high carbonate production rate (Yamano
et al., 2002) and low water agitation and relative protection from
external inputs by the surrounding atoll crown.

Concerning the mean negative magnetic susceptibility observed
for the atoll facies (facies CA2 to 6), this indicates that the signal is
dominated by pure limestones, with less than 0.1% of clay and 0.001%
of magnetite (which are often considered as the main carriers of
magnetism (Heller, 1977; Borradaile and Lagroix, 2000; Stage, 2001).
It seems that the atolls were completely protected from lithogenic
inputs and the carbonate production was high. Facies CA1 which
corresponds to the basinal and surrounding deposits presents positive
values (0.6×10−8 m3/kg). This can be explained by the fact that this
facies was not protected and had a lower accumulation rate (it is also
characterized by higher clay content). The presence of random
positive MS peaks don't seem to be related to a particular facies. A
possible explanation is a local increase in lithological supplies which
can be related to influx of eolian material for example.

6.2. Implications on correlations

As magnetic susceptibility evolution differs for different platform
type (Fig. 5), we have to focus now on the implication for the use of MS
technique for correlations.

6.2.1. Correlation on the same kind of depositional setting
Within one kind of depositional setting in Belgium, MS may

provide a very good tool to conduct reliable and high-resolution
correlations. Based on this technique, sections in the Frasnian shallow-
water carbonate platform in Belgium could be correlated to fourth-
Fig. 12. Comparison of magnetic susceptibility evolution on the contemporaneous Tailfer pla
corresponds to the regressive surface described in Sections 4.1 and 4.2 and in Fig. 6.
order sea-level change (da Silva and Boulvain, 2006). It also permits
reasonable correlations between the Belgian mounds (Fig. 9).

Is it possible to compare magnetic susceptibility on the carbonate
platform of Belgium and Alberta? In Belgium, MS increases strongly at
the boundary between the biostromal and lagoonal unit and it
corresponds to the lower hassi (MN zones 7–8) (Bultynck et al., 2000)
or upper hassi conodont zone (MN zones 9–10) (Gouwy and Bultynck,
2000). In Alberta a similar increase of MS values is observed at the
boundary between Cairn Formation and Peechee Member and this
boundary can also corresponds to the lower or upper hassi conodont
zone (Weissenberger, 1988; Whalen et al., 2000a). The conodont
biostratigraphy does not provide enough control to allow precise
correlations between the Frasnian sections from Belgium and Alberta.

Considering that theMS peaks developed in the atolls fromAlberta
are not related to facies trends and that their distribution seems to be
random, magnetic susceptibility does not seem to offer reliable
correlations between the Canadian atolls, with other sedimentary
environments, or with Belgian atolls or attached platforms.

6.2.2. Correlation from different depositional setting
The carbonate platform sediments and the atolls of the Frasnian

are time equivalent (Figs. 2B and 6B). We have seen that mean MS
evolution with facies is the opposite between the carbonate platform
and the time-equivalent carbonate mound. We propose a comparison
of the Tailfer (da Silva and Boulvain, 2002, 2006) section from the
shallow-water carbonate platformwith the Lompret section (Humblet
and Boulvain, 2000) from the mud mound area. In Tailfer, after the
development of biostromal limestones, a strong regression caused
erosion and successive development of lagoonal deposits. This
tform section and Lompret atoll section. The MS shows opposite trends. The dotted line
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transition is marked by a strong increasing of magnetic susceptibility
after the regression surface (from 2×10−8 m3/kg to 6.6×10−8 m3/kg)
(Fig. 7). In Lompret, the first unit corresponds to distal deep deposits
and they are followed after the main regression by different levels of
reworked material (rudstones, floatstones), corresponding to the
regression and the redeposition of the eroded material (Humblet and
Boulvain, 2000). This transition is marked by a decrease of magnetic
susceptibility (from 5.2×10−8 m3/kg to 2.1×10−8 m3/kg) (Fig. 12). So in
this case, the main sea level variation is recorded in the MS signal for
both environments but in an opposite way, with MS increasing at the
regressive surface for the carbonate platform section (Tailfer) and
decreasing at the mound section (Lompret) (Fig. 12).

7. Conclusions

The comparison of different carbonate platform types (attached
and detached platforms) from different paleogeographic areas
(Canada and Belgium) allowed us to differentiate different magnetic
susceptibility behaviours.

– For the Canadian and Belgian carbonate attached platform, MS
increases towards the most proximal environmental deposits, to
the top of regressive sequences and with the most proximal
sedimentological units. In this case, magnetic susceptibility is
interpreted to be mainly related to terrigenous inputs (from fluvial
or eolian inputs), that are more abundant in proximal deposits.

– For the Belgian detached platform (succession of mound and atoll
stages),MS is high for the basinal andmound facies (deepest) and is
low for the atoll and lagoonal deposits (shallowest) and MS
decreases to the top of regressive sequences. MS distribution is, in
this case, interpreted to be highly influenced by sedimentary rate
and water agitation during deposition. The low sedimentary rate
andwater agitation during deposition of the deepest facies allowed
the concentration of the magnetic minerals in the basinal and
mound facies.

– For the Canadian detached platform, the atoll and lagoonal facies
present low, mainly negative MS values. The basinal and flank facies
are characterized byhigher slightly positive values. Theyareno strong
relationship between sequences, facies and MS. These trends are
interpreted to be related to high carbonate productivity, high water
agitation during deposition or large distance from siliciclastic sources.

As already proposed by different authors, the results presented
here are pointing to a MS signal probably dominated by lithogenic
inputs (Crick et al., 2000; Ellwood et al., 2000; Hladil, 2002). The
proportion of lithogenic inputs seems to be higher during low sea
level, when important portion of continental area are emerged. The
influences of varying clastic supplies, varying carbonate accumulation
rates and of potential diagenesis are probably key factors influencing
the MS signal variations in carbonate sediments.

These different behaviours of MS with sedimentary environments
related to the influence of sedimentary rate and water agitation during
deposition and of potential diagenesis, imply difficulties for MS
correlations and suggest that the use of MS as a correlation tool must
be carried out with caution. Correlations of sections from the same type
of platformwill probably be better than correlations between different
types of platforms such as between atolls and attached platforms.
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