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A B S T R A C T

A wide range of various proxies (e.g., mineralogy, organic carbon, inorganic geochemistry, C and Mo isotopes,
and framboidal pyrite) were applied for interpretation of changing oceanic redox conditions, bioproductivity,
and the regional history of magmatic activity. This resulted in internally consistent interpretation of the late
Famennian Hangenberg Crisis in subtropical deepest water sites of the epeiric Rhenohercynian and
Saxo–Thuringian basins, as well as more open sites of the Paleo-Tethys Ocean.
High mercury concentrations were detected in all of the studied sections, with the highest values strata in the

Carnic Alps (up to 20 ppm) and Thuringia (up to 1.5 ppm). The beginning of the Hg anomaly and the presence of
pyroclastic material, indicate that local magmatic activity was initiated before the deposition of the Hangenberg
Black Shale (HBS). The onset of the HBS deposition coincided with the expansion of phosphate-enriched, anoxic
to euxinic waters during short-lived CO2-greenhouse spike of a warm–humid climate. Intensive magmatic ac-
tivity was a trigger for climatic changes, an excessive eutrophication, and an accelerated burial of organic carbon
during the Hangenberg transgressive pulse. The injection of catastrophic amounts of CO2, toxic elements and
acids from volcanic activity could have led to acidification, mutation of spores, and episodes of mass mortality of
marine plankton.

1. Introduction

The end-Devonian Hangenberg Crisis (HBC; i.e., the Hangenberg
Event) represents one of the most crucial periods in the evolution of the
biosphere. This event began with the deposition of a transgressive or-
ganic-rich shale (Hangenberg Black Shale, HBS; Fig. 1), and then re-
gressive units of grey shale (Hangenberg Shale, HS), sandstone
(Hangenberg Sandstone, HSS), and limestone (Stockum Limestone, SL)
(Caplan and Bustin, 1999; Kaiser et al., 2015). Based on German li-
thological marker units, the Hangenberg Event has been subdivided
into clearly defined lower, middle and upper parts. The event had a
worldwide effect and is well documented, although there is no clear
consensus on the forcing mechanism(s). Glacioeustatic changes, climate
fluctuations, volcanism, asteroid impacts, phytoplankton blooms, and

the spread of terrestrial plants have all been proposed as possible causes
and triggers (e.g., Caplan and Bustin, 1999; Streel et al., 2000; Kaiser
et al., 2006; Marynowski et al., 2012; Carmichael et al., 2016; Paschall
et al., 2019).
Linkages between anoxia, transgression, and warming have been

suggested for the Late Devonian oceanic anoxic event horizons (e.g.,
Sandberg et al., 2002; De Vleeschouwer et al., 2013). Strata recording
anoxic/dysoxic and/or euxinic conditions across the Fa-
mennian–Tournaisian interval are well-documented in low paleolati-
tudinal regions of Europe, North Africa, the United States, Canada,
Russia, Thailand, southern China, and northeastern Vietnam (e.g.,
Komatsu et al., 2014; Kumpan et al., 2015; Matyja et al., 2015; Qie
et al., 2015; Carmichael et al., 2016; Kalvoda et al., 2018; Martinez
et al., 2019; Paschall et al., 2019). The deposition of black shale has
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been commonly interpreted as a consequence of increased nutrient
fluxes that accompanied accelerated continental weathering (Wilder,
1994; Algeo and Scheckler, 1998; Percival et al., 2019) or upwelling of
deeper waters (e.g. Caplan et al., 1996).
Subaerial and/or submarine multiple eruptions of enormous mag-

matic flows may alter the ocean–atmosphere system by introducing
gases and elements, which are potentially conducive to either a warmer
or cooler climate, and can potentially significantly change the structure
and chemistry of the oceans (Erba et al., 2015; Jones et al., 2016; Racki,
2020b). Large igneous provinces (LIPs) have been suggested as a sig-
nificant extinction driver for the Frasnian–Famennian (Racki et al.,
2018b; Racki, 2020a), Permian–Triassic (Courtillot and Renne, 2003),
Triassic–Jurassic (Percival et al., 2017), and other mass extinctions
(Wignall, 2005; Ernst, 2014; Racki, 2020b). Recently, a growing
number of publications have highlighted the potential impact of vol-
canism during the HBC (Marynowski et al., 2012; Kalvoda et al., 2019;
Paschall et al., 2019).
Changes in primary productivity, anoxia, and volcanic degassing are

reflected in carbon isotope records. Molybdenum isotopes can yield
information regarding the average global-ocean redox conditions in
paleo-marine systems (Siebert et al., 2003; Arnold et al., 2004; Scott
and Lyons, 2012). The carbon isotope record in carbonates (δ13Ccarb)
related to the Hangenberg Crisis has been reported by numerous au-
thors (e.g., Buggisch and Joachimski, 2006; Kaiser et al., 2006; Kumpan
et al., 2014a, 2014b). Comparison of global carbon isotope records
show a high variability during the late Famennian–early Tournaisian
(Table 1), on both regional and local scales (Carmichael et al., 2016).
Recent, high-resolution chemostratigraphic studies of carbonate and

organic C isotopes have suggested a more complex pattern, whereby
negative excursions exist in Middle praesulcata conodont Zone and
Devonian–Carboniferous boundary, and are followed by a positive shift
in the lower part of the Upper praesulcata Zone (Kaiser et al., 2008; Qie

et al., 2015). Compared with the carbon cycle, a relatively small
amount of research has been undertaken, to date, regarding the marine
Mo cycle during the Hangenberg Event (Dahl et al., 2010; Yang, 2019).
In order to better understand the environmental and biological condi-
tions associated with the biotic extinction during the HBC, we present
new isotopic data from the Rhenish Massif, Thuringia, Carnic Alps, and
the Holy Cross Mountains situated in the Rhenohercynian and Sax-
o–Thuringian basins and part of the Paleo-Tethys Ocean (Fig. 1). High-
resolution C and Mo isotopic records, supported by mineralogical and
geochemical data, provide insight into the water-column redox struc-
ture of these basins, nutrient cycling, and volcanic activity, especially
during the early crisis interval that concerned the main marine ex-
tinction and increased carbon burial event.

2. Regional setting

2.1. Carnic Alps

The Kronhofgraben section, Austria (N46°36’00.0”, E13°02’02.0”)
and Plan di Zermula A section, Italy (N46°34’31.0”, E13°06’41.0”) are
located in the central part of the Carnic Alps. The Kronhofgraben sec-
tion is situated in a gorge of the Aßnitzbach River, ca. 7 km on the east
of Plöckenpass, and ca. 1 km northwest of Kronhof Törl pass at the
Austrian–Italian border. The Plan di Zermula A section appears on the
western slope of Mount Zermula massif, along the road from Paularo to
Stua di Ramaz. Grey limestone and black shale of the Pal Grande
Formation (Spalletta et al., 2015; Spalletta et al., 2020) make up the
studied interval in both sections. The black shale was interpreted as an
HBS equivalent, and the HBS horizon was assigned to the Middle
praesulcata Zone in Kronhofgraben (40-cm-thick) and Plan di Zermula A
(15-cm-thick), by Kaiser (2005). The HBS is underlain by cephalopod-
bearing limestone of the Upper expansa–Lower praesulcata Zone. Perri

Fig. 1. (A) Late Devonian (360 Ma) paleogeography after Blakey (2016). (B) Location of the studied sections: (1a) Plan di Zermula A (Carnic Alps), (1b) Kron-
hofgraben (Carnic Alps), (2) Kahlleite (Thuringia), (3) Drewer (Rhenish Massif), (4) Kowala (Holy Cross Mountains). Palaeogeographic reconstruction after Paproth
(1986) and Franke et al. (2017), modified. (C) Biostratigraphy, lithostratigraphy and event-stratigraphy of the Devonian-Carboniferous boundary interval and
biostratigraphic range of the investigated sections. The Hangenberg Crisis with lithostratigraphic units from the type area in the Rhenish Massif (after Becker et al.,
2016 and Kaiser et al., 2015). Abbreviations: Bi. - Bispathodus, Pr. – Protognathodus, Si. – Siphonodella.
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and Spalletta (2001) indicated for the HBS horizon at Plan di Zermula A
section a time span corresponding to the interval Middle–Upper prae-
sulcata zones. In both sections the missing interval corresponds to this
interval (Spalletta et al., 2020). The first carbonate bed above the HBS
belongs to the sulcata Zone (Perri and Spalletta, 2001; Kaiser et al.,
2009). In a re-study of the Kronhofgraben and Plan di Zermula A sec-
tions, Spalletta et al. (2020) correlated the HBS horizon with the upper
part of the Protognathodus meischneri subzone, equating with the Lower
praesulcata Zone. The underlain limestone units were correlated with
the lower part of the same subzone, and the overlying limestone with
the upper part of the Protognathodus kockeli Zone. These stratigraphic
revisions resulted from application of the new conodont zonations
proposed by Corradini et al. (2017) and Spalletta et al. (2017).
The D–C boundary successions in the two sections were deposited in

a deep water environment within the tropical belt, around 30° S or less
latitude (Fig. 1; Schönlaub et al., 1992; Schönlaub, 2018). During the
Late Devonian, the Carnic Alps were the northern tips of the African
part of Eastern Gondwana (Schönlaub and Histon, 2000) and belonged
to the Gondwana-derived Noric Terrane (Frisch and Neubauer, 1989;
part of Palaeo-Adria microcontinent by Franke et al., 2017). The Var-
iscan orogeny in this area more likely was the result of a transpressive
event (Spalletta and Venturini, 1995), which fits very well with the
absence of an ocean between the south eastern part of Laurussia and
Gondwana (Franke et al., 2017). The eruption of submarine, alkali
basalts on the Austrian (Raabtal volcanism) and Italian (Dimon For-
mation, Venturini and Spalletta, 2015) sides occurred during the early
Carboniferous (see Pasquarè Mariotto and Venturini, 2019).

2.2. Rhenish Massif

The uppermost Famennian samples were collected from the Drewer
section, located in the northern part of the Rhenish Massif (Germany).
Drewer (N51°29.616´; E8°21.360´) is the an abandoned quarry located
on the Belecke anticline (Klein, 2016; Becker et al., 2016) north of
Warstein, ~62 km east of the center of Dortmund. The samples were
collected from the WA Section (Drewer I) (see Korn, 1991). The up-
permost Famennian stage in the studied sections consists of alternating
shale and nodular limestone (Wocklum Limestone) of the Upper ex-
pansa Zone. The Drewer Sandstone is intercalated in the Wocklum
Limestone in its upper part. The Wocklum Limestone is followed by the
HBS (costatus-kockeli Interregnum; Van Steenwinkel, 1993) and over-
lying siliciclastic successions (the Hangenberg Sandstone in the Drewer
section) of the upper part of the costatus–kockeli Interregnum.
During the Late Devonian, the studied region of the Rhenish Massif

was a shelf area of a Rhenohercynian Ocean situated on the southern
margins of Laurussia (Fig. 1), where sedimentation was controlled by

sea level fluctuations, syn-sedimentary tectonic activity, and variations
in the input of siliciclastic material derived mainly from Baltica (Franke
et al., 1978; Paproth, 1986; Königshof et al., 2016; Kołtonik et al., 2018,
2019). The well-exposed HBS has been interpreted to be a transgressive
system tract associated with low sedimentation rates (Van Steenwinkel,
1984), whereas the HBS has been interpreted as a high-stand system
tract deposit, and the HSS a basin-floor fan deposit (Kaiser et al., 2015).

2.3. Thuringia

The Kahlleite section (50°37’32.5” N; 11°50’32.2” E) is within an
inactive quarry, 1 km southwest of Rödersdorf near Gera, which is si-
tuated on the northwest flank of the Berga anticline (Gereke, 2004,
2007). Thuringia (with Franconia) belonged to the Gondwana-derived
North Armorica microcontinent, located between Laurussia and Gond-
wana (Fig. 1). Until the Devonian, the Saxo–Thuringian Ocean sepa-
rated North and South Armorica (Franke et al., 2017).

2.4. Holy Cross Mountains

The Kowala section is situated in the northeastern wall of the large,
active quarry located on the southern limb of the Gałęzice–Kowala
syncline. This area belongs to a distinct paleogeographic and tectonic
region of the Holy Cross area: Chęciny-Zbrza basin in the Kielce paleo-
high (i.e., northern part of the Małopolska Block; e.g., Racki et al.,
2002). The investigated interval (ca. 2.3-m-thick) belongs to the upper
part of lithological set L (sensu Berkowski, 2002), and M (sensu De
Vleeschouwer et al., 2013), which are equivalent to sets B and C (sensu
Malec, 2014) in the trench. The section below the black shale, which
was interpreted as an HBS equivalent, consists of green and cherry red,
nodular, marly limestone, with abundant cephalopods (= Wocklumeria
Limestones), and marly shale with several thin tuffite layers
(Marynowski and Filipiak, 2007). The HBS is overlain by green and
brown claystone, tuffite, and marly shale. The sampled succession is
assigned to the praesulcata conodont Zone and to the LN miospore Zone
(Olempska, 1997; Marynowski and Filipiak, 2007; Filipiak and Racki,
2010). During the Late Devonian to Early Carboniferous, this area was
an easternmost part of the Rhenohercynian Ocean, located on the
southern margins of Laurussia (Fig. 1; Ziegler, 1990).

3. Methodology

3.1. XRD

The mineralogy of samples was determined on randomly oriented
powder specimens with XRD analysis at the Institute of Geological

Table 1
Compilation of data documented carbon isotope anomaly for the Hangenberg Crisis.

Locality Carbon isotope anomaly Reference

Carnic Alps (Grüne Schneid) Positive (δ13Ccarb) Kaiser et al. (2006)
Graz (Trolp) Positive (δ13Ccarb) Kaiser et al. (2008)
Austria (Steinberg) Negative (δ13Ccarb) Bojar et al. (2013)
Moravian Karst Positive (δ13Ccarb) (Lesní lom Quarry); negative (δ13Ccarb) (Křtiny) Kumpan et al. (2014a)
Rhenish Massif (Drewer) Lack of δ13Ccarb anomaly Buggisch and Joachimski (2006)
Namur-Dinant Basin Negative to positive (δ13Ccarb) (Gendron-Celles), positive (δ13Ccarb) (Anseremme) Buggisch and Joachimski (2006), Kumpan et al.

(2014b)
Montagne Noire, France (La Serre

trench E’)
Positive (δ13Ccarb in brachiopod shells and ooids); negative (δ13Ccarb in matrix) Brand et al. (2004), Buggisch and Joachimski

(2006)
Pyrenees, France (Milles) Lack of δ13Ccarb anomaly Kaiser (2005)
Pechora Plate, Russia Lack of δ13Ccarb anomaly; negative δ13C anomaly in conodont organic matter Zhuravlev and Sobolev (2019)
South China Lack of δ13Ccarb anomaly (Malanbian, Qilinzhai); negative (δ13Ccarb) (Long'an) Qie et al. (2015)
Vietnam Lack of δ13Ccarb anomaly; positive (δ13Corg) anomaly Paschall et al. (2019), Shizuya et al. (2020)
Thailand Positive (δ13Ccarb) Königshof et al. (2012)
North America Positive (δ13Ccarb) (western Illinois basin and Chaffee Group of Colorado); negative

(δ13Ccarb) (Chaffee Group of Colorado); negative to positive (δ13Ccarb) (Missouri), positive
and lack of δ13Corg anomaly (Appalachian Basin)

Cramer et al. (2008), Day et al. (2013), Myrow
et al. (2013), Martinez et al. (2019)
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Sciences, Polish Academy of Sciences (IGS PAS, Kraków, Poland), using
a Thermo ARL X’tra diffractometer. Ten percent of an internal ZnO
standard was added to samples and then milled in a McCrone micro-
nizing mill for 5 min. Diffractograms were recorded in the range of
5–65° 2Θ with a step of 0.02° (5 s/step). Q-Min software (M. Szczerba,
unpublished) was used for quantitative analysis. Mineralogical analyses
were then coupled with chemical data of major elements using ap-
proach described by McCarty et al. (2015). The aim was to obtain in-
formation about chemical composition of minerals with variable for-
mulas (e.g. phyllosilicates, ankerite, feldspars). Additional details
concerning XRD analysis of clay-minerals are presented in Supple-
mentary Data 1.

3.2. Total organic carbon (TOC) determination

Percent concentrations of carbon were determined using a Vario
MicroCUBE elemental analyzer at the IGS PAS (Warsaw, Poland).
Samples wrapped in tin capsules were combusted at 1150 °C. The re-
leased gas was separated on a GC column and measured using a thermal
conductivity detector. Values were normalized to a sulphanilic acid
standard. The results of this measurement are reported in wt% and have
a precision of better than±0.18%.

3.3. Inorganic geochemistry

Fifty-five samples were ground in an agate mill and analyzed for the
majority of elements at the Bureau Veritas Mineral Laboratories in
Perth, Australia (Kronhofgraben, Plan di Zermula A) and in Ancaster,
Ontario, Canada (Drewer, Kahlleite and Kowala). Analytical details are
presented in Supplementary Data 1.
Enrichment factors (EF) were calculated as: XEF=[(X/Alsample/(X/

Al)PAAS] for shale and siltstone and as XEF=[(X/Alsample/(X/Al)WED] for
carbonate; where X and Al represent the weight percent concentrations
of elements X and Al, respectively. Samples were normalized using the
post-Archean Australian average shale (PAAS) compositions of Taylor
and McLennan (1985; see also Tribovillard et al., 2012) for shale and
siltstone, as well as the average limestone (WED; Wedepohl, 1970) for
carbonate. Any relative enrichment was then expressed by an EF> 1, a
depletion by an EF<1.

3.4. Stable isotopes

3.4.1. Carbon isotopes
Samples for carbon isotope analyses were powdered and acidified

with an excess of 10% HCl and were kept at 60 °C for at least 8 h to
remove inorganic carbonate material. Samples were then rinsed with
ultrapure (> 18 MΩ) deionized water to remove acid and were oven-
dried at 60 °C. Analyses of sedimentary organic carbon (δ13Corg) isotope
signatures were carried out using a Thermo Flash EA 1112HT elemental
analyser connected to a Thermo Delta V Advantage isotope ratio mass
spectrometer in a Continuous Flow system at IGS PAS (Warsaw).
Isotopic values for carbon are reported in per mil (‰) relative to the
Vienna PeeDee Belemnite (VPDB) standard and calibrated using certi-
fied international standards. The precision of δ13C analyses
is± 0.33‰.
Powdered samples for δ13C analyses in carbonate were reacted with

100% H3PO4 at 70 °C to produce CO2. Isotope measurements were
conducted with a KIEL IV Device that was connected on-line to a
FinniganMAT Delta plus isotope ratio mass spectrometer. The results
are reported relative to the VPDB standard by using the NBS-19 re-
ference sample. The precision was better than±0.03‰ (δ13C).

3.4.2. Molybdenum isotopes
Molybdenum isotope compositions were determined at the IGS PAS

(Kraków) for Kowala, Plan di Zermula A and Drewer samples and at
PSO (Pôle de Spectrométrie Océan, Plouzané, France) for Kahlleite and

Kronhofgraben samples. The analytical protocols for the chemical di-
gestion and purification of Mo from all shale powders are described in
details by Duan et al. (2010) and Liermann et al. (2011). The Mo iso-
tope compositions were measured by using a combination of the Zr
element spike method and standard–sample bracketing at IGS PAS
(Anbar et al., 2001), as well as the double-spike method at the PSO
(Siebert et al., 2001; Asael et al., 2013) to correct for instrumental mass
fractionation. The samples were analyzed at least a minimum of two
times. The δ98Mo values are presented relative to an in-house Mo re-
ference solution Alfa Aesar Specpure, ICP Mo solution standard at the
IGS PAS and NIST 3134 standard solution at PSO. The instrument ac-
curacy was verified by analysing the USGS Devonian Ohio black shale
standard, SDO-1, processed in the same manner as the samples. The
average δ98Mo for SDO-1, based on three separate powder digestions,
was 1.12 (± 0.14‰, 2SD, IGS PAS) and 1.22 (± 0.09‰, 2SD, PSO;
converted relative to δ98MoAA). The isotopic differences among the
samples that were measured at the laboratories were ≤ 0.10‰. Mo
isotope compositions are reported using the δ notation, where δ98Mo
(‰) = [(98Mo/95Mo)sample/(98Mo/95Mo)AA – 1]×1000, calculated re-
lative to our in-lab Mo Alfa Aesar standard. Calibration of the Alfa
Aesar standard relative to NIST3137 gave: δ98MoAA = δ98MoNIST3137 +
0.41±0.06‰ (see also Goldberg et al., 2013).

3.5. Framboid pyrite diameter analysis

For measurements of framboid pyrite diameter environmental
scanning electron microscope Philips XL30 ESEM/TMP at University of
Silesia in Sosnowiec was used. Small polished slabs were analyzed in
backscattered electron (BSE) mode. In each analysed samples over 100
framboids was measured if possible (as it was recommended by Wignall
and Newton, 1998). However, in some samples the measurement of 100
framboid diameters was not possible. For each sample, minimum and
maximum diameter, mean value and standard deviation results are
presented in Supplementary Data 2.

4. Results

4.1. Mineralogical composition

Bulk mineralogical compositions of all the studied samples showed
significant differences between profiles (Table 2 and Supplementary
Data 1). The optimization of chemical composition of minerals is de-
scribed in Supplementary Data 1.

4.1.1. Carnic Alps
The Kronhofgraben section (KR) includes the HBS, which rests be-

tween limestone units containing>55% calcite. A similar stratigraphic
succession is present for the Plan di Zermula A section (PZ), where in
addition to limestones, two shale beds are present (PZ 3 and PZ 07). The
dominant minerals in the HBS were determined to be quartz (22–45%)
and muscovite 2M1 (14–40%). Both sections contained a significant
percentage of secondary minerals in the form of goethite, and local
lepidocrocite, jarosite, and/or gypsum. Pyrite (up to 12%) is present in
the HBS of the KR samples. Surrounding limestone units also contained
pyrite, but with only a maximum of 3%. Pyrite is less visible in the PZ
samples (< 1.5%). Ankerite and dolomite comprised<6% both in the
limestone and HBS, which is a similar content to plagioclase (≤ 5%).
Titanium oxides in the form of rutile and anatase comprised ~1% of the
HBS samples in both sections. Optimized composition of ankerite that
gives the best agreement between mineralogy and chemical analyses for
KR is CaMg0.71Fe0.20Mn0.09CO3, while for PZ it is CaFe0.88Mn0.12CO3.
The clay mineralogy in both sections is highly illitic illite–smectite

(I–S) (except for muscovite 2M1). Analysis of the<2 μm fraction of six
samples indicated that this I–S contained>90% illitic crystallites
(Supplementary Data 1). The KR samples from the lower part of the
HBS contained three times more I–S (in bulk) than that of the upper
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part (ca. 40% vs. 12–15%, respectively; Table 2). The opposite trend is
recorded for muscovite 2M1 (Supplementary Data 1). In the case of the
PZ, the HBS contains ca. 20% I–S, while in the two shale beds above and
below the HBS the amount of I–S is two times higher (> 40%).

4.1.2. Rhenish Massif and Thuringia
Quartz and muscovite 2M1 are found to be the dominant minerals

(20–32% and 42–58%, respectively) in the HBS samples from the
Drewer (DR) site. The third most common mineral is 1M illite (a highly
illitic I–S, up to 17%). The same minerals are also identified in under-
lying and overlying sandstone and limestone in significant amounts.
Every HBS sample contained ~0.5–3.0% plagioclase. Iron oxides in the
form of goethite and hematite are found in nearly all samples at a
content of up to 2%. Among the heavy minerals, up to 1% anatase and/
or rutile are present in all samples. Other components are variably re-
presented. Ankerite and dolomite are the dominant carbonate species in
the DR samples (up to 11%). Pyrite only exists in the DR samples
(< 1.0%). Surrounding sandstone and limestone units generally con-
tained the same minerals, except that some samples lacked iron and
titanium oxides. The optimized composition of ankerite for DR is
CaMg0.78Fe0.20Mn0.02CO3.
The HBS samples from Thuringia (Kahlleite, K-HANG) contain three

dominant minerals: illite 1M polytype and highly illitic I–S (26–51%),
muscovite (24–41%), and quartz (22–32%). Iron oxides are represented
only by goethite (< 4%). Heavy minerals in the form of anatase and
rutile comprise 1–2% of samples. Traces of calcite and pyrite are only
present in one sample for each mineral: K-HANG 3 and K-HANG 5,

respectively. Clay mineralogy of the<2 μm fraction for samples K-
HANG 5 and K-HANG 6 indicate> 95% of illitic crystallites in I–S.
Kaolinite is also present in the samples.

4.1.3. Holy Cross Mountains
The mineralogy of the HBS samples from the Kowala (KQ) is sig-

nificantly different from that of all other samples. The dominant mi-
neral is I–S (30–69%) and contained a higher percentage of smectitic
interlayers (up to 35%; Supplementary Data 1). In comparison to ex-
posures of HBS samples from other localities, there is also a relatively
large amount of calcite (up to 35%). Potassium feldspar comprised up
to 2% of samples, whereas overlying samples comprised up to 20%.
Sulfides, including pyrite (1–2%), marcasite (0.8% in KQ 110A), and
sphalerite (0.3–1%), were also found to be important minerals. The
uppermost and the lowermost horizons of the HBS contains 2% chlorite,
while in the central interval there is between 2% and 6% kaolinite.
Compared to HBS from other localities, there is also a lack of iron
oxides and a very small content of muscovite 2M1. The surrounding
rocks are mainly carbonate with scattered layers of shale, some of
which contained biotite (ca. 2%, sample KQ 109A). The clay miner-
alogy (Supplementary Data 1) confirms the existence of chlorite and
kaolinite, and indicated that there is an increasing trend in the per-
centage of smectitic crystallites in I–S from the upper and lower con-
tacts towards the center of the HBS. A similar trend is also evident in
the amount of muscovite, with 3% at the top and base, and almost zero
in the center of the bed.

Table 2
Bulk mineralogical composition of all the studied samples. HCMts - Holy Cross Mountains, HBS - Hangenberg Black Shale, SL - Sandy limestone, *> 80% illite in
illite-smectite, ** ~50% illite in illite-smectite - based on analysis of< 2 um clay fraction.
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4.2. Geochemical composition

Detrital input was estimated based on Si/Al, Zr/Al, K/Al, and Ti/Al
ratios (e.g., as undertaken by Pujol et al., 2006; Tribovillard et al.,
2006; Rakociński et al., 2018). Redox conditions were assessed based
on Th/U, Corg/P, and V/Cr ratios and Mo contents (e.g., see Bond et al.,
2004; Rimmer, 2004; Rakociński et al., 2018). Rocks that formed in
anoxic environments are characterized by an enrichment of redox-
sensitive trace metals such as U, Mo, Zn, Pb, Ni, Cu, Cd, and V (e.g.,
Tribovillard et al., 2006; Calvert and Pedersen, 2007), and the enrich-
ment factors are highlighted recently as the most reliable redox proxies
by Algeo and Liu (2020).
All lithogenic elements, such as Si, K, Ti, and Zr, in almost all of the

investigated sections exhibit strong positive correlations with Al.
Therefore, these elements could be used as proxies for detrital input (for
more information and details see Tables 3–7 and Supplementary Data
1). The exception is the Kahlleite section, where Si, Zr, and Ti showed
no correlation with Al and only a moderate correlation for K (Supple-
mentary Data 1). For this reason, Si could not be used as a productivity
proxy in the studied sections (see Racki et al., 2002; Rakociński et al.,
2018). According to Ver Straeten et al. (2011), Si/Al values> 5

indicate a dominant influx of sandy fractions. This SiO2 enrichment
probably reflects the record of the global trend associated with the
regression represented in the Rhenish Massif by coarser clastic strata
(i.e., the Hangenberg Sandstone and its equivalents; Kaiser et al., 2011).
Th/U ratios in almost all investigated samples from the HBS interval

have values< 3 (Figs. 2–6, Tables 3–7). Elevated V/Cr ratios (> 4.25)
existed only in a few samples from the Kowala (Table 7). Mo con-
centrations in the HBS interval in the Kronhofgraben fluctuated be-
tween 3.8 and 103.6 ppm, with an average enrichment factor (EFMo) of
70.53 (Table 3, Supplementary Data 3). While in the Plan di Zermula A,
the Mo concentration of in the HBS interval ranges from 3.2 to 72.5
ppm, with an average EFMo of 34.48 (Table 4, Supplementary Data 3).
In the Drewer quarry, the Mo concentration in the HBS interval range
between 16.4 and 41.6 ppm, with an average EFMo of 33.22 (Table 5,
Supplementary Data 3), which is very similar to the Thuringia HBS
samples that have average EFMo values of 34.29 (Table 6, Supplemen-
tary Data 3). Higher Mo concentrations in the HBS interval were de-
tected in the Kowala section (7.9–161.2 ppm), where the average EFMo
is 94.71 (Table 7, Supplementary Data 3). In many worldwide sections,
the anoxic intervals are enriched in redox sensitive elements (e.g. U, V,
Cr, Ni, Pb, Zn and Cu) and depleted in Mn (cf. Brumsack, 2006;

Fig. 2. Whole rock geochemistry of the Hangenberg Black Shale interval at Kronhofgraben (Carnic Alps) and selected mineral components (MC).
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Fig. 3. Whole rock geochemistry of the Hangenberg Black Shale interval at Plan di Zermula A (Carnic Alps) and selected mineral components (MC). Abbreviation:
HBS – Hangenber Black Shale.
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Tribovillard et al., 2006; Calvert and Pedersen, 2007; Rakociński et al.,
2018; Derkowski and Marynowski, 2018). Generally, the HBS interval
in the studied sections is enriched in U, V, Cr, and Ni (with the ex-
ception of the Kahlleite section), and depleted in Mn (with exception of
the Kowala; see Tables 3–7). The highest enrichment in redox sensitive
trace metals is in samples from the HBS of the Kowala site (avg. EFV=
4.30; avg. EFCu= 7.07; avg. EFPb= 106.59; avg. EFZn=329.59; EFNi=
8.84; EFCr= 4.35, and avg. EFMn=5.72). Total organic carbon and total
nitrogen content results are discussed in Supplementary Data 1 section.

4.3. Isotopic changes: bulk sediment C and Mo isotopic compositions

4.3.1. δ13C
A negative shift in δ13Corg values across the HBS exist in the Kowala,

Drewer, Kahlleite, Kronhofgraben and Plan di Zermula A sections, and a
slightly increasing trend in values within the HBS for all of these sec-
tions (Fig. 7, Tables 3–7). For the DR, PZ, KR, and KQ, black shale is
13C-depleted by 1.5‰, 2‰, 3‰, and 4‰, respectively, relative to the
immediately underlying and overlying strata. A positive excursion is

Fig. 4. Whole rock geochemistry of the Hangenberg Black Shale interval at Drewer section (Rhenish Massif) and selected mineral components. Abbreviation: HBS –
Hangenberg Black Shale, HSS – Hangenberg Sandstone.

Fig. 5. Whole rock geochemistry of the Hangenberg Black Shale interval at Kahlleite (Thuringia) and selected mineral components. White dots marked the weathered
samples.
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defined by the rising values in the upper part of the HBS (PZ), a peak
just above the HBS, and a subsequent decline in values (Fig. 7). There is
no significant correlation between δ13Corg and TOC for the PZ (r =
−0.38) and K-HANG (r = −0.20) sections, and a moderate negative
correlation for the DR (r = −0.69), KR (r = −0.62), and KQ (r =
−0.79) sites.

Isotopic trends of inorganic C (δ13Ccarb) in the KQ mimic those of
δ13Corg (Fig. 7). The δ13Ccarb values obtained below the HBS are ~1‰
(background level). At the base of the black shale facies, δ13Ccarb de-
creases to −1.3‰. Throughout the HBS, C isotopes gradually increased
and reach 1.1‰ in the first layer above the HBS.

Fig. 6. Whole rock geochemistry of the Hangenberg Black Shale interval at Kowala (Holy Cross Mountains) and selected mineral components. Conodont bios-
tratigraphy after Woroncowa-Marcinowska (2017).
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4.3.2. δ98Mo
The Mo isotope values in the Carnic Alps range from 1.5 to 2.2‰ in

the Kronhofgraben section, and from 0.8 to 1.7‰ in the Plan di
Zermula A section. Decreases to 1.0‰ (KR) and 0.3‰ (PZ) are present
in the top of the HBS (Fig. 8, Tables 3–4). The δ98Mo values for the HBS
samples from the Rhenish Massif (DR) and Thuringia (K-HANG) range
from 0.8 to 1.2‰ and 0.2 to 1.2‰ (Fig. 8, Tables 5–6), respectively.
There are lower δ98Mo values (~0‰) in the upper part of the HBS in
the Kahlleite. The δ98Mo values decrease to 0.7‰ in the Hangenberg
Sandstone in the Drewer. The δ98Mo record in the Holy Cross Moun-
tains show a similar pattern to that of the Rhenish Massif and the Carnic
Alps (Fig. 8, Table 7). Samples in lower part of the HBS in the Kowala
(KQ 110A–KQ 110C) show the highest values (average 1.46±0.07‰).
The middle and upper parts of the black shale (KQ 110D–KQ 110G)
record δ98Mo values that ranged from 1.0 to 1.5‰ (average
1.21±0.21‰). Pearson’s correlation was used to compare δ98Mo with
the geochemical data (Supplementary Data 1).

4.4. Framboidal pyrite

Among the 15 samples analyzed from the Kronhofgraben (10 sam-
ples encompassed the HBS interval) only 5 contained framboids (Fig. 9,
Supplementary Data 2). Only one hundred measurements were possibly
in two samples. In the other samples, the frequency of framboids was
low or framboids were absent. In all samples, euhedral pyrite crystals
(in variable abundance) are present. In the lowermost sample (KR 2)
small framboids (< 5 μm) predominate (Fig. 9) and larger forms (> 10
μm) are rare. In the other positive sample, small framboids (< 5 μm)
are also present, but in a lower frequency, and the sample are domi-
nated by euhedral pyrite crystals. In the Plan di Zermula A, in all
samples pyrite framboids are absent, possibly due to modern weath-
ering (see Section 5). In the Drewer samples, framboids are present in 7
of the 11 analyzed samples (Fig. 9, Supplementary Data 2). All samples
from the HBS interval contained numerous framboids, which are mostly
small (Fig. 9), although larger forms (> 5 μm) also exist in all samples.

Very large framboids (> 10 μm) are present in three samples. In the
Kahlleite samples, all seven were devoid of framboids due to weath-
ering (Supplementary Data 2). Some euhedral crystals of pyrite are
present only in sample K-HANG-3. The distribution of pyrite framboids
in the HBS at the Kowala quarry was described in detail by Marynowski
et al. (2012). All investigated samples are rich in framboids and
dominated by small (< 5 μm) framboids with little variation in size.

5. Weathering and diagenetic alteration

The degree of weathering of the studied sections is reflected by the
content of specific elements, including Mo, Cu, Zn, As, Sb, and Co,
which accumulated in sulfide minerals and organic matter (Algeo and
Liu, 2020). Generally, weathered black shale samples have much lower
concentrations of chalcophile elements in comparison to nonweathered
samples (cf. Marynowski et al., 2017). Weathering may also be re-
corded by a lack of framboids and pyrite crystals, which are replaced by
FeOOH (see Marynowski et al., 2011; Mahoney et al., 2019) or gypsum
and jarosite (as secondary products of reaction of iron[II] sulphate and
sulphuric acid, produced by pyrite oxidation, with carbonate and clay
minerals) (Forster et al., 1995).
A few samples from the Carnic Alps, Rhenish Massif and Thuringia

sections contain goethite or hematite (generally< 3%), thus indicating
either (i) an input of these minerals during the deposition of black shale
or (ii) at least partial weathering of the profiles (Figs. 2–5). Sulfate in
the form of jarosite and gypsum in the Carnic Alps sections (Table 2)
may also indicate weathering symptoms of coexisting pyrite. A previous
study of black shale (Marynowski et al., 2017) showed that reductions
in total S and Mo, in tandem with diminished Mo stable isotope values
(δ98Mo ~0‰), may be used for assess the degree of weathering. This
relationship holds for samples K-HANG 6 and K-KANG 7 (Kahlleite) and
PZ 0D sample (Plan di Zermula A). High percentages of goethite and
low amount of pyrite at the base and top of the HBS in Kronhofgraben
in comparison to the middle of the bed may indicate a minor degree of
weathering in the uppermost and the lowermost of the HBS layer. This

Table 3
Geochemical data in the samples of Kronhofgraben section. Blue – oxic conditions, pale yellow – dysoxic conditions, grey – anoxic conditions. Colours of samples
(black – Hangenberg black shales; blue – limestone), n.d. – no data, b.d. – below detection.

 Sample TOC  TS  TN CaCO3 Th  U  Mo  V  P  Hg Uauth Th/U Corg/P Si/Al K/Al Ti/Al Zr/Al*104 Al/ 
(Al+Fe+Mn) Fe/Ti δ13Corg δ98Mo 

  [%] [%] [%] [%] [ppm] [ppm] [ppm] [ppm] [%] [ppb]          ‰ ‰ 2SD 
 KR 12C 0.57 4.94 0.06 88.97 0.7 1.2 0.4 b.d. b.d. 221 0.97 0.58 b.d. 6.43 0.36 0.07 32.84 0.31 19.54 -25.7 n.d. n.d. 

KR 12B 0.2 3.77 0.09 92.27 2.7 1.4 1.3 23 0.013 864 0.50 1.93 15.28 6.16 0.48 0.08 27.80 0.46 13.50 -26.0 n.d. n.d. 
KR 12A 0.13 3.55 0.03 8.17 3.1 1.7 0.8 31 0.013 1957 0.67 1.82 9.93 14.24 0.46 0.07 25.55 0.39 20.23 -23.9 n.d. n.d. 

H
A

N
G

E
N

B
E

R
G

  
B

LA
C

K
 S

H
A

LE
 

KR 11 1.67 2.05 0.23 0.73 22.5 11.8 24.3 184 0.065 3288 4.30 1.91 25.51 2.57 0.47 0.08 26.09 0.75 4.45 -27.3 1.03 0.09 
KR 10 2.78 0.65 0.21 0.25 15.6 11.3 25.4 205 0.044 5695 6.10 1.38 63.70 3.56 0.46 0.07 23.13 0.67 6.94 -27.4 1.78 0.06 
KR 9 0.51 4.10 0.17 0.12 15.3 7.5 3.8 118 0.052 3377 2.40 2.04 9.74 3.56 0.47 0.07 25.77 0.57 10.13 -25.1 1.99 0.07 
KR 8 0.55 5.70 0.19 0.34 15.2 11.3 43.4 195 0.048 4453 6.23 1.35 11.46 4.60 0.47 0.08 28.01 0.69 5.79 -27.3 1.51 0.07 
KR 7 3.22 1.79 0.18 3.48 18.2 8.2 5.8 128 0.087 2625 2.13 2.22 36.89 3.25 0.46 0.07 27.51 0.59 8.99 -25.2 n.d. n.d. 
KR 6 2.28 6.32 0.23 1.02 20.3 13.7 31.8 271 0.039 12107 6.93 1.48 58.05 2.46 0.45 0.07 24.55 0.62 8.43 -27.2 1.93 0.06 
KR 5 8.26 5.49 0.25 4.82 14.9 18.2 96.1 296 0.035 13150 13.23 0.82 236.59 3.50 0.45 0.07 27.49 0.52 12.40 -27.4 1.61 0.07 
KR 4 7.72 2.15 0.25 0.37 14 16.6 70.2 237 0.031 12894 11.93 0.84 252.72 4.73 0.44 0.07 28.42 0.63 8.17 -27.3 1.64 0.07 
KR 3 11.78 1.06 0.37 0.45 16.3 25 103.6 332 0.039 20216 19.57 0.65 299.93 3.58 0.42 0.07 29.70 0.68 6.70 -27.6 2.21 0.09 
KR 2SP 13.28 0.46 0.40 60.11 17.1 25.5 100.4 504 0.065 18466 19.80 0.67 202.87 3.26 0.44 0.07 32.24 0.56 11.62 -27.9 1.87 0.06 

 KR 1 1.03 5.78 0.09 75.96 1.5 1.3 2.1 19 0.022 914 0.80 1.15 47.20 4.06 0.34 0.06 26.31 0.45 16.92 -26.5 1.54 0.06 
KR 0 0.62 2.49 0.06 94.34 1.3 0.5 4.1 13 0.031 611 0.07 2.60 20.30 7.42 0.44 0.06 27.43 0.51 13.30 -25.1 n.d. n.d. 

Table 4
Geochemical data in the samples of Plan di Zermula A section. Refer to Table 3.

Sample TOC TS Th U Mo V P Hg Uauth Th/U Corg/P V/Cr Si/Al K/Al Ti/Al Zr/Al*104 Al/
(Al+Fe+Mn) Fe/Ti δ13Corg δ98Mo

[%] [%] [ppm] [ppm] [ppm] [ppm] [%] [ppb] ‰ ‰ 2SD
PZ 4* 0.33 3.03 1.3 0.4 0.8 12 0.01 223 -0.03 3.25 25.21 0.16 3.86 0.23 0.05 28.42 0.53 13.03 -25.88 n.d. n.d.
PZ 3 0.12 0.72 35 2.2 0.8 72 0.07 2807 -9.47 15.91 1.83 1.50 2.10 0.43 0.03 18.33 0.86 6.31 -27.34 n.d. n.d.
PZ 2* 0.52 2.36 1.5 0.6 0.8 17 0.01 305 0.10 2.50 39.72 0.18 4.66 0.26 0.06 23.51 0.50 12.17 -27.24 n.d. n.d.
PZ 1 0.20 0.12 19.1 7.7 2.3 147 0.07 1745 1.33 2.48 2.86 1.02 2.83 0.46 0.07 27.39 0.65 7.82 -25.61 n.d. n.d.

H
B
S

PZ 0D 0.87 0.81 11.5 7 9.1 100 0.06 1345 3.17 1.64 14.24 1.62 4.14 0.42 0.07 24.33 0.50 12.94 -26.40 0.32 0.18
PZ 0C 0.70 0.31 14.9 6.6 3.2 140 0.02 2289 1.63 2.26 32.08 1.57 3.47 0.44 0.08 25.95 0.83 2.62 -26.03 1.04 0.09
PZ 0B 2.99 0.69 13.6 10.7 6.8 167 0.02 5406 6.17 1.27 137.03 2.03 4.00 0.42 0.08 25.28 0.91 1.13 -27.33 0.94 0.34
PZ 0A 12.53 0.38 15.8 23.8 72.5 415 0.05 9758 18.53 0.66 261.02 3.57 4.15 0.42 0.07 31.31 0.77 4.00 -27.85 1.72 0.19
PZ01 n.d. n.d. 6.56 22.9 16.2 44.1 0.10 391 20.71 0.29 15.00 2.21 1.00 0.07 0.01 4.83 0.48 110.60 -27.53 n.d. n.d.
PZ 02* 2.81 4.04 1 0.5 1.6 13 0.04 419 0.17 2.00 71.54 0.95 4.64 0.22 0.07 24.68 0.47 14.70 -27.30 n.d. n.d.
PZ 03B* 1.37 5.93 1.2 0.3 1.4 12 0.02 116 -0.10 4.00 36.66 b.d. 3.36 0.23 0.06 22.08 0.57 10.03 -26.51 n.d. n.d.
PZ 03A* 0.80 3.34 0.7 0.2 0.4 10 0.02 93 -0.03 3.50 78.48 b.d. 4.20 0.31 0.06 25.31 0.38 21.78 -26.76 n.d. n.d.
PZ 04* 0.77 5.49 1.5 0.2 0.8 12 0.02 102 -0.30 7.50 44.11 b.d. 2.74 0.35 0.07 25.55 0.49 13.00 -27.84 n.d. n.d.
PZ 05 0.28 0.08 27.4 0.9 0.4 37 0.06 87 -8.23 30.44 4.94 b.d. 1.70 0.42 0.04 35.51 0.90 2.93 -26.39 n.d. n.d.
PZ 06* 0.76 0.99 1.9 0.2 0.2 8 0.02 232 -0.43 9.50 34.83 0.39 2.99 0.40 0.06 32.88 0.58 12.25 -28.07 n.d. n.d.
PZ 07 0.11 0.02 25.5 1.3 0.2 33 0.06 223 -7.20 19.62 1.80 0.80 1.85 0.43 0.03 37.12 0.90 3.26 -27.53 n.d. n.d.
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may be related to low permeability and hydrophobicity of HBS, because
pyrite exists in much higher concentrations in the center of the HBS
bed. On the other side, existence of pyrite and lack of goethite in sur-
rounding limestones units in the Carnic Alps (KR and PZ) may indicate
deposition of these minerals during deposition.
The total illite content in R1 I–S varies from 65 to 80% in the HBS in

the Kowala, i.e., the I–S is more illitic at the top and base and less illitic
in the center of the HBS bed. This distribution can be explained by
diagenesis of primary smectite (McCarty et al., 2009), which was
probably of a volcanogenic origin. Diagenesis of clay mineral assem-
blages was more intensive at the margins of the bed due to low water
permeability (smectite barrier properties and high hydrophobicity due
to a high percentage of organic matter) and the thickness of the HBS.
Small amounts of chlorite, confirmed by means of clay mineralogy, may
indicate diagenetic smectite dissolution that leads to release of Fe and
Mg and formation of chlorite at the top and base of the HBS layer.
Kaolinite illitization at the margins of the HBS bed may have also been
responsible for lack of kaolinite in samples KQ 110A and KQ 110G.
These transformations did not have a major impact on the geochemical
signature. Additionally, the lack of iron oxides, the existence of sulfides,
and presence of such biomarkers as isorenieratane (Marynowski and
Filipiak, 2007; Marynowski et al., 2012), indicate that there was no
significant weathering of this section (excluding some parts described
elsewhere: Marynowski et al., 2017; Derkowski and Marynowski,
2018).
Existence of ankerite/dolomite, a mineral commonly considered as

a secondary mineral (forming cements), may indicate that the
Kronhofgraben, Plan di Zermula A and Drewer sections underwent
some degree of diagenesis. Cementation with ankeritic/dolomitic mi-
nerals was one of the first steps of diagenesis, and samples from Drewer
contains even up to 19% of ankerite/dolomite, ferroan dolomite in the
Drewer and Kronhofgraben sections, and ankerite in Plan di Zermula A.
Samples from the DR has the most evolved chemical composition (the
lowest content of Mg and Fe and the highest amount of Al in tetrahedral
sheet), whereas at Kowala the composition is the most smectitic. These
variations, however, can be rather connected with detrital contribution
of muscovite 2M1 in the Drewer succession.

6. Variations in C and Mo isotope values

6.1. Carbon isotopes

The geological factors that control temporal variations in sedi-
mentary δ13C include episodes of intense volcanic activity that enhance
pCO2 (Weissert and Erba, 2004; Jones et al., 2016), massive release of
12C-enriched CH4 from the dissociation of gas hydrates (Dickens et al.,
1995; Jahren, 2002; Beerling et al., 2002), thermogenic gas emissions
(Schobben et al., 2019), and enhanced burial of 12C-enriched organic
matter that creates longer term changes in pCO2 (Arthur et al., 1985).
The covariation between δ13Corg and TOC values in the Carnic Alps,

Rhenish Massif, and Holy Cross Mountains were evident when com-
paring immediately successive shale layers at high resolution. In con-
trast to previous C isotope studies of the Hangenberg interval, in all
investigated sections a negative δ13C shift occurs within the deposits
associated with the HBS. These negative C isotope anomalies were
correlated with the occurrence of organic C-rich strata (TOC>5%).
Negative δ13Corg anomalies within black shale units are a common
feature of the Middle to Late Devonian strata of the Appalachian basin
(Sageman et al., 2003; Uveges et al., 2018). In some sections in the
European part of Laurussia and China there are the negative excursions
in both δ13Ccarb and δ13Corg (see regional account in Table 1; Fig. 10).
The Rock Eval and biomarker data from the Holy Cross Mountains

revealed that the organic carbon was of a marine origin (type II algal
kerogen, with scarce terrestrial biomarkers; Marynowski et al., 2012;
Derkowski and Marynowski, 2018). The HBS samples in the Kowala
contains the carotenoid isorenieratene and its diagenetic products,
which originated from green sulfur bacteria and 2α-methylohopane
(Marynowski et al., 2012), thus identifying (cyano)bacterial activity. It
is also considered that a wide range of bacterial groups are able to
perform 2α-methylhopanoid biosynthesis, and elevated 2α-methylho-
pane index values have been linked to anoxia (Martinez et al., 2019 and
references therein). Green sulfur bacteria are anaerobic phototrophs
that are active in sulfidic waters, hence, their presence is considered to
provide evidence of photic-zone euxinia (Koopmans et al., 1996). The
C-isotope compositions of isorenieratane are quite variable, and have
been reported to range between −10.7 and −27‰ (Sinninghe Damsté
and Schouten, 2005; for detail of the signatures see Conway et al.,

Table 5
Geochemical data in the samples of Drewer section. Refer to Table 3.

 Sample TOC TS TN CaCO3 Th U Mo  V *Hg P Uauth Th/U Corg/P Si/Al K/Al Ti/Al Zr/Al*104 Al/ 
(Al+Fe+Mn) Fe/Ti δ13Corg δ98Mo 

  [%] [%] [%] [%] [ppm] [ppm] [ppm] [ppm] [ppb] [%]          [‰] [‰] 2SD 
 DR 8 0.17 0.41 0.08 11.26 13.1 1.9 0.1 73 40 0.031 -2.47 6.89 5.57 3.14 0.45 0.06 38.34 0.72 6.23 -24.5 n.d. n.d. 

DR 7C 0.14 0.07 0.05 10.83 11.5 2.7 1.5 129 30 0.035 -1.13 4.26 4.01 4.43 0.42 0.07 49.81 0.68 6.63 -24.0 n.d. n.d. 
DR 7B 0.19 1.34 0.03 9.42 11.4 3.1 3.2 73 40 0.035 -0.70 3.68 5.44 4.68 0.43 0.07 51.55 0.61 9.10 -23.5 0.74 0.10 
DR 7A 0.17 1.42 0.05 9.89 11.4 8 2.3 67 50 0.035 4.20 1.43 4.87 4.59 0.42 0.07 51.30 0.64 7.92 -22.9 0.75 0.18 

H
B

S
 

DR 6G 3.63 0.26 0.10 0.80 12.8 11 23.4 151 280 0.039 6.73 1.16 92.42 2.84 0.46 0.05 15.91 0.71 7.44 -25.5 1.08 0.23 
DR 6F 5.44 0.17 0.13 11.57 10.9 8.3 16.4 152 160 0.039 4.67 1.31 138.51 2.65 0.46 0.05 12.38 0.70 8.71 -25.3 1.01 0.20 
DR 6E 5.04 0.13 0.13 10.51 10.2 8.1 18.2 136 130 0.039 4.70 1.26 128.32 2.65 0.46 0.05 11.47 0.70 8.71 -25.6 1.18 0.15 
DR 6D 4.98 0.16 0.12 11.40 9.5 9.1 41.6 147 160 0.044 5.93 1.04 114.12 2.80 0.46 0.05 12.91 0.67 9.85 -25.6 1.05 0.18 
DR 6C 6.13 0.18 0.13 9.74 10.2 10.3 31 161 150 0.044 6.90 0.99 140.47 3.06 0.46 0.05 17.26 0.65 10.20 -25.9 1.05 0.12 
DR 6B 7.4 0.23 0.16 8.08 12.5 12.1 24 205 180 0.048 7.93 1.03 154.15 2.35 0.46 0.05 17.85 0.72 7.62 -25.7 0.87 0.35 
DR 6A 11.66 0.15 0.19 5.80 12.2 14.8 49.7 210 270 0.074 10.73 0.82 157.17 2.11 0.48 0.05 16.75 0.75 7.00 -25.8 0.82 0.16 

 DR 5 0.22 0.87 0.04 11.15 21.4 12.3 3.3 81 <10 0.035 5.17 1.74 6.30 1.87 0.48 0.04 27.89 0.79 6.95 -24.7 0.98 0.06 
DR 3* 0.46 1.39 0.06 78.39 1.9 1.5 3.9 14 20 0.026 0.87 1.27 17.57 4.55 0.47 0.06 32.23 0.50 13.37 -24.2 0.67 0.06 
DR 0* 0.15 2.35 0.08 69.77 3.8 0.9 1.6 32 20 0.022 -0.37 4.22 6.87 2.85 0.48 0.05 32.05 0.61 10.95 -25.8 0.08 0.05 

*Hg was measured on ICP-MS.

Table 6
Geochemical data in the samples of Kahlleite section. Samples K-HANG 6 and K-HANG 7 are more weathered than the rest of samples. Refer to Table 3.

Sample TOC TS TN CaCO3 Th U Mo V Hg Uauth Th/U Corg/P Si/Al K/Al Ti/Al Zr/Al*104 Fe/Ti δ13Corg δ98Mo
[%] [%] [%] [%] [ppm] [ppm] [ppm] [ppm] [ppb] [‰] [‰] 2SD

K-HANG 7 0.41 0.04 0.08 0.43 17.1 4 1.9 211 110 -1.70 4.28 7.23 2.82 0.45 0.10 30.94 5.19 -25.4 0.58 0.12
K-HANG 6 0.44 0.02 0.10 0.32 18.8 5.1 0.6 218 60 -1.17 3.69 20.16 2.97 0.47 0.10 32.52 1.07 -25.8 -0.05 0.11
K-HANG 5 1.26 0.77 0.11 0.37 14.1 9.9 5.3 224 1300 5.20 1.42 96.24 3.05 0.47 0.12 30.73 0.95 -26.5 0.78 0.06
K-HANG 4 2.75 0.05 0.13 1.04 16.1 12.1 11.0 235 1350 6.73 1.33 315.08 2.93 0.48 0.09 27.23 1.07 -26.8 0.21 0.18
K-HANG 3 9.84 0.07 0.20 0.41 15.1 16.5 80.5 495 790 11.47 0.92 563.70 2.37 0.48 0.07 20.92 2.65 -25.9 1.23 0.04
K-HANG 2 4.85 0.06 0.11 0.95 18.6 14 22.6 263 1280 7.80 1.33 222.27 2.60 0.46 0.08 27.35 2.83 -26.9 0.94 0.06
K-HANG 1 5.12 0.09 0.16 1.45 15.5 14.3 55.8 327 1380 9.13 1.08 234.65 2.58 0.46 0.08 22.59 2.40 -26.6 0.69 0.05
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1994; Hollander and Smith, 2001; Takahashi et al., 2010).
Cyanobacterial benthic mats, recognized in thin sections from the

HBS, existed during seasonal and/or temporal bottom-level oxygena-
tion states (Kazmierczak et al., 2012). In the HBS, cyanobacteria formed
the top layer of massive benthic microbial mats, while chemotrophic
organisms degraded the underlying cyanobacterial biomass, thus pro-
ducing H2S (cf. Kazmierczak et al., 2012). Increased photosynthetic
carbon isotope fractionation under high [CO2]aq conditions in the sur-
face ocean above the chemocline in addition to increased chemoauto-
trophic carbon fixation at and below the chemocline, could have driven
a negative shift in δ13Corg during deposition the HBS.

6.2. Mo isotope

Mo isotope signatures of marine strata are largely controlled by the
redox conditions in the water column (Siebert et al., 2006). In oxic
water masses, Mo, as molybdate, is scavenged by oxidized Mn and Fe
oxyhydroxides, or other mineral phases. The isotope compositions of
marine ferromanganese phases are light (δ98Mo<0‰; Siebert et al.,
2003; Nägler et al., 2005;). In dysoxic conditions, Mo fractionation
results in δ98Mo values from approximately 0.8–2.2‰ (Goldberg et al.,
2009), with typical values of ~1‰ (Siebert et al., 2006). Under anoxic
and euxinic environments, when there are sulfidic conditions in sedi-
ment pore waters or in the water column, the molybdate ion is con-
verted into reactive thiomolybdate species and is subsequently in-
corporated into sulphides or scavenged by S-rich organic matter
(Neubert et al., 2008; Helz and Vorlicek, 2019). In strongly euxinic
water columns, in which free H2S exceeds 11 μM, sediment can pre-
serve δ98Mo values close to that of modern seawater (i.e., δ98Mo =
2.34±0.10‰; Barling et al., 2001; Nakagawa et al., 2012). However,

several factors including pH, S speciation, and [H2S]aq concentrations
could affect the rate of Mo removal to sediments in O2-poor marine
environments, and may cause non-quantitative Mo removal from the
water column (e.g., Nägler et al., 2011). Therefore, in basins where
bottom waters are weakly or intermittently euxinic, the underlying
sediments has δ98Mo values of between −0.6 and 1.8‰, with heavier
Mo isotope compositions generally occurring at higher [H2S]aq (Arnold
et al., 2004; Nägler et al., 2005; Kendall et al., 2011). Additionally,
fluctuations in the δ98Mo record may indicate blooms of specific pri-
mary producers and input of Mo from terrestrial or hydrothermal
sources to anoxic basins. Zerkle et al. (2011) demonstrated that N2-
fixing cyanobacteria can produce large fractionations in δ98Mo, and
could have provided an important source of isotopically-light Mo bound
to organic matter, particularly in anoxic sedimentary environments.
Most δ98Mo data for the HBS were dispersed within the range of

characteristic of reducing conditions (1.0–1.5‰ in the Holy Cross
Mountains, ~1‰ in the Rhenish Massif, 0.7–1.2‰ in Thuringia, and
0.8–2.2‰ in the Carnic Alps). In the upper part of the HBS in Thuringia
and Kronhofgraben section, Mo concentrations and isotope ratios were
depleted (–0.1 to 0.8‰ and to 1.0‰, respectively) in comparison to
those of the bottom part of the shale bed. The same holds true for the
Plan di Zermula A, where δ98Mo values in the upper part of the HBS are
lower (0.3 ‰) in comparison to that of the bottom and middle parts of
the shale. The Famennian Chattanooga Shale and the Clegg Creek
Member of the New Albany Shale (with depositional ages of between
374.5 and 359.2 Ma) have δ98Mo values of 1.45–1.66‰ and
1.73–1.93‰, respectively (Dahl et al., 2010). While, the lower black
shale member of the Exshaw Formation (Western Canadian Sedimen-
tary Basin) which was deposited during the Devonian–Mississippian
boundary interval (depositional age constrained between 363 and 360

Table 7
Geochemical data in the samples of Kowala section. Refer to Table 3.

 Sample TOC TS TN CaCO3 Th U Mo V Hg Uauth Th/U Corg/P Si/Al K/Al Ti/Al Zr/Al*104 Al/ 
(Al+Fe+Mn) Fe/Ti δ13Corg δ13Ccarb δ98Mo 

  [%] [%] [%] [%] [ppm] [ppm] [ppm] [ppm] [ppb]          [‰] [‰] [‰] 2SD 
 KQ113B# 0.3 1.33 0.04 3 51.6 9.8 12.6 33 43 -7.40 5.27 4.89 2.48 0.45 0.07 231.62 0.82 3.34 -27.9 b.d. n.d. n.d. 

KQ 112# 0.4 0.05 0.04 10 70 10 < 2 31 34 -13.33 7.00 7.07 2.50 0.42 0.08 234.43 0.81 3.09 -27.6 n.d. n.d. n.d. 
KQ 111# 0.2 0.04 0.02 19 5 3.4 4.4 53 46 1.73 1.47 8.71 7.77 0.41 0.06 104.17 0.64 9.92 -25.2 1.1 n.d. n.d. 

H
B

S
 

KQ110G 12.5 1.39 0.48 1 8.6 12.4 11.7 150 138 9.53 0.69 358.90 5.72 0.42 0.06 55.21 0.64 10.18 -28.2 b.d. 1.21 0.12 
KQ110F 5.7 1.67 0.19 31 8.4 8.7 7.9 77 50 5.90 0.97 436.91 3.92 0.35 0.04 65.97 0.70 10.08 -28.1 0.9 1.49 0.13 
KQ110E 7.6 2.03 0.29 15 46.3 25.0 28.0 129 83 9.57 1.85 144.55 2.43 0.41 0.06 151.95 0.76 5.30 -28.5 0.4 1.02 0.13 
KQ110D 2.6 1.13 0.12 15 58.5 10.6 14.2 62 38 -8.90 5.52 59.81 2.07 0.36 0.06 201.93 0.84 3.20 -28.5 0.2 1.10 0.14 
KQ110C 7.2 1.68 0.29 16 39.5 18.1 24.1 125 169 4.93 2.18 149.99 2.45 0.40 0.06 160.17 0.77 5.30 -28.9 -0.2 1.43 0.15 
KQ110B 18.2 2.32 0.68 25 7.8 18.0 34.8 201 99 15.40 0.43 379.34 4.93 0.48 0.06 130.11 0.63 10.41 -29.4 -0.7 1.54 0.24 
KQ110A 30.9 1.90 1.18 24 7.8 29.8 161.2 1122 63 27.20 0.26 442.83 4.11 0.50 0.06 100.56 0.64 8.78 -30.1 -1.3 1.40 0.13 

 KQ109G# 0.5 1.19 0.03 40 9 9.8 19 169 38 6.80 0.92 12.22 3.70 0.49 0.06 78.16 0.66 7.94 -26.2 n.d. n.d. n.d. 
KQ109F*# 0.3 3.60 0.04 72 3.9 2.4 82.5 25 24 1.10 1.63 4.91 4.71 0.47 0.06 97.57 0.42 20.52 -25.8 0.0 n.d. n.d. 
KQ109E 0.5 n.d. n.d. 29 17.7 7.7 3.7 49 14 1.80 2.30 13.50 2.74 0.49 0.05 71.80 0.70 8.73 n.d. n.d. n.d. n.d. 
KQ 109D 0.4 n.d. n.d. 62 9.7 1.2 3.3 10 13 -2.03 8.08 46.35 1.97 0.37 0.02 40.26 0.76 11.81 n.d. n.d. n.d. n.d. 
KQ 109C 0.2 0.35 0.02 25 11.5 3.6 1.9 54 11 -0.23 3.19 6.55 2.89 0.49 0.05 55.40 0.71 8.19 -26.4 1.3 n.d. n.d. 
KQ109B*# 0.2 0.22 0.02 69 2.8 1.1 2.2 20 28 0.17. 1.82 1.72 5.43 0.47 0.06 55.16 0.57 10.77 -26.8 0.9 n.d. n.d. 
KQ 109A 0.2 0.07 0.05 15 25.7 0.8 0.6 115 38 -7.77 32.13 4.91 2.17 0.41 0.08 43.86 0.80 2.96 -26.4 n.d. n.d. n.d. 
KQ108B*# 0.1 0.19 0.01 75 2.7 1 0.8 21 34 0.10 2.70 3.56 5.43 0.46 0.06 74.71 0.54 11.59 -26.4 0.7 n.d. n.d. 
KQ106*# 0.2 0.77 0.03 66 3.6 1.4 < 2 30 40 0.20 2.57 9.17 3.73 0.51 0.05 57.29 0.64 9.72 -26.3 1.1 n.d. n.d. 

#Data from ACTLabs.

Fig. 7. Interregional correlation of the Hangenberg Black Shale interval from the northern Rhenish Massif (Drewer) with the Holy Cross Mountains (Kowala), Carnic
Alps (Plan di Zermula A, Kronhofgraben), and Thuringia (Kahlleite), based on δ13C curves.
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Ma; Tucker et al., 1998; Creaser et al., 2002) in euxinic bottom water
has δ98Mo values ranging from 0.3‰ to 1.1‰ (Yang, 2019).
The δ98Mo values indicate that the shale was deposited in weakly

(H2S< 11 mM) to strongly (H2S>11 mM) euxinic conditions (Dahl
et al., 2010). The studied HBS were deposited in basins that had a re-
latively good connection to open oceans (Rheic and Paleo-Tethys
oceans), similar to the modern, moderately restricted Venezuelan Car-
iaco Basin (see Chapter 7). Hence, the dispersion of δ98Mo values re-
corded in the studied sections may be interpreted as a result of changes
in paleoredox conditions in the water column (Siebert et al., 2006;

Gordon et al., 2009). In addition, by analogy to the Cariaco Basin, the
dispersion in values may record inefficient Mo reduction with high Mo
isotope fractionation, or delivery of isotopically light Mo from the op-
eration of an Fe–Mn oxide particulate shuttle (Brüske et al., 2020; Helz
and Vorlicek, 2019).

7. Geochemical signatures of anoxia, volcanic input and
hydrothermal activity

Deep-marine deposits affected by hydrothermal processes have

Fig. 8. Interregional correlation of the Hangenberg Black Shale interval from the northern Rhenish Massif (Drewer) with the Holy Cross Mountains (Kowala), Carnic
Alps (Plan di Zermula A, Kronhofgraben), and Thuringia (Kahlleite), based on δ98Mo curves.

Fig. 9. Box and whisker plots with distribution of the pyrite framboids diameters across the HBS level at Krohofgraben (Carnic Alps) and Drewer (Rhenish Massif).
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Al/(Al+Fe+Mn) values below 0.35 and Fe/Ti ratios above 20, and
Al/(Al+Fe+Mn) values above 0.6 are indicative of an increase in the
clay fraction supply to the basin (Boström, 1983; Dias and Barriga,
2006).
The higher values of Al/(Al+Fe+Mn) in the Carnic Alps, Rhenish

Massif, Thuringia (Mn was below the detection limit, therefore we used
0.01 ppm as the Mn content for calculations) and the Holy Cross
Mountains are generally above 0.6, and are thus indicative of an in-
creased clay supply to the investigated basins (cf. Mouro et al., 2017;
Rakociński et al., 2018), which is supported by mineralogical data:
amount of phyllosilicates in the HBS is often above 50% (Table 2).
Fe/Ti ratios are below 20 in almost all samples, which does not
therefore confirm a hydrothermal influence. However, Kalvoda et al.
(2018) noted low values of the Al/(Al+Fe+Mn) ratio in Moravian
Karst from the Mokra quarry, which was interpreted as being hydro-
thermally influenced and probably related to Late Devonian rift mag-
matism in the eastern part of the Rhenohercynian zone.
In the Carnic Alps, the HBS interval is insignificantly enriched in Si,

Ti, and Zr, which may reflect an increase of the coarser fraction and a
subsequent increase in K. The latter may indicate an increased clay
input (e.g., Turgeon and Brumsack, 2006). In the HBS interval of the
Drewer section, enrichments in K and a depletion in Si, Zr, and Ti, re-
flect an increased input of muscovite and illitic illite–smectite
(54–71%), and a subsequent decrease in coarser siliciclastics material.
The exceptions are the Drewer and Hangenberg Sandstone units, which
are characterized by enrichments in EFZr, EFSi, and EFTi (Supplementary
Data 3). In the Thuringia, increased Ti, Zr and K contents reflect an
input of heavy minerals (anatase/rutile in range: 1.0 – 1.9%; and clay
fraction; Table 2). At Kowala, the EFTi in the HBS interval is similar to
that of an average shale composition, whereas EFK and EFZr reflect
distinctly enrichments in the HBS interval, and in background samples
(Supplementary Data 3). This Zr enrichment is related to the delivery of
zircon grains with a preserved euhedral shape whilst the increases of K
content is related to the input of smectite and K-feldspar (sanidine).
The low Th/U ratios, high Mo and U concentrations, and the dis-

tribution and narrow sizes of pyrite framboids are all indicative of
anoxic conditions in the water column. Th/U ratios in almost all in-
vestigated samples from the HBS have values< 3 (see Tables 3–7).
Only one sample at Kowala quarry (KQ 110D) has a higher Th/U ratio
(5.52), which may have been by increased detrital input of volcano-
genic material (Marynowski et al., 2012; Table 6). V/Cr ratios> 4.25,
which are typical for anoxic bottom conditions (cf. Jones and Manning,
1994;), were only determined for a number of samples from the Kowala
(Table 8). The relationship between Cr and V is frequently used as a
provenance proxy for the identification of ferromagnesian minerals and

chromite (Bock et al., 1998). The presence of chromian spinels in the
Drewer (Kołtonik et al., 2018) suggest that the V/Cr ratio in the studied
sections may reflects the provenance of siliciclastic material rather than
redox conditions (see criticism of the bi-metal proxies in Algeo and Liu,
2020). Elevated concentration of redox-sensitive elements such as Mo,
U, V, Cu, and Ni, (Figs. 2–6; Tables 3–7), small diameter framboids (< 5
μm) with little variability in size, and high Corg/P ratios (> 150) in-
dicate anoxic (even euxinic) conditions and higher productivity during
HBS deposition in studied deep-water slope settings. The lack of si-
multaneous Co, Ni and Zn enrichments at Kahlleite may suggest that the
HBS strata in the Saxo-Thuringia basin was deposited in the minimally
sulfidic water conditions (Helz and Vorlicek, 2019).
According to Algeo and Tribovillard (2009) and Tribovillard et al.

(2012), Mo and U covariation is useful for the reconstruction of ancient
oceanic systems. The MoEF vs UEF values in the HBS in the Kronhof-
graben and Drewer (Fig. 11) are comparable to those from the upper
Devonian Chattanooga Shale from the Appalachian Basin and parts of
the Bakken Shale from the northern part of the Williston Basin, re-
spectively. In the Kahlleite and Kowala sections, the MoEF vs UEF values
are similar to those of the Bakken Shale from the northern part of the
Williston Basin (cf. fig. 8 in Algeo and Tribovillard, 2009; see data at
Kowala in Marynowski et al., 2012), and are also comparable with
modern analogues including the euxinic Cariaco Basin (Algeo and
Tribovillard, 2009). The Cariaco Basin is a silled, deep basin with a
weak restriction and rapid deep water renewal on the order of ~50–100
yr (Algeo and Lyons, 2006; Dahl et al., 2011). The deep water in this
basin characterizes weakly euxinic marine conditions (Algeo and
Tribovillard, 2009). The HBS sections from the Rhenohercynian
(Drewer and Kowala) and Saxo-Thuringian (Kahlleite) basins may have
also been weakly restricted basins, which were connected to the Rheic
Ocean. In contrast, the Carnic Alps may have belonged to a subbasin
within the “Plankogel ocean”, which would have been connected with
the Paleo-Tethys Ocean (Läufer et al., 2001; Franke et al., 2017).
Appearance of the photic zone euxinia (PZE) was confirmed by

specific biomarkers in the Kowala section (Marynowski et al., 2012).
PZE probably occurred in other HBS sections, where a high maturity
range did not allow for the measurement of biomarkers. Samples col-
lected directly below the HBS in all sections were enriched in redox
sensitive trace metals such as U, Mo, V, Cu, Pb, Cr, and Zn (with re-
gionally small differences between enrichment or depletion of
particular elements), which may imply that anoxic conditions started
before facies changes and the initiation of sedimentation of the HBS. On
the other hand, this could be related to the short-distance migration of
pore-waters enriched in redox sensitive metals in the pore spaces
through unlithified sediment during early diagenesis (e.g., Shaw et al.,
1990).

Fig. 10. Correlation based on carbon isotopes (δ13Ccarb and δ13Corg) of the top-Famennian sections in the North America, South China and Europe.
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8. Implications of geochemical and isotope data for the
Hangenberg Crisis

8.1. Controls on the HBS deposition

One of the cause for the widespread deposition of the HBS and its
equivalents in low-latitude shelf basins (Kaiser et al., 2006, 2015;
Kumpan et al., 2015) may have been increased (or persisting) primary
productivity in warming seawater temperatures (Kaiser et al., 2006;
Simon et al., 2007). High productivity during deposition of the HBS
interval may be expressed by the high content of amorphous organic
matter and prasinophytes (Marynowski and Filipiak, 2007; Martinez
et al., 2019), and the occurrence of numerous small gastropods at Ko-
wala (see Marynowski et al., 2012, p. 70). Geochemical data in all the
studied sections, as well as biomarker compositions suggest that

permanent anoxic (to euxinic) bottom conditions prevailed during the
early phase of HBS deposition in the Rhenohercynian basin and the part
of Paleo-Tethys Ocean. The presence of green sulfur bacteria remains in
the HBS in the Holy Cross Mountains (Marynowski and Filipiak, 2007;
Marynowski et al., 2012) prove that euxinia reached the photic zone at
least on a regional scale. Inorganic proxies suggest that the middle part
of the HBS formed under intermittent bottom water anoxia or dysoxic
conditions, with PZE in the water column. However, for example, in
Kowala, the presence of laminated deposits, high TOC contents, the
distribution and narrow size range of pyrite framboids that are typical
for euxinic bottom conditions, and the highest content of clay minerals
in the middle part of HBS all indicate the dilution effects by pyroclastic
material rather than long-time changes of redox conditions. On the
other hand, sporadic fossils of benthic organisms (in the Kowala sec-
tion) and large framboids (> 10 μm in the Drewer and Kronhofgraben

Table 8
Evidence of volcanic and/or magmatic activity around the D/C boundary interval.

Locality Reference

Ireland Munster Basin Pracht (2000)
France Morvan region (French Massif Central) Duthou et al. (1984)
Iberian Massif González et al. (2006), Martínez Catalán et al. (2008)
Ukraine, southern part of Donbass fold belt, Pripyat-Dnieper-Donets rift Wilson and Lyashkevlch (1996), McCann et al. (2003), Petrova (2010)
NW Russia and Karelia (Kola province) Brown et al. (2006), Ricci et al. (2013), Arzamastsev et al. (2017)
East European Craton (Tajno and Ełk massifs) Demaiffe et al. (2005), Krzemińska et al. (2006)
Eastern Siberia (Viluy LIP) Ricci et al. (2013)
Southern Ural, Magnitogorsk Arc Brown et al. (2006)
China (Daposhang in Guizhou Province). Liu et al. (2012)
Czech Republic Dvorak (1995), Kalvoda et al. (2018)
Germany, (Hasselbachtal in Rhenish Massif; Thuringia) Korn and Weyer (2003), Trapp et al. (2004), Crônier (2007)
Poland (Holy Cross Mountains) Marynowski et al. (2012), this study,
South Italy (Calabrian - Peloritan Arc) Acquafredda et al. (1994)
Central North Sea (Embla Field) Lundmark et al. (2012)
Atlantic Canada (Maritimes Basin) Payette and Martin (1986), Dunning et al. (2002)
Portugal (South Portuguese Pyrite Belt) Rosa et al. (2008)
Eastern Morocco (Anti-Atlas and western Meseta) Pouclet et al. (2017)
Mongolia (Central Asian Orogenic Belt) Wainwright et al. (2011)
North America, (Exshaw Formation; Yukon-Tanana Arc; Kootenay arc) Richards and Higgins (1988), Dusen-Bacon and Williams (2009), Ward et al. (2019)
Central Asian Orogenic Belt Wainwright et al., 2011
Australia (New England Belt) Bryan et al. (2004)

Fig. 11. MoEF versus UEF for the HBS samples from Kronhofgraben (A), Drewer (B), Kahlleite (C), Kowala (D), and Plan di Zermula A (E). In the Kahlleite section the
weathered sample is marked in orange.
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sections) indicate that although the anoxic/euxinic bottom redox con-
ditions prevailed during sedimentation of the HBS, episodes of short-
term oxygenation of bottom waters and rapid colonization of the sea
floor by opportunistic benthos had occurred (Marynowski et al., 2012;
Martinez et al., 2019). The geochemical evidence of blooms of cyano-
bacteria, that are able to perform 2α-methylhopanoid biosynthesis, and
chemotrophic organisms, suggests that these could have significantly
changed the trophic structure of the open sea ecosystem. These blooms
could therefore have had serious consequences for consumers of
plankton and the higher food web (Kaiser et al., 2015).
Elevated influx of nutrient-rich terrigenous sediment has frequently

been proposed as a cause of high primary productivity for Upper
Devonian black shale deposition. In the opinion of some authors (e.g.,
Algeo and Scheckler, 1998), the spreading of land plants with deep root
complexes during the greenhouse conditions at the end of the Devonian
caused an increased continental weathering and a higher nutrient flux.
Our study and previous observations in the studied areas (Bábek et al.,
2016) revealed that a regional elevated continental influx could have
stimulated primary productivity (e.g. in the Rhenish Massif). Retallack
and Huang (2011; see also Lu et al., 2019) postulated that the expan-
sion of large land-plants during short-lived CO2-greenhouse spikes of
warm and humid climates at the end of the Devonian were promoted, in
part, by massive volcanic eruptions and/or meteorite impacts. Spikes in
the pCO2 could significantly enhance Mo accumulation (and lower
δ98Mo) in mildly sulfidic conditions (Helz and Vorlicek, 2019). The
elevated CO2 that was consumed by spreading plants, enhanced silicate
weathering on the land, and oceanic carbon sequestration resulted in
the drawdown of atmospheric CO2 and progressive cooling as it hap-
pened during the HBC (see fig. 2, Retallack and Huang, 2011; Kaiser
et al., 2015). The globally reduced formation of carbonate during the
Hangenberg Event interval could have also potentially lowered the
pCO2 of seawater (Ridgwell et al., 2003).

8.2. Magmatism as a trigger for the Hangenberg Crisis

Volcanic activity, exemplified by continental flood basalt eruptions
in LIPs, can significantly raise atmospheric CO2 concentrations and
induce a catastrophic greenhouse effect (volcanic summer model of
Wignall, 2005; see also Ernst, 2014; Racki, 2020b). Especially carbo-
natite alkaline magmatism (Ray and Pande, 1999), but also arc mag-
matism along continental-margin subduction zones (McKenzie et al.,
2016; Lee et al., 2015), can release of catastrophic amounts of CO2 into
the atmosphere. On the other hand, submarine volcanic activity can be
connected with phreatomagmatic eruptions and hydrothermal pro-
cesses ‘in the form of both water-rock exchange and magmatic degas-
sing during eruptions of single large lava flows on the seafloor or
subsurface dike injections’ (Erba et al., 2015; p. 284). Svensen et al.
(2018) showed that widespread sill intrusions and contact meta-
morphism with evaporites, carbonates, and organic-rich strata had a
much deeper impact on CO2 production than magma degassing alone.
Volcanic activity is known to have occurred at the end of the Devonian
(Fig. 12; Pracht and Batchelor, 1998; Trapp et al., 2004). The approx-
imate age of 360 Ma is assumed as the end time in Siberian (Ya-
kutsk–Vilyui) and East European LIPs (Ernst, 2014; Ernst et al., 2020),
except for kimberlite intrusions (see summary in Racki, 2020a). Mag-
matic rocks and tuff layers exist in uppermost Devonian to Lower
Carboniferous successions in many regions (Table 8, Fig. 12). Upper
Devonian alkaline and/or carbonatite magmatic rocks are documented
in northwest Russia and Karelia (Kola igneous province), and possibly
occur also in the East European Craton (Tajno and Ełk massifs, with
ages of 348± 15 Ma and 355± 4 Ma, respectively; Demaiffe et al.,
2005; Krzemińska et al., 2006).
The existence of biotite (only in sample KQ 109A), sanidine and

zircon grains with a preserved euhedral shapes and elevated smectitic I-
S in the HBS samples and in a few layers underlying the HBS in the
Kowala section, supports a volcanogenic origin of these minerals

(bentonite, see Marynowski et al., 2012; Myrow et al., 2014). It is also
supported by the K-Ar age of this biotite: 365± 10 Ma (M. Szczerba –
unpublished results). The increase of Zr and K contents (Table 7) in the
Kowala samples is probably indicative of increased explosive volcanism
activity (see also Marynowski et al., 2012; Myrow et al., 2014) at the
end of the Famennian stage. In the studied areas, pyroclastic horizons
exist within the top-part of the Wocklum limestone in the Rhenish
Massif (Hasselbachtal; Korn and Weyer, 2003; Trapp et al., 2004), and
uppermost Famennian units of the Thuringia (Crônier, 2007; see Losau
section in Racki, 2020a, fig. 18), Cracow Carbonate Platform (Czatko-
wice, Poland; M. Paszkowski – unpublished results) and radiolarian unit
of the Bardo Mountains (Sudety, Poland; unpublished results). Kalvoda
et al. (2019) detected volcanic rutile and titanite in the uppermost
Famennian section in the Czech Republic (Bohemian Massif).
Volcanic activity and connected hydrothermal activity introduce

large concentrations of some elements (mainly trace metals) that can be
released in two modes: high-temperature, discrete magmatic degassing
associated with single large eruptions, and low-temperature long-term
water-rock reactions (Erba et al., 2015). Depending on which process
dominated, different abundance patterns should occur. In the opinion
of Rubin (1997), the high abundance of elements with shorter re-
sidence-times (e.g., Pb, Co, and Zn) may indicate which process of
volcanic activity dominated, and provide an approximate source loca-
tion.
EF patterns at four of the studied sites revealed contributions mainly

from volatile elements (Fig. 13). The presence of these abundance peaks
indicates that concentrations of elements in the basins at the studied
sites were elevated by some mechanism other than fluxes of terrestrial
runoff. Moreover, redox conditions at the sediment-water interface and
an increased capture of elements by sinking organic particles cannot
explain the entire variation in the trace element abundance.

8.2.1. Mercury as a proxy for magmatic activity
The recently successfully applied volcanic proxy Hg (see Clapham

and Renne, 2019) exists in elevated concentrations (Figs. 2–6) at all
sites. For Drewer, Kahlleite (Racki et al., 2018a) and Kowala strata, the
Hg concentrations range from 0.13 to 0.28 ppm, 0.75 to 1.53 ppm, and
0.06 to 0.17 ppm, respectively. A very strong enrichment in Hg is
present in the HBS at the Kronhofgraben (3.29–20.22 ppm) and Plan di
Zermula A (1.35–9.76 ppm) sections. Hg deposition is primarily driven
by complexation with organic matter (Sanei et al., 2012); hence, in
almost all of the studied sections, Hg showed a strong positive corre-
lation with the TOC content. Additionally, reducing (especially euxinic)
conditions favor the incorporation of Hg into iron sulfides (Duan et al.,
2016), but this process was generally insignificant in light of compiled
data by Algeo and Liu (2020). A clear positive Hg/TOC spike only ex-
isted in Thuringia (Fig. 14), whereas there are anomalous Hg/TOC
values in both Carnic Alps sections (> 71.9 ppb/wt%; Grasby et al.,
2019, but compare with Charbonnier et al., 2020 and Racki, 2020a).
Racki et al. (2018a) reported Hg anomalies around the D–C boundary
from Uzbekistan. Paschall et al. (2019) described large enrichments in
Hg (up to 1.09 ppm) and Hg/TOC anomalies in the HBS interval in the
Pho Han Formation in the northeastern Vietnam (Fig. 14). Also,
Kalvoda et al. (2019) found Hg and Hg/TOC spikes both within, below,
and above the HBS in the Lesni Lom (Czech Republic) and Duli
(Guangxi, China) sections (Fig. 14). In addition, Racki (2020a) re-
cognized several different scale excursions of Hg and Hg/TOC in deep-
water successions of Losau (Bavaria) and Shija (S-China), and high-
lighted their worldwide and euryfacies occurrence pattern, paired with
local/regional imprint by hydrothermal processes. Due to the global
occurrence of Hg anomalies, it is unlikely that redox conditions and/or
clay input were the main effect on Hg patterns at the studied sites.
Dominant natural sources of Hg include effusive and explosive

volcanism as well as explosive hydrothermal vent complexes that re-
lease gases generated by the contact metamorphism of organic-rich
sediments (Pyle and Mather, 2003; Higueras et al., 2013). The largest
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mercury ore formation known globally (Almadén, Spain) is linked to
intraplate alkaline volcanism developed in submarine conditions
connected with widespread hydrothermal activity during
Silurian–Devonian time interval (Higueras et al., 2013). Hence, ele-
vated Hg contents may indicate extensive volcanic activity (Percival
et al., 2018, and references therein; Jones et al., 2019). Strong spatial
variation in the Hg content may have resulted from variations in ex-
plosiveness and the style of volcanic eruptions. For example, marine
(phreatomagmatic) eruptions may transfer part of the erupted Hg to
seawater, thus resulting in a more limited global transport of this ele-
ment (Percival et al., 2018; Jones et al., 2019). The mean ocean re-
sidence time of Hg has been estimated to range from 350 years (Gill and
Fitzgerald, 1988) to 1 kyr (Matsunaga, 1981), and is shorter than the
ocean mixing time of 1.5 kyr (Sarmiento and Gruber, 2006). Therefore,
it can be expected that any Hg released into the water column will be
redeposited at closer proximity to the source in comparison to atmo-
spheric emissions (Rubin, 1997; Jones et al., 2019). Excluding post-
depositional biases (Charbonnier et al., 2020), a great spatial variation
in the magnitude of an Hg/TOC anomaly was explainable as a masking
of the volcanic Hg signature by correlative increases in TOC (Percival
et al., 2017; Racki, 2020a), a locality’s proximity to a source (Jones

et al., 2019) or interferences of different magmatic signals in episodes
of tectono-magmatic activation (Racki, 2020a).
Enrichment in the more volatile trace metals at our studied settings

may suggest the strong contribution of magmatic degassing during
submarine eruptions. The high abundance of Hg in Kronhofgraben and
Plan di Zermula A probably indicate a relatively close distance to the
volcanic source of this element (as discussed by Jones et al., 2019).
Because, there is no field evidence of volcanic activity near the Carnic
microplate during the D/C boundary interval (the Raabtal metavolca-
nites and the volcanites of the Dimon Formation were deposited during
early Carboniferous), the source of Hg could be back arc magmatic
activity at the end of Famennian, whose traces were consumed during
both Variscan and Alpine orogenesis.
The Hg anomaly in the uppermost Famennian strata of this study

coincides with a negative δ13C shift. A similar relationship between Hg
enrichment, negative C-isotope excursions, volcanism, and anoxic
events has been documented for the end of the Permian and Lower
Triassic (Chen and Xu, 2019; Hammer et al., 2019; Schobben et al.,
2019), terminal Triassic (Percival et al., 2017; Schobben et al., 2019),
Pliensbachian–Toarcian boundary (Percival et al., 2015), lower Aptian
(Charbonnier and Fӧllmi, 2017), and end of the Cretaceous (Percival

Fig. 12. Paleogeographic map of the top-Famennian magmatic and pyroclastic deposits in the vicinity of the studied areas. Presumed location of (1, 2)
Kronhofgraben and Plan di Zermula A, (3) Kahlleite, (4) Drewer, (5) Kowala during the Hangenberg Crisis. Refer to Fig. 1; DDB - Dnieper-Donets basin. Location of
volcanic and/or magmatic centers is presented in Table 8.
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et al., 2018). In addition, the Permian–Triassic C isotope event
(P–Tr CIE) is attributed to both volcanogenic and thermogenic gas
emissions from the Siberian Traps (Schobben et al., 2019). The intru-
sion of dikes into organic-rich strata, contemporary with volcanic ac-
tivity, may have provided a source of additional 13C-depleted carbon
into the system.

8.2.2. Possible volcanic contribution on the Hangenberg Crisis
The existence of volcanic ash beds just below and within the HBS

interval represents a potentially significant external nutrient driver of
primary production (“ashfall events”, Lee and Dee, 2019) and the eu-
trophication of ocean surface waters (Caplan et al., 1996), evidenced by
very high organic matter content and elevated Corg/P values in the
studied sections (see summary of volcanogenic fertilization in Racki,
2020b).
On the other hand, recent studies have shown that the negative

effects of the dissolution of volcanic ash in seawater and magmatic
degassing include the significant releases of toxic elements, e.g., Cu, Al,
Hg and Se (Long et al., 2016), and acids leading to strong decreases in
seawater pH (which is initially as low as pH 2.8 or 4; Jones and
Gislason, 2008), and increased levels of toxicity. A seawater pH<7.8
can cause an undersaturation of aragonite (CaCO3) within a few meters
of the water surface (Wall-Palmer et al., 2011). Acidification processes

during the Hangenberg Event have been suggested, with the possible
effects including the reduced calcification rates found at Kowala (this
study and Marynowski et al., 2012), a temporary decrease in CaCO3
contents observed in all of the studied samples (Figs. 2–5), and a mass
mortality episode of marine plankton (Sallan and Coates, 2010; Lakin
et al., 2016). Additionally, soot emission from volcanic-driven wide-
spread fires (Marynowski and Filipiak, 2007) may have been an im-
portant trigger global changes (Tabor et al., 2020). The low abundance
of the post-extinction recovery fauna, indicative of the Upper prae-
sulcata Zone (Kumpan et al., 2015) may reflect the unfavorable condi-
tions during this time; for example, a lack of available nutrients (see
Jeppsson, 1990; Stricanne et al., 2006) or the delivery of Hg compounds
that limited the development of biota (Rakociński et al., 2020). Addi-
tional evidence of a volcanic-inducted stress is the documented increase
in the abundance of abnormal tetrads spores during the latest Fa-
mennian stage in the Holy Cross Mountains (Filipiak and Racki, 2010),
in the Bardo Mountains (Matyja et al., 2020) and southern Belgium
(Prestianni et al., 2016). A similar correlation between volcanic activity
and the high occurrences of abnormal fern spores has been documented
for the Permian–Triassic (Foster and Afonin, 2005; Fijałkowska-Mader,
2012) and the end-Triassic (Lindström et al., 2019) biotic crises.
The role of arc magmatism, which was extensive during the latest

Devonian, is increasingly being emphasized as a trigger of global

Fig. 13. The relative distribution of trace elements from the HBS interval into the gas phase released during the magmatic event and water-rock hydrothermal
exchange reaction compared to the ocean residence times used to trace elements released during submarine volcanism (after Rubin, 1997).
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environmental and biological changes (Sengör and Atayman, 2009; He
et al., 2014; Lee et al., 2015; McKenzie et al., 2016). It must be re-
membered, however, that in order to preserve the Earth constant sur-
face area, the increased activity of magmatic arcs must be balanced by
the rifting and accretion of the new ocean floor. This type of marine
magmatism does not generate more ashes, but significant amounts of
volatile substances, including toxic gases and vapors, such as Hg, re-
leasing directly into seawater. Rapid ocean floor spreading and growth
of mid-oceanic ridge volume can also explain the Hangenberg trans-
gression and related black shale deposition. The scale of this type of
magmatism is likely underestimated due to almost complete subsequent
destruction of Paleozoic oceanic crust (see e.g. Winter, 2015 for mag-
matism near the F–F boundary).

9. Conclusions

Outcrops of upper Famennian Hangenberg black shale (HBS)

investigated in the present study were deposited in the deep part of the
epeiric Rhenohercynian and Saxo–Thuringian basins, and in the more
open sites of the Paleo-Tethys Ocean. Increased primary productivity
during the HBS time interval is evidenced by very high organic matter
content and elevated Corg/P values. Inorganic geochemical data (i.e.,
U/Th ratios, Mo concentrations and isotopes, and an enrichment in
trace elements) and organic geochemical data (i.e., TOC and bio-
markers), as well as framboid pyrite size distributions, indicate the
development of predominantly anoxic/euxinic bottom-water conditions
at all studied sites. In all of the studied sections, high Hg concentrations
were detected, with the highest values found in the Carnic Alps (up to
20 ppm) and Thuringia (up to 1.5 ppm). The presence of both Hg
anomaly and pyroclastic material below and within the HBS indicate
that local magmatic activity was initiated before the deposition of the
HBS. An enrichment in the more volatile trace metal in the studied
sections may suggest a strong contribution of magmatic degassing
during submarine eruptions, while the high abundance of Hg in the

Fig. 14. Record of the Hg concentrations and Hg/TOC, Hg/Al and Hg/Fe ratios and global paleogeography with marked magmatic activity during the
Devonian–Carboniferous boundary interval (for two additional sites in Germany and China see Racki, 2020a). The recommended limit for interpreting Hg/TOC
concentrations is 0.2 wt% (Grasby et al., 2016). Red dots show Hg/TOC ratio for TOC values below 0.2%, generally pointing greater than potential Hg/TOC
anomalies. Based on observations of recent and some ancient volcanic explosions, the distance between given location of tephra and most remote potential volcanic
centers, as source for this tephra, depends on their type, but primarily on the size of the explosion. For example, for frequently occurring, small scale explosions,< 1
km3of dispersed lava, it can be hundreds of kilometres (solid line circle), for sporadically occurring super volcanoes (> 1000 km3) it can be many thousands of
kilometres (dashed line). Global plate reconstructions after Young et al. (2019, modified). Abbreviation (blue, oceanic; yellow, continental): AAB, Arequipa-Antofalla
Ocean, MIA, Mianlue Ocean; AMU, Amuria; KAZ, Kazakhstan; TRM, Tarim; NCB, North China; SCB, South China; ICB, Indochina; PAT, Patagonia.
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Carnic Alps probably indicates that this site was in close proximity to
the magmatic (?back arc) source of this element.
Anoxic bottom-water conditions in the studied deeper-water set-

tings may have been caused by an enhanced phytoplankton pro-
ductivity that could have been mainly related to arc magmatic activity.
A negative organic carbon isotope excursion during the HBS was
probably associated with increased photosynthetic C isotope fractio-
nation under high [CO2]aq conditions in the surface ocean above the
chemocline, and elevated chemoautotrophic carbon fixation both at
and below the chemocline.
Even if the major eruptive phases probably ended before the

Hangenberg Crisis (HBC) in known continental LIPs (except for kim-
berlite explosions in Siberia), this cataclysmic activity could be spas-
modically continued in the consumed oceanic LIPs (Kaiser et al., 2015),
and/or thanks to the strongly enhanced arc magmatism, in combination
with intensified seafloor eruptions in spreading zones and widespread
hydrothermal venting (compare the F-F scenario in Racki, 2020a).
Summarizing, a volcanically driven pulsed injection of catastrophic
amounts of CO2 could have led to greenhouse conditions and acid-
ification during the HBC. Releases of toxic elements during the dis-
solution of volcanic ash in seawater and magmatic degassing may have
resulted in mass mortality episodes of marine plankton and an in-
creased abundance of abnormal tetrad spores.
For better understanding of the forcing mechanism of the HBC

further research are required. The most relevant are (1) clarification of
the ages of LIPs and carbonatite magmatism in the East European
Craton to explain whether they could have triggered the HBC, (2) de-
termination of the role of the "Bretonnian" tectonic activity in the latest
Devonian, (3) explanation of the origin of the Hg peaks, and negative
carbon excursions, and their spatiotemporal correlation. Moreover, (4)
the oceanic acidification during the HBC requires comprehensive con-
firmation in the context of the present scenario.
Supplementary data to this article can be found online at https://

doi.org/10.1016/j.gloplacha.2020.103155.
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