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Petrophysical (gamma-ray spectrometry, magnetic susceptibility) and geochemical (X-ray fluorescence spectrometry
and inorganic carbon isotope geochemistry) methods are used for stratigraphic correlations and palacoenvironmental
interpretations of the Devonian—Carboniferous boundary interval in the northern part of the Rheinisches
Schiefergebirge, Germany. Sections at Oese, Oberrddinghausen and Drewer were studied in the stratigraphic range from
the Famennian Upper expansa Zone to the Tournaisian Lower crenulata Zone. The Famennian Wocklum Limestone re-
veals distinctive cyclicity in the limestone and shale arrangement, whose primary origin has been supported by correla-
tion with K/Al ratio changes. Lower-order K/Al cyclicity follows bundles of alternating layers. On the other hand, Zr/Al
cyclicity is rather independent on facies and K/Al and duration of Zr/Al cycles was estimated to be 370 ka, which is close
to 405 ka eccentricity. Correlations of the curve patterns of Computed Gamma Ray, U/Th,,, bulk magnetic susceptibil-
ity, K/Al, Zr/Al, S, and Mn proxies have been employed for regional correlation. Our dataset confirms previous
palaeoenvironmental interpretations of the Hangenberg Events and additionally provides information on gradual de-
crease in a bottom oxygenation just prior the events. Peaks in redox and palaeoproductivity proxies (U/Th,
Cu+Ni+Zn+Pb) occur in the Hangenberg Black Shale in all studied sections. Although sedimentation of the Hangenberg
Black Shale took place during the deepening step, the enhanced palaeoproductivity and hypoxia to anoxia were the main
cause of its deposition. An interregional correlation of the Devonian—Carboniferous intervals from the northern Rhenish
Massif, Moravian Karst and Carnic Alps was carried out and underlines the potential for further chronostratigraphic def-
initions. « Key words: Famennian, Tournaisian, Hangenberg Events, gamma-ray spectrometry, magnetic susceptibility,
element geochemistry, stable carbon isotope geochemistry.
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The late Devonian—early Carboniferous is one of the most
important time intervals of Earth’s history as it represents a
transition from the warm mid-Palaeozoic global climate re-
gime to the icehouse of the late Palaeozoic (Streel 1986;
Kalvoda 1986, 2002; Brezinski et al. 2008). Global clima-
tic changes were usually associated with perturbations of
palaeogeographic and palaeoceanographic settings and ac-
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companied by ecosystem crisis (e.g., Caplan & Bustin
1999, House 2002). Many such levels connected with mass
extinction were described from late Devonian to early Car-
boniferous times (Walliser 1984, House 1985, Becker
1993a), such as the Kellwasser Events (latest Frasnian;
e.g., Schindler 1993, Racki 2005, Gereke & Schindler
2012, Chen et al. 2013), the Annulata Events (mid-late
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Figure 1. Conodont biostratigraphy and event stratigraphy of the
late/latest Famennian and lower Tournaisian boundary interval in the type
area of the Hangenberg Event in the northern Rhenish Massif (modified
after Bless et al. 1993, Kaiser et al. 2011). Conodont zonations sensu
Sandberg et al. (1978)* and Kaiser et al. (2009)**.

Famennian; e.g., Becker 1992, Becker et al. 2004, Racka et
al. 2010, Hartenfels 2011), the Dasberg Events/Crisis (late
Famennian; e.g., Hartenfels & Becker 2009, Marynowski
et al. 2010, Hartenfels 2011), the Hangenberg Events/Cri-
sis (latest Famennian to earliest Tournaisian; e.g., Walliser
1984; Marynowski & Filipiak 1997; Kaiser et al. 2000,
2009, 2011; Marynowski et al. 2012) and mid-Tournaisian
Lower Alum Shale Event (e.g., Becker 1993b, Zhuravlev
1998, Siegmund et al. 2002, Kaiser et al. 2011). Although
the possible triggers of many Late Devonian events are nu-
merous and hotly debated, an intimate link between the
Gondwana glaciation (e.g., Veevers & Powell 1987; Isaac-
son et al. 1999, 2008; Streel et al. 2000a; Almond et al.
2002; Caputo et al. 2008; Fielding et al. 2008) and the mul-
tiphase Hangenberg Events is generally accepted in the
literature (Caplan & Bustin 1999; Streel et al. 2000b, 2013;
Streel 2002; Streel & Marshall 2007; Isaacson et al. 2008;
Kaiser er al. 2011; Wicander et al. 2011; Myrow et al.
2013).

The Hangenberg Events (HE) can be subdivided into
three phases (Fig. 1). The first “pre-event” phase is the re-
gressive Drewer Sandstone Event (Bless et al. 1993;
Becker 1996: holostratigraphic level 8; Kaiser ef al. 2011)
recognized by fine siliciclastic deposition, increasing con-
densation, shallowing upwards, or by stratigraphic gaps
just before the second phase — the Hangenberg Black Shale
Event (HBSE; Hangenberg Event s.s.), which is mani-
fested by globally widespread black shale deposition, car-
bon isotopic anomaly and mass extinction (e.g., Walliser
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1984; Becker 1993a, 1993b, 1996: holostratigraphic level
9; Caplan & Bustin 1999; Kaiser er al. 2006, 2008, 2011;
Qie et al. 2015). This event was interpreted as a conse-
quence of the upwelling of nutrient-rich waters, which led
to eutrophication on shelves. Consequent high marine
bioproductivity caused the demise of carbonate factories,
water anoxia, and intensive burial of organic matter
(Caplan & Bustin 1996, 1998, 1999; Kaiser et al. 2006,
2008). The organic bloom critically increased the with-
drawal of carbon from the atmospheric reservoir of the
global carbon cycle to the organic-rich sediments. These
sediments were deposited on the continents shelves and in
numerous rapidly subsiding, deep foreland basins, which
probably led to significant decrease in atmospheric CO,
(Algeo et al. 2001, Kaiser et al. 2006). The reduced levels
of atmospheric CO, in combination with the Gondwana
passage through the southern polar region (Caplan &
Bustin 1999; Isaacson et al. 2008) caused global cooling
and the growth of glaciers (Caputo er al. 2008). The rapid
global cooling led to the third phase of the HE (the
Hangenberg Shale and Sandstone Event; HSE), which is
represented by deposition of increasingly medium to
coarse-grained siliciclastic sediments in the marine envi-
ronment and/or gaps in sedimentary records all over the
world (Van Steenwinkel 1993, Hance et al. 1994, Becker
1996: holostratigraphic levels 10-11; Kaiser et al. 2011,
Myrow et al. 2013, Kumpan et al. 2014b).

The global extent and abrupt nature of these events led
Walliser (1984) to propose the base of the HBSE as a natural
Devonian—Carboniferous boundary (DCB). However, his
proposal was abandoned during the subsequent definition of
the DCB. The current standard DCB definition, which is
based on the first appearance of the conodont Siphonodella
sulcata (Paproth et al. 1991), is problematic and requires re-
definition (Kaiser 2009, Kaiser & Corradini 2011). A possi-
ble use of other stratigraphically important fossils (advanced
species of the conodont genus Protognathodus or of the
foraminifer genera Quasiendothyra and Tournayellina) is
even more limited (e.g., Corradini et al. 2011, Kalvoda et
al. 2015). Consequently, the global palaeoenvironmental
changes related to the HE may give an opportunity for
auxiliary event-based solution of the DCB problem.

Petrophysical and geochemical methods, such as mag-
netostratigraphy or isotope chemostratigraphy, in combi-
nation with the more traditional biostratigraphy and
sedimentology, may represent good stratigraphic tools and
provide objective ties for correlations. This approach is
motivated by a successful application of isotope chemo-
stratigraphy and magnetostratigraphy in combination with
biostratigraphy for the definition of the Danian base
(Keller 2011), the base of the Aquitanian (Steininger ef al.
1997), and the base of the Eocene (Aubry et al. 2007). An
integrated approach may therefore be helpful for the solu-
tion of the DCB definition problem.
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Figure 2. Simplified geological map of the northern Rheinisches Schiefergebirge with the position of the studied sections (Oe — Oese,
Oh — Oberrodinghausen, Dw — Drewer). Modified after Luppold et al. (1994).

The aim of our research is to trace petrophysical and geo-
chemical vertical changes across the DCB in the classical area
of Famennian and Tournaisian stratigraphy and type area of
the Hangenberg Events in the northern part of the Rhenish
Massif (Korn ef al. 1994, Luppold et al. 1994, Becker 1996)
and to use them for stratigraphic correlations. Because of their
good accessibility and stratigraphic completeness, the sec-
tions at Oese, Oberrodinghausen (railway cut) and Drewer
were chosen for high-resolution petrophysical (gamma-ray
spectrometry, magnetic susceptibility) and geochemical anal-
ysis (X-ray fluorescence spectrometry and inorganic carbon
isotope geochemistry). The resulting multi-proxy dataset
served for correlations, evaluation of the cyclostratigraphic
potential of the studied sections, and interpretations of
palacoenvironmental and sea level changes.

Geological setting

The studied localities, QOese (51° 24.09057°N; 7°
47.26218" E), Oberrodinghausen (51° 23 45.523" N; 7° 50°
23.815”E) and Drewer (51° 29" 36.592"N; 8° 21" 21.865" E),
are located in the northern part of the Rheinisches Schieferge-
birge (Fig. 2), where sediments of the Rhenohercynian Basin
are exposed. The Rhenohercynian Basin, a subunit of the
Avalonia Plate, was dominated by block faulting and variable
subsidence during the Middle to Late Devonian. Active sub-
duction zones of the remnant and closing Rheic Ocean sepa-
rated it from the Mid-German Crystalline High further to the
south (Ziegler 1990, Franke 1995, Oncken & Weber 1995,
Oncken et al. 2000, Eckelmann et al. 2014).

The northern part of the Rhenish Massif represents one
of the key areas for biostratigraphy at the DCB boundary
with the auxiliary stratotype section at Hasselbachtal
(Becker et al. 1984; Becker 1988, 1996; Becker & Paproth

1993; Kiirschner et al. 1993; Luppold et al. 1994; Korn &
Weyer 2003; Korn et al. 2010). The framework of the
lithostratigraphy and ammonoid stratigraphy across the
D-C boundary in the northern Rhenish Massif has been es-
tablished in the pioneering papers of Schmidt (1924),
Schindewolf (1937), and Vohringer (1960). The global na-
ture of the Hangenberg Black Shale Event was recognised
by Walliser (1984). Further progress in ammonoid biostra-
tigraphy and extinctions came in papers by Price & House
(1984), Korn (1984, 1988, 1991, 1993), Luppold et al.
(1984, 1994), House (1993), Korn et al. (1994), Korn
(1994, 2001), and Becker (1996). Pioneering conodont
studies by Voges (1960), Ziegler (1969, 1971), Ziegler &
Leuteritz (1970), and Eickhoff (1973) served as a basis for
global Palmatolepis- and Siphonodella-based zonations
(Sandberg et al. 1978, Ziegler & Sandberg 1984). More re-
cently they were followed by Luppold et al. (1984, 1994),
Clausen er al. (1989), Kiirschner er al. (1993), and the
bed-by-bed studies of Kaiser (2005) and Kaiser et al.
(2006). Kaiser et al. (2009) revised the zonation scheme,
partly based on detailed data from other European succes-
sions. Data for the bransoni Zone are not available for all
sections, therefore the bransoni and duplicata zones are
jointed to the duplicata (= Lower duplicata) Zone. Becker
et al. (2013) noted that the defining index species of the
Siphonodella hassi Zone is an invalid and yet unreplaced
junior homonym — therefore, we put this zone name in in-
verted commas (“hassi Zone”).

Oese and Oberrddinghausen localities lie on the northern
flank of the Remscheid-Altena Anticline (Fig. 1), which
core formed a morphological high or even island (Paproth
1986). Drewer, on the other hand, was located on the
Belecke Anticline, an intrabasinal swell with starved con-
densed basin facies until the Viséan (Fig. 1; e.g., Clausen et
al. 1989, Korn & Weyer 2003, Korn 2010). We sampled
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amain section (Drewer A = Section WA in Korn ez al. 1994)
and the laterally pinching out Drewer Sandstone just to the
SW (Drewer B = Section WB of Korn ef al. 1994).

The late/latest Famennian in the studied sections con-
sists of alternating shales and nodular limestones
(Wocklum Limestone), studied in stratigraphic range from
the Middle expansa Zone (= aculeatus Zone) at Oese
(Fig. 3) and the Upper expansa Zone in both the Ober-
rodinghausen (Fig. 4) and Drewer (Fig. 5) sections to the
top of the praesulcata Zone (sensu Kaiser et al. 2009). The
Drewer Sandstone is intercalated in the Wocklum Lime-
stone in its upper part only at Drewer. Towards the top of
the Wocklum Limestone an increase in carbonate material,
the fossil content and microfacies changes have been re-
cognised (Becker 1996, Korn & Weyer 2003) and the
lowstand or eventually highstand system tract has been in-
terpreted for this unit (Van Steenwinkel 1993). This sup-
posed shallowing episode is followed by the Hangenberg
Black Shale (costatus-kockeli Interregnum; transgressive
system tract; Van Steenwinkel 1993) and overlying
siliciclastic successions of the upper part of the
costatus-kockeli Interregnum. This siliciclastic succession
is represented at Oese by green Hangenberg Shale termi-
nated by the locally massive Hangenberg Sandstone
(Keupp & Kompa 1984), whereas in the more distal Ober-
rodinghausen section only Hangenberg Shale occurs (e.g.,
Paproth & Streel 1970, Eickhoff 1973, Higgs & Streel
1984). The Hangenberg Shale has been interpreted as a
highstand system tract deposits and the Hangenberg Sand-
stone as slope fan of the lowstand system tract (Van Steen-
winkel 1993, Kaiser et al. 2011). The siliciclastic succes-
sion is capped by the Stockum Limestone, a marly nodular
limestone horizon of the kockeli Zone to basal sulcata Zone
age, which is missing at Oberrédinghausen. The overlying
early Tournaisian Hangenberg Limestone (sulcata to
quadruplicata Zone) is mainly composed of grey nodular
limestones with thin shaly interbeddings, which has been
interpreted as the lowstand system tract deposits (Van
Steenwinkel 1993, Siegmund et al. 2002). Its microfacies
and diagenesis was studied by Van Steenwinkel (1984) and
Siegmund et al. (2002). The uppermost studied unit is rep-
resented by the Kahlenberg Formation (crenulata to cunei-
formis zones). It consists of highly pyritic black shales,
which are successively replaced by phosphoritic black

Figure 3. A stratigraphic, lithostratigraphic and sedimentological log of
the Oese section. Conodont biostratigraphy adopted from Kiirschner ez al.
(1993), Kaiser (2005), and Nowak (2008). Ammonoid biostratigraphy
based on Becker et al. (1993), Korn & Weyer (2003), and Nowak (2008);
zonal key after Becker (1996). Abbreviations: HBS — Hangenberg Black
Shale; HSS - Hangenberg Sandstone; SL — Stockum Limestone;
KF — Kahlenberg Formation; ckl — costatus-kockeli Interregnum;
su — sulcata; du — duplicata; ha - “hassi”; sa — sandbergi;
qu — quadruplicata; cr — crenulata.
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shales, some limestones, and black siliceous shales near the
top (Clausen et al. 1989, Korn & Weyer 2003, Korn 2015).
This unit represents a transgression that can be globally
traced (Kalvoda 1989, Becker 1993b, Kaiser et al. 2011).

Material and methods
Analytical methods

The Oese (thickness 34.2 m; Fig. 3), Oberrodinghausen
(10.1 m; Fig. 4) and Drewer (6.8 m; Fig. 5) sections were
sampled in detail for magnetic susceptibility, element ana-
lysis and isotope geochemistry from the Wocklum Lime-
stone (Upper expansa Zone) up to the base of the Kahlen-
berg Formation. The sections were described bed-by-bed
and sampled for microfacies analysis at random stratigraphic
intervals (between 0.1 and 2 m).

The facies logging was supported by field gamma-ray
spectrometry (GRS) logging with 0.25 m vertical step
(Oese 71 data points, Oberrodinghausen 61 points, Drewer
41 points), with an RS-230 Super Spec portable spectrome-
ter (Radiation Solutions, Inc., Canada) with a 2 x 2’
(103 cm®) bismuth-germanate (BGO) scintillation detec-
tor. The assay time was set to 240 s. The counts per second
in the selected energy windows were automatically con-
verted to concentrations of K (%), U (ppm) and Th (ppm)
by the instrument. The computed gamma-ray (CGR), which
is used as a good proxy for the sum of the terrigenous input
in carbonates, was calculated from the spectral values with
the formula CGR [API] = Th[ppm]-3.93 + K[%]-16.32
(Rider 1999).

Rock samples relieved of weathered parts (weight range
6 to 63 g) for bulk magnetic susceptibility (MS) measure-
ment were collected with 5 cm vertical steps in intervals
with limestone-marl alternations, and in 10 to 25 cm steps in
thick shale and sandstone intervals. MS was measured with
a KLY-4 kappabridge (Agico, Czech Republic; magnetic
field intensity of 300 Am™', operating frequency of 920 Hz,
sensivity of 4.107 SI). Mass-specific MS data expressed in
m® . kg™! were used. A total of 562 MS samples (Oese: 284;
Oberrodinghausen: 158; Drewer: 120) were measured.

The same samples as for MS measurements, together with
additional samples from the Drewer Sandstone interval (par-
allel section Drewer-B), were analysed by energy dispersive
X-ray fluorescence (XRF) with a MiniPal 4.0 (PANalytical,
the Netherlands) and an Rh lamp and Peltier cooled Si PIN
detector. The samples were ground to analytical fineness and
poured into plastic cells with a diameter of 25 mm and Mylar
foil bottoms. Al and Si signals were acquired for 300 s at
5 kV/400 pA with a Kapton filter under He flush (99.996%
purity), K, Ti, Fe, and Mn and Fe for 200 s at 12 kV/200 pA
with a thin Al filter in air, and Zr for 500 s at 30 kV/200 pA
with an Ag filter in air. XRF data were expressed in counts per
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Figure 4. A stratigraphic, lithostratigraphic and sedimentological log of
the Oberrodinghausen (railway cut) section. Conodont biostratigraphy
based on data in Voges (1960), Kiirschner ez al. (1993), Korn & Weyer
(2003) and Kaiser (2005). Ammonoid biostratigraphy based on
Schindewolf (1937), Vohringer (1960), Paproth & Streel (1970), Korn
(1993), and Becker (2000); zonal key after Becker (1996). Abbreviations:
HBS - Hangenberg Black Shale; HSS — Hangenberg Sandstone;
SL — Stockum Limestone; U. exp — Upper expansa; su — sulcata;
du — duplicata; h — “hassi”; sa — sandbergi.

second (c.p.s.). The XRF proxy signal was calibrated by anal-
ysis of 11 samples by an accredited analytical laboratory in
Technical University Ostrava, Czech Republic.
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Figure 5. A stratigraphic, lithostratigraphic and sedimentological log of
the Drewer section. Conodont and ammonoid biostratigraphy adopted
from Clausen et al. (1989) and Korn et al. (1994); ammonoid zonal key af-
ter Becker (1996). Abbreviations: HBS — Hangenberg Black Shale;
HSS — Hangenberg Sandstone; SL — Stockum Limestone; KF — Kahlen-
berg Formation; ckl = costatus-kockeli Interregnum; sul — sulcata;
du — duplicata; ha — “hassi”; cr — crenulata.

Several milligrams of rock powder were recovered
from limestone samples (preferentially homogenous
micrite to very fine microsparite) from the Hangenberg
Limestone for bulk carbon isotope geochemistry. The car-
bonate powder was treated with phosphoric acid in an
on-line carbonate preparation system connected to a
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Thermo Scientific DELTA V mass spectrometer. All the
values were reported in %o relative to V-PDB by assigning
a 8"°C value of +1.95 % and a 8"0 value of 2.20 %o to
NSB 19. The accuracy and precision were controlled by
replicate measurements of laboratory standards and were
better than +0.1%o for both carbon and oxygen isotopes.

Interpretative potential of petrophysical
and geochemical proxies

Element concentrations in sediments provide useful tools
for palacoenvironmental interpretation with regard to the
bulk and component fluxes of detrital grains and their sour-
ces (AL, K, Th, Zr), oceanic palaecoproductivity (Cu, Zn, Ni,
Pb), and redox conditions (U, Mn, S) (e.g., Fralick & Kro-
berg 1997, Sageman & Lyons 2005, Sliwinski et al. 2010,
Bout-Roumazeilles ef al. 2013).

CGR (see section “Analytical methods”), counted from
the K and Th concentrations (measured by gamma-ray
spectrometry), is used as siliciclastic volume indicator in
carbonate successions (e.g., Rider 1999; Babek et al. 2013;
Kumpan et al. 2014a, b). The presence of K is tied to clay
minerals, micas and feldspars, whereas Th is a constituent
of clay minerals and, to a lesser extent, of heavy minerals,
such as zircon and monazite (Rider 1999, Ehrenberg &
Svana 2001, Doveton & Meriam 2004, Liining ef al. 2004).
The CGR proved to be a good proxy of carbonate sedimen-
tation rates and relative bathymetry in carbonate ramp suc-
cessions (Babek er al. 2013). Th/K ratio can be used as
proxy for clay mineral association changes, when low val-
ues are typical for illite (also for K-feldspars and micas)
and high values for smectite, kaolinite or chlorite (Doveton
1991).

Wide range of detrital input proxies provides XRF
measuring. Aluminium, as one of the main components of
clay minerals, feldspars or micas, is generally used as the
main conservative proxy for siliciclastic bulk content in
sediments (Sageman & Lyons 2005) and we used an Al
normalisation of terrigenous proxies to suppress the car-
bonate-dilution effect. Potassium, normalised by Al, is a
further convenient clay-mineral proxy (Rachold &
Brumsack 2001, Niebuhr 2005). High K/Al ratios are typi-
cal of illite, but are lower for smectite and lowest for
chlorite and kaolinite, which does not contain K at all. Pri-
mary sources of illite are physically weathered rocks rich in
muscovite and K-feldspars (Griffin ef al. 1968). Smectite is
a characteristic product of moderate chemical weathering
in a humid climate, whereas enhanced weathering pro-
duces kaolinite. The particles of smectite are smaller than
those of illite and kaolinite and are transported for longer
distances to the basin (Rider 1999, Doveton 1991). Zirco-
nium, titanium or rubidium, on the other hand, are predom-
inantly related to heavy minerals (zircon, titanite, efc.),
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which are common components of relatively coarser-
grained (mainly silt-sized) siliciclastic fractions and their
enrichment is therefore generally interpreted as coarser
siliciclastic presence in fine-grained sediments (Fralick &
Kronberg 1997, Schnetger et al. 2000). Zr/Al was chosen
as grain-size proxy in this study. High Zr/Al values may re-
flect sedimentation during times of increased siliciclastic
input into the deeper basin, both via fluvial and aeolian
pathways (Pye 1987, Sageman & Lyons 2005). Zr/Al can
also be used for approximation of distance to a siliciclastic
source, when high values reflect a more proximal position.

Uranium, which was measured by gamma-ray spec-
trometry in this study, is highly soluble under oxic to
suboxic conditions and is fixed to the sediment with buried
organic matter in a reducing environment. On the other
hand, various detrital minerals, such as zirconium,
monazite or uraninite, can also contribute to the CGR ura-
nium signal. Because thorium is a redox conservative ele-
ment, it is used for the normalisation of uranium. High val-
ues of U/Th (or low Th/U) ratios are generally considered
as reflecting a detrital independent U-enrichment, related
to hypoxic to anoxic conditions (Adams & Weaver 1958,
Calvert & Pedersen 1993, Jones & Manning 1994, Dove-
ton & Merriam 2004, Liining et al. 2004). U/Th ratio lower
than 0.75 indicates oxic conditions, whereas values be-
tween 0.75-1.25 indicate dysoxic conditions and higher
than 1.25 anoxia (Jones & Manning 1994). However, U/Th
signal from the weathered sections can be affected by oxi-
dation and migration of U in aqueous solutions (e.g. Pol-
lack et al. 2009), whereas Th is conservative during weath-
ering. 95% signal of GRS measurement comes from 25 cm
radius hemisphere (e.g. Doveton 1994, Hladil er al. 2006)
and therefore considerable large volume of unweathered
rock is measured. Although the measured U concentrations
are depleted in weathered parts, primary increasing/de-
creasing trends of U/Th or Th/U ratio are preserved. Re-
ducing environments are also characterised by sulphide
formation, e.g., by Fe-oxide conversion to sulphides, in
particular to pyrite. The degree of pyritisation can be in-
ferred from the S enrichment (e.g., Rimmer 2004). Another
elemental redox proxy employed is manganese, which is
extremely mobile during early diagenesis in reduced ma-
rine sediments (divalent Mn), whereas immobile tri- and
tetravalent Mn is formed in oxidising environments.
Higher Mn values are typical of the oxidising front in sedi-
ment (Thomson er al. 1995, Schnetger et al. 2000,
Maynard 2005, Roy 2006, Tribovillard et al. 2006,
Rodriguez-Tovar & Reolid 2013).

The heavy metals Cu, Ni, Zn, and Pb may be swept
from marine water as sulphides or were adsorbed to or-
ganic matter (Dean 2007). They are therefore sensitive to
redox conditions and/or palaeoproductivity rates. Copper
is particularly immobile under reducing conditions (Shaw
et al. 1990, Schnetger et al. 2000, Laurent et al. 2006). We

used Cu, Ni, Zn and Pb sums as a proxy for redox and
palaeoproductivity changes in this study; the association of
these elements is revealed by their close relationship in
principal component analysis (PCA).

MS is normally used as proxy for siliciclastic content in
carbonates (e.g. Crick et al. 1997, Elwood et al. 1999).
Low MS values reflect regressions whereas high values are
characteristic for transgressions and high-stands in deep-
marine carbonate successions, which is opposite to inter-
pretations of shallow-marine MS trends. It is caused by
resedimentation of carbonates to deeper basins during re-
gressions, which dilutes clastic content (e.g. Babek et al.
2010, Da Silva et al. 2010).

Results
Lithology of the sections

The Wocklum Limestone represents an alternation of pre-
dominantly dark to light grey nodular limestones (1 to
15 cm thick) with marls and shales (0.5 to 50 cm thick).
The marls and shales are dark greyish at Drewer (Fig. 5)
and greenish to greyish at Oberrodinghausen (Fig. 4) and at
Oese (Fig. 3). At Oese reddish shales and marls intercalate
episodically between greyish to reddish limestones (1.7 to
1.9 m and 2.75 to 5.2, respectively), as the result of more
advanced oxidative weathering processes. Two reddish
metabentonite layers, a few centimetres thick, also occur at
Oese (Fig. 3; 4.6 and 31.61 m; see Korn & Weyer 2003).
Limestone-marl alternations reveal a distinctive cyclicity
in all of the studied sections. The ideal cycle is 20 to 30 cm
thick and starts with platy nodular limestone overlain by in-
tervals of shale with limestone nodules, and topped by
shale (Korn & Weyer 2003).

Limestones are in places rich in macrofauna, mainly
cephalopods, bivalves, brachiopods (rhynchonellids), tri-
lobites, and fragmented crinoids. Compressed bivalve and
cephalopod shells occur in some marls and shales. Com-
mon bioturbation fabrics were observed in the limestones.
The richest Wocklumeria faunas occur at the top.

The Drewer Sandstone (praesulcata Zone) of Drewer
is a thin (30 cm) intercalation of laminated, calcareous,
mica-rich siltstone just below the top of the Wocklum
Limestone. It is the type level of Postclymenia evoluta
(Korn 1988), which underlines its hemipelagic deposi-
tional setting. Pyrite accumulations occur from the Drewer
Sandstone to the HBSE base.

The top of the Wocklum Limestone (praesulcata Zone)
is sharply overlain by Hangenberg Black Shale (basal
costatus-kockeli Interregnum) comprising black shales
(6 cm) and fissile dark greyish shale (25 cm) with abundant
calcite veins at Drewer (Fig. 5). At Oese (Fig. 3) and
Oberrodinghausen (Fig. 4), only thin layers (1 to 6 cm) of
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Figure 6. Microphotographs (PPL) of documented microfacies. For
detailed information see section “Microfacies”. Scale bar 1 mm.
¢ A — lime mudstone with ostracodes and silty quartz (MF1); Wocklum
Limestone, Drewer, —0.2 m. ¢ B — wackestone with ammonoids and bi-
valves (MF2a); Wocklum Limestone, Oese, 5.6 m. ¢ C — floatstone with
ammonoids, brachiopods, bivalves and trilobites (MF2b); Wocklum
Limestone, Oberrodinghausen, 1.9 m. ® D — packstone with ostracodes,
ammonoids and bivalves (MF3); Hangenberg Limestone, Oese, 31.5 m.
¢ E — ferruginous bacterial incrustation; Wocklum Limestone, Oese,
5.7 m. * F — burrows infilled by sparry calcite; Wocklum Limestone,
Drewer, -0.2 m. * G — epibionts (agglutinating foraminifer Toly-
pammina?) encrusting fragment of ammonoid; Wocklum Limestone,
Oberrodinghausen, 1.9 m.

Fe-rich (due to oxidized pyrite) black shales are developed
in the lithostratigraphic and biostratigraphic levels correla-
tive with the HBS and yielded squashed cymaclymeniid
ammonoids (Postclymenia evoluta). Small black limestone
nodules with ammonoids are intercalated in the uppermost
part of HBS at Drewer (Korn 1991).

The HBS interval is overlain by the Hangenberg Shale
(costatus-kockeli conodont Interregnum) in the Oberro-
dinghausen (6.1 m thick; Fig. 4) and Oese sections (5.9 m;
Fig. 3), which are dark grey shale with Fe oxides (oxidized
pyrite) and a variable content of silt and sand fractions
(mainly muscovite and quartz). The shales contain laminae
and thin beds (less than 2 c¢m thick) of siltstones to very
fine-grained sandstones with common horizontal lamina-
tion and less frequent ripple cross-lamination. The shale is
more calcareous in the upper part. Compressed shells of bi-
valves (Guerichia sp.) are abundant in numerous horizons
and less common are goniatites (Paproth & Streel 1970;
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new specimens), which are the oldest Acutimitoceras
(Stockumites).

About 45 cm thick dark greyish fine-grained graded
calcareous sandstone to siltstone of the Hangenberg Sand-
stone Member (higher costatus-kockeli Interregnum), is
developed in the Drewer section on top of the Hangenberg
Black Shale (Fig. 5). At Oese (Fig. 3), the sandstone mem-
ber overlies the Hangenberg Shale and is much thicker (ca
18 m) than at Drewer. The Hangenberg Sandstone interval
is composed of quartz- and mica-rich, massive or normally
graded, medium- to fine-grained sandstones alternating
with siltstones and heterolithic facies (flaser siltstones with
mudstones). A sheet-like and thick-bedded geometry is
characteristic of sandstone layers, which usually have
sharp bases with load structures (and mudrock intraclasts)
at both sections. Positive gradation, horizontal and
cross-lamination and wavy bedding were observed as well.
Plant debris (leaves, stems, efc.) is abundant in siltstones
and mainly in the heterolithic facies at Oese (Fig. 3). At
Oberrodinghausen (Fig. 4), the sandstone member is not
developed and only two thin (thickness ~3 cm) sandstone
layers occur near the base of the Hangenberg Shale.

The overlying limestone unit includes the Stockum
Limestone (kockeli to basal sulcata zones) at its base at
Oese (Fig. 3) and Drewer (Fig. 5), which is characterised
by the occurrence of Lower and Upper Protognathodus
conodont faunas (Alberti et al. 1974, Clausen et al. 1989,
Luppold et al. 1994) and Acutimitoceras (Stockumites)
goniatite faunas (Korn et al. 1994, Korn & Weyer 2003). It
is lacking in a minor unconformity at Oberrodinghausen
(Bless et al. 1993). The overlying Hangenberg Limestone
(main sulcata to quadruplicata Zones) is 2.8 m thick at
Drewer (Fig. 5), 2.7 m at Oese (Fig. 3), and 1 m (incomplete)
at Oberrodinghausen (Fig. 4). It consists of an alternation of
limestones, grey shales or marlstones in all studied sections.
Metabentonite layer was found at Oese (31.6 m; Fig. 3; Korn
& Weyer 2003). The Hangenberg Limestone yielded an
abundant cephalopod, bivalve, brachiopod and trilobite as-
semblage (Gattendorfia faunas). Marly shales with scattered
limestone nodules occur in the upper part of the member.
The Hangenberg Limestone is overlain by the Kahlenberg
Formation (Lower crenulata Zone; Figs 3-5), represented
by black shales in the lower part (thickness 0.5 to 1 m) and
by siliceous black shales with phosphorite nodules in the up-
per part (thickness 0.5 m).

Microfacies

Carbonate microfacies are relatively monotonous in the
studied sections (Fig. 6). Silty and bioclastic lime-mud-
stones (MF1; Fig. 6A) and bioclastic wackestones (MF2a;
Fig. 6B) are the most common types. Less frequent are
wackestones with large scattered “floating” bioclasts,



Table 1. Median (M) and standard deviation (sd) of gamma-ray spectrometry values sorted by lithostratigraphic members and studied sections;

n — number of measurements.
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CGR (API) U (ppm) Th (ppm)

! M sd M sd M sd M sd
Wocklum Limestone Drewer 17 91.1 8.1 3.0 0.3 3.0 1.3 10.5 1.1
Ober-Rading. 19 97.2 9.7 35 0.4 2.1 0.6 11.0 1.1
Oese 29 92.4 14.2 35 0.5 1.8 0.7 10.5 1.8
Hangenberg Black Shale Drewer 4 127.1 9.9 4.2 0.3 8.0 0.8 15.1 1.5

Ober-Réding. 1 138.4 - 4.8 - 42 - 15.3 -

Oese 1 146.8 - 5 - 44 - 16.6 -
Hangenberg Shale Ober-Roding. 32 143.8 14.0 5.1 0.5 3.7 0.7 15.8 1.8
Oese 20 135.4 11.6 4.6 0.4 2.9 0.5 15.5 1.6
Hangenberg Sandstone ~ Drewer 4 131.0 3.4 4.0 0.2 5.1 1.6 16.8 0.8
Oese 27 97.65 19.0 33 0.8 2.6 0.6 11.5 1.7
Hangenberg Limestone ~ Drewer 13 114.7 18.6 3.8 0.7 34 1.8 14.2 1.9
Ober-Réding. 4 97.3 23.0 33 0.7 1.8 0.7 10.6 1.6
Oese 8 88.2 222 2.8 0.3 1.9 0.3 10.3 1.1
Kahlenberg Formation Drewer 3 133.6 7.7 4.5 0.2 11.2 0.8 15.3 1.1
Ober-Réding. 5 100.7 11.8 35 0.7 44 1.4 9.5 1.8
Oese 6 134.8 30.1 4.6 1.1 5.2 1.4 16.7 35

which are texturally close to floatstones (MF2b; Fig. 6C).
Very rare are bioclastic wacke-packstones (MF3; Fig. 6D),
which occur in small bioclastic “nests”. These
end-member microfacies change both in lateral and verti-
cal direction and are tied by transitional facies. Neomor-
phic recrystallisation and dolomitisation are common in
places, mainly linked with burrows. Authigenic euhedral
pyrite crystals are abundant at several levels and occur both
within the matrix, inside bioclasts or on their surface. Pres-
sure dissolution is ubiquitous, with common microdolo-
mite along opaque dissolution seams. Bioclasts are not
micritised and are predominantly recrystallized (except tri-
lobites and brachiopods). The main bioclast types are re-
presented by ostracodes, cephalopods (ammonoids) and
thin-shelled bivalves. Trilobites are common, whereas cri-
noids, gastropods, conodonts, sponge spicules and brachio-
pods are scarcely scattered in thin sections. Rarely spheri-
cal allochems were observed, which resemble radiolarian
ghosts. Ferruginous bacterial bioclasts incrustations
(Fig. 6E) and encrusting epibionts (agglutinating foramini-
fer Tolypammina?) cemented on the surface of large bio-
clasts (Fig. 6G) were found in two levels in the Oberroding-
hausen section (Fig. 4). Angular to subangular quartz
grains (fine sand to silty fraction) and micas (predomi-
nantly muscovite) are present in variable concentrations in
the studied samples (ranging from rare and scattered to
very abundant grains with microfacies transition to calca-
reous siltstones). The sorting of bioclasts is very poor and
the orientation is usually random. Only in two samples,
bioclasts oriented parallel to bedding planes have been ob-

served. Geopetal infills are common, especially within os-
tracod and cephalopod shells, usually parallel to bedding.
Chaotic bioturbation is evident in all samples, as well as
more distinctive burrows, sometimes infilled by sparry cal-
cite (Fig. 6F).

The mixed siliciclastic-carbonate microfacies of the
marly interlayers involve bioclastic mudstones to silt-
stones, which are predominantly mud-dominated with
abundant quartz and muscovite. Crinoids, trilobites, ostra-
codes, spicules or bivalves are common in places. Rela-
tively sharp and irregular dissolution seam-based bound-
aries between the carbonate microfacies and mudstones
and siltstones are common, but gradual transitions were
also observed.

Siliciclastic sediments comprise medium- to fine-
grained quartzose sandstones to quartzose siltstones with
well sorted angular to subangular grains. Quartz is a domi-
nant component, which is accompanied by abundant mus-
covite oriented parallel to bedding planes. Scattered plant
debris, bioclasts (ostracodes?) and authigenic pyrite are
common. Lamination controlled by grain size changes and
ripples have been observed.

Gamma-ray spectrometry
The measured field gamma-ray spectrometry data display
moderate to relatively high CGR values (71 to 167 API)

and variable content of K, U and Th and their ratios
(Table 1). Statistical correlation of the GRS dose rate
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Figure 7. Oese. Curves of selected petrophysical proxies. Abbreviations of conodont zones: praes. — praesulcata; k — kockeli; su — sulcata;
du — duplicata; ha — “hassi”; sa — sandbergi; qu — quadruplicata; cr — crenulata.

(nGy.kg™") with all measured radioactive elements reveals
that the dominant source of radioactivity is potassium
(Oese R? =0.90; Oberrodinghausen R*= 0.96; Drewer R?=
0.84), followed by thorium (Oese R? = 0.90; Oberrodin-
ghausen R* = 0.90; Drewer R? = 0.70), and uranium (Oese
R?=0.70; Oberrodinghausen R?= 0.60; Drewer R?=0.81).
The K and Th concentrations are well to moderately corre-
lated (Oese R* = 0.73; Oberrédinghausen R* = 0.60; Dre-
wer R? = 0.88) and the K:U (Oese R? = 0.44; Oberrsdin-
ghausen R = 0.45; Drewer R? = 0.46) as well as Th:U
(Oese R*=0.57; Oberrodinghausen R?=0.33 ; Drewer R*=
0.29) correlation coefficients are much lower.
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The vertical distribution of CGR and U/Th ratios
shows distinctive and similar patterns in all studied sec-
tions and it is possible to trace several correlative hori-
zons (see “Regional correlation). Moderate CGR values
were measured in the Wocklum Limestone (Table 1). The
most significant increase in CGR values occurs close to
the transition from Wocklum Limestone to the
Hangenberg Black Shale in all sections in the uppermost
praesulcata Zone (sensu Kaiser et al. 2009; Figs 7-9).
Generally higher CGR values are typical for the Hangen-
berg Shale and Sandstone (costatus-kockeli Interregnum)
(Table 1, Figs 7-9). The CGR values of the Hangenberg
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Shale at Oberrodinghausen are high, with a peak 25 cm  ised by high CGR, whereas the thick sandstone sequence at
above its base, where thin beds and laminae of sandstones = Oese reveals fluctuations between relatively low to high
occur. The Hangenberg Sandstone at Drewer is character-  values. CGR decrease in the lower part of the Hangenberg
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Figure 10. Principal component analysis of the XRF data from the stud-
ied sections.

Limestone and rise again in its upper part (in the sandbergi
Zone).
U/Th values from Drewer (average values 0.34) are
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generally higher than values from Oese (0.21) and Ober-
rodinghausen (0.23). The U/Th curves begin with a de-
creasing trend in the lower part of the studied Wocklum
Limestone followed by a sharp increase in its upper or up-
permost part (praesulcata Zone; Oese: at ~5.0 m, Ober-
rodinghausen: at ~2.8, Drewer: at ~1.0 m; Figs 7-9). U/Th
positive peak occurs just below and in the Hangenberg
Black Shale (just below and at the base of the
costatus-kockeli Interrgenum; Drewer 0.77, Oese 0.27,
Oberrédinghausen 0.34). Low U/Th values in the Han-
genberg Black Shale at Oese and Oberrodinghausen can be
explained by partial U depletion during weathering (see
“Interpretative potential of petrophysical and geochemical
proxies”). Moreover, due to the low thickness of the black
shales was GRS signal affected by a radiation of the under-
lying Wocklum Limestone and the overlying Hangenberg
Shale. Lower U/Th ratio is typical for the Stockum and
Hangenberg Limestone and U/Th maxima for the overly-
ing Kahlenberg Formation (at Drewer 0.88).

Magnetic susceptibility
Patterns of the MS and siliciclastic proxies (CGR, Zr/Al,

K/Al) curves are not correlatable, which reveals, that the
MS signal is not driven by siliciclastic content. It implies
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praes. — praesulcata; k — kockeli; su — sulcata; du — duplicata; ha — “hassi”; sa — sandbergi; qu — quadruplicata; cr — crenulata.

that the generally used interpretative approach (see “Inter-
pretative potential of petrophysical and geochemical pro-
xies”) is not applicable to our MS data. However, trends of
the MS stratigraphy can be correlated between the studied
sections in the Wocklum Limestone (Figs 7-9). The first
correlative interval (Upper expansa to praesulcata Zone)
reveals a slightly increasing trend, the second interval (pra-
esulcata Zone) is characterised by a decrease, and the upper-
most part of the Wocklum Limestone (top of the praesulcata
Zone) shows a very uniform aggradational pattern. MS va-
lues increase sharply to peak at the base of Hangenberg

Black Shale (basal costatus-kockeli Interrgenum) at Ober-
rodinghausen and Oese and drops higher up the section, but
are uniform in the whole Hangenberg siliciclastic unit at
Drewer. The Hangenberg siliciclastic unit (costatus-
kockeli Interregnum) in the Oese and Oberrddinghausen
sections can be divided into a lower part with slightly rising
values (Hangenberg Shale of Oese) and an upper part with
decreasing or low values. The MS signature of the Hangen-
berg Limestone is characterised by an increasing trend at
the base (sulcata Zone), a decreasing trend within the up-
per part of the member (sandbergi Zone) and a rising trend
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isotopes. Abbreviations of conodont zones: U. exp. — Upper expansa; su — sulcata; du — duplicata; ha — “hassi”; sa — sandbergi; qu — quadruplicata.

towards the Kahlenberg Formation at Drewer and Oese.
On the other hand, MS decreases at the base of the Hangen-
berg Limestone at Oberrddinghausen.

Element geochemistry
In principal component analysis (PCA), clusters of the ty-

pically terrigenous elements Al, Si, K, Zr, Ti, Rb, and Y
(Group 1; Fig. 10) have highly positive scores on PC1 and
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slightly positive scores on PC2, as opposed to Ca and Sr
(Group 2; Fig. 10), elements tied to carbonates, which have
highly negative scores on PC1 and slightly negative scores
on PC2. The highly negative statistical correlation between
Groups 1 and 2 is a consequence of the dilution effect of
terrigenous materials by calcium carbonate. The third clus-
ter (Group 3; Fig. 10) have medial positive scores on PC1
and low to medium negative scores on PC2 and involve the
trace metals Ni, Cu, Zn, and Pb, which are commonly used
as palaeoproductivity and redox proxies (see Interpretative
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Abbreviations of conodont zones: ckl — costatus-kockeli Interregnum; k — kockeli; su — sulcata; du — duplicata; ha — “hassi”; sa — sandbergi;

qu — quadruplicata; cr — crenulata.

potential of petrophysical and geochemical proxies). Mn, S
and P remain outside those clusters because of poor statisti-
cal correlations with other elements (Fig. 10).

Vertical changes of several elemental proxies revealed
trends and/or cyclicity, which were successfully correlated
between the studied sections (see “Regional correlation™).
Marked cyclicity is visible on the Zr/Al curve of the
Wocklum Limestone in all studied sections (Figs 11-13).
The thickness of the cycles varies from 1.2 m to ~1.5 m.
This may indicate that the cycles had an equal periodicity
and that they were driven by the same mechanism. Min-
ima and maxima of the Zr/Al were used for correlative
chemostratigraphic tieline plotting (see “Regional corre-
lation”). Two uppermost cycles of the Wocklum Lime-
stone can be correlated between all studied sections.
However, a base of the first cycle seems to be diachronous
from a biostratigraphic point of view. Its position is at the
base of the praesulcata Zone at Oese, but just at the top of
the Upper expansa Zone at Oberrédinghausen (the base of

the first cycle was not reached at Drewer). It can be ex-
plained by biostratigraphical difficulties, because estab-
lishing a precise horizon for the base of the praesulcata
Zone is problematic due to the rare occurrence of the in-
dex conodont Siphonodella praesulcata (e.g. Kaiser et al.
2009).

The K/Al ratios are generally high in limestones and
low in shales and sandstones. A marked drop coincides
with the base of the Hangenberg Black Shale (basal
costatus-kockeli Interregnum). Along with the marked
CGR increase in values, this drop in K/Al is the most dis-
tinctive correlative pattern in the studied sections. The
K/Al curve shows cyclicity of two orders in the Wocklum
Limestone. Cycles of higher order have 20 to 30 cm thick-
ness and can be correlated with individual limestone-marl
cycles (see section “Cyclicity”), which can be instructively
demonstrated by a comparison of cycles in the K/Al and
the “carbonate” curve for Oberrddinghausen (Fig. 14) in-
troduced by Korn & Weyer (2003). The thickness of the
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Figure 14. Correlation of the cyclic “carbonate” curve introduced by Korn & Weyer (2003) with K/Al and Zr/Al curves. The “carbonate” curve was
constructed by a bed-by-bed plotting of lithotypes (pure platy limestones, pure nodular limestones, limestone nodules in shales, shales with limestone
nodules, shales with rare limestone nodules and pure shales or metabentonites) against the thickness.

lower order K/Al cycles varies from <1m (Drewer) to ~1 to
<2 m (Oberrddinghausen and Oese) and correspond to al-
ternation of bundles of layers.

The curves of a Ni+Cu+Zn+Pb sum are uniform in the
Wocklum Limestone at Oese and Drewer. Only at Ober-
rodinghausen high values were measured in intercalated
shales of the praesulcata Zone (0.12 to 0.76 m).
Ni+Cu+Zn+Pb display distinctive peaks in the Hangen-
berg Black Shale and Kahlenberg Formation in all sections
studied (Figs 11-13).

The sulphur content is low and uniform in the lower
part of the Wocklum Limestone in all studied sections and
rises systematically towards the top of this member in the
upper part of the praesulcata Zone at Oberrodinghausen
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(Fig. 12) and Drewer (Fig. 13). In these two sections a drop
in S content is related to the Hangenberg Black Shale depo-
sition, which is followed by a sharp increase in the
Hangenberg Sandstone at Drewer. An increasing trend of
the S curve is characteristic of the Hangenberg Limestone
at Drewer, whereas it is uniform or without distinctive
trends in other sections.

Manganese curves show several horizons with higher
values. Only an increase in Mn content at the top of the
Wocklum Limestone was measured at all studied sections.
A prominent increase in the lower part of the Wocklum
Limestone was measured only at base of the Drewer sec-
tion, and slightly higher values at Oberrodinghausen. Very
low values are characteristic of the Hangenberg Black
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Shale and Sandstone at Drewer. Mn values are low in the
lower part of Hangenberg Shale and grow towards its upper
part at Oberrddinghausen and Oese. Mn values fluctuate be-
tween low to relatively high in the Hangenberg Sandstone.
Two peaks take place at the base and top of the Hangenberg
Limestone, respectively, at Oese. Systematic increase in Mn
content was measured in the Hangenberg Limestone in
Oberrodinghausen, whereas low values at Oese.

Carbon isotope geochemistry

The Hangenberg Event interval (from expansa to “hassi”
Zones) was measured for inorganic carbon isotopes by Kaiser
(2005) and Buggisch & Joachimski (2006) at Oese and
Drewer without distinctive correlative implications. Posi-
tive excursion in organic carbon isotopic composition was,
however, documented in the Hangenberg Black Shales in
the contiguous Hasselbachtal section (Kaiser ez al. 2006).
In this study we tried to examine the isotopic composition
of the upper part of the Hangenberg Limestone from the
“hassi” Zone up to the quadruplicata Zone. The aim was to
find positive lower Tournaisian 8'°C,,;, anomaly, docu-
mented from the Namur-Dinant Basin, Belgium (Kumpan
et al. 2014b) and Moravian Karst, Czech Republic (unpub-
lished) and supplement previously published data.

Our isotopic dataset reveals a very high statistical corre-
lation between 8'%0 and 8"C (R? = 0.94) at Drewer
(Fig. 15), which suggests that diagenetic alteration affected
both oxygen and carbon isotopic composition (Allan &
Matthews 1982, Rossales et al. 2001, Veizer 2009). A de-
creasing trend towards the top of the Hangenberg Limestone
is apparent (Figs 12, 13). Although the carbon and oxygen
isotopes show very low linear correlation in the Ober-
rodinghausen section (R*>=0.02; Fig. 15), we consider this
section to be diagenetically influenced because the mea-
sured values are very low and commonly negative. The de-
crease in 8'°C_,y, in the Oberrodinghausen section towards
the top of the Hangenberg Limestone is systematic and dis-
tinctive (Fig. 12). High statistical correlation of 8'30 and
83C,up, (Drewer) and very low values (Drewer and Ober-
rodinghausen) are normally caused by bounding of light or-
ganic carbon during diagenetic recrystallization or weather-
ing processes (Allan & Matthews 1982). The decrease
towards the top of the Hangenberg Limestone could be the re-
sult of such bounding of light organic carbon with a probable
source in overlying organic-rich shales of the Kahlenberg
Formation (Siegmund et al. 2002, Kerschke & Schulz 2013).

Regional correlation

The correlative patterns of petrophysical and geochemical
proxies were described in the previous sections (from
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“Gamma-ray spectrometry” to “Carbon isotope geo-
chemistry”). These correlations can be regarded as robust
because the majority of each proxy correlative tieline cor-
responds to the others (Fig. 16) and are all in agreement
with the biostratigraphy. Together with the biostratigraphy
and sedimentology it is, therefore, possible to designate 11
correlative ties, which can be traced between the studied
sections.

Discussion and interpretation
Depositional environment

The prevailing lime muddy matrix with abundant hetero-
trophic pelagic faunal elements (represented mainly by
cephalopods and thin-shelled bivalves) and the rare occur-
rence of sessile benthos reveal a relatively deep, subphotic
(absence of algae), open shelf environment with soft
muddy bottom substrate, well below the fair-weather wave
base or even below storm wave base. Abundant mobile
benthos (ostracodes, trilobites) and intensive burrowing in-
dicate that the bottom was at least periodically sufficiently
oxygenated during Wocklum and Hangenberg Limestone
deposition. This is also supported by specialized benthos,
such as some rhynchonellid brachiopods (Novaplatiros-
trum) and rare solitary rugose corals. Chaotic shell orienta-
tion, geopetal infill parallel to bedding as well as the com-
mon microfacies transitions (of MF1 to MF3) are probably
a result of penecontemporaneous bioturbation of loose se-
diment, which obliterated primary sedimentary structures.
During the following early-diagenetic phase (marine burial
diagenesis; Melim et al. 1995), the carbonate mud was ce-
mented, which is substantiated by the presence of burrows
infilled by cements and non-compacted allochems. On the
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other hand, marl interlayers reveal features of compression
and dissolution as was mentioned by Van Steenwinkel
(1984). A relatively monotonous deposition in a deep-
water environment is interpreted for the whole Wocklum
and Hangenberg Limestone succession. The Hangenberg
Black Shale and siliceous shales of the Kahlenberg Forma-
tion represent deposits of hypoxic bottom during times of
clastic and carbonate starvation and increased palaecopro-
ductivity. Only some opportunistic and very restricted ben-
thos (the bivalve genus Guerichia) and nekton (the ammo-
noid species Postclymenia evoluta) flourished episodically
in this environment. Episodes of oxic conditions during the
HBSE were described from the Holly Cross Mountains,
Poland (for detail reconstruction of deposition see Mary-
nowski et al. 2012). Siltstones and sandstones of the
Hangenberg Shale and Hangenberg Sandstone reveal sedi-
mentary structures characteristic of turbidites, e.g., sharp
bases with load structures, positive grading, and horizontal
or cross stratiffication.

Sedimentological results from the investigated sections
are in accordance with previous studies (e.g., Keupp &
Kompa 1984, Van Steenwinkel 1984, Siegmund et al.
2002, Hartenfels 2011) of the Upper Famennian and Lower
Tournaisian sediments from the Rhenish Massif.

Cyclicity

As shown in sections “Lithology of the sections” and “Ele-
ment geochemistry”, the limestone-marl bed arrangement
and some elemental proxy variations show a cyclic charac-
ter in the studied sections. Thin lithological cycles (lime-
stone-marl alternations) in the Wocklum Limestone (Up-
per expansa and praesulcata Zones) correlate well with
K/Al cycles of the higher order (~20 to ~30 cm). Positive
K/Al peaks correspond to the peaks in the “carbonate”
curve introduced by Korn & Weyer (2003; Fig. 14) associ-
ated with pure nodular limestone beds. The documented
lower-order K/Al cycles (~1.0 to ~2 m thickness; section
“Element geochemistry”) reflect alternation of bundles of
layers. On the other hand, the Zr/Al cycles are not in phase
with the K/Al cycles and the limestone/marl alternations
(Figs 11-14). The fact that individual element ratios reveal
cycles of different order is not so surprising. A recent study
of orbitally driven cyclicity in lacustrine sediments (Matys
Grygar et al. 2014) has shown that, e.g., Al/Si and K/Al re-
corded eccentricity, obliquity and precession with different
sensitivity. K/Al is used as a proxy for clay mineral assem-
blages (see “Interpretative potential of petrophysical and
geochemical proxies”) and its cyclic fluctuations can be
interpreted as changes in the weathering intensity and
processes, which could be directly related to the original
climate. On the other hand, the changes in Zr/Al ratio of
sediments are usually interpreted as a proxy for grain-size
changes in the detrital fraction (see “Interpretative poten-
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tial of petrophysical and geochemical proxies”), which
is transported to deep marine environment by wind (e.g.
Hladil et al. 2010). Occurrence of the Zr/Al peak in the
metabentonite layer from the Wocklum Limestone at
Oese points towards a volcanic source of the siliciclastics.
On the other hand, we can assume from the relatively regu-
lar thickness of Zr/Al cycles, combined with the fact that
other Zr/Al positive peaks are not tied to metabentonite
beds, that volcanism was not the main controlling factor of
Zr/Al cyclicity.

The integrated approach of lithology and geochemis-
try hence supports the primary climatically driven charac-
ter of cycles in the studied successions. Periodic cyclicity
characteristic for the end-Famennian Wocklum Lime-
stone is lost in the Hangenberg Events interval due to the
change from hemipelagic to turbiditic sedimentation.
Zr/Al and K/Al cyclicity is less obvious and correlatable
in the Hangenberg Limestone, but limestone/marls cycles
were described in detail by Korn & Weyer (2003). Orbital
forcing of the climatic changes and cyclicity in the
Wocklum Limestone can be assumed, but the detailed in-
terpretation of the particular steering forces is problem-
atic. Two Zr/Al cycles are documented from the
praesulcata conodont Zone (Figs 11, 12, 13 and 16),
whose duration has been estimated as 740 ka; Becker et
al. 2012). Duration of one Zr/Al cycle can therefore be
very approximately estimated for 370 ka, which may cor-
respond to the 405 ka long-eccentricity period. The main
problem with such an interpretation is that typical fre-
quencies of Milankovitch cycles are not known for the
Devonian (Hinnov & Hilgen 2012) and that the extrapola-
tion from the Cenozoic frequencies (e.g., Berger et al.
1989, House 1995) is arbitrary.

Because the cyclicity of the Wocklum Limestone
seems to be a primary record of palaecoenvironmental oscil-
lations, a downward extension of the high-resolution mul-
tiproxy stratigraphic analysis, through the Dasberg Black
Shales and Dasberg Limestone to the Mid-Famennian
Annulata Black Shales, would be important for the refine-
ment of the Famennian chronostratigraphy, based on the
orbital tuning analysis.

Palaeoenvironmental
and sequence stratigraphy interpretation

The pre-Hangenberg Events regression (Bless et al. 1993,
Becker 1996, Becker et al. 2002, Kaiser et al. 2011) is most
distinctively recorded at Drewer (section Drewer-B),
where the Drewer Sandstone, characterised by Zr/Al posi-
tive peak, occurs few centimetres below the Wocklum Lime-
stone top (uppermost part of praesulcata Zone). The
Drewer Sandstone is missing at Oese and Oberrddinghau-
sen, but a weaker peak in Zr/Al at the top of the Wocklum
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Limestone (marked by D in Fig. 16) can be correlated with
this regressive pre-Events phase.

The second phase of the Hangenberg Events, HBSE,
has previously been interpreted as the result of ocean
eutrophication in times of enhanced deep-water upwelling,
which resulted in hypoxia or anoxia, first-order mass ex-
tinction, and perturbation in the global carbon cycle
(Caplan & Bustin 1996, 1999; Kaiser et al. 2005, 2008). A
brief warming accompanied by rapid sea-level rise at the
base of the costatus-kockeli Interregnum was assumed to
be the trigger of this event (Becker 1993a; Kaiser et al.
2006, 2008, 2011; De Vleeschouwer et al. 2013). Our re-
sults support previous interpretations and provide new evi-
dence for decreasing oxygenation just prior to the
Hangenberg Black Shale deposition in the top praesulcata
Zone. Redox-sensitive U/Th values increase at the top of
the Wocklum Limestone and reach a maximum in the
Hangenberg Black Shale (base of the costatus-kockeli In-
terregnum) in all studied sections (Fig. 16), reflecting a
somewhat gradual redox development towards hypoxic
conditions, which were documented at Drewer (U/Th
0.77). The U/Th increase is moreover coeval with an in-
crease in another redox-sensitive proxy, S, which rises to-
wards the top of the Wocklum Limestone with a maximum
just under the Hangenberg Black Shale Event. An increase
in S concentrations was related to the forming of sulphides
in oxygen-depleted environments. Low S values in the
Hangenberg Black Shale at Oese and Oberrodinghausen
are probably a consequence of secondary pyrite weather-
ing, whose degradation is faster compared to organic mat-
ter weathering (Wildman et al. 2004, Marynowski et al.
2011). The onset of decreasing bottom oxygenation in the
praesulcata Zone was obviously diachronous between the
two studied regions. At Drewer it began within the
Wocklum Limestone (lower part of praesulcata Zone;
Figs 9 and 16), but at its top in the two other sections (upper
part of praesulcata Zone; Figs 7, 8 and 16), as recorded by
achange in U/Th and S curve trends. This could have been
caused by the bathymetric differences between the deep
intrabasinal swell (Drewer) and northern slope of the
Remscheid-Altena High (Oese, Oberrodinghausen). Man-
ganese peaks in the upper part of the Wocklum Limestone
could be interpreted as a record of a fluctuating oxidation
front e.g. during times of upwelling, when mobile Mn spe-
cies dissolved and transported in reductive upwelled deep
water to be precipitated and buried in carbonates just above
the hypoxic-oxic interface (see “Interpretative potential of
petrophysical and geochemical proxies”; Maynard 2005,
Roy 2006). Very low Mn concentrations in the
Hangenberg Black Shale and Sandstone from Drewer and
the Hangenberg Shale at Oberrddinghausen support inter-
pretation of deposition in a hypoxic to anoxic environment,
when Mn is highly soluble (see “Interpretative potential of
petrophysical and geochemical proxies”). Peak of the
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Cu+Ni+Zn+Pb proxy in the Hangenberg Black Shale can
reflect enhanced palacoproductivity and/or sulphide for-
mation during the times of hypoxia or anoxia. Poor oxy-
genation at the top of the Wocklum Limestone and
Hangenberg Black Shale was accompanied by a decrease
in Zr/Al ratio, perhaps as a consequence of gradual limita-
tion of siliciclastic input into the basin because of trap-
ping siliclastics in nearshore areas, typical during
sea-level rises. However, the Zr/Al minima in the
Hangenberg Black Shale are by far not dramatic, having
similar values as the preceding Zr/Al cycles in the
Wocklum Limestone. These older minima, however, are
not associated with anoxia or enhanced bioproductivity
indicators and “normal” limestone-marl rhythms were de-
posited without any marked facies change. This may sug-
gest that the onset of the Hangenberg Black Shale deposi-
tion was probably related to the carbonate crisis, which
was coeval with the peak in oxygen depletion and
palacoproductivity rates in the ocean, as assumed by
Caplan & Bustin (1996). As was mentioned previously,
intensification of upwelling combined e.g., with volcano-
genic oceanic acidification (Siegmund er al. 2002,
Marynowski et al. 2012) could play a major role in the
triggering of oceanic anoxia.

The overlying Hangenberg Shale reveals a rising trend
in Zr/Al ratio in the lower part, which probably corre-
sponds to the increase in grain size due to the progradation
of siliciclastic sediments over the extinct carbonate
shelves. Van Steenwinkel (1984) and Kiirschner et al.
(1993) interpreted this phase as a sea-level still-stand. The
third phase of the HE, the Hangenberg Sandstone Event,
was related to a major global sea-level fall in the upper part
of the costatus-kockeli Interregnum (e.g., Bless ef al. 1993,
Kalvoda et al. 1999, Isaacson et al. 2008, Kaiser et al.
2011, Streel et al. 2013). Glacigenic deposits documented
in South and North America, South and possibly Central
Africa were dated by palynomorphs as synchronous with
the sea-level fall (Isaacson et al. 1999, 2008; Streel 2002;
Caputo et al. 2008; Brezinski et al. 2008, 2010). Incised
valleys infilled by siliciclastics were documented in Mo-
rocco (Kaiser et al. 2011) and the siliciclastic intervals
overlying the Hangenberg Black Shale Event horizon in
the Central Hunan (Hance et al. 1994), in Ohio and Ken-
tucky (Coleman & Clayton 1987) or Moravian Karst
(Kumpan et al. 2014a), as well as in the studied sections
from the Rhenish Massif (Bless ez al. 1993, see Kaiser et al.
2011 and references therein). Inevitably for such a
sea-level drop, gaps of variable stratigraphic extent are
known from DCB in many places, e.g., Belgium (Hance et
al. 1994, Kumpan et al. 2014b), Spain (Garcia-Alcalde &
Menédez-Alvarez 1988), Colorado (Myrow et al. 2013) or
Kentucky (Coleman & Clayton 1987). The rapid increase
in Zr/Al ratio in the Hangenberg Sandstone at Drewer and
Oese is consistent with the interpretation of Zr/Al as
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a proxy for coarse-grained siliciclastics. A peak in Zr/Al
was also documented 55 cm above the base of the
Hangenberg Shale at Oberrddinghausen, where abundant
thin siltstones and rare fine-grained sandstones show a
coarsening-upward trend. This Zr/Al peak in fine-grained
facies in this interval (Oberrodinghausen) can be correlated
with the base of the Hangenberg Sandstone at Oese. The
base of the HSE was previously interpreted as a sequence
boundary in the Rhenish Massif (Van Steenwinkel 1984)
as well as in the Namur-Dinant Basin (Belgium; Van
Steenwinkel 1984), Tafilalt Basin (Morocco; Kaiser et al.
2011) and Western Canada Basin (Smith & Bustin 2000).
The basal surface of forced regression (Hunt & Tucker
1992, Catuneanu et al. 2009), however, seems to be a more
relevant type of sequence-stratigraphic surface to represent
the base of HSE (Kumpan et al. 2014b). There are several
reasons for this: (i) it is associated with a sudden switch
from aggradation to progradation in deep-marine setting;
(ii) it is associated with a sudden influx of terrigenous
clastics; (iii) evidence from elsewhere suggest its coinci-
dence with a glacieustatic sea-level fall. The upper portion
of the Hangenberg Sandstone / Shale unit displays fin-
ing-upward patterns before the system returned to carbon-
ate production in the kockeli Zone. Positive peaks in K/Al
and less distinctive peaks in Zr/Al just below the sulcata
Zone base within the Stockum Limestone documented in
Oese and Drewer are missing in Oberrodinghausen, which
supports presence of the biostratigraphically detected
stratigraphic gap (Bless et al. 1993) related to a minor
sea-level fall (Kaiser ef al. 2011). The Hangenberg Lime-
stone is characterised by low U/Th values, which reflects
return to normally oxygenated bottom after the HE, which
is consistent with results of geochemical research of
Siegmund et al. (2002). Peak of the Cu+Ni+Zn+Pb proxy
(in Oese; Fig. 11) accompanied by increase in U/Th in the
Kahlenberg Formation (Fig. 16) again record the hypoxic
event during enhanced palaecoproductivity, related to the
sea-level rise (Becker 1993b, Zhuravlev 1998, Siegmund
et al. 2002).

Interregional correlations

The selected petrophysical and geochemical proxies reveal
similar patterns between the sections described herein and
those previously studied in the Moravian Karst (Lesni lom,
Mokré and Kitiny quarries; Kumpan ef al. 2014a) and Car-
nic Alps (Griine Schneid; Kaiser ef al. 2006, Kumpan et al.
2014a; Fig. 17). A decrease in terrigenous proxies (CGR,
Zr/Al and Al) and increase in redox-sensitive U/Th and Mn
take place just below the Hangenberg Black Shale Event in
the high praesulcata Zone. U/Th reaches positive peaks
and K/Al decreases in the Hangenberg Black Shale
Event, coeval with 8'*C positive excursion (Kaiser et al.
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2006, Kumpan et al. 2014a). Increase in detrital proxies
(CGR, Zr/Al or Al) related to the Hangenberg Sandstone
Event is well correlated among the above-mentioned
sections.

MS curve of a relatively shallow-marine DCB succes-
sion from Pomerania, Poland (Matyja et al. 2015) reveals
low values in the uppermost Famennian, which can be cor-
related with the curve from the Drewer section. On the
other hand, the curves from Oese and Oberrddinghausen
failed to show correlative pattern.

Conclusions

1. Our petrophysical and geochemical dataset confirms
previous interpretations and additionally provides new in-
sight into the palacoenvironmental development prior and
during the Hangenberg Events in the northern Rhenish
Massif. U/Th and S vertical variations reveal a gradual
decrease in bottom oxygenation despite brief shallowing
(Drewer Sandstone Event) just before the Hangenberg
Black Shale Event. The initiation of the oxygen depletion
was regionally diachronous within the Wocklum Limestone
because of bathymetric differences. Peaks in redox and pa-
lacoproductivity proxies (U/Th, Cu+Ni+Zn+Pb) occur in
the Hangenberg Black Shale and siliceous shales of the
Kahlenberg Formation in all studied sections. Although se-
dimentation of the Hangenberg Black Shale took place dur-
ing period of sea-level rise (Z1/Al decrease), very similar
deepening steps are also recorded below the event without
indices for hypoxy or anoxy. The Hangenberg Black Shale
is therefore related to a carbonate crisis, which resulted
from enhanced palacoproductivity and anoxia.

2. Interregional correlation of the Hangenberg Events in-
terval from the northern Rhenish Massif, the Moravian
Karst and Carnic Alps was carried out, based on the ele-
mental proxies. The most prominent correlative features
are: a) increase in U/Th and decrease in terrigenous proxies
(Al, Zr/Al) in the praesulcata Zone towards the Hangen-
berg Black Shale Event, b) low or decreasing K/Al or Zr/Al
values in the Hangenberg Black Shale Event coeval with a
positive 8"°C peak and c) a positive Zr/Al or Al peak in the
Hangenberg Sandstone Event.

3. The primary origin of the limestone-marl cyclicity in the
Famennian Wocklum Limestone has been supported by
correlation with K/Al ratio changes, which are independent
of the carbonate rock diagenesis. K/Al curves display cyc-
licity of two orders. The higher-order cycles (~0.2 to 0.3 m
thick) clearly show individual limestone-marl cycles and
may reflect weaker climatic oscillations. Lower-order
K/Al cyclicity (~1 to 2 m thick) follow the alternation
of bundles of layers presumably controlled by climatic or
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eustatic oscillations of lower order. Duration of Zr/Al cyc-
les in the Wocklum Limestone was estimated as 370 ka,
which is close to 405 ka eccentricity.
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