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The Frasnian–Famennian (F–F) boundary is well biostratigraphically documented in the Palmatolepis−rich deposits ex−
posed along the Syv’yu River in the lower slopes of the Subpolar Urals. The thin−bedded calcareous−clayey−siliceous
deep−slope succession of the Vorota Formation appears to represent continuous Domanic−type deposition throughout the
world−wide carbonate crisis time, without evidence for the basal Famennian hiatus or a large−scale sedimentary perturba−
tion within a regressive setting. The northernmost Laurussian sequence exhibits many well known signatures throughout
the broad F–F timespan: the appearance of organic− and clay−rich deposits, icriodontid and radiolarian blooms, and a cor−
relative shift of several geochemical proxies towards hypoxic and high−productivity regimes, perfectly recorded by posi−
tive � 13Ccarb excursions of +3.5‰. Integrative biotic, microfacies and geochemical data substantiate a longer−term ocean−
ographic destabilization, attributable to multiple Earth−bound triggering factors in (episodically enhanced?) greenhouse
climate and punctuated eustatic sea−level highstands, superimposed on the elevated deposition of organic carbon−rich
sediments during the Upper Kellwasser Event. Unsteady eutrophicated, and oxygen−depleted ecosystems during the F–F
biotic crisis interval could be assumed, especially when intensified by various spasmodic tectono−volcanic phenomena in
the incipiently closing Ural Ocean.
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Introduction

The Devonian Frasnian–Famennian (F–F) biotic turning
point is one of the most prominent extinction events during
the Phanerozoic (see McGhee 1996 for general review). Dif−
ferent causal factors and feedbacks have been suggested to
explain the biospheric perturbation, but especially a leading
role of extraterrestrial impact(s) remains doubtful (McGhee
1996; Walliser 1996). Multicausal and exclusively Earth−
bound trigger factors have recently received considerable at−
tention, especially worldwide anoxic events and progressive
cooling (see Copper 1998; Joachimski et al. 2002; Racki et
al. 2002), and the general term “Kellwasser (KW) Crisis”,
merging both the late Frasnian anoxic pulses (Schindler
1993), is used here. Although there have already been many
studies devoted to the F–F key interval, basic biotic, sedi−

mentological, and geochemical data remain elusive or poorly
known in many regions.

Unfortunately, the modern studies are limited to an equa−
torial belt, and high−resolution data from especially high
northern latitudes are urgently required. In North Eurasia,
such deep−water F–F sequences are accessible, as exempli−
fied by the Kolyma River basin (Gagiev 1985, 1997; see also
Karaulov and Gretschischnikova 1997). However, exclu−
sively the more southward−located Timan−Pechora Basin,
north−eastern East European Craton (recently Northwestern
Russia; Fig. 1A), is well−known in the biostratigraphy and se−
quence stratigraphy contexts (Becker et al. 2000; House et al.
2000). This study is aimed to resolve the palaeoenviron−
mental evolution of the deep−shelf continuous sequence in
the Subpolar Urals, Syv’yu river section (see Figs. 1–4), in−
vestigated previously in terms of conodont biostratigraphy
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(Savage and Yudina 1999, 2001). Refined integrative docu−
mentation of biostratigraphic, depositional and geochemical
signatures across the critical stage boundary is provided for
the first time for this part of Laurussian shelf, and the re−
gional influence of anoxic events, eutrophication and volca−
nic phenomena is evaluated for the KW Crisis.

Materials and methods

The Upper Devonian outcrops along the Syv’yu River in the
lower slopes of the Subpolar Urals were sampled extensively
for conodont biostratigraphy, microfacies and geochemistry.
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Fig. 1. Location of the studied area in Russia (A) and Timan−Pechora region (B, modified from Becker et al. 2000: fig. 1A), and location of the Kozhym
River basin (C) and locality map of studied outcrops along the Syv’yu River section (D), western slopes of the Subpolar Urals; C1t, Tournaisian. D1, Lower
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Ninety−nine samples were taken largely bed by bed, and studied
in centimeter intervals around the F–F boundary. Sixty−eight
thin sections were used in the petrological investigation.

Fifty−two whole rock, limestone to clayey shale samples
from the 3.85 m thick interval were studied geochemically at
the Activation Laboratories, Ontario, Canada (see Appendix
1 and 2). Fifty−four samples from a broader interval were in−
vestigated for carbon and oxygen isotopes at the Isotope Lab−
oratory of Institute of Geological Sciences and Institute of
Paleobiology, Polish Academy of Sciences in Warsaw. Major
oxides and trace elements like Ba, Sr, V, Y, and Zr were deter−
mined by inductively coupled plasma atomic emission spec−
trometry (ICP−AES) following sample fusing with LiBO2

and dissolving in HNO3. The elements Ag, Cd, Cu, Ni, Pb,
and Zn were also analyzed by ICP−AES but following sample
digestion with HCl−HNO3−HClO4−HF. Analyses were carried
out using two types of spectrometers: a Jarrell Ash model
Enviro and a Perkin Elmer 6000. Precision and accuracy for
the results were better than ±10% for concentrations at and
higher than one hundred times the detection limit, ±15� 20%
for concentrations at and higher than ten times the detection
limit, and ±100% on the level of the detection limit. Twenty
one other elements (As, Au, Co, Cr, Cs, Hf, Ir, Mo, Rb, Sb,
Sc,Th, U, La, Ce, Nd, Sm, Eu, Tb, Yb, and Lu) were mea−
sured by instrumental neutron activation analysis (INAA).
The samples were irradiated in a thermal neutron flux of 5 ×
1012 n cm–2 sec–1 and counted on two Ge crystal detectors
Ortec and Canberra seven days after irradiation. Precision
and accuracy for the results obtained by INAA method were
better than ±5% for concentrations at and higher than one
hundred times the detection limit, ±10� 15% for concentra−
tions at and higher than ten times the detection limit, and ±
100% on the level of the detection limit.

The carbon and oxygen isotopic analyses were carried out
on CO2 obtained by sample material reaction with 100%
H3PO4 at 25°C for 24 hours. The measurements were made
on a Finnigan MAT Delta plus mass−spectrometer equipped

with Isodat 6.0 software. The results are expressed in ‰ rela−
tive to the PDB standard, using a NBS−19 reference sample.
The accuracy of measurements approximates +0.02‰ for
� 13C and +0.04%o for � 18O.

Preliminary mineralogical analyses of acid−insoluble res−
idues (IR) were performed at the Department of Earth Sci−
ences, Silesian University, Poland. IR was obtained from re−
action with 1N HCl for 24 hours at room temperature. Sam−
ples of IR were investigated for major mineralogical phases
by X−ray diffraction (XRD) on a Philips PW 3710 diffracto−
meter. Relative mineral abundances were determined semi−
quantitatively by using the ratios of the peak intensities of
major minerals. In addition, the total organic carbon (TOC)
content in four samples was determined using a non−auto−
matic Leco CR−12 analyser.

Regional setting

The Timan−Pechora Basin is located in the north−east of the
East European Craton. Structurally it is considered as the
Pechora Plate, limited to the west by the East−Timan Thrust
and to the east by the Main Urals Thrust (see Savage and
Yudina 1999; House et al. 2000) The basin comprises an Up−
per Proterozoic basement overlain by Paleozoic–Cenozoic
sedimentary cover. The basement consists of metamorphosed
rocks represented by green schists, quarzites, sandstones,
dolostones, limestones and intrusive rocks. Within the Timan
Ridge and Urals, the rocks of the basement are exposed in the
higher area, but on the platform they are buried to a significant
depth and have been revealed only by deep drilling. The sedi−
mentary cover consists of three structurally separated strati−
graphic sequences: 1) Upper Cambrian–Lower Devonian, 2)
Middle Devonian–Triassic (Lower Jurassic?), and 3) Middle
Triassic–Recent. The thickness of cover changes from 4–7 km
in the central part within the Pechora Syneclise to 10–14 km in
the Pre−Urals foredeep. Within some of uplifts and domes the
sedimentary thickness does not exceed 3–4 km, and on the
Timan Ridge it is missing.

On the basis of discontinuities and unconformities, the
widespread Middle Devonian–Triassic unit (see Fig. 1B) is
subdivided into five subunits: Middle Devonian, Frasnian–
Tournaisian, Visean–Lower Artinskian, Upper Artinskian–
Upper Permian, and Triassic. The Frasnian–Tournaisian sub−
unit consists of gray−colored sandstones, shales, and carbon−
ates, 350–1400 m thick. The last are characterized by increas−
ing compositional variability westward, caused by replacement
of marine by lagoon−marine−continental conditions.

Upper Devonian Syv’yu River
section

In the Late Devonian, the territory of the Pechora Plate was
occupied by an epicontinental sea. In general, there are three
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Fig. 2. F–F boundary beds exposed along the right bank of Syv’yu River,
outcrop 2 (line marks F–F boundary; for location see Fig. 1D).



structural−facies complexes, corresponding to three zones of
the Ural Ocean (see Yudin and Dedeev 1987; Yudin 1994):
1) shelf (inner shallow−water, middle, outer deep shelves),
2) continental slope, and 3) bathyal (so−called Lemva facies
type of the starved Sakmarian back−arc basin; Ziegler 1988:
33; Khain and Seslavinsky 1996: 159, 185). The Late Devo−
nian facies distribution was a result of the latest Givetian(?)–
Frasnian onlap, drowning vast areas of the eastern margin of
East European Craton that was caused by both tectonic activ−
ities and eustatic sea−level changes.

The Kozhym River basin under study (Fig. 1C, D) belongs
to the West−Urals structural zone where Devonian deposits are
widespread. The Upper Devonian deposits are represented by
three facies types (Novakova 1991; see Fig. 3): 1) a Domanic−
type, widespread in the western part of area, characterized by
relatively deep−water bituminous sediments of a stagnant
intra−shelf basin, with siliceous, terrigenous, and carbonate
components, 2) a carbonate type, common in the eastern part
of the area, represented by bioclastic, clotted, detrital, stro−
matoporoid−algal, and oncolitic limestones deposited within a
shelf carbonate shoal, 3) relatively deep−water shale−carbonate
deposits transitional to the siliceous−clay Lemva type that ac−
cumulated eastward from the carbonate shoal.

The Syv’yu River section is located about 38 km up−
stream from its junction with the Kozhym River. The Upper
Devonian deposits, exposed along the right bank of Syv’yu
River in several outcrops (Figs. 1D, 2), represent an almost
continuous sequence of the Domanic facies type through the
Frasnian and lower Famennian, and comprise thinly bedded,
westerly dipping strata, without tectonic complications.

Previous works.—Modern stratigraphic studies of the Up−
per Devonian deposits in the Subpolar Urals stem from the

work of Pershina (in Pershina et al. 1971), who subdivided
the Frasnian succession into Pashiya, Kyn Horizons (Lower
Frasnian), and Sargaevo, Domanic Horizons and Shar’yu
Suite (Middle Frasnian), and Askyn, and Barma Horizons
(Upper Frasnian). The Famennian was subdivided into
Lower and Upper Famennian substages.

The Upper Devonian conodont faunas from the Syv’yu
River succession were first studied by Deulin (1978). Later,
in the course of large−scale mapping, the zonation established
by this author was changed and correlated with regional hori−
zons of the western Urals. In 1987 the Frasnian and Lower
Famennian succession in the Syv’yu River section was mea−
sured by Yudina and Tsyganko (see Tsyganko 1994). Subse−
quently, during a field trip in August 1996, Yudina and Sav−
age collected a rich fauna of conodonts in this section, and
the F–F transition was exposed by digging a trench into the
steep face of the river bank where the softer argillaceous
strata had become weathered. Additional sampling for
microfacies and geochemical purposes has been undertaken
in 1999 (see Fig. 4). Some results of the conodont study have
been published by Yudina (1989, 1994) and Savage and
Yudina (1999, 2001).

Lithostratigraphy.—The total thickness of Upper Devonian
sequence in the Syv’yu River section is about 200 m. The se−
quence is subdivided into the Kedzydshor, Vorota, Shar’yu
and Domanicoid formations, and the first three of these for−
mations were earlier described in the Shar’yu River section
(Chernyshev Ridge; Tsyganko et al. 1985, see also Yudina
1989). It should be noted that in contrary to previous studies
(Tsyganko 1994), the dark−gray organic−rich limestones that
were considered as the upper part of Kedzydshor Formation
are now included in the Vorota Formation because of their
color and predominantly pelagic faunas (Savage and Yudina
1999). Moreover, the upper limit of the Vorota Formation is
drawn at the top of the uppermost dark−colored, predomi−
nantly shaly beds included earlier in the Shar’yu Formation.
Thus, the Vorota Formation in the proposed lithostratigraphic
scheme corresponds to a single pelagic sedimentation phase
characterized by stagnant conditions within a stagnant rela−
tively deep−water intra−shelf basin. The fourth formation was
named by Savage and Yudina (1999) the Domanicoid Forma−
tion because it was not distinguished as a separate unit during
the large scale geological mapping, and is therefore shown on
the latest geological maps of the Subpolar Urals as part of the
Famennian.

The Kedzydshor Formation is about 15 m thick and con−
sists of silty clays, siliceous dark−gray silty limestones, and
light−gray and yellow clays. The limestones, often bioturbated,
contain brachiopods, gastropods, ostracods, crinoids, trilo−
bites, sponge spicules, and scarce conodonts. Traditionally it is
considered as a basal transgressive part of Frasnian Stage
(Pershina et al. 1971), but the Middle–Upper Devonian
boundary is identified (see Ziegler and Sandberg 1990) in the
section near the base of the overlying Vorota Formation at the
lowest appearance of Ancyrodella pristina (see Yudina 1994).
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Fig. 4. Upper Frasnian and lower Famennian lithologic column of the Syv’yu River section (upper Vorota Fm.), sampling pattern and conodont succession
across the F–F boundary, with emphasis on principal biotic events and alleged Kellwasser levels (see also Figs. 7, 8); figures in the lithological column refer
to microfacies photos (Figs. 5, 6).



The Vorota Formation is about 45 m in thickness, and is
comprised of three units. The lowest unit (Unit I, 8.2 m thick)
consists of black organic−rich and pyrite−rich thin bedded, of−
ten laminated, siliceous limestones, argillites, and siliceous
shales with thin chert interlayers. The rocks contain tenta−
culites, radiolarians, goniatites, orthocone cephalopods, bi−
valves, ostracods, brachiopods, and conodonts. The middle
unit (Unit II) consists mostly of gray to dark−gray thin and
thick−bedded limestones with interbeds of argillaceous lime−
stones, thin interlayers of brownish−black organic−rich
shales, and yellow to yellow−gray clays. Very often the lime−
stones contain black chert nodules and thin lens−like inter−
beds. In the unit, there are some interbeds composed of finely
intercalated shales and nodular limestones. Faunas comprise
tentaculites, styliolines, radiolarians(?), thin−shelled brachio−
pods, ostracods, and conodonts. At the top of the unit, about
14.5 m thick, yellow and gray calcareous clays, and gray to
dark−gray marls are present. The upper unit (Unit III), ca.
22 m thick, includes dark−gray to black organic− and py−
rite−rich argillaceous and siliceous limestones, often with
chert nodules and thin lens−like interbeds, and marly and sili−
ceous marly shales (see below). The faunas in this unit are
represented by sponge spicules, radiolarians, scarce thin−
shelled brachiopods assigned to Orbiculoidea, scolecodonts,
ostracods, and conodonts. The base of the Vorota Formation
is of earliest Frasnian age, and the top is of early Famennian
age (see Fig. 4).

The Shar’yu Formation, early to middle Famennian in
age, is about 123 m thick and is composed predominantly of
gray to dark−gray, thin− to thick−bedded limestones, marls
and marly shales. In the upper part, thick (to 0.6 m) conglom−
erate−like limestone interbeds occur. Faunas include very
scarce, thin−shelled brachiopods assigned to Orbiculoidea,
ostracods, and rare conodonts. The Domanicoid Formation is
about 23 m thick in the section studied. It consists of rhythmi−
cally interbedded dark−gray to black thick−bedded massive
siliceous limestones with black chert nodules and lens−like
nodular limestones. The limestones contain scarce thin−
shelled lingulid brachiopods, ostracods and diverse cono−
donts. The base of the formation is of middle Famennian age
and the top extends into the latest Tournaisian–early Visean.
The occasional outcrops of the upper part of this formation
are known downstream on the Syv’yu River, and on the
Kozhym River where Upper Devonian–Carboniferous
boundary beds are exposed (Chermnykh et al. 1988; Nemiro−
vskaya et al. 1992).

Frasnian–Famennian
lithologic−faunal succession
and biostratigraphy
The lithologic and conodont succession across the F–F bound−
ary in the outcrop 2 on the Syv’yu River (see Figs. 1D, 2) is
presented below in terms of following numbered beds of the
Vorota Formation (Fig. 4), included in the stratigraphic se−
quence fully described (beds 1–11 and above 27) in Yudina
(1999).
Bed 12: about 1.4 m thick. Light−gray thin to thick bed−

ded siliceous limestones (mudstones, wackstones) with thin
(1–2 cm) interbeds of dark−gray to black carbonaceous−marly
shales, containing tentaculites, fish scales, trilobites, thin−
shelled brachiopods and radiolarians (samples CB87−2/90 to
2/95, Syv96−42 to 43).
Bed 13: 3.4 m thick. Thin−to thick−bedded light−gray

limestones, often siliceous with thin (to 5 cm) interbeds of
dark−gray to black carbonaceous clayey shales. Limestones
contain pyrite, sponge spicules, gastropods, radiolarians,
tentaculites, burrows and ostracods (CB87−2/96 to 2/101,
Syv96−44 to 76).
Bed 14: 1.6 m thick. Lens−like dark−gray limestones (2–6

cm thick) interbedding with brownish−gray marly shales and
marls. Limestones contain brachiopods, ostracods and ortho−
cone cephalopods(?) (CB87−2/102 to 2/108; CB99−211−217).
Bed 15: 1.1 m thick. Gray to dark−gray argillaceous lime−

stones with siliceous limestones lenses (concretions?) to 20
cm thick, containing brachiopods, ostracods and tentaculites
(CB87−2/109−2/114; CB99−218, 219; Syv96−77−79).
Bed 16: about 2.5 m thick. Thin to thick−bedded gray

limestones with nodules and thin black chert lenses, and rare
thin interbeds of yellow clays. Fauna comprises ostracods,
tentaculites and palmatolepid−ancyrodellid conodont associ−
ation (CB87−2/115 to 2/118; Syv96−80−95; CB99−220−223).
Bed 17: 2.04 m thick. Thin lens−like alternation of

light−gray limestones, often siliceous, and greenish−gray
marls; in the middle part there is an interbed of yellow cal−
careous clay with small pyrite concretions. Limestones
contain ostracods, tentaculites, small brachiopods and ex−
clusively palmatolepid conodonts (CB87−2/119b−to 2/122;
Syv96−96−100; CB99−224−305).
Bed 18: 1.03 m thick. Yellow calcareous clays and dark−

gray argillites with interbeds of light−gray argillaceous lime−
stones and marls, containing pyrite, brachiopods, ostracods,
bivalves, tentaculites and palmatolepid conodonts (including

360 ACTA PALAEONTOLOGICA POLONICA 47 (2), 2002

Fig. 5. Microfacies types of the uppermost Frasnian (A–B, F–G) and basal Famennian (C–E) limestones, Syv’yu River section. A, B. Homo−
ctenid−radiolarian peloidal packstone; sample Syv96−83. C. Bivalve shell (?Buchiola) in radiolarian−spiculite peloidal packstone; sample Syv96−S3.
D. Rock−forming problematic rosette−like calcite aggregates (?neomorphozed radiolarians) in slightly stylolaminited packstone; sample Syv96−S5.
E. Strongly pressure−welded mudstone of the Upper KW level; sample CB99−340. F. Marginally aggraded brachiopod wackestone, marked by coarse
neospar of homogenous micrite matrix (N); sample CB99−313;G. Diagenetic ribbon lamination within the peloidal radiolarian packstone (R; see close−up
in C), showing largely neomorphozed (N) and stylolaminated (S) bands; sample Syv96−S3. H. Silicified (S) parting of sponge−bearing wackestone with
phosphatic(?) concretionary aggregates (P); sample CB99−308.
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abundant Palmatolepis linguiformis); in the lower part,
argillites contain apparently reworked rounded conodonts of
the species Pa. semichatovae and pyritized tentaculites; in
the upper part the species Pa. praetriangularis first appear
(CB87−2/123 to 2/125; CB99−224−305).
Bed 19: 0.44 m thick. Clays, gray in the lower part, yel−

low and black in the upper part. In the middle part of the bed
there are thin marl and limestone interbeds. In the upper part
clays are rich in iron hydrooxigen (CB99−320−325).
Bed 20: about 0.7 m thick. Thin−bedded black argillaceous

limestones and calcareous argillites containing pyritized
sponge spicules, rare styliolines and poor conodonts. In the
lower part of the key bed Frasnian−type palmatolepids include
Pa. juntianensis and Pa. hassi; in the middle part – icrio−
dontids and polygnathids (Icriodus deformatus asymmetricus,
I. alternatus alternatus and Po. angustidiscus), and in the up−
per part – Pa. praetriangularis and Pa. triangularis. At the top
of the bed there is a 3 cm thick layer of black chert (Syv96−141
to 137/1; CB99−326−354).
Bed 21: 1.5–1.6 m thick. Thin− to thick−bedded dark−gray

to black limestones, often siliceous, containing phosphatic(?)
brachiopods and conodonts representing palmatolepid−
icriodontid−polygnathid biofacies (CB87−2/126 to 2/127;
Syv96−136−132, Syv96−S−1 to 8; CB99−355).
Bed 22: 2.5 m thick. Thin−bedded (platy) dark−gray lime−

stones, rich in pyrite, with rare nodules and thin layers of
black chert in the lower part; faunas comprise scarce thin−
shelled brachiopods, scolecodonts, ostracods, styliolines and
almost exclusively palmatolepid conodonts (CB87−2/128 to
2/131; Syv96−S9 to 26, Syv96−131).
Bed 23: about 1.4 m thick. Dark−gray calcareous argillites

with rare thin (4–15 cm) interbeds of dark−gray limestones
and nodular limestones (1.5–2 cm) containing ostracods and
conodonts; in the 0.5 m above of the base there is a thin layer
of yellow calcareous clays (CB87−2/132 to 2/134)
Bed 24: about 3.0 m thick. Dark−gray thin platy argilla−

ceous limestones with rare black chert interbeds (to 1.5 cm
thick) and dark−gray limestones (3–11 cm), containing scarce
ostracods (CB87−2/135 to 2/139).
Bed 25: about 2.2 m thick. Dark−gray thin platy siliceous

marls with interbeds composed of large dark−gray limestones
lenses (concretions?) containing ostracods only (CB8702/140
to 2/141).
Bed 26: about 9 m thick. Black siliceous(?)−clayey shales

with rare thin (3–22 cm) lenses of dark−gray to black sili−
ceous limestones, and massive limestones (to 25 cm thick)
(CB87−2/242 to 2/150).
Bed 27: about 2.2 thick. Dark−gray to black thin−platy si−

liceous limestones with micritic limestone interbeds (to
10 cm thick), containing rare brachiopods Orbiculoidea and
conodonts (6 palmatolepid species and Pelekysgnathus;
CB87−2/151−2/156).

Conodont biostratigraphy.—“Standard” conodont zones ac−
cording to scheme of Ziegler and Sandberg (1990) are fair easily
recognized in the Palmatolepis−rich Syv’yu River succession.

The Lower Pa. rhenana Zone is recognized in the middle
part of the Vorota formation (beds 12, 13) on the abundant oc−
currence of Pa. semichatovae, but the index species of the
zone, Pa. nasuta, was identified higher in the middle part of
the bed 13. The Upper Pa. rhenana Zone is distinguished on
the occurrence of Pa. subrecta in the middle part of the Vorota
Formation (the upper part of bed 13 to bed 16). Beginning
from the bed 16 Ancyrodella lobata, Pa. juntianensis and Pa.
rhenana occur. Thus, in the section described the index species
of the zone occurs higher. Pa. gyrata is known from the
Lyayol’ Formation (Unit IV) in the South Timan in the part of
the sequence that is correlated with Montagne Noire Zones
11–12 (Kuzmin and Melnikova 1991; Klapper et al. 1996).

The Pa. linguiformis Zone is recognized in the beds
17–20 by the first occurrence of Pa. linguiformis. In the up−
permost part of the zone, Pa. praetriangularis, icriodontids
and polygnathids appear. The lower limit of the Pa. triangu−
laris Zone (and the base of Famennian) is defined by the first
appearance of Pa. triangularis, and the upper limit is defined
by the first occurrence of Pa. delicatula platys. In the Syv’yu
section, the zone is recognized in the upper part of the Vorota
Formation (beds 20–21) on the first occurrence of Pa. trian−
gularis in sample Syv96−138/1 (see Fig. 4). The boundary
between the Middle and Upper Pa. triangularis zones has not
been properly recognized yet, thought it probably lies some−
where within bed 22. A large number of morphotypes of
Palmatolepis species in the upper part of the interval may in−
dicate the Upper Pa. triangularis Zone. Likewise, the Pa.
crepida Zone has not been subdivided, but in the bed 24 there
were found species typical of this zone. The Upper Pa.
crepida to Pa. rhomboidea zones are poorly characterized by
conodonts. The Upper Pa. crepida Zone only is reliably doc−
umented on the occurrence of Pa. glabra prima in the upper−
most part of the Vorota Formation (beds 25–27) and in the
lowermost part of Shar’yu Formation (bed 28).

Microfacies review
Limestone microfacies of the middle and upper parts of the
Vorota Formation are not very differentiated (Figs. 5, 6).
Light−gray bed 13 represents mainly lithistid sponge−mud
varieties (Fig. 6A; see also Vishnevskaya et al. 2002), charac−
terized by clotted to minipeloidal fabrics of the micritic ma−
trix. Irregular, dense micrite linings due to microbial activity
are sporadically observed as well. Burrows, up to 3 mm in di−
ameter, and smooth ostracod valves are frequent, but also
abundant homoctenids (and rarely entomozoids and radiolar−
ians?) occur in some beds.

Darker, marly, pyrite−rich lithologies of beds 14 and 15
reveal more diverse biotic content, including homoctenids,
entomozoids, conodonts and/or lingulids, as well as shelly fau−
nas (mostly thin−valved bivalves) and burrowers. Limestone
interbeds exhibit sparry−peloidal fabrics, partly due to exten−
sive neomorphism. The diagenetic effects, that have finally led
to coarse−sparry, marble−like patches and intercalations (Fig.
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Fig. 6. Various upper Frasnian spongiolitic microfacies, Syv’yu River section. A. Sponge boundstone(?); note large growth cavities, and complex and di−
verse, peloidal to bioclastic geopetal fill up, as well as preserved spicular network; sample Syv96−58. B,C. Sponge relics (Sp) distinguished by a variety of
grumeous fabric, pyrite−rich marginal rims, and partly chertified interstitial mudstone matrix (Ch); samples CB99−224 (B) and CB99−314 (C).



5F), are frequently observed in several intervals in the or−
ganic−rich succession. Also pressure−welded (stylolaminite)
bands are common, resulting in crudely laminated to rib−
bon−like appearance particularly well developed in the F–F
transition limestone beds (Fig. 5G).

Gray cherty limestones (bed 16) are characterized by
rock−forming calcified radiolarians in peloidal−micritic bur−
rowed matrix; in addition, benthic ostracods, homoctenids,
bivalves, and entomozoids are found (Fig. 5A, B), especially
abundant in shaly partings. Succeeding rhythmic succession
of bed 17 and 18 is more differentiated in microfacies (Figs.
5F and 6B, C), that varies from burrowed pyrite−rich dense
mudstones with poorly−preserved sponge relics to irregularly
laminated wackestones, bearing diminutive shelly faunas,
both brachiopods and bivalves, or homoctenids (also stylio−
linids?) and/or entomozoids. Silicified parts show large−scale
reversals to calcite in places.

The F–F passage (black−colored bed 20) records a return of
radiolarian microfacies, but characterized by overall impover−
ished biotas limited to sponge spicules (abundant in the bottom
part) and ostracods; shelly (?bivalve) and burrowing faunas
are found only in the basal sample CB99−328. More numerous
shelly remains (chiefly bivalves up to 1 cm in size; Fig. 5C)
re−appear ca. 0.5 m above the F–F boundary, and this mostly
radiolarian−rich, locally burrowed microfacies continues up to
bed 21. The common stylolaminite interbeds are distinctly fos−
sil−impoverished (Fig. 5D, E), but may contain very abundant
spheres resembling problematic Palaeomicrodium algal ag−
gregates (rather peculiarly neomorphozed radiolarians or leio−
sphere fills). A single crinoid ossicle is found in this interval.

In summary, the deep−water muddy and invariably low−
energy environments were populated by varied sponge biota,
soft−bodied bioturbators and minute shelly benthos (like the
bivalve Buchiola; Grimm 1998). Far more abundant pelagic
biotas include either calcareous (homoctenid−entomozoid) or
calcareous−siliceous (with radiolarians) microfaunas but
were rapidly predominated by prolific radiolarian zooplank−
ton just below the F–F boundary. Within the opal−rich calcar−
eous sediments, the silica was extensively redistributed dur−
ing diagenesis. The common grumous, clotted and/or
(mini)peloidal carbonate muds were at least partly produced
microbially during decomposition of soft tissue of the radio−
larians and sponges, as described from Carboniferous
cephalopod and mud−bank limestones by Warnke (1997) and
Devuyst and Lees (2001; see also Upper Devonian examples
in Préat et al. 1998; Boulvain 2001; Racki et al. 2002).

Geochemistry
Only selected trace element (mostly discussed in Racki et al.
2002) and isotopic guide data from the section studied were
used to test for various Earth−bound environmental factors
which might have acted in the Timan−Pechora Basin during
the KW Crisis timespan (see Figs. 7, 8). Substantial Ir evi−
dence of an extraterrestrial impact was not discovered in the

Urals succession (contents below 5 ppb in all samples; see
Appendix 2). Many well−known geochemical proxies could
not be used because several key elemental concentrations
(e.g., Mo, Cd, Th) were too often below the detection limit of
analytical methods. For those elements (e.g., for U, Cr), half
of the detection limit values were taken into consideration in
such sporadic cases.

Trace elements.—From many tested palaeo−oxygenation indi−
ces V/(V+Ni) and U/Al ratios were chosen as a reliable proxy,
with thresholds for the oxic/dysoxic, dysoxic/anoxic and
anoxic/euxinic boundaries adopted herein from Bellanca et al.
(1998) and Morford and Emerson (1999: fig. 4; see also
Yarincik et al. 2000). Barium, SiO2 and P2O5, were jointly used
as the biological productivity record. Measured concentrations
of SiO2, P2O5 and Ba were normalized according to Schmitz et
al. (1997), i.e., recalculated to the Al2O3 content of average con−
tinental crust (15%) for Ba and P2O5 (e.g., Ba* = Ba/[Al2O3 ×
15%]), whilst the SiO2*−excess values represent the total SiO2

content from which an assumed average SiO2 content of the alu−
minosilicate fraction (45%) has been subtracted. Zr/Al2O3 ratio
was considered to reflect volcanic signals in the context of con−
current F–F tectono−magmatic activation in the Ural Ocean
(Nikishin et al. 1996; Veimarn et al. 1997; Kravchinsky et al.
2002). Because hydrothermal deposits have Al/(Al + Fe + Mn)
values less than 0.35 and Fe/Ti ratios higher than 20 (Boström
1983) these relations were employed as crude proxies of hydro−
thermal supply. Average Zr/Al203 and Al/(Al + Fe + Mn)
backgound ratios in limestones (see Fig. 7) are calculated from
table 1 in Wedepohl (1970).

The above geochemical markers show largely stable val−
ues in the studied part of the upper Frasnian succession, but
are followed by more or less distinct anomalous levels
around the F–F boundary. The excursions start typically ca.
0.7 m below the F–F boundary, within the bottom part of the
bed 21, and continue above this key boundary. This notewor−
thy pattern is especially well manifested for Zr/Al2O3,
V/(V+Ni), Fe/Ti (not shown), Ba* and SiO2* curves, but
somewhat more obscured for the U/Al ratio and P contents
(Fig. 7), as well as for example, Ti/Al ratios regarded as a
tracer of basaltic volcanogenic source. In particular, the re−
constructed oxygen levels are more or less firmly supported
by other signatures (V/Cr, Co/Ni and Al−normalized contents
of chalcophiles). The levels of TOC in the key carbonate bed
21 are distinctly higher (TOC between 0.77 and 1.69%, car−
bonate content between 95.82 and 85.84%, respectively)
than in marly deposits of the bed 10 (sample CB99−322: TOC
1.22%, carbonate content 39.43%).

A part of the geochemical evolutions was certainly con−
trolled by terrigenous input, as it is revealed by strong corre−
lation between Al and Zr and V contents (correlation coeffi−
cient r = 0.98 and 0.88, respectively). This is not the case for
palaeoproductivity tracers (r varies between –0.18 for Si to
–0.43 for Ba) or for Fe and Mn (r = 0.40). Thus, despite possi−
bly highly varying terrigenous input in the tectonically active
palaeogeographic setting and diagenetic bias in the or−
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ganic−rich deposits, the signatures still monitor major envi−
ronmental characters and oceanographic signals in the off−
shore setting (see also Table 1). In this context, it is not sur−
prising that the above elemental anomalies are far more
marked in the mostly calcareous beds 20–21 (Al2O3 contents
below 1%), encompassing the F–F passage, than in the un−
derlying iron−rich clays (bed 19).

Compiling the geochemical and ecological data, the Upper
KW Event in the Uralian succession was apparently mani−
fested by progressive near−bottom anoxia toward euxinic re−
gimes and increased bioproductivity, culminating in the thin
chert horizon that occurs 11 cm above the F–F boundary (Sav−
age and Yudina 1999: 372). Nevertheless, a high amount of
opaline SiO2, recorded in biogenic cherts of the Syv’yu suc−
cession, reflects certainly a bloom of siliceous biota in moder−
ately eutrophic regimes (see Racki and Cordey 2000), as well
as in several other Frasnian (bed 16) and Famennian (bed 22)
timespans. Enhanced aeolian input of fine−grained pyroclastic
material near the F–F boundary might also be suggested for
the silica− and organic−enriched interval marked by elevated
Zr/Al ratios, especially in light of the mineralogical composi−

tion of quartz−dominated insoluble residua. There are up to
20% of presumably volcanogenic admixtures: Na−feldspars,
muscovites and other micas, illite–smectite mixed layer clays,
and also amorphous particles (?glass shards) and ?anatase.
Volcaniclastic turbidites were not distinguished, however, and
these overall low levels and not very significant enrichments
(e.g., largely below 10 times for Zr/Al ratios), point to
dispersive ash input in normal fine−grained sediments (back−
ground volcanism sensu Zimmerle 1985). Geochemical proof
of presumed hydrothermal activity and ferromanganese min−
eralisation is less supported. Nevertheless, correlation analysis
of the most redox−sensitive Fe−Mn and V−U pairings reveals
different Mn behavior in the pre−F–F and F–F passage inter−
vals (Table 1), possibly resulting from increased hydrothermal
fluxes in the crisis timespan.

Carbon and oxygen stable isotopes.—The carbon isotope re−
cord, although based only on the analysis of micrites, reflects a
significant increase in � 13C just below the F–F boundary from 0
to 3.5‰, in the supposed Upper KW level. Continuing high
� 13C values are observed throughout the Lower Pa. triangularis
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Zone but values gradually approach the background level (1‰;
Joachimski and Buggisch 1996) higher in the sequence.

The isotopic values measured on the intercalated micritic
and shaly deposits show some scatter, but only two samples in
this interval (from the argillaceous bed 19) show a strong neg−
ative “anomaly” (paired with lowered � 18O values; Fig. 8).
Furthermore, microfacies analysis shows that the micritic ma−
trix bears clear evidence for intense recrystallisation, as well as
precipitation of neospar predominantly near the transition into
the calcareous shales (see Fig. 5F). This observation suggests
that diagenetic processes may have somewhat reset the carbon
isotopic signals (see Joachimski et al. 2002). A similar nega−
tive bias is detected in 6 pilot samples from an alleged Lower
KW level, and only one sample from bed 16 exhibits increased
� 13C values to 2.88‰ that suggests a second positive excur−
sion in the Upper Pa. rhenana Zone. On the other hand, abun−
dance of light carbon variety in single sample from the bed 15
(–3.7‰) might be a signature of methane release through dis−
sociation of gas hydrates (as advocated for the F–F boundary
events by Bratton 1999). In summary, the present study con−
firms the worldwide pattern of carbon isotope record at least
for the Upper KW Event, recognized for both inorganic and to−
tal organic carbon as well as for individual organic biomarkers
(Joachimski et al. 2002). This isotope event is interpreted as a
consequence of the increase in bioproductivity and organic
carbon burial.

The oxygen isotope record, plotted in Fig. 8, is not corre−
lated with the � 13C values (r = 0.24) and is relatively stabi−
lized at –6‰, which confirms a mostly primary origin for the
isotopic compositions (this coherence equals 0.89 for 9 omit−
ted samples). The significant short−lived negative � 18O ex−
cursion down to –10.4‰ is restricted to the 20 cm thick inter−
val just above the F–F boundary, but its primary (e.g.,
a warming episode) vs. diagenetic meaning remains uncer−
tain. Consequently, there is no � 18O evidence in the Timan−
Pechora Basin for an oceanic cooling (see below), as shown
by oxygen isotopic results derived from biogenic phosphates
by Joachimski and Buggisch (2000). The Devonian carbon−
ate isotopic record is seen recently as overall indecisive in the
palaeoclimatic context, even if useful in tracing of Palaeo−
zoic glaciations (e.g., in the Silurian and Carboniferous;
Azmy et al. 1998; Saltzman 2002).

Mechanisms related to
Frasnian–Famennian events in the
Timan−Pechora Basin

The Syv’yu section is the northernmost F–F succession stud−
ied in combined, event−stratigraphic categories. Although lo−
cated below 30°N, this north−eastern Laurussian shelf slope
was far more exposed to open−oceanic influences than, for ex−
ample, the corresponding North African domain of the south−
ern (Gondwanan) hemisphere. This is revealed by the direct
association of Pechora−Urals reefs and upwelling, highlighted
by Kiessling et al. (1999: 1564; but see House et al. 2000). The
offshore deep−water environmental aspects are well defined by
a lack of any shallow−water, especially reef−derived debris
supply, and abundance of planktic, both calcareous and silicic
biotas. The oceanographic specificity is perfectly manifested
by biosiliceous, organic−rich deposition of middle Frasnian
Domanic facies (e.g., Afanasjeva 2000; House et al. 2000). On
the other hand, poorly−known sponge−micriobial(?) mud
buildups might in fact represent a Frasnian praecursor of the
Waulsortian facies. A comparable sponge and iron−bacteria
consortium occurs in lower hypoxic parts of Belgian late
Frasnian carbonate mounds (Boulvain 2001).

A good accordance of the recognized events over the
Pechora−Urals domain with the Euramerican T–R cylicity of
Johnson et al. (1985) and Sandberg et al. (1988) is discussed
by Veimarn et al. (1997) and House et al. (2000). The Lower
KW horizon is tentatively presumed for thin−bedded dark−gray
limestones interbedding with brownish−gray marly shales and
clayey marls (bed 14) in the Upper Pa. rhenana Zone (Fig. 4),
but this needs more detailed geochemical (especially � 13Corg)
and ecological study because of possible benthos presence in
some layers. Inter−KW timespan is marked by varying carbon−
ate−clay deposition in the typically dysaerobic and low−
productivity setting, interrupted by biosiliceous and/or anoxic
episodes related to fertilization pulses.

In contrast to the southern Timan basin, an onset of the
anoxic Upper KW Event may be recognized in the Pa. lingui−
formis Zone in the fossil−impoverished clay−rich unit 19 (see
also black shaly interval 34b−v in the Shar’yu River section;
Yudina 1989). Carbon isotopic shift is observed evidently in
the transition from the topmost black portion of this unit to a
succession of thinly bedded dark−gray to black deposits, often
siliceous (ca. 2.2 m thick; beds 20–21). A prominent dia−
genetic overprint is obvious for the anoxia onset, especially for
the isotopic record in the underlying argillaceous interval (Fig.
8), and probably obscured also the metal signatures under
changing redox conditions (see e.g., Yarincik et al. 2000). The
F–F boundary level is located ca. 0.7 m above the base of the
limestone unit, without remarkable lithological change. How−
ever, this critical interval is marked by significant biotic per−
turbations, manifested in near−disappearance of benthic faunas
(only silicisponges and inarticulates?) and turnover in pelagic
biotas, i.e., replacement of palmatolepid conodont biofacies by
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Table 1. Correlation coefficients between Al−normalized redox−sensitive
metals for the pre−F–F crisis and F–F crisis intervals of the Syv’yu section,
capitalizing on the contrasting behavior of the Fe−Mn and V−U pairings (Mo
contents, the most diagnostic for anoxic−sulfidic conditions, were mostly
below detection limit, Appendix 2; for discussion see Yarincik et al. 2000).

Interval
Predicted

POSITIVE
correlation

Predicted NEGATIVE
correlation

(No. of samples) Mn*
and Fe*

V*
and U*

Mn*
and V*

Mn*
and U*

Fe*
and V*

Fe*
and U*

Inter−KW (17) 0.72 0.62 –0.13 0.24 0.02 0.31

F–F passage (35) 0.05 0.60 0.85 0.64 0.04 0.03



palmatolepid−icriodontid−polygnathid biofacies (Savage and
Yudina 1999: 372) and explosive flourishing of radiolarians.

The ecological shift is paired with trace element anomalies,
especially with rapid positive excursion of productivity prox−
ies, and a “heavy carbon” event. These signatures reflect an
oceanographic turning point: an expansion of anoxic and high
productivity regimes, probably at least partly mediated by a

variety of volcanic−hydrothermal phenomena (as modelled for
the Mesozoic oceanic anoxia by Jones and Jenkyns 2001). For
example, even diluted volcaniclastic input might caused
eutrophic conditions due to very high fertilization potential of
newly erupted volcanic ash (see Frogner et al. 2001). In addi−
tion, silicic exhalative volcanism in zones of reactivated deep
faults might control siliceous biota blooms in shelf seas (e.g.,
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Maksimova 1979; Afanasjeva 2000; Racki and Cordey 2000).
This is in agreement with the F–F biosiliceous acme in many
regions of the World (see summary in Racki 1999; also
Vishnevskaya et al. 2002). On the other hand, if increased
Zr/Al and Ti/Al ratios are thought as a signature of enhanced
eolian activity in the critical timespan (see Rachold and
Brumsack 2001), thus a wind−driven nutrient−rich upwelling
could be presumed for this part of Ural Ocean.

Stable oxygen deficiency, induced by maximum highstand
of warm saline deep waters on subtropical shelves, are usually
postulated for KW events (see e.g., Joachimski and Buggisch
1996, 2000; Hallam and Wignall 1997), but a scenario of “in−
termittent (seasonal) anoxic events” has recently been advo−
cated (Hudson 2001). Sedimentary record of storm wave re−
working, as well as the recognition that benthic colonization
was much more widespread than previously believed, suggest
that anoxia were not a major control in the mass accumulation
of the organic matter present in the Late Devonian black shales
(Schieber 2001). Fluctuating redox states and an improving
oxygenation during the Upper KW Event are indeed con−
firmed in many regions (see Racki et al. 2002). However,
metal data from the Syv’yu succession suggest fairly uniform,
mostly anoxic to euxinic regimes during the F–F interval. For
example, a proliferation of epifaunal and/or pseudoplanktic bi−
valves in recovering Famennian habitats might be still forced
by hypoxia (Harries and Little 1999).

A common factor for these potential “Earth−bound only”
causes is tectonism which was likely to have been significant
in controlling the sea−level fluctuations. Ashallowing pulse on
the Laurussian shelf seems to be obviously correlated with the
latest Frasnian eustatic sea−level fall, and the F–F passage cor−
responds to a major sequence boundary over the Timan−
Pechora carbonate shelf, as discussed by House et al. (2000).
This is less clear in the continuous Syv’yu succession, where
the Lower Pa. triangularis Zone shows more than a 2 m thick
stratigraphic record, and accelerated off−shoal lime ooze input
and sudden re−establishment of pure calcareous−biosiliceous
deposition comprise a conspicuous sedimentary character.
This facies change might have been controlled in part by local
block uplifts and/or oceanic overturn (see discussion in Racki
et al. 2002). In particular, accelerated orogenic activity in the
Zilair−Magnitogorsk arc−trench basin of the southern Urals is
indicated by flysch deposits at the F–F transition (Veimarn et
al. 1997); this collision with the Mugodjarian terrane was ac−
companied by a phase of compressional deformation of the ad−
jacent Sakmarian back−arc basin (Ziegler 1988: 33; Khain and
Seslavinsky 1996: 185). Therefore, intermittent extension
gradually abated in the west−dipping Uralian subduction sys−
tem, and the phase of rapid post−rift compensated subsidence
during middle Frasnian to Famennian characterizes the
Pechora Plate (Nikishin et al. 1996: 49–51).

Altogether, the region−wide F–F tectonic instability might
be a result of global−scale changes in plate interactions, incip−
ient continental break−up and triple junction formation, or ep−
isodic mantle plume activity (Nikishin et al. 1996; Wilson
and Lyashkevich 1996; Kravchinsky et al. 2002) recorded in

distinctive magmatism, rifting, domal basement uplift and
specific metallogenesis in the Urals and within the East Euro−
pean and Siberian cratons (see review in Veimarn et al. 1997;
Kravchinsky et al. 2002). This is exemplified by submarine
basic extrusive−exhalative processes recorded in the black
shaly−siliceous strata of the Pay Khoy basin (Yudovich et al.
1998: 62–91, 344–345) (see Fig. 1B), and a general transition
from calc−alkaline gabbro−granite intrusives to tonalite−
granodiorite batholiths was manifested in Late Devonian
Uralian magmatism (Fershtater et al. 1997: fig. 5; see
also Khain and Seslavinsky 1996). Also in the SW part of
Moscow epeiric sea, the latest Frasnian eruptive volcanism is
deduced from a smectite−type clay admixture rich in quartz
and albite (Vengerchev 1995).

Overall climatic variation, especially frequently repeated
oceanic cooling in the context of expanding biosiliceous de−
position (Copper 1998; see also review in Streel et al. 2000),
is still enigmatically recorded in the Uralian succession. The
introduction of evaporitic facies over the adjoining Timan
shelf in the terminal Frasnian is emphasized by House et al.
(2000), and overall arid climate evidence is outlined by
Dubotalov and Krasnov (2000). Thus, a warming pulse in the
north−eastern Laurussian shelf, as supposed by Becker and
House (1994), can be further considered.

The Syv’yu deep−shelf succession exhibits surprisingly
numerous analogies to the southern Holy Cross Mts., Poland,
which represent a more shallow−water rhythmic hemipelagic
facies of a localized intrashelf basin (Kowala section; Racki
et al. 2002). This is visible in correlative lithological and eco−
logical F–F shifts from clay−rich to calcareous−biosiliceous
sedimentation, even if unsteady redox and eutrophication/
productivity regimes are probably more characteristic of the
Polish basin. Also compatible development of more (Urals)
or less (Holy Cross Mts.) distinctive spongiolitic−cherty fa−
cies in the early KW Crisis is a notable feature (Vishnevskaya
et al. 2002). The similarities probably are related to a compa−
rable depositional influence by synsedimentary faulting and
hydrovolcanic activity in these well−separated Laurussian
shelf regions, quite different from, for example, that in other
south Poland intrashelf basins (Racki et al. 2002), as well as
in the carbonate ramp of northern Gondwana (the deep−water
F–F stratotype succession at Coumiac, Montagne Noire;
Préat et al. 1998)

Conclusions
� The F–F boundary is well biostratigraphically documented

in the Palmatolepis−rich deposits exposed along the
Syv’yu River in the lower slopes of the Subpolar Urals.
The thin−bedded calcareous−clayey−siliceous deep−shelf
sequence appears to represent continuous Domanic−type
deposition throughout the world−wide carbonate crisis,
without evidence for a basal Famennian hiatus or large−
scale sedimentary perturbation within a regressive setting
as shown for the adjacent Timan carbonate shelf (House et
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al. 2000). This resembles both the radiolarite and sili−
ceous−argillaceous sequence of Pay Khoy (Veimarn et al.
1997; Yudovich et al. 1998: fig. 2), as well as clay−
siliceous and carbonate (nodular limestone) successions of
the northernmost Kolyma continent (Gagiev 1985, 1997;
Karaulov and Gretschischnikova 1997).

� The northernmost Laurussian sequence reveals a regional
record of several more or less known F–F global events,
summarized by Sandberg et al. (1988), McGhee (1996),
Joachimski et al. (2002) and Racki et al. (2002). This is
well visible in icriodontid and radiolarian blooms
throughout in the critical interval, as well as by the ap−
pearance of organic− and clay−rich KW−type deposits
(beds 19–20), and a correlative shift of several geochemi−
cal proxies recording hypoxic and high−productivity re−
gimes, perfectly exemplified by positive � 13Ccarb excur−
sions of +3.5‰.

� The prolonged environmental stress in the NE−Laurussian
shelf habitats is mostly ascribed to increasing oxygen defi−
ciency and/or unbalanced nutrient dynamics in disturbed
greenhouse climatic and active synsedimentary tectonic
settings. Carbon isotope and ecological signatures do not
show any evidence for a decrease in primary productivity
that was previously assumed as a consequence of an extra−
terrestrial impact (see e.g., McGhee 1996; Joachimski et
al. 2002). Unsteady eutrophic, and oxygen−deficient eco−
systems during the KW Crisis might be assumed, espe−
cially when intensified by various tectono−volcanic spasms
(see review in Racki and Cordey 2000) in the incipiently
closing Ural Ocean. Whether this bloom of primary pro−
ducers was triggered mostly by accelerated nutrient supply
from various upwelling systems or continental runoff re−
mains speculative at this stage of study (e.g., House et al.
2000; Racki et al. 2002). For example, the latter excess nu−
trients might be tectonically stimulated (see Peterhansel
and Pratt 2001) by the developing orogeny in the Uralian
belt and along the eastern passive margin of Laurussia.
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Appendix 1
Chemical data (major elements) of F–F passage deposits from Syv’yu River Section, Subpolar Urals (see Fig. 3); * lower detec−
tion limit of the used methods for this sample only.

Sample Distance SiO2 Al2O3 TiO2 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Total
cm % % % % % % % % % % % %

CB99−222 0 84.71 0.49 0.021 0.37 0.004 0.08 7.37 0.07 0.15 0.12 6.69 100.07
Sv 96−100 215 8.11 1.18 0.046 0.84 0.03 0.6 48.58 0.12 0.27 0.05 38.61 98.44
CB99−226 270 4.89 1.11 0.042 0.83 0.041 0.52 51.86 0.02 0.24 0.03 39.98 99.56
CB99−227 277 31.77 7.04 0.378 3.36 0.028 1.07 28.44 0.15 1.76 1.79 24.38 100.16
CB99−228 284 15.67 1.8 0.073 1.66 0.039 0.8 43.66 0.21 0.36 0.05 34.1 98.41
CB99−229 291 8.78 1.64 0.063 1.01 0.039 0.74 48.4 0.12 0.36 0.16 37.88 99.2
CB99−300 296 53.43 15.79 0.844 2.65 0.011 1.84 8.05 0.05 4.19 0.13 11.82 98.8
CB99−301 301 13.43 2.57 0.093 3.08 0.063 0.81 42.97 0.21 0.45 0.07 35.11 98.87
CB99−305 346 10.94 2.02 0.095 1.47 0.03 0.79 46.07 0.09 0.5 0.06 36.88 98.94
CB99−309 386 32.4 7.66 0.36 3.72 0.032 1.05 25.96 0.04 1.99 0.54 24.99 98.74
CB99−310 394 8.43 1.49 0.067 0.91 0.022 0.65 48.02 0.06 0.35 0.31 38.43 98.73
CB99−312 412 50.74 13.75 0.666 2.77 0.019 1.55 10.96 0.06 3.72 0.54 14.17 98.93
CB99−313 418 11.83 2.18 0.079 1.67 0.019 0.7 45.41 0.09 0.53 0.22 35.84 98.57
CB99−314 425 40.14 11.23 0.536 3.53 0.031 1.43 19.58 0.12 2.96 0.46 20.38 100.39
CB99−316 439 44.56 10.92 0.558 3.44 0.034 1.61 17.08 0.09 2.86 0.29 18.92 100.37
CB99−317 447.5 14.47 2.09 0.082 1.02 0.017 0.73 44.49 0.17 0.47 0.11 35.31 98.95
CB99−318 454.5 13.72 1.95 0.067 0.74 0.017 0.66 44.59 0.08 0.45 0.29 36.19 98.76
CB99−320 479.5 46.99 10.99 0.553 2.55 0.03 1.36 15.36 0.06 2.87 1.29 16.84 98.9
CB99−321 490.5 33.11 5.71 0.249 2.08 0.037 0.85 28.9 0.06 1.45 1.05 25.26 98.75
CB99−322 493 37.06 6.75 0.312 2.53 0.038 0.91 26.04 0.08 1.7 1.37 23.44 100.23
CB99−323 500.5 34.38 6.24 0.306 3.58 0.047 0.85 26.24 0.04 1.56 0.33 25.1 98.67
CB99−325 511.5 40.63 9.66 0.363 3.72 0.032 1.07 17.63 0.08 2.16 0.32 24.62 100.27
CB99−326 520.5 8.09 1.15 0.021 1.9 0.017 0.5 46.61 0.12 0.22 0.06 39.92 98.6
CB99−327 522 6.62 0.98 0.043 13.22 0.018 0.46 39.39 0.06 0.27 0.12 35.66 96.84
CB99−328 523.5 5.22 0.36 0.008 1.98 0.013 0.51 50.35 0.06 0.04 0.04 41.13 99.71
CB99−329 525.5 7.79 0.38 0.008 0.69 0.007 0.47 48.81 0.08 0.01 0.04 40.33 98.61
CB99−330 530.5 11.43 0.54 0.017 0.94 0.013 0.45 47.49 0.06 0.15 0.07 39.25 100.41
CB99−331 532 11.29 1.13 0.042 1.37 0.02 0.44 46.03 0.06 0.25 0.13 38.89 99.66
CB99−332 533.5 13.75 1.14 0.042 0.7 0.017 0.4 44.7 0.05 0.27 0.13 37.95 99.14
CB99−333 535.5 13.15 1.09 0.039 0.87 0.02 0.35 44.77 0.06 0.18 0.1 38.09 98.73
CB99−334 539 7.89 1.26 0.062 0.77 0.02 0.45 47.02 0.07 0.33 0.27 42.17 100.32
CB99−335 542 3.76 0.54 0.013 0.48 0.011 0.47 51.96 0.07 0.08 0.04 42.39 99.8
CB99−336 543.5 2.61 0.44 0.013 0.52 0.009 0.48 52.38 0.07 0.09 0.04 42.8 99.44
CB99−337 545 5.07 1.09 0.046 0.85 0.011 0.56 50.54 0.08 0.25 0.37 41.2 100.06
CB99−338 546.5 2.48 0.55 0.025 0.91 0.011 0.5 51.53 0.08 0.13 0.04 42.54 98.8
CB99−339 548 2.61 0.56 0.017 0.41 0.015 0.48 53.23 0.06 0.08 0.03 42.8 100.3
CB99−340 549 2.3 0.68 0.034 0.38 0.019 0.42 52.89 0.07 0.14 0.08 43.18 100.2
CB99−341 550.5 3.94 0.45 0.008 0.38 0.011 0.45 52.56 0.05 0.11 0.07 42.31 100.34
CB99−342 553.5 5.71 0.22 0.004 0.2 0.007 0.42 52.02 0.05 0.06 0.02 41.56 100.25
CB99−344 561 2.28 0.15 0.004 0.19 0.007 0.47 54.15 0.03 0.02 0.03 43.04 100.37
CB99−345* 563 1.64 0.07 0.006 0.15 0.009 0.5 54.44 0.03 <0.01 0.02 43.12 99.97
CB99−346 566 3.48 0.3 0.008 0.22 0.009 0.49 53.05 0.03 0.26 0.03 42.46 100.34

Sv96−138/1 569 3.42 0.27 0.014 0.26 0.009 0.38 53.45 0.04 0.07 0.02 42.49 100.41
CB99−348 570 3.71 0.24 0.004 0.26 0.011 0.28 53.53 0.03 0.06 0.04 42.28 100.43
CB99−349 571 4.66 0.39 0.019 0.44 0.013 0.26 52.5 0.03 0.14 0.05 41.82 100.32
CB99−350 572.5 5.11 0.87 0.025 0.55 0.015 0.42 49.86 0.05 0.22 0.04 41.36 98.52
CB99−351 574 4.37 0.63 0.026 0.37 0.015 0.42 52.33 0.04 0.17 0.03 42.09 100.49
CB99−352 576.5 4.16 0.48 0.013 0.37 0.015 0.36 52.42 <0.01 0.08 0.04 42.06 99.99
CB99−353 580 5.36 0.43 0.013 0.51 0.013 0.29 52.28 <0.01 0.05 0.04 41.49 100.48
CB99−354 584 66.01 0.34 0.008 0.87 0.007 0.14 17.56 0.06 0.08 0.04 15.07 100.18
CB99−355 587 1.77 0.33 0.008 0.37 0.007 0.53 53.97 0.04 0.06 0.04 42.89 100.02
Sv96−134A 599 1.28 0.21 0.008 0.22 0.011 0.42 55.02 0.05 0.08 0.04 43.05 100.39



Appendix 2 

Chemical data (trace elements) of F- F passage deposits from Syv'yu River Section, Subpolar Ural s (see Fig. 3); * !ower detection limit of the used methods forthis sarople only. 

l s amole l Dislance Aa l As Au l Ba Cd Co l Gr l Cs l Cu l Hl lr Mo l Ni Pb l Rb Sb Sc l Sr .l Th U l V Y l Zn l Zr l La l Ce l Nd Sm l Eu l Tb Y b Lu 
cm in nom 'il h exceotion ot Au a 1d lr ai1 en in t 

GB 99-222 0.0 <0.3 <2 <5 18 0.4 1 4 <0.5 13 <0.5 <5 <5 13 <3 <20 0.2 0.7 112 <0.5 1.6 14 6 30 21 3.8 5 <5 0.8 0.2 <0.5 0.4 0.06 
Sv 96-100 215 0.4 <2 <5 22 <0.3 3 7 0.6 7 <0.5 <5 <5 5 <3 <20 0.6 2.1 247 1 1.7 15 17 19 28 11.5 16 10 2.1 0.5 <0.5 1.7 0.24 
GB 99-226 270 0.5 <2 <5 17 <0.3 3 6 <0.5 8 <0.5 <5 <5 7 <3 <20 0.4 1.8 237 0.9 1.4 13 10 21 26 10.4 12 5 1 0.3 <0.5 1.2 0.18 
GB 99-227 277 <0.3 4 <5 136 1.1 11 70 4.6 39 2.9 <5 <5 77 12 76 3.5 9 278 6 9.5 162 62 181 100 58 85 49 9.7 2.8 1.2 4.2 0.61 
GB 99-228 284 0.5 <2 <5 33 0.3 7 12 1.2 20 0.6 <5 <5 12 4 <20 1.2 2.8 238 2 4.2 21 14 38 30 11 .5 14 8 1.4 0.4 <0.5 1.4 0.21 
GB 99-229 291 0.6 <2 <5 28 0.6 5 11 1 15 <0.5 <5 <5 12 <3 <20 0.8 2.7 291 1.3 4.1 29 16 40 25 14.2 22 12 2.5 0.7 <0.5 1.5 0.23 
GB 99-300 296 0.5 <2 <5 296 <0.3 6 118 11 .6 109 6.6 <5 <5 39 12 231 1.5 17 130 14.2 5 153 21 103 215 32.9 43 13 2 0.5 <0.5 3.6 0.56 
GB 99-301 301 <0.3 5 <5 41 0.3 14 13 1.5 18 0.8 <5 <5 13 <3 24 1.3 5.3 214 3 1.4 25 14 35 35 14.3 28 14 3.1 0.7 <0.5 1.6 0.24 
GB 99-305 346 <0.3 <2 <5 40 <0.3 7 13 1.2 15 0.8 <5 <5 16 8 <20 1 3.5 259 1.8 1.2 22 12 42 36 12 18 8 2 0.5 <0.5 1.2 0.19 
GB 99-309 386 0.4 12 <5 146 0.9 14 56 5 80 2.9 <5 <5 80 22 72 3.8 12.3 265 6.9 9.5 204 38 155 89 41 .1 70 39 8.7 2 1.2 3.8 0.59 
GB 99-310 394 0.4 <2 <5 30 0.5 4 12 1.1 11 0.6 <5 <5 19 <3 <20 0.7 2.5 254 1.4 6.2 39 27 61 31 19.6 30 21 4.9 1.3 0.6 1.7 0.27 
GB 99-312 412 <0.3 <2 <5 261 <0.3 10 96 8.8 116 5.2 <5 <5 60 12 169 1.9 17.4 163 11.2 3.5 125 29 156 161 45.5 73 27 5.3 1.1 0.7 4.2 0.67 
GB 99-313 418 0.4 4 <5 36 <0.3 12 12 1.5 20 0.6 <5 <5 26 4 35 1.2 3.3 236 1.8 3.8 21 22 58 29 16.6 27 23 4.6 1 0.6 1.9 0.29 
GB 99-314 425 <0.3 7 <5 202 <0.3 13 62 7.1 89 4 <5 <5 85 19 119 2.2 12.7 229 8.3 4.8 135 40 192 111 41.7 60 28 6.1 1.5 0.8 3.8 0.6 
GB 99-316 439 <0.3 <2 10 219 <0.3 17 83 7.5 101 4.1 <5 <5 99 17 101 2.3 14 189 9.4 6.1 134 31 295 130 43 71 31 6.3 1.4 0.8 4.1 0.64 
Cb 99-317 447.5 <0.3 3 <5 35 0.6 6 14 0.9 13 0.6 <5 <5 10 4 <20 0.5 3 250 1.8 4.3 18 15 25 32 15.8 23 13 3.1 0.6 <0.5 1.6 0.25 
GB 99-318 454.5 <0.3 <2 <5 34 0.4 3 13 1 16 0.7 <5 <5 20 <3 22 0.7 2.6 369 1.5 2.8 28 15 57 24 17.2 26 13 2.7 0.8 <0.5 1.5 0.23 
GB 99-320 479.5 <0.3 7 7 226 0.7 13 84 6.6 64 3.8 <5 <5 95 15 107 2.1 12.2 187 8.8 12.2 232 45 177 134 49.4 78 37 8.1 2.1 1.1 4 0.59 
GB 99-321 490.5 <0.3 <2 <5 113 0.6 7 42 3.6 40 1.9 <5 <5 45 4 55 1.3 7.4 225 4.4 8.8 141 36 153 70 38.1 62 32 6.7 1.7 0.8 2.9 0.44 
GB 99-322 493 <0.3 3 <5 135 0.4 8 52 4.1 51 2.2 <5 <5 56 9 69 1.4 8.4 205 5.2 9.2 181 36 183 78 38.7 67 33 7.5 1.6 0.9 3.1 0.45 
GB 99-323 500.5 <0.3 10 7 123 <0.3 12 35 3.5 51 2.3 <5 8 60 18 59 2.2 7.4 241 5.2 7.2 92 21 77 87 24.3 46 20 4.4 1 <0.5 2.3 0.34 
GB 99-325 511.5 <0.3 18 8 149 <0.3 13 45 7.5 66 3.4 <5 17 45 18 100 2.2 8.9 175 10.7 9.6 177 26 87 82 27 46 23 4.9 1 <0.5 2.8 0.44 
GB 99-326 520.5 <0.3 7 <5 18 <0.3 2 3 <0.5 8 <0.5 <5 <5 5 <3 <20 0.3 1.3 701 0.5 1 . .4 30 6 16 21 5.4 8 <5 0.8 0.2 <0.5 0.5 0.07 
GB 99-327 522 <0.3 54 <5 24 1.4 3 8 <0.5 32 <0.5 <5 25 15 10 <20 1.6 1.2 498 0.8 2 31 7 31 17 5.6 10 <5 1 0.2 <0.5 0.5 0.08 
GB 99-328 523.5 0.4 8 <5 10 0.4 1 <2 <0.5 6 <0.5 <5 <5 2 <3 <20 0.2 0.5 737 <0.5 1.1 14 3 14 14 2.5 4 <5 0.4 0.1 <0.5 0.2 <0.05 
GB 99-329 525.5 0.3 2 <5 11 <0.3 1 <2 <0.5 4 <0.5 <5 <5 3 <3 <20 <0.2 0.4 756 <0.5 0.7 16 2 15 16 1.7 3 <5 0.3 <0.1 <0.5 0.1 <0.05 
GB 99-330 530.5 <0.3 4 <5 15 0.5 2 3 <0.5 5 <0.5 <5 <5 4 <3 <20 <0.2 0.7 755 <0.5 0.7 25 4 22 20 3 4 <5 0.5 0.1 <0.5 0.2 <0.05 
GB 99-331 532 0.3 5 <5 28 <0.3 3 7 <0.5 11 <0.5 <5 <5 6 <3 <20 0.4 1.4 599 0.9 2 41 6 27 24 5.6 8 <5 0.8 0.2 <0.5 0.4 0.06 
GB 99-332 533.5 <0.3 3 <5 27 <0.3 2 9 0.8 13 <0.5 <5 <5 11 <3 <20 0.5 1.6 508 1 1.3 38 7 45 24 6.1 8 <5 1 0.2 <0.5 0.5 0.08 
GB 99-333 535.5 0.3 <2 <5 25 <0.3 2 6 0.7 10 <0.5 <5 <5 7 <3 <20 0.3 1.4 498 1 1.7 35 7 35 27 5.8 9 6 1 0.2 <"0.5 0.5 0.07 
GB 99-334 539 0.6 3 <5 32 <0.3 3 9 0.7 13 <0.5 <5 <5 10 <3 <20 0.5 1.8 735 1.1 3.3 50 12 37 32 11.2 15 10 1.7 0.4 <0.5 0.8 0.13 
GB 99-335 542 0.5 <2 <5 13 <0.3 1 2 <0.5 4 <0.5 <5 <5 2 <3 <20 0.2 0.5 707 <0.5 1.1 22 5 20 19 2.8 4 <5 0.3 <0.1 <0.5 0.2 <0.05 
GB 99-336 543.5 0.3 4 <5 11 <0.3 2 <2 <0.5 5 <0.5 <5 <5 2 <3 <20 <0.2 0.5 691 <0.5 1.1 19 4 18 20 2.6 4 <5 0.3 <0.1 <0.5 0.2 <0.05 
GB 99-337 545 0.5 4 <5 19 <0.3 2 7 0.7 9 <0.5 <5 <5 7 <3 <20 0.2 1.1 620 0.9 1.7 29 5 30 20 4.6 8 <5 0.8 0.2 <0.5 0.3 0.05 
GB 99-338 546.5 0.3 6 <5 13 <0.3 2 <2 <0.5 6 <0.5 <5 6 4 <3 <20 0.2 0.6 704 <0.5 0.5 15 3 16 16 2.4 4 <5 0.4 <0.1 <0.5 0.1 <0.05 
GB 99-339 548 0.4 <2 <5 11 <0.3 1 3 <0.5 4 <0.5 <5 <5 3 <3 <20 <0.2 0.6 791 <0.5 1.7 14 3 11 16 3.4 4 <5 0.4 0.1 <0.5 0.2 <0.05 
GB 99-340 549 0.5 <2 <5 24 <0.3 2 5 <0.5 8 <0.5 <5 <5 5 <3 <20 0.3 1 784 0.6 2.9 22 6 13 20 5.2 7 <5 0.7 0.1 <0.5 0.4 0.06 
GB 99-341 550.5 0.5 2 <5 12 <0.3 1 3 <0.5 5 <0.5 <5 <5 4 <3 <20 <0.2 0.6 816 <0.5 0.9 17 3 10 18 3.6 5 <5 0.5 0.1 <0.5 0.2 <0.05 
GB 99-342 553.5 0.3 <2 <5 8 <0.3 <1 <2 <0.5 3 <0.5 <5 <5 4 <3 <20 <0.2 0.2 771 <0.5 1 13 2 6 20 1.3 <3 <5 0.2 <0.1 <0.5 0.1 <0.05 
GB 99-344 561 0.5 <2 <5 7 <0.3 <1 <2 <0.5 3 <0.5 <5 <5 3 <3 <20 <0.2 0.2 862 <0.5 0.7 10 1 5 12 1.4 <3 <5 0.2 <0.1 <0.5 0.1 <0.05 

GB 99-345' 563 0.5 <1 <2 8 0.4 0.7 3.5 <0.2 2 <0.2 <2 <2 4 <3 <10 <0.1 0.2 918 <0.1 0.6 7 2 <1 13 0.97 1 <1 0.11 <0.5 <0.1 0.06 0.01 
GB 99-346 566 0.6 <2 <5 10 <0.3 <1 2 <0.5 5 <0.5 <5 <5 4 <3 <20 <0.2 0.3 801 <0.5 1.1 11 2 9 16 2.2 3 <5 0.3 <0.1 <0.5 0.2 <0.05 
Sv96-138/1 569 <0.3 <2 <5 9 <0.3 1 <2 <0.5 6 <0.5 <5 <5 5 <3 <20 <0.2 0.4 718 <0.5 1 14 4 9 12 2.6 4 <5 0.3 0.1 <0.5 0.2 <0.05 
GB 99-348 570 0.4 <2 <5 8 <0.3 1 2 <0.5 5 <0.5 <5 <5 6 <3 <20 0.3 0.4 598 <0.5 0.6 14 3 13 14 2.4 <3 <5 0.3 <0.1 <0.5 0.1 <0.05 
GB 99-349 571 <0.3 <2 <5 11 0.3 2 3 <0.5 12 <0.5 <5 <5 8 <3 <20 0.2 0.6 535 <0.5 1.1 19 5 20 14 3.9 5 <5 0.6 0.1 <0.5 0.3 0.05 
GB 99-350 572.5 0.4 3 <5 18 <0.3 2 9 <0.5 17 <0.5 <5 <5 10 <3 <20 0.3 1.3 639 0.7 1.1 35 6 28 18 6.6 9 <5 0.9 0.2 <0.5 0.5 0.09 
GB 99-351 574 0.4 <2 <5 17 <0.3 1 2 <0.5 8 <0.5 <5 <5 6 <3 <20 <0.2 0.8 731 <0.5 1.2 28 6 14 16 4.7 5 <5 0.6 0.1 <0.5 0.3 0.05 
GB 99-352 576.5 0.4 <2 <5 14 <0.3 1 3 <0.5 7 <0.5 <5 <5 6 <3 <20 <0.2 0.6 621 <0.5 1 21 6 18 17 3.2 4 <5 0.5 0.1 <0.5 0.2 <0.05 
GB 99-353 580 <0.3 2 <5 14 0.4 1 3 <0.5 8 <0.5 <5 <5 7 <3 <20 0.3 0.5 524 <0.5 1 18 5 16 16 3.4 4 <5 0.5 0.1 <0.5 0.2 0.05 
GB 99-354 584 <0.3 2 <5 18 0.5 1 2 <0.5 9 <0.5 <5 <5 6 <3 <20 0.3 0.3 227 <0.5 0.5 15 3 30 18 1.5 <3 <5 0.3 <0.1 <0.5 <0.1 <0.05 
GB 99-355 587 0.6 <2 <5 9 <0.3 ... , 3 <0.5 G <0.5 <S <5 6 <3 <~0 O.? 0.6 74? <0.5 <0.5 1? 4 17 14 ?..9 4 <5 0.5 o 1 <0.5 0.? <0.05 
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