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Abstract

A multidisciplinary analysis (microfacies, sequential stratigraphy and clay mineralogy) was made on Frasnian/
Famennian (F/F) boundary strata of the Steinbruch Schmidt section in Western Germany. Three major microfacies
are recognised. Their succession records a shallowing-upward evolution from deep, quiet and poorly oxygenated
environments, below the storm wave base, to environments influenced by current activities close to the storm wave
base. The Kellwasser Horizons correspond to the deepest microfacies. The shallowest microfacies correspond to fine-
grained calcareous tempestites or turbidites coming from a distant shelf of northwest Germany. The sequential pattern
through the F/F boundary shows the succession of seven systems tracts. Two sequence boundaries are located just
above the Lower Kellwasser Horizon and at the F/F boundary itself. These are underlined by hardgrounds suggesting
time gaps. The Kellwasser Horizons correspond to sea-level highstands and the overlying beds record a transition
from lowstand to transgressive systems tracts. Illite and kaolinite are the dominant clay minerals associated with
mixed layers and traces of chlorite. Illite abundance is maximal during Kellwasser Horizons. Illite and kaolinite were
probably inherited from a highly weathered source area although part of the illite is diagenetic. Kaolinite is the second
most abundant clay mineral and is particularly well represented (up to 50%) between the Kellwasser Horizons. An
unusual clay assemblage of illite and mixed layers is associated with a bentonite layer. Kaolinite increases during times
when thin tempestites or turbiditic microbioclastic layers come from a distant shelf during sea-level falls. The kaolinite
percentage reaches its maximum at the top of the lowstand systems tract. The high percentage of kaolinite suggests a
hot^wet climate and could be related to global warming. 7 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Frasnian/Famennian (F/F) boundary is re-
lated on a global scale to the presence of two
particular levels or ‘horizons’ of black limestones
interstrati¢ed with dark shales. Beushausen (1900)

0031-0182 / 02 / $ ^ see front matter 7 2002 Elsevier Science B.V. All rights reserved.
PII: S 0 0 3 1 - 0 1 8 2 ( 0 1 ) 0 0 4 7 8 - 3

* Corresponding author. Fax: +32-2-6477359.
E-mail address: xdevlees@ibelgique.com

PALAEO 2830 29-5-02

Palaeogeography, Palaeoclimatology, Palaeoecology 181 (2002) 171^193

www.elsevier.com/locate/palaeo



originally grouped these levels in one unit (the
’Kellwasser-Kalk’). Schindewolf (1922) and
Schmidt (1928) recognised a Lower and an Upper
Kellwasser Horizon (LKK and UKK). In the last
few years, the UKK has attracted considerable
attention among those geologists and palaeontol-
ogists concerned with Devonian stratigraphy and
global events. This horizon is closely connected
with a global bioevent corresponding to a major
faunal change and gave rise to the partition of the
Upper Devonian into two geological stages,
namely the Frasnian and the Famennian. This
faunal change at the top of the Frasnian is known
as the ‘Kellwasser Event’ (Walliser, 1980, 1984)
and is characterised by stepwise extinctions (Sand-
berg et al., 1988; Walliser et al., 1988).

The top of the UKK corresponds to strati-
graphic boundary level as suggested by Walliser
et al. (1989). Numerous sections comprising both
horizons (LKK and UKK) are known in Ger-
many (Buggisch, 1972, 1991). The Steinbruch
Schmidt section is particularly well exposed and
was proposed as a candidate for the GSSP (global
stratotype and section point) by Walliser (1988).
This section, situated 750 m NE of Braunau near
Bad Wildungen in the Ense area of the Keller-
wald, in the eastern part of the Rheinisches Schie-
fergebirge (Fig. 1), comprises a cephalopod-bear-
ing limestone sequence ranging in time from the
Early rhenana up to the rhomboidea conodont
Zones. The two dark Kellwasser Horizons are in-
tercalated in a light grey carbonate sequence.
Faunal evolution and lithology of the Steinbruch
Schmidt section have been studied in detail by
Walliser et al. (1989), Ziegler and Sandberg
(1990), Schindler (1990a,b, 1993), Feist and
Schindler (1994) and Casier and Lethiers (1998).
This section has also been studied by Goodfellow
et al. (1988) who found trace element enrichment
around the boundary, possibly related to a facies
change from strongly anoxic conditions below the
F/F boundary to less reduced conditions above
the boundary. They also documented a positive
enrichment in N

13C in the UKK. Later, Joachim-
ski and Buggisch (1993, 1996) and Joachimski et
al. (1994) reported two positive carbon isotope
excursions at Schmidt and other F/F boundary
sections in Central Europe. These isotopic excur-

sions coincide with the Kellwasser Horizons and
indicate two phases of enhanced burial of organic
carbon. In addition, the formation of the Kell-
wasser Horizons seems linked with short-term
transgressive^regressive (T^R) pulses superim-
posed on a global eustatic highstand (Johnson et
al., 1985; Sandberg et al., 1988; Buggisch, 1991).
Similarity of the N

13C curve between all these sec-
tions indicates several changes in the oceanic car-
bon reservoir during the late Frasnian.

All the cited papers concern mainly the faunal
distributions of various groups around the bound-
ary or geochemical analyses. A few (McGhee et
al., 1986; Goodfellow et al., 1988) were devoted
to the search for a possible extraterrestrial cause
for this Upper Devonian mass extinction. As the
extraterrestrial origin cannot be proved so far
(McGhee et al., 1986), a more common geological
phenomenon (sea-level variations, climatic oscilla-
tions, anoxic conditions) has been suggested by
Joachimski and Buggisch (1993, 1996) to explain
this major faunal change. To this end, we have
carried out a sedimentological study of the Stein-
bruch Schmidt section in order to get detailed
information on the eustatic variations and related
phenomena associated with the F/F boundary.

2. Regional setting

The Frasnian is a period that records wide-
spread carbonate platform drowning with an
abrupt onset of condensed pelagic sedimentation
in Europe (Wendt et al., 1984). Eustatic sea-level
rises and tectonically controlled changes in pa-
laeogeography related to rifting phases have
been invoked by Schlager (1981) for this period.
The Upper Devonian record of the German Rhe-
nohercynian Zone illustrates these changes: con-
densed cephalopod limestones overlie submerged
reefs or shallow-water platforms and volcanic
rises. The Steinbruch Schmidt series was depos-
ited on such a submarine rise (Fig. 1), below
wave base level. Deeper basins (Meischner,
1971; Buggisch, 1972) £ank the studied section
to the NW and the SE.

The Upper Devonian palaeogeography of the
Rheinisches Schiefergebirge consists of a mixed
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siliciclastic^carbonate shelf bordering the Old Red
Continent to the south. Limestones, marls and
shales were deposited in adjacent epicontinental
basins. Reefal and condensed pelagic cephalopod
limestones were formed on submarine topo-
graphic elevations that originated either as tecton-
ic fault-bounded rises or as volcanic seamounts
(Krebs, 1979). Nodular limestones intercalated
with shales containing slumps are present on the
slopes of these rises, whereas shales with turbiditic
siltstones and sandstones dominate basins.

3. Microfacies analysis

One hundred and ¢fteen samples have been col-
lected through the condensed (9 m-thick) Stein-
bruch Schmidt section (Fig. 2). The bioclast abun-
dance as well as the sedimentary structures
(observed in thin sections) have been systemati-
cally studied (Fig. 2).

The petrographic study allows the recognition
of three major microfacies (MF1 to MF3) subdi-
vided into several lithotypes according to their
fossil content and sedimentary structures. The mi-
crofacies succession (from 1 to 3) constitutes the
standard sequence of the series and records a
shallowing evolution from quiet environments be-
low the storm wave base level to more energetic
environments near this level.

3.1. Microfacies 1 (MF1): basinal environments

(a) MF1a: dark laminated mudstones and mud-
shales poor in marine fauna (Plate IA)

This microfacies is characterised by a poor fau-
nal content consisting of small molluscan shells
mixed with rare radiolarians, ostracods and ten-
taculitids. The well-laminated structure consists of
an alternation of dark laminae (up to 1 mm thick)
enriched in organic compounds and lighter lami-
nae (millimetres to centimetres thick). The clastic
minerals are composed of abundant silty quartz-
ose grains (6 60 Wm) and white micas (6 100
Wm). No burrowing is observed.

(b) MF1b: dark laminated bioclastic pack-
stones (Plate IB)

These correspond to densely packed and lami-
nated packstones with abundant molluscs (gonia-
tites and bivalves), tentaculitids, ostracods and a
few radiolarians embedded in a micritic and do-
lomitised matrix rich in organic compounds. The
laminar structure is formed by the alternation of
rich bioclastic laminae (up to 2 cm thick) and
mud laminae (1 mm to 1 cm thick) displaying a
poorer faunal content. The clastic materials are
the same as for MF1a. No bioturbation features
have been observed.

(c) Interpretation: MF1 occurs mainly in the
Kellwasser Horizons (Fig. 3) and is the deepest
microfacies of the section. This mud-supported
microfacies displays a well-preserved laminated
structure and contains (MF1b) abundant pelagic
fossils, such as goniatites, tentaculitids and radio-
larians. These characteristics, as well as the abun-
dance of organic compounds, suggest an environ-
ment of relatively deep, quiet and poorly
oxygenated water in the aphotic zone. The in-
ferred depth is below signi¢cant storm wave or
current activity, i.e. s 200 m by comparison
with the Recent (Reineck and Singh, 1975; Guil-
locheau and Ho¡ert, 1988) or with the palaeoen-
vironmental reconstruction of the Coumiac series
in the Upper Frasnian of southern France (Pre¤at
et al., 1998).

In such environments the dominant sedimenta-
ry process is decantation from suspended matter.
Single ostracod shells, oriented ‘convex-down’,
also support the interpretation of a quiet sedimen-

Fig. 1. Palaeogeographic map of the western part of the
Rheinisches Schiefergebirge with localisation of the Stein-
bruch Schmidt section. Late Devonian marine palaeoenviron-
mental reconstitution from Meischner (1971).
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tation (Guernet and Lethiers, 1989). The well-pre-
served laminated fabric is explained by the ab-
sence of benthonic activity due to anoxic condi-
tions. Our interpretation is similar to the one of
Buggisch (1972) for whom the Kellwasser Hori-
zons were deposited under sapropelic conditions
as indicated by the absence of current activity and
benthos, abundant organic compounds and the
enrichment in Cu.

3.2. Microfacies 2 (MF2): hemipelagic/outer
distal ramp sponge environments

(a) Microfacies 2a (MF2a): bioclastic and bio-
turbated mudstones and wackestones

This microfacies constitutes a transition be-
tween microfacies 1b and 2b. The faunal content
is poor and composed of a few sponge spicules,
ostracods, molluscan shells and scarce radiolar-
ians. The micritic matrix is slightly recrystallised
to a calcite microsparite. Laminated structure is
poorly preserved as a consequence of burrowing
activity.

(b) Microfacies 2b (MF2b): sponge wacke-
stones and ba¥estones (Plate IC,D)

Sponge wackestones and ba¥estones are com-
posed of abundant centimetre-sized sponge nod-
ules with connected spicules, associated with a few
bioclasts (ostracods, crinoids or trilobites). Lami-
nated microbioclastic layers (6 1 cm) rich in ten-
taculitids, molluscs (gastropods and bivalves), os-
tracods, crinoids, trilobites, foraminifers (Frondi-
lina, Tikhinella) and poorly preserved algal frag-
ments of kamaenids and Rectangulina Antropov
1959 (Mamet and Roux, 1975) are occasionally
present. Small-sized peloids are also associated.
The molluscan and crinoidal fragments display
perforations that are probably sponge borings.
The microbioclastic layers present an erosive
base and a plane-parallel top surface. Numerous
thin (6 1 mm) irregular stromatactoid cavities
(sensu Boulvain, 1993) with geopetal in¢llings,

are present in the matrix. This facies displays a
typical nodular fabric due to the sponge nodules.
Pressure solution processes (stylolites), particu-
larly marked around the sponge nodules, accen-
tuate this fabric. Bioturbation is weakly devel-
oped.

Rare bored hardgrounds are present and the
two best preserved are located immediately above
the Kellwasser Horizons. The oldest one, above
the LKK, shows (Plate IID^F) an irregular sur-
face, with encrusted sponges and goniatite shells.
The surface is perforated by nearly horizontal
(centimetres in length) and vertical (1 or 2 mm
in size) borings ¢lled with the overlying sediments
(MF2). Immediately above this surface, another
surface encrusted with Fe-hydroxide coatings is
present and indicates a second interruption of
the sedimentation rate. The youngest hardground,
located just above the F/F boundary (Plate IIC),
correspond to a microbreccia composed of sub-
rounded and subangular sponge mudstone nod-
ules (6 1 cm) embedded in a microbioclastic
wackestone with a few molluscans and ostracods.

(c) Microfacies 2c (MF2c): laminated microbio-
clastic stromatactoid wackestones (Plate IE,F)

These micritic and microsparitic wackestones
contain a few irregular cavities (6 1 mm in size)
of stromatactoid aspect with geopetal in¢llings of
dense micropeloidal mudstones with thin molluscs
and ostracods. The matrix is rich in microbio-
clasts with abundant tentaculitids (only in the
Frasnian part), few molluscs, ostracods, trilobites
and crinoids.

(d) Interpretation: MF2 records the develop-
ment of nodular and layered sponges culminating
in the ba¥estones of microfacies 2b. Millimetre-
to centimetre-thick microbioclastic layers are in-
terstrati¢ed within the sponge sediments. They
contain several fossils (foraminifers and algal
fragments) coming from a distant shelf. Their ero-
sive bases (MF2b and 2c) are indicative of episo-
dic higher-energy conditions suggesting distal

Fig. 2. Lithological column and bed number from Schindler (1990a,b), conodont zones from Feist and Schindler (1994). Thin-sec-
tion position, bed thickness, fossil abundance and sedimentary structures are noted in front of the lithological column. Note that
algae, foraminifers, goniatites and radiolarians temporarily disappear at the F/F boundary. The sponges disappear in both Kell-
wasser Horizons (i.e. LKK and UKK).
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tempestites (sensu Aigner, 1985) or turbidites. The
succession of these three lithotypes suggests a dis-
tal^proximal gradient as stromatactoid cavities
(sensu Bourque and Boulvain, 1993) and micro-
bioclastic layers increase from MF2a to MF2c.
This evolution records a decrease of depth along
a distal ramp. The same features have been rec-
ognised in the Upper Devonian of the Coumiac
stratotype section (Montagne Noire, France) as
interpreted by Pre¤at et al. (1998).

3.3. Microfacies 3 (MF3): outer ramp close to the
storm wave base

(a) MF 3a: laminated microbioclastic pack-
stones (Plate IIA)

The biogenic fraction consists of microbioclasts
of tentaculitids, molluscs (gastropods and bi-
valves), ostracods, crinoids, foraminifers, trilo-
bites and poorly preserved algal fragments.
Small-sized peloids are present. The layers (milli-
metres to several centimetres thick) show wavy
laminations, erosive bases and grading. The sedi-
ment contains scarce perforated hardgrounds
¢lled with peloidal and microbioclastic wacke-
stones. Rare stromatactoid cavities are present.

(b) Microfacies 3b (MF3b): coarse-grained bio-
clastic packstones (Plate IIB)

The microfacies is similar to the previous one
but the layers are thicker (several centimetres) and
show a coarser texture due to large shells (mol-
luscs). The layers are enriched in tentaculitids or
in molluscs. Only a few crinoids and ostracods are
present.

(c) Interpretation: The MF3 shows a distinct

thickness increase (relative to MF2) of the micro-
bioclastic layers, of bioclast size, some grading
and frequent erosive base layers. These character-
istics suggest more energetic conditions near the
storm wave base, and related to turbiditic or
storm processes (sensu Aigner, 1985).

4. Sedimentary model and microfacies evolution

4.1. Sedimentary model

Despite the di⁄culty in establishing a bathy-
metric sequence (condensed series), the order of
the microfacies sequence is established using
mostly sedimentological criteria, e.g. bioclastic
laminations, graded bedding and granulometry.
The increase in bed thickness suggests a distal^
proximal gradient from MF1 to MF3. The se-
quential evolution records a ‘shallowing-upward’
trend from deep, quiet and poorly oxygenated
environments, below the storm wave base, to
more energetic environments in£uenced by cur-
rent activity around the storm wave base. All
the microfacies are below the photic zone as in-
dicated by the absence of in situ algae. Mud-
shales, mudstones and wackestones suggesting a
quiet and autochthonous sedimentation dominate
the sediments. Microbioclastic packstone layers
are occasionally interstrati¢ed in the sediments
and are related to turbiditic or storm-induced cur-
rents. Pelagic or nektonic fossils (tentaculitids,
ammonoids, radiolarians) are mainly associated
with MF1. The benthonic fauna is represented
by the sponges of the MF2 and the crinoids of

Plate I. Pictures illustrating the F/F microfacies of the Steinbruch Schmidt section. (A) MF1a: laminated mudstone and black
mudshale. Small molluscans, radiolarians and ostracods only are present. The laminated structure consists of an alternation of
black laminae (up to 1 mm thick) rich in organic compounds and lighter laminae (from 1 mm to 1 cm). Sample SQ25, scale
bar = 0.5 cm. (B) MF1b: black and laminated bioclastic packstone (abundant goniatites and bivalves, tentaculitids, ostracods and
rare radiolarians). No bioturbation features. Sample SQ22, scale bar = 0.5 cm. (C) MF2b: wackestone and ba¥estone with centi-
metric sponge nodules associated with bioclasts consisting of a few ostracods, crinoids and trilobites. Sample SQ17, scale
bar = 0.5 cm. (D) MF2b: wackestone and sponge ba¥estone. The picture shows a small discontinuity surface surmounted by
sponges (light layers). Sample SQ45, scale bar = 0.5 cm. (E) MF2c: laminated and microbioclastic wackestone with stromatactoi-
dal cavities. The close view of one of these cavities shows the geopetal ¢lling consisting of a ¢ne and dense micropeloidal matrix
with few ostracods. Sample SQ4, scale bar = 1 mm. (F) MF2c: laminated and microbioclastic wackestone with few irregular cav-
ities of stromatactoidal aspect (below 1 mm in size). The geopetal in¢lling corresponds to a micropeloidal-rich mudstone with
rare ostracods and molluscs. Sample SQ4, scale bar = 0.5 cm.
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Fig. 3. Microfacies evolution and sequential stratigraphy of the F/F boundary series (fourth- and third-order cycles) are noted in
front of the lithological column. The T^R IId cycle of Johnson and Sandberg (1988) is also schematised. S.T. = systems tract,
LST = lowstand systems tract, TST = transgressive systems tract, HST = highstand systems tract, SB = sequence boundary.
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the MF3, the latter being probably derived from
the destruction of distant crinoidal meadows.

According to these characteristics, the deepest
sediments are mudshales and laminated bioclastic
mudstones of MF1. They correspond to the black
shale facies of the Kellwasser Horizons that were
therefore deposited below the storm wave base.
From this deep environment a progressive transi-
tion leads to the sponge microfacies (MF2) which
are progressively interstrati¢ed with ¢ne lami-
nated microbioclastic packstones. The origin of
the distal calcareous tempestites or turbidites is
probably linked during Late Devonian times to
a distant shelf located in NW Germany (Fig. 1).

In summary, our microfacies analysis indicates
a general open marine environment close to the
storm wave base. The inferred depth could be
around 200 m (Friedman and Sanders, 1978;
Guillocheau and Ho¡ert, 1988) and could ¢t the
palaeogeographic setting of the Steinbruch
Schmidt section located on a submarine rise over-
lying a volcanic basement (Meischner, 1971; Bug-
gisch, 1972). This situation could explain the rel-
ative homogeneity of the facies (only three
di¡erent microfacies are present), sea-level varia-
tions being unable to a¡ect greatly the deposition-
al environments at this inferred depth.

Pelagic sedimentation on ancient submarine
rises di¡ers both from actively productive carbon-
ate platforms and from deep-sea basins. Bottom
currents prevent the deposition of planktonic or-
ganisms (such as radiolarians) promoting instead
a preferential accumulation in adjacent basins
(Baumgartner, 1987, 1990). Such a situation is
observed at Steinbruch Schmidt where radiolar-
ians are scarce and only present in microfacies
MF1. Martire (1992) also invoked a depth of hun-
dreds of metres for condensed facies developed in
submarine rises in the Jurassic (Rosso Ammoniti-
co) of NE Italy.

4.2. Pelagic sedimentation and sequential analysis

In the context of condensed facies on a
drowned platform, Martire (1992) has shown
that the onset of sedimentation occurs during
the transgressive and highstand systems tracts
when the current activity is reduced allowing pe-

lagic sediments to fall towards the bottom. The
sequence boundaries are correlated with strati-
graphic gaps, and their associated erosional sub-
marine surfaces are frequently indicated by Fe
(^Mn) hardgrounds. They are ascribed to the ac-
centuation of ocean circulation induced by sea-
level falls and thus with the lowstand systems
tract (LST) (Martire, 1992).

The Steinbruch Schmidt microfacies evolution
(Fig. 3) shows a small-scale rhythmicity composed
of sub-metre-scale transgressive and regressive
cycles. The Kellwasser Horizons do not present
any sequential evolution, the facies record persis-
tent deep-water environments. Eleven cycles are
recognised (C1^C11; Fig. 3) and their thickness
ranges from 0.4 m to 1.4 m. These cycles do not
exhibit any clear thickening (or thinning) upward
pattern, their individual beds being decimetre
thick. The boundaries between the beds show nu-
merous omission surfaces (millimetric argillaceous
joints) of probably important time range as sug-
gested by the conodont zonation. Fig. 3 shows
that one conodont Zone contains from less than
one a cycle up to ¢ve cycles, indicating the impor-
tance of the condensation of the series. In such a
situation, it is impossible to recognise low-level
ordering of the sequences sensu Van Wagoner et
al. (1988). The presence of two hardground levels
above each Kellwasser Horizon con¢rms the im-
portance of the condensation of the series. The
upper hardground level (5 cm thick) is located
just above the F/F boundary and contains abun-
dant nodular sponges in a bioclastic micritic ma-
trix. The second hardground level (millimetre
thick) lies just above the LKK (Plate IID^F)
and shows vertical burrows 1 or 2 mm deep which
are sometimes nearly horizontal (1 cm long) and
¢lled with the MF2 sediments.

4.3. Discussion

The upper hardground corresponds to the
‘brecciated layer’ interpreted by Sandberg et al.
(1988) and Schindler (1993) respectively as a
high energy event (storm deposit?) or as ‘‘an in
situ generation due to the di¡erent consistency of
the limestone compared with the Kellwasser sedi-
ments during lithi¢cation’’. This layer can be
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traced as a distinct marker horizon due to its
regionally wide distribution (Schindler, 1993). In
our view, these nodules represent an initial sponge
layer (ba¥estone) which has been intensively
bored during extremely reduced sedimentation.
The layer is fragmented and transformed into
small blocks that have been reworked and incor-
porated in the overlying sediments (MF3). This
process leads to the formation of a breccia layer
composed of subrounded to subangular (less than
centimetre-sized) nodules (Plate IIC). Similar pro-
cesses have been described in the Coumiac section
by Pre¤at et al. (1998) in the same stratigraphic
interval. The formation of this ‘breccia’ implies
a time gap as suggested by the Lower triangularis
conodont Zone which is the most reduced biozone
of this section (Fig. 3). Each of these hardground
levels is followed by a regressive pattern in the
sedimentation (Fig. 3) and could therefore corre-
spond to two third-order sequence boundaries
sensu Van Wagoner et al. (1988). The sequence
boundaries are also similar to those reported by
Martire (1992) from the pelagic series of the Ros-
so Ammonitico. One of these sequences is com-
plete in the Steinbruch Schmidt section (i.e. from
C4 to C7, Fig. 3) and encompasses nearly two
conodont zones. This sequence is well within the
third-order time range reported in the literature
(see for example Einsele et al., 1991). The vertical
stacking of 11 cycles and the presence of two se-
quence boundaries make it possible to describe
third-order evolution of the sedimentation. A suc-
cession of seven systems tracts has been estab-
lished: cycles C2, C5^6, C9^10 belong to a trans-
gressive systems tract (TST), and the two

Kellwasser Horizons to a highstand systems tract
(HST). The LST is de¢ned by cycles C4 and C8
showing a shallowing-upward succession from
MF1 to MF3.

The generation of the black sediments (shales
and limestones of the Kellwasser Horizons) is
thought to be due to vertical oscillations of O2-
de¢cient water masses, i.e. episodic rises of the
anoxic layer (Schindler, 1990a). The sudden in-
come of bivalves and icriodontids within the
UKK can be explained by an even slight shift
towards more oxygen content, but still in the dys-
aerobic zone. Such a process is more likely than a
sudden sea-level fall (Walliser et al., 1988). The
LKK and UKK are certainly related to the in-
come of anoxic bottom water conditions that
have also favoured the development of opportun-
istic and adapted species to O2-depleted water.
We have to ask if the vertical oscillations of the
anoxic layer correspond to a mechanism driven by
sea-level £uctuations or not. In fact, the mecha-
nism of sea-level £uctuations seems to explain all
the observations reported here from the microfa-
cies study. Moreover, the sequential model pro-
posed here is compared with some recent papers
as well as with the evolution of the conodont
biofacies (see below).

A comparison between the evolution of the
Steinbruch Schmidt microfacies evolution and
the sea-level curve (T^R cycle IId) of Johnson et
al. (1985) and Johnson and Sandberg (1988)
shows similar trends at a large scale, but some
discrepancies in detail (Fig. 3). The transgressive
episodes of the basal part of the Upper rhenana
and the uppermost part of the linguiformis cono-

Plate II. Pictures illustrate the F/F microfacies of the Steinbruch Schmidt section. (A) MF3a: microbioclastic packstone contain-
ing tentaculitids, molluscs (gastropods and bivalves), ostracods, crinoids, trilobites as well as foraminifers and algal fragments
(not visible on the picture). The microbioclastic layers (millimetres to centimetres thick) alternate with thin millimetric layers of
argillaceous mudstone. They present an undulating structure, erosive bases and sometimes a grading. Sample SQ6, scale bar = 0.5
cm. (B) MF3b: bioclastic packstone rich in bivalves and ostracods. The thickness of the layers reaches several centimetres. Sam-
ple SQ89, scale bar = 0.5 cm. (C) The upper hardground level, at the base of the Famennian, corresponds to a microbreccia of
subangular and centimetric nodules of sponge mudstones. These nodules are embedded in a microbioclastic wackestone with mol-
luscs and ostracods. Sample SQ84, scale bar = 0.5 cm. (D) The lower hardground level, above the LKK, shows an irregular sur-
face encrusted by sponges and goniatites. This surface is perforated by vertical (1^2 mm deep) and centimetric sub-horizontal
burrows and ¢lled by sediments of microfacies MF2c. A second hardground level underlined by a ferruginous surface (Fe^Mn)
surmounts this ¢rst surface and the ¢llings. Sample SQ30, scale bar = 0.5 cm. (E) The photo shows a perforated surface by verti-
cal burrows of 1^2 mm deep. Sample SQ30, scale bar = 1 mm. (F) Close view on the condensed surface underlined by Fe^Mn?
coatings. Sample SQ30, scale bar = 0.5 cm.
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Fig. 4. Comparison between the sequential model and carbon isotope (Joachimski and Buggisch, 1993) as well as TOC (Casier et
al., 1999) results. Each Kellwasser records the highest TOC values during highstand conditions and the highest N

13C values at the
base of LSTs.

PALAEO 2830 29-5-02

X. Devleeschouwer et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 181 (2002) 171^193182



dont Zones correspond to the two Kellwasser Ho-
rizons. As we have seen previously at the Stein-
bruch Schmidt section, the transgressions started
below the Kellwasser Horizons, which represent
only eustatic highstands in our interpretation
(Fig. 3). In both cases, a regressive episode starts
at the end of the Kellwasser Horizons, the second
one, at the base of the Famennian, being of great-
er amplitude than shown on the curve of Johnson
et al. (1985). Due to the signi¢cant depth in the
Steinbruch Schmidt series the importance of these
eustatic changes is di⁄cult to highlight. For ex-
ample, the TST/HST boundary corresponding to
the maximum £ooding surface (MFS) is not easily
found in such condensed sequences. Schindler
(1993) has reported that a characteristic layer im-
mediately below the UKK shows a distinct en-
richment of various faunal elements such as trilo-
bites, ostracods, cricoconarids and goniatites,
each of these groups also displaying an increased
numbers of specimens. This layer, which is also
recognised in other German sections by Schindler
(1993), corresponds in our sequential model to the
TST/HST transition (MFS). Such a layer with a
marked enrichment in fossils seems to be not
present below the LKK.

From several sections in Europe, two positive
carbon isotope excursions have been recognised in
the Kellwasser Horizons by Joachimski and Bug-
gisch (1993). The carbon isotope pattern indicates
two phases of enhanced burial of organic carbon.
In addition, the formation of the Kellwasser Ho-
rizons seems to be linked with short-term T^R
pulses superimposed on a global eustatic high-
stand (Johnson et al., 1985; Sandberg et al.,
1988; Buggisch, 1991). These isotopic excursions
have been related to the development of anoxic
events. The eustatic pattern proposed in this pa-
per indicate that each Kellwasser Horizon corre-
spond to a third-order HST. The end of the Fras-
nian is superimposed on a second-order high-
stand, corresponding to the maximum sea-level
highstand known in the Devonian, which occurs
at the F/F boundary (Johnson and Sandberg,
1988). In fact, a comparison has been made here
between the systems tracts succession and carbon
isotope (Joachimski and Buggisch, 1993) as well
as TOC (total organic carbon; Casier et al., 1999)

results. Each Kellwasser records the highest TOC
values during highstand conditions. Looking in
details at the carbon isotope curve of Steinbruch
Schmidt (Fig. 4), a N

13C peak is recorded just
above the LKK at the base of the LST. The
N

13C values decrease from the end of the LST to
the lowest values below the UKK in the TST.
From that point, N13C values increase again dur-
ing the UKK up to the basal Famennian (LST).
These observations indicate that the highest N

13C
values are recorded in each case at the base of
LSTs and that N

13C values decrease between the
Kellwasser Horizons from the LST up to the end
of the TST. Eustatic £uctuations are clearly cor-
related with the N

13C isotopic curve and could
partially explain the £uctuations of the inorganic
carbon isotope curve.

Recently, a synthesis of these upper Frasnian
eustatic variations in shallow marine environ-
ments has been documented in Belgium and
South China by Muchez et al. (1996). In both
areas two sequence boundaries were suggested,
the ¢rst one occurring in the Upper rhenana
Zone and the second one around the F/F bound-
ary at the top of the linguiformis Zone. The storm
deposits above these sequence boundaries are in-
terpreted as lowstand deposits. Therefore similar
F/F boundary third-order eustatic variations are
documented in both shallow and deep environ-
ments.

The Steinbruch Schmidt section has been
studied for conodonts by Sandberg et al. (1988)
who indicate several biofacies changes around the
F/F boundary. The late Frasnian (before and dur-
ing the UKK) is characterised by a palmatolepid^
polygnathid biofacies suggesting a deposition
depth of 100 m or more (Sandberg et al., 1997).
All conodonts of the Early and Middle triangula-
ris zones compose a mixed palmatolepid (deep)^
icriodid (shallow) biofacies indicating a depth
ranging from more than 100 m to 60 m (Sandberg
et al., 1997). This biofacies change records an eu-
static fall at the F/F boundary. Sandberg et al.
(1988) interpreted the ¢rst increase of Icriodus in
the UKK as the beginning of the eustatic fall and
the gradual increase upwards of Icriodus at the
end of the UKK as an increased shallowing event.
From our view, the eustatic fall, revealed by the
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transition from a highstand during the UKK to a
lowstand at the base of the Famennian, is in good
agreement with the conodont biofacies change.
This sea-level change is underlined by the maxi-
mal abundance of Icriodus at the base of the Fa-
mennian. The shallowing event, linked with the
Icriodus increase, at the end of the UKK could
be interpreted as the early part of the eustatic fall
according to the de¢nition of a HST from Van
Wagoner et al. (1988). These authors have sub-
divided the HST into three parts: the lower
part indicates the end of the transgression, the
middle part commonly consists of an eustatic
stillstand and the late part corresponds to the be-
ginning of the eustatic fall. Thus the late part of
the highstand records the beginning of the sea-
level lowering. With such an explanation, the con-
odont biofacies change ¢ts the sequential analysis
well.

Detecting third-order eustatic variations
through the F/F series in deep and condensed

cephalopod limestone strata implies the recogni-
tion of the source process controlling these eu-
static variations. Glacio- or tectono-eustatism
could explain these sea-level variations. The re-
cent paper of Streel et al. (2000), based on mio-
spore analysis, concluded that violent volcanism
might have caused long-term warming during the
late Frasnian succeeded by a very short-term gla-
cial phase in the Earliest Famennian. These au-
thors argued that cooling and glaciation seem the
most reasonable explanation for the major eu-
static fall following the Kellwasser Event. Fur-
thermore, Murphy et al. (2000) have proposed
an eutrophication model based on carbon isotope
and C:N:P atomic ratios of organic matter buried
across the Kellwasser Horizons in Western New
York State. Late Devonian climatic cooling and
selective demise of taxa adapted to oligotrophic
conditions are consistent with widespread and ep-
isodic eutrophication. Moreover, magnetic sus-
ceptibility measures made on several sections in

Table 1
Sample identi¢cation (according to thin-section numbers of Figs. 2 and 3), clay mineralogy and illite composition of the clay
fraction of Steinbruch Schmidt section (F/F boundary)

Sample I K M C Qz F.K. Goeth IC cal Esq (g) 001/002 IR W1 W2
(%) (%) (%) (%) (g) (g)

SQ1 50 50 ? ? 0.43 0.38 2.6 0.87 0.3 0.35
SQ8 60 40 P 0.34 0.37 2.7 1.17 0.25 0.28
SQ15 60 40 P 0.43 0.46 2.18 1.1 0.3 0.3
SQ21 70 25 5 P P 0.465 0.3 3.38 1.23 0.32 0.6
SQ22 75 20 5 P P 0.62 0.43 2.32 1.33 0.41 0.42
SQ25 75 15 10 ? P 0.4 0.4 2.5 1.43 0.28 0.4
SQ30 70 25 5 P ? 0.5 0.5 2.02 0.85 0.34 0.34
SQ31 65 35 P 0.43 0.42 2.36 1.27 0.3 0.3
SQ38 55 40 5 P 0.43 0.32 3.14 1.29 0.3 0.3
SQ42 50 45 5 P ? 0.43 0.42 2.38 1.41 0.35 0.35
SQ44 70 30 P P 0.41 2.43 1.98
SQ45 55 45 P P 0.465 0.42 2.39 1.27 0.32 0.3
SQ55 60 35 5 P 0.43 0.33 3 1.31 0.3 0.35
SQ63 65 35 P P P 0.43 0.48 2.09 1.23 0.3 0.32
SQ71 70 30 P P 0.43 0.46 2.18 1.22 0.3 0.31
SQ78 80 20 P P 0.6 0.47 2.16 1.42 0.4 0.3
SQ80 90 10 P P 0.48 0.4 2.5 1.51 0.33 0.3
SQ84 90 10 P P 0.515 0.37 2.69 1.15 0.35 0.32
SQ84b 75 25 P P 0.45 0.42 2.37 1.58 0.31 0.35
SQ90 65 35 P P P 0.43 0.38 2.63 1.42 0.3 0.32
SQ91 65 35 P ? 0.515 0.38 2.62 1.32 0.35 0.4

Sample number, percentages of illite (I), kaolinite (K), mixed layers (M), chlorite (C), presence (P) of quartz (Qz), K-feldspaths
(F.K.) and goethite (Goeth), calibrated illite crystallinity (IC cal), Esquevin index glycolated (Esq (g)), 001/002 ratio glycolated,
IR index glycolated (IR) and Shirozu index W1 and W2 (glycolated).

PALAEO 2830 29-5-02

X. Devleeschouwer et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 181 (2002) 171^193184



Europe (Devleeschouwer, 1999) indicate a clear
modi¢cation of the detrital input to the ocean,
during the basal Famennian, linked to climatic
or tectonic (orogenic surrection) changes. New
multidisciplinary studies are needed to constrain
precisely the eustatic-£uctuations model devel-
oped here as well as the source mechanism con-
trolling sea-level variations.

5. Clay mineralogy

5.1. Sampling and methods

Twenty-one samples including di¡erent litholo-
gies (limestones and shales) have been studied.
The clay fraction (particles smaller than 2 Wm)
was separated by sedimentation after decarbona-
tation with HCl N/5 and de£oculation with deion-
ised water. X-ray di¡raction analyses were carried
out using a Philips PW1730 DX di¡ractometer
with Cu^K radiation and performed on oriented
pastes mounted on glass slides. Three X-rays dia-
grams were undertaken: under air-dried condi-
tions, after saturation with ethylene glycol and
after heating at 490‡C for 2 h. Semi-quantitative
determinations are based on the peak intensities
and areas of selected clay mineral peaks (Holtz-

ap¡el, 1985). The heights of illite and kaolinite
(001) peaks are taken as references.

The illite crystallinity (IC) values were deter-
mined by measuring the width of the (001) peak
at half-height measured at Y 0.01‡2a on oriented
clay preparations after glycolation. The IC values
obtained in the Laboratory of Sedimentology and
Geodynamics at Lille 1 University (France) were
corrected using several standard specimens allow-
ing calibration with respect to IC international
calibrated index (Warr and Rice, 1993, 1994).
The crystallinity index standard (CIS) of Warr
and Rice (1994) gives IC anchizonal limits of
0.25‡d2a and 0.42‡d2a, which are the same as
those of Ku«bler (1967). The chemical composition
of the illitic materials was detailed using the meth-
ods of Esquevin (1969), Shirozu and Higashi
(1972) and SŁrodon¤ (1984) on glycol-saturated
preparations.

5.2. Results

The clay assemblage is poorly diversi¢ed in the
Steinbruch Schmidt section: clay minerals are
dominated by illite (50^90%), kaolinite (10^
50%), mixed layers (essentially 10^14s) (5^30%)
and traces of chlorite (5%) (Fig. 9). Quartz, K-
feldspar and goethite are also present (Table 1).

Fig. 5. Chemical composition of the illitic materials: the two parameters reveal a relatively high Fe content and the presence of
interstrati¢ed illite^smectite materials. The x-axis corresponds to the sample number and the y-axis indicates the measure of the
Ir index of SŁrodon¤ (1984) and the measure of the 001/002 ratio for the illitic fraction.
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5.2.1. Illite
The illites of the Steinbrich Schmidt section

present large values of the 001/002 ratio (between
2.02 and 3.38) indicating a relatively high Fe con-
tent in the octahedral sheets (Fig. 5).

The Esquevin index (Ei, described by Ku«bler,
1968 and Esquevin, 1969) mean value (0.41) of
the F/F boundary samples suggests a composition
between muscovite and phengite revealing the
presence of Fe and Mg in the octahedral sheets
(Fig. 6).

The measure of the BB1 index of SŁrodon¤ (1984)

shows that F/F boundary samples indicate less
than 15% of smectitic sheets in the interstrati¢ed
illite^smectite and an ISII ordered type of inter-
strati¢cation.

Fig. 7 shows the IC values for clay samples:
they present a relatively narrow range between
0.4 and 0.5 except for three values. Shirozu and
Higashi’s (1972) method has been followed, con-
sisting in the measure of the half-height peak
width for the 5-A\ and 10-A\ illite re£ections and
these are designated W2 and W1 respectively (Fig.
8). This method gives an estimation of the alter-

Fig. 6. Measure of the Esquevin index (Ei, y-axis) is reported for each analysed sample (x-axis). The results indicate a phengite
to muscovite composition with Fe and Mg in the octahedral sheets (see text for more explanation).

Fig. 7. Shirozu diagram build with W2 and W1 measures, (respectively y-axis and x-axis). The diagram indicates ‘opened illite’.
Only one sample had a high W1 value (SQ78) which is unfavourable to the measure of the illite crystallinity (see text for more
explanation).
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ation stage of illitic materials : when the W1 index
is plotted along or close to the line with a 45‡
inclination angle the IC values are typical of
‘well-crystalline’ illites. As shown in Fig. 7, only
sample SQ78 presents a W1 value larger than W2
indicating a more ‘opened ’ illite. Some samples
show a W2 index higher than the average (for
example SQ21 and SQ25) without a¡ecting the
measure of IC.

The illitic samples comprise a muscovite or
phengite composition indicating a non-purely alu-
minous content. Moreover, a mixture of illite and
interstrati¢ed illite^smectite with less than 15% of
smectitic sheets and an ISII ordered type of inter-
strati¢cation is observed. A part or all of the illite
could have experienced a diagenetic evolution as
suggested by the BB1 values and the phengite
composition. The detrital origin could not be to-
tally avoided, as it is impossible to quantify the
illite percentage coming from the diagenesis of
terrigenous illites. Illite abundance is maximal
during the two Kellwasser Horizons (Fig. 9) and
varies gradually in the section.

5.2.2. Other clay minerals
Kaolinite, the second most abundant clay min-

eral, is particularly well represented (up to 50%)
between the two Kellwasser Horizons (Fig. 9 and

Table 1). Its percentage is lowest in the Kellwasser
Horizons. Chlorite and mixed layers are only
present as traces with the exception of sample
SQ44 with 30% interstrati¢ed illite^smectite.
Both minerals, occurring below the UKK and be-
tween the Kellwasser Horizons, suggest that no
signi¢cant change in the clay composition oc-
curred above the F/F boundary where only illite
and kaolinites have been recorded. Sample SQ44,
which shows an unusual clay mineralogy com-
posed of illite and mixed layers, could indicate a
bentonite layer (J.-F. Deconinck, personal com-
munication) already described as such in Schind-
ler (1990b).

5.3. Discussion

On the whole, IC values fall within the higher-
grade diagenetic zone, near the diagenesis/anchi-
zone boundary (Fig. 7). According to the Yang
and Hesse (1991) subdivisions, the series has not
reached low-grade metamorphism. Temperatures
at the diagenesis/anchizone boundary, based on
published values from the literature (Frey, 1987;
Roberts et al., 1991; Warr, 1996; Garcia-Lopez et
al., 1997; Han et al., 2000), seem to range be-
tween 200 and 300‡C. Thus, a temperature range
of 210 Y 20‡C for the diagenesis/anchizone bound-
ary is in agreement with the recent literature. As a
consequence, the Steinbruch Schmidt IC values
suggest temperatures lower than 210 Y 20‡C.

The clay assemblage in the Steinbruch Schmidt
section is poorly diversi¢ed and dominated only
by illite and kaolinite (Fig. 9). A similar poorly
diversi¢ed association has also been noted by
Bauluz Lazaro et al. (1995) for the Devonian of
the Iberian Range (Spain) with similar chemical
composition for the illitic material which consists
of mixtures of illite and ISII interstrati¢ed miner-
als, with a smectite content 6 15%. The IC values
are typical of the anchizone, and for these authors
both illite and kaolinite could be inherited from a
highly weathered source area although illite might
also have a diagenetic origin. This led to a discus-
sion of the diagenetic or detrital origin of the F/F
boundary clays. The diagenetic evolution of the
F/F boundary series can lead to chemical trans-
formations of the clays, as the temperature range

Fig. 8. The IC diagram reports the ‡2q values along the
y-axis for each analysed sample (x-axis). Results indicate IC
values near the diagenesis/anchizone boundary suggesting
that the sediments have not reached low-grade metamor-
phism. Estimated temperatures are below 210 Y 20‡C.
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Fig. 9. Lithological column with clay mineralogy results and third-order cycles. A clear increase in illite (and inversely a decrease
in kaolinite) is observed in the Kellwasser Horizons. Mixed layers and chlorites are locally present in the Frasnian. Same abbrevi-
ations as in Fig. 3.
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deduced from the IC is largely su⁄cient to pro-
duce illitisation of smectitic minerals (Chamley,
1989; Han et al., 2000). A part of illite might
therefore have a diagenetic origin but a detrital
origin cannot be excluded. However, a diagenetic
origin for kaolinite is probably not the case since
this mineral has been preserved and remains
abundant (up to 50%). Moreover, kaolinite has
been found in di¡erent lithologies (limestones
and shales). Thus its relative original percentages
have probably been preserved despite the diagen-
esis. Meanwhile, kaolinite could also appear by
authigenesis but this is probably not the case
here since this neoformation is essentially re-
ported in highly porous rocks like sandstones
and dolostones (Wilson and Pittman, 1977;
Chamley, 1989; Lefrancois et al., 1993). The
rocks of the studied pro¢le are non-porous shales
and ¢ne-grained limestones and unfavourable for
kaolinite neoformation. We have also no indica-
tion of post-sedimentary £uid e¡ects (no micrite
alteration, no dolomitisation, ...) and oxygen iso-
tope values published by McGhee et al. (1986)
indicate a range between 4.5 and 5.5x. These
values are very close from those reported by Hur-
ley and Lohmann (1989) for marine FFb signa-
ture (4.5 Y 0.5x) corresponding to the isotope
signature of non-luminescent cements of open-
marine environments. The oxygen isotope values
suggest thus that the FF series of Steinbruch
Schmidt experienced no strong diagenetic evolu-
tions linked to post-sedimentary £uid circulation.

A detrital origin for a signi¢cant part of the
clay mineral assemblages is therefore proposed
for the Steinbruch Schmidt section. Fig. 8 gives
the clay abundance within the di¡erent systems
tracts. Kaolinite content decreases from the base
of the section up to the LKK, then increases to a
maximum between the two Kellwasser Horizons
and decreases again to reach a minimum in the
UKK. Above the F/F boundary, the kaolinite
amount increases to nearly the same percentage
as it was at the base of the section. This pattern
shows, therefore, that there is no clear di¡erence
between the Frasnian and the Famennian clay as-
semblages with the exception of small quantities
of chlorite and mixed layers observed below the
UKK. The most striking fact is that kaolinite is at

its minimum concentration in the Kellwasser Ho-
rizons, thus during the highstand sea levels, and is
at its maximum concentration at the end of the
regressive episodes (LST). Thus kaolinite in-
creases during the regressive intervals (LST) and
decreases during the transgressive ones (TST).
The strong increase of kaolinite along the LST
is attributed to the gradual development of higher
energetic conditions (microbioclastic layers) due
to tempestites or turbidites as revealed by the mi-
crofacies analysis. This analysis has shown that
the microbioclastic layers contain shallow water
organisms (algal fragments) and the clay fraction
could have been transported from this distant en-
vironment and deposited in deeper settings. Thiry
and Jacquin (1993) reported a similar case during
the Aptian in the Cape basin of South Africa
where sandy turbidites are interlayered in carbo-
naceous black shales. The clay mineral suite of
these turbidites is composed of varying amounts
of kaolinite, chlorite, illite and traces of mixed
layers. Their assemblage, typical of many mud-
rock successions, is similar to the one of the F/F
boundary series, and could support an allochtho-
nous origin (tempestites?) of the kaolinite in the
deeper Late Devonian basin. The Kellwasser Ho-
rizons deposited during sea-level highstands dis-
play the minimum kaolinite content because the
environments are the deepest ones and lie below
the in£uence of tempestites.

To summarise, detrital clays supplied from ex-
posed areas have been trapped in a distant shelf
and exported basinward after deposition by re-
working processes during sea-level falls. Such a
situation has already been reported in the Creta-
ceous palaeoweathering pro¢les of NW Europe
and N America where kaolinite is predominant.
The Wealdian terrigenous facies trapped on Euro-
pean shelves and the Cretaceous turbidites ¢lling
synrift Atlantic basins are also kaolinite-rich
(Thiry and Jacquin, 1993).

Another question must also be solved: why
does a high kaolinite percentage (up to 50%) lo-
cally occur during Late Devonian times? Robert
and Chamley (1991) and Knox (1998) have de-
scribed such kaolinite enrichment at the Palaeo-
cene/Eocene boundary. In this case, the kaolinite
abundance was related to climatic warming: the
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kaolinite amount increased in the earliest Eocene
toward high latitudes indicating intensi¢ed hu-
midity on adjacent landmasses where soils were
being formed. In the case of the F/F boundary
the kaolinite enrichment could also be related to
a global warming as suggested by Frakes (1979)
and Frakes et al. (1992). Morrow et al. (1996)
demonstrated an increase to warmer and drier
conditions from Middle Devonian up to Early
Carboniferous times. The equatorial Devonian
palaeogeographic position proposed by Ziegler
(1988) indicates that this warm climate was hot
with seasonally restricted rainfall. Kaolinite per-
centages imply such a hot^wet climate (Chamley,
1989). The Old Red Continent is the only known
land area located in a tropical palaeogeographic
setting close to the Rhenohercynian basin where
the Steinbruch section lies. This land was prob-
ably the detrital source for the clays of the Stein-
bruch Schmidt section. The abundance of kaolin-
ite can probably be attributed to the presence of
well-developed kaolinitic soils on the Old Red
Continent.

6. Conclusions

(1) Three major microfacies with several litho-
types are present: their succession (MF1^MF3)
constitutes the standard sequence of the series
and records a shallowing-upward evolution from
deep, quiet and poorly oxygenated environments
below the storm wave base level to more energetic
environments in£uenced by current activities. The
Kellwasser Horizons correspond to the deepest
facies (MF1) below the storm wave base. Note
that algae, foraminifers, goniatites and radiolar-
ians disappear temporarily at the F/F boundary
as well as sponges at each Kellwasser Horizon.

(2) The sequential analysis covering the Lower
rhenana^Upper triangularis conodont Zones
shows 11 sub-metric to metric cycles, most of
them recording sea-level changes. The cycle stack-
ing and the recognition of two sequence bound-
aries permits an interpretation of third-order se-
quences with seven systems tracts. The sequence
boundaries are located at the top of the LKK and
at the F/F boundary. They are underlined by

hardgrounds suggesting time gaps. The Kellwas-
ser Horizons correspond to eustatic highstands.
The presence of a layer particularly rich in faunal
elements (Schindler, 1993) immediately below the
UKK is correlative in our sequential analysis with
a TST/HST transition, and could therefore corre-
spond to a maximum £ooding surface. This sur-
face is not easily detectable by microfacies analy-
sis in such condensed section.

(3) The comparison of the Steinbruch Schmidt
microfacies evolution with the Johnson et al.
(1985) curve (T^R cycle IId) shows a similar
sea-level evolution. In both cases transgressive
evolution during the Kellwasser Horizons and re-
gressive trends above these Horizons are present.
Contrary to the Johnson et al. (1985) curve, our
detailed microfacies evolution indicates that the
transgressions started below the Kellwasser Hori-
zons which correspond therefore only to eustatic
highstands.

(4) Late Frasnian sediments (before and during
the UKK) show a palmatolepid^polygnathid bio-
facies suggesting a deposition depth of 100 m or
more (Sandberg et al., 1997). All faunas of the
Early and Middle triangularis Zones contain a
mixed palmatolepid (deep)^icriodid (shallow) bio-
facies indicating a depth from more than 100 m to
60 m (Sandberg et al., 1997). This biofacies
change indicates a eustatic fall at the F/F bound-
ary (Sandberg et al., 1988). This sea-level drop is
also indicated by the transition from a highstand
to a LST. So the conodont biofacies and the evo-
lution of systems tracts follow the same pattern of
eustatic changes.

(5) The clay minerals include dominant illite
(50^90%) and kaolinite (10^50%), associated
with random mixed layers (10^14s) (5^30%) and
5% of chlorite. Quartz and goethite are also
present. This assemblage is poorly diversi¢ed
and similar to the assemblage found in Spain by
Bauluz Lazaro et al. (1995) for the same strati-
graphic interval.

(6) IC values indicate that the series experienced
a high diagenetic grade, but below the diagenesis/
anchizone boundary implying a temperature
range below 210 Y 20‡C.

(7) Kaolinite is abundant (up to 50%) during
the LST just above the UKK. The increasing kao-
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linite percentage during the LST is related to
higher energy conditions (microbioclastic layers)
during the sea-level falls. Detrital clays (kaolinite
and partly illite) were probably supplied to the
deep basin by tempestites or turbidites from a
distant shelf located to the north of the Stein-
bruch Schmidt section.

(8) The high kaolinite percentage suggests a
hot^wet climate during the F/F transition. The
Old Red Continent seems to be the detrital source
of the clays and the kaolinite abundance is related
to the presence of well-developed soils on this
land area.
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