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Abstract. Ordovician K-bentonite beds have a long history of investigation all around the world. They have been reported from
Gondwana, the Argentine Precordillera, the Yangtze Platform, Laurentia, Baltica, and numerous terrains between Gondwana and
Baltica, which now constitute a part of Europe. In recent years several K-bentonite beds have also been discovered in the Upper
Ordovician of the Siberian Platform. This discovery is significant not only for their value in local and regional chronostratigraphic
correlation but also for global geochronology, paleogeography, paleotectonic and paleoclimatic reconstructions. All in all, eight
individual K-bentonite beds have been identified in the Baksian, Dolborian and Burian regional stages, which correspond roughly
to the Upper Sandbian–Katian Global Stages. Zircon crystals from the uppermost K-bentonite bed within the Baksian regional
stage provide a 206Pb/238U age of 450.58 ± 0.27 Ma. We will present preliminary results of the study of the three lowermost beds
from the Baksian Regional Stage and suggest that the Taconic–Enisej (also spelled Yenisei or Yenisey) volcanic arc was continuous
along the western margin of Siberia.
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INTRODUCTION
Extra-basinal K-bentonite correlations in the Paleozoic
depend heavily upon the success of regional-scale
correlation efforts utilizing whole-rock and single-crystal
methods. In order to test stratigraphic models that
describe facies distributions in continental margins, it is
critical to correlate beds at high precision across several
depositional environments. Toward such correlations,
numerous K-bentonite beds have been sampled from the
late Sandbian and early Katian stages of eastern North
America and the Baltic Basin to provide some insight
into Laurentian regional stratigraphy. Recently, eight Kbentonite beds were discovered in the Late Ordovician
of the Tungus basin on the Siberian Platform. All the
beds were identified in the outcrops of the Baksian,
Dolborian and Burian regional stages, which correspond
roughly to the Upper Sandbian, Katian and probably
lowermost Hirnantian Global Stages (Bergström et al.
2009). The three lowermost beds from the Baksian
Regional Stage were studied in detail (Fig. 1). They are
represented by thin beds (1–2 cm) of soapy light gray or
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yellowish plastic clays and usually easily identifiable in
the outcrops. The beds were traced in the outcrops over
a distance of more than 60 km along the Podkamennaya
Tunguska River valley.
All K-bentonite beds have been found within the
Upper Ordovician carbonate succession. The three
lowermost K-bentonite beds, which were sampled, have
been studied by powder X-ray diffraction (XRD) and
scanning electron microscopy (ESEM) together with
energy dispersive X-ray analysis. Modeling of the XRD
tracings using NEWMOD showed the samples consist
of R3-ordered illite–smectite (I–S) with 80% illite and
20% smectite plus a small amount of corrensite, which
is a regularly interstratified chlorite–smectite. The
presence of a corrensite phase indicates a highly oxidizing
environment (Barrenechea et al. 2000; Kiipli et al. 2012).
And the low percent of smectite in both mixed-layer
phases reflects a high degree of burial metamorphism
since the time of their origin. The K-bentonites provide
evidence of intensive explosive volcanism on or near
the western (in present-day orientation) margin of the
Siberian craton in Late Ordovician time.
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Fig. 1. Stratigraphic distribution and correlation of Upper Ordovician K-bentonite beds in the Siberian Platform.

GEOLOGICAL SETTING AND
STRATIGRAPHY
During the Cambrian, Ordovician and Silurian the
Siberian Platform, which constitutes the core of the
Siberian paleocontinent, was located in the low latitude
tropical area, migrating slowly from the southern
hemisphere in the Cambrian and Lower Ordovician to
the northern hemisphere in the Upper Ordovician and
Silurian (Cocks & Torsvik 2007). The central part of
this continental bloc was occupied by the extensive
intracratonic Tungus basin (Markov 1970; Kanygin
et al. 2007). The Lower Ordovician and the lower part
of the Middle Ordovician series (from Nyaian to
Kimaian regional stages) of the basin are represented by
a succession of warm-water tropical-type carbonates.
The Upper Ordovician series (from Chertovskian to
Burian regional stages) by contrast has been described

as represented by a succession of cool-water carbonates
dominated by bioclastic wackestone and packstone beds
intercalated with fine-grained terrigenous sediments
(Dronov et al. 2009; Kanygin et al. 2010; Dronov
2013). The two-carbonate successions of contrasting
lithologies are separated by a unit of pure quartz
sandstones up to 80 m thick (Baykit Sandstone), which
is overlain by the fine-grained terrigenous deposits of
the Volginian and Kirensko-Kudrinian regional stages
(Dronov et al. 2009; Kanygin et al. 2010).
All K-bentonite beds have been found within the
Upper Ordovician carbonate succession. The three
lowermost K-bentonite beds, which were sampled, are
located within the Mangazea Formation (Baksian regional
stage). Precise biostratigraphic correlation of the Siberian
regional stages to the Global Ordovician Stages remains
problematic due to the endemic character of the Siberian
fauna, but these beds appear to be located near the
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Sandbian–Katian boundary (Fig. 1). The Mangazea
Formation is interpreted as a highstand systems tract
of the Mangazea depositional sequence (Kanygin et al.
2010). In the outcrops along the Podkamennaya Tunguska
River valley and its tributaries it is represented by
greenish-gray siltstones alternating with bioclastic limestone beds. The bioclasts are predominantly fragments
of brachiopods and trilobites as well as echinoderms,
ostracods and bryozoans. The limestone interbeds sometimes show ripple marks on their upper bedding planes.
The intercalations of siltstones and bioclastic limestones
of the Mangazea Formation are interpreted as coolwater carbonate tempestites deposited in the middle
ramp settings (Dronov et al. 2009; Kanygin et al. 2010;
Dronov 2013).
The K-bentonites from the Mangazea Formation are
generally represented by thin beds (1–2 cm) of soapy
light gray or yellowish plastic clays. They are different
by consistence and color from the enclosing sediments
and usually easily identifiable in the outcrops. The
lowermost (K-bentonite-I) bed of the Mangazea Formation
was traced over a distance of more than 60 km along the
Podkamennaya Tunguska River valley. The other two
beds (K-bentonite-II and K-bentonite-III) were traced
over at least 40 km.

MINERALOGY AND GEOCHEMISTRY
A portion of each sample was suspended in distilled
water after particle separation by ultrasonic disaggregation. The < 0.2 µm size fraction was recovered
by ultracentrifugation and was used to make oriented
slides by the smear technique for powder XRD analysis.
After drying and vapor-saturation with ethylene glycol
for 48 h at 50 °C, the slides were analyzed by powder
XRD using a Siemens D-500 automated powder
diffractometer. Slides were scanned at 0.2° 2Θ/min
using CuKa radiation and a graphite monochromator.
Powder diffraction patterns of I–S were modeled using
the NEWMOD computer program of Reynolds (1985).
The ethylene glycol-saturated diffraction patterns shown
in Fig. 2A have essentially the same clay composition.
There is an R3-ordered mixed-layer I–S component
with about 90% illite represented by peaks at 10.7, 9.72,
5.10 and 3.34 Å. There is chlorite and probably some
corrensite (mixed-layer chlorite–smectite) at 14.9, 7.1,
4.71 and 3.52 Å. These are fairly typical patterns for Kbentonites that have undergone a very slight amount of
low-grade metamorphism (Krekeler & Huff 1993).
Modeling of the diffraction tracings using NEWMOD
(Reynolds 1985) showed the samples to contain 80%
illite and 20% smectite. The same conclusion results
from consideration of the ∆2Θ value of 5.1 Å, which
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measures the difference between the 001/002 and 002/003
reflections of I–S (Moore & Reynolds 1997). Huff et al.
(1991) described long-range or R3-ordered I–S in
Llandovery K-bentonites from northern Ireland and the
Southern Uplands of Scotland. Batchelor & Weir (1988)
interpreted powder diffraction analysis of K-bentonite
clays from the Southern Uplands as R0-ordered I–S;
however, their XRD tracings clearly show R3-ordering.
Silurian K-bentonites from Podolia, Ukraine, contain
R0-ordered I–S in carbonate facies and R1–R3-ordered
I–S in the shale facies (Huff et al. 2000). The preservation
of randomly ordered I–S is frequently interpreted as
indicative of a shallow burial history with a history of
relatively low temperatures. Such clays would be
expected to show a transition to more highly ordered
forms during increased burial metamorphism (Altaner
& Bethke 1989), particularly in shales and mudrocks
undergoing basinal subsidence. However, the Siberian
sequence of K-bentonites, which occurs on the edge
of the Siberian Platform, contains I–S ratios that seem
to vary more with the rock type than with depth,
showing no systematic depth-dependent variation in
illite percentage. This relationship suggests that facies
composition and K-availability factors rather than thermal
history may have played a leading role in determining
clay mineral characteristics. Heavy minerals in the
K-bentonite layers provide further evidence of a
volcanogenic origin in the form of euhedral zircon and
apatite phenocrysts (Fig. 2B, C).
The K-bentonite beds from the Baksian Regional
Stage (Katian) of the southwestern part of the Tungus
basin in Siberia are clearly derived from the alteration of
volcanic ash falls. All three beds contain volcanogenic
euhedral zircon and apatite phenocrysts. Zircon crystals
from the uppermost K-bentonite bed within the
Baksian Regional Stage provide a 206Pb/238U age of
450.58 ± 0.27 Ma. This appears to be nearly the same age
as the Haldane and Manheim beds in North America
(Fig. 3). The Manheim is in the Diplacanthograptus
spiniferus graptolite Zone and the Haldane is likely with
the upper part of the Belodina confluens conodont Zone,
which indicates the bed would be mid-Katian and latest
Mohawkian. The timing of volcanism is surprisingly
close to the period of volcanic activity of the Taconic
arc near the eastern margin of Laurentia. It looks like
the Taconic arc has its continuation along the western
continental margin of Siberia and both of them constitute
a single Taconic–Enisej (also spelled Yenisei or Yenisey)
volcanic arc. Field studies of the Upper Ordovician
succession along the Moyero River in the vicinity of the
Anabar shield demonstrate an absence of K-bentonite
beds along the eastern margin (in present-day orientation)
of the Siberian Platform. This contradicts popular paleogeographic interpretations and points to the position of
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Fig. 2. A, X-ray diffraction patterns of K-bentonite bed 1 showing air-dried, glycolated and heated traces. B, C, ESEM images of
apatite and zircon phenocrysts from bed 3.

a subduction zone along the western but not the eastern
margin of the Siberian paleocontinent at that time.

PALEOTECTONIC POSITION AND
VOLCANIC SOURCE
The K-bentonite beds discussed in this paper are
situated on the southwestern margin of the big
intracratonic basin. Exact location of the volcanoes that
produced these ash beds still remains unknown. It seems
reasonable to suggest that the source of volcanic ash
was at or near the border of the Siberian Platform. In
our case it is a southwestern border in present-day
orientation. Volcanic rocks of Ordovician age are
known from Tuva, Eastern Kazakhstan (Chingiz Range)

and supposedly existed within the basement of Western
Siberia under the Mezo-Cenozoic cover of the West
Siberian basin (Dergunov 1989). Sengör et al. (1993)
introduced a term Kipchak Arc for a collage of terranes
from the Altaj-Sayan area, Northern Tian Shan and
Kazakhstan. But the existence of this enormous island
arc, which they believed to have stretched between
Baltica and Siberia, does not agree perfectly with
the data from regional geology. The best-preserved
fragments of an undoubtedly Ordovician island arc
which collided with the Siberian craton in Late
Ordovician–Early Silurian time are known from the
Chingiz-Tarbagatai Range in eastern Kazakhstan. It is
usually called the Chingiz-Tarbagatai Arc (Dobretsov
2003).
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Fig. 3. Comparison of the U/Pb ages of zircons from the Siberian Platform and the Taconic Foreland Basin plus comparative ages
from Ordovician beds in Oklahoma and the Baltic Platform. The 454 Ma age represents the Kinnekulle K-bentonite. The symbols
represent the exact age measurement for each sample and the colored zones represent the error margins.

Fig. 4. Proposed paleogeographic reconstruction of the Late Ordovician showing a continuous subduction zone along the
Laurentian and Siberian Platform margins.
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DISCUSSION

CONCLUSIONS

Ordovician K-bentonite beds have a long history of
investigation all around the world. They have been
reported from Gondwana (Ramos et al. 2003), the
Argentine Precordillera (Huff et al. 1998), the Yangtze
Platform (Su et al. 2003), Laurentia, Baltica, and numerous
terrains between Gondwana and Baltica, which now
constitute a part of Europe (Huff et al. 2010 and
references therein). Previous studies of Ordovician
K-bentonites in eastern North America and northwestern
Europe contain mixed-layer I–S clay with 75–90% illite.
Besides their regularly interstratified I–S clay ratio
between 3 : 1 and 4 : 1 (e.g. Reynolds & Hower 1970),
Ordovician K-bentonites contain differing amounts of
primary and secondary non-clay minerals, some of which
provide additional stratigraphic and tectonomagmatic
information. The main primary minerals, mostly in
the form of isolated, euhedral phenocrysts, are quartz,
biotite, plagioclase and potassium feldspar, ilmenite,
apatite, zircon and magnetite.
Considerable information has been published in
recent years on the smectite to illite conversion during
diagenesis, and its correlation with organic maturity
(Velde & Espitalié 1989). While many studies indicate
that multiple factors influence the progress of clay
diagenesis, including the initial composition of smectite,
fluid composition and the rock to water ratio (Freed &
Peacor 1989), most authors have generally considered
time, temperature and K+ availability to be the most
important factors (Hoffman & Hower 1979; Huang
et al. 1993; Pollastro 1993). Clay minerals derived from
the alteration of felsic volcanic ash are sensitive to
the thermal conditions and the geochemical environments, which have characterized their post-emplacement
history. The transition of I–S to R3-ordering occurs
during burial metamorphism at about 150–175 °C, and
under equilibrium conditions complete the transition
to illite at about 250 °C (Rateyev & Gradusov 1970;
Hoffman & Hower 1979). Previous studies have
shown that I–S in K-bentonites as well as in shales is
a diagenetic product of smectite alteration (Altaner et
al. 1984; Bethke et al. 1986; Brusewitz 1988; Anwiller
1993) and that further alteration to chlorite–smectite
occurs under low-grade metamorphic conditions
(Krekeler & Huff 1993). However, more recent work
(Essene & Peacor 1995; Sachsenhofer et al. 1998) has
cautioned against the unequivocal use of interstratified
I–S as a geothermometer and has provided further
evidence that factors such as pore fluid chemistry
and rock to fluid ratios can have an important role
in determining the reaction progress of clay mineral
diagenesis.

The K-bentonite beds from the Upper Ordovician
Mangazea Formation of the southwestern part of the
Tungus basin in Siberia seem to be derived from the
alteration of volcanic ash falls. Their appearance points
to the intensive explosive volcanism on or near the
western (in present-day orientation) margin of the
Siberian craton in Late Ordovician time (Fig. 4). The
timing of volcanism in the Ordovician of Siberia is
surprisingly close to the period of volcanic activity of
the Taconic arc near the eastern margin of Laurentia. It
looks like both arcs were activated by the same plate
tectonic reorganization. Similar to the situation in North
America, the Upper Ordovician K-bentonite beds in
Siberia are associated with cool-water carbonates.
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