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ARTICLE INFO ABSTRACT

Article history: The Siberian Traps large igneous province is of enormous size (~7 x 10% km?) and volume (~4 x 10% km?). It con-
Received 4 February 2011 tains effusive, intrusive and volcanoclastic rocks varying in compositions from ultramafic to felsic, though low-Ti
Accepted 2 April 2013 basalts and their intrusive analogs are the predominant rock types. In this paper, we provide new “°Ar/>°Ar ages

Available online 11 April 2013 for two lava units of the geographic center of the Siberian Traps, the Central Putorana region (240.9 + 1.3/2.6/

5.5 and 246.6 + 1.4/2.7/5.6 Ma, where ages are calculated relative to Bern4dM with an assigned age of 18.7

ﬁx:;fgf:'age (£0.096) Ma and errors are stated in the form 4 x/y/z, where x and y and z are analytical, internal and external
Large igneous provinces errors, respectively), three dolerite sills from the Angara-Taseevskaya syncline of the southeastern Siberian
Flood basalts Traps (242.8 + 1.3/2.6/5.0 Ma, 239.1 + 1.1/2.5/49 Ma and 255.8 + 4.7/5.3/6.9 Ma) and a lamproite dyke from
Siberian Traps the Noril'sk region (238.3 + 1.3/2.6/5.3 Ma). In combination with available geochronologic data our results

suggest that voluminous low-Ti basaltic magmatism appeared during different pulses. At least two volcanic pulses
are recognized: at the Permo-Triassic boundary (~249 Ma or 252 Ma using the “°Ar/*Ar and U-Pb timescales,
respectively) and about 10 Ma later in the Middle Triassic. Granitic magmatism overlapped in time with the
two flood basalt pulses, but continued into the Late Triassic (~229 Ma using the U-Pb timescale). Prolonged
magmatism of the Siberian Traps province is also supported by geologic observations and paleomagnetic data.
New geochronologic findings are discussed in light of the different models for the origin of the Siberian Traps
and applied to a Middle Triassic mass extinction event.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

The Siberian Traps large igneous province is of enormous size
(~7 x 10° km?) and volume (~4 x 10° km?) (Masaitis, 1983; Ivanov,
2007). Itincludes ultramafic alkaline, mafic and felsic rocks that erupted
in different proportions within a vast region of several thousands of
km? across Western and Eastern Siberia (Fig. 1). The Siberian Traps
province is often considered to be of the very short duration of the ba-
saltic volcanism, referred to as flood basalt volcanism. A large volume
of lavas erupted at the Permo-Triassic boundary within probably less
than 1 Ma in the northern part of the Siberian Traps province. Near
Noril'sk the lavas reach thicknesses of over 3 km and further to the
northeast, in the Maimecha-Kotui region, half of the total lava pile is
composed of ultramafic rocks (meimechites) (Renne and Basu, 1991;
Basu et al., 1995; Venkatesan et al., 1997; Kamo et al., 2003; Reichow
et al,, 2009) (Fig. 1). Volcanic rocks of this age were met in drillcore in
the West Siberian Basin (Reichow et al., 2002, 2009) (Fig. 1). This
Permo-Triassic volcanic pulse is known as Siberian flood basalt volca-
nism. However, older and younger “°Ar/3°Ar ages have been reported
for dolerite intrusions and basaltic lava (Baksi and Farrar, 1991;
Dalrymple et al., 1995; Reichow et al., 2002; Vrublevskii et al., 2004;
Ivanov et al., 2005; Walderhaug et al., 2005; Ivanov et al., 2009;
Reichow et al., 2009). The reliability of these “°Ar/>*Ar ages was debated
(e.g. Baksi, 2007a,b). It is now accepted that at least some of the
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published ages are anomalously old due to the presence of excess “°Ar
(see Renne, 1995 for reconsideration of “°Ar/*°Ar biotite age from
Noril'sk-1 intrusion), while some of the ages could be anomalously
young due to partial loss of radiogenic “°Ar (Baksi, 2007a,b). Nonethe-
less, Triassic ages from some regions, for example the
Angara-Taseevskaya syncline in the southeastern part of the province
(Ivanov et al., 2005, 2009), and the Chelyabinsk basin (Reichow et al.,
2009) in the western part of the province (Fig. 1), are not questioned.
Thus, it is timely to consider Siberian Traps magmatism beyond the
well-defined Permo-Triassic flood basalt event.

In addition to basalts, anorogenic granites are abundant in the
peripheral parts of the Siberian Traps province and are considered to
be related to basaltic magmatism (Vernikovsky et al.,, 2003; Dobretsov
etal,, 2005). U-Pb dating suggests that granitic magmatism started con-
temporaneously with basaltic magmatism and lasted into the Triassic
(Vladimirov et al,, 2001; Kamo et al.,, 2003; Vernikovsky et al., 2003;
Vernikovskaya et al., 2010). Thus, further questions concerning the
timing and distribution of both basaltic and granitic magmatism should
be answered.

In this paper we report “°Ar/3>°Ar ages from two samples collected
from the previously undated Central Putorana region, near the geo-
graphic center of the Siberian Traps, from three samples from the
Angara-Taseevskaya syncline, known previously for the existence of
both Permo-Triassic and Triassic magmatism (Ivanov et al., 2005,
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Fig. 1. General map of the Siberian Traps large igneous province (simplified and modified after Masaitis, 1983). Localities mentioned in the text: N — Noril'sk, T — Taimyr peninsula,
MK — Maimecha-Kotui area, CP — Central Putorana, TS — Tunguska syncline, ATS — Angara-Taseevskaya syncline, KB — Kuznetsk Basin, Ch — Chelyabinsk, BI — Belkov island,
WSB — West Siberian Basin, SG6 — super deep drill-hole no. 6, 22P — regional drill-hole no. 22.
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2009; Paton et al,, 2010), and from one sample of a lamproite dyke from
Noril'sk, a classic locality for voluminous Permo-Triassic flood basalt
volcanism. We also review available geochronologic (“°Ar/*°Ar and
U-Pb) and paleomagnetic data from other regions to show that the
Siberian Traps magmatism lasted for about 25-30 Ma, and discuss our
results in terms of different models for the origin of the Siberian Traps
province and their application for the study of mass extinctions.

2. Terminology: large igneous province and/or flood
basalt province

Recently, Sheth (2007) and Bryan and Ernst (2008) addressed the
definition and terminology of large igneous provinces and their rela-
tion to flood basalt provinces. A flood basalt province is a region cov-
ered by thick units of basaltic lava. “Basaltic” is used in a broad sense
including both silica undersaturated and oversaturated rocks such as
meimechites and basaltic andesites, respectively, in addition to classic
basalts. It is known that enormous amounts of basaltic magma can be
erupted during geologically short periods (<1 Ma), and the Siberian
Traps province is no exception (Renne and Basu, 1991; Kamo et al.,
2003; Reichow et al., 2009). In this sense, the Siberian Traps is a
flood basalt province. However, traditionally various rock types
were considered as constituent parts of the Siberian Traps. For exam-
ple, the Bolgokhtokh massif of granites and related rocks is spatially
closely associated with the famous flood basalt units of nearby
Noril'sk (Komarova, 1968). These granites were assumed to be differ-
entiates of basaltic magma (Ryabov et al., 2001, in press). It appeared
that the age of the Bolgokhtokh granites is significantly (>20 Ma)
younger than that of the neighboring flood basalts (Dalrymple et al.,
1995; Kamo et al., 2003), but granites similar in composition are
known from the Taimyr and Kuznetsk Basins where they were
emplaced contemporaneously with the flood basalts (Vladimirov et al.,
2001; Vernikovsky et al., 2003). Coeval granites and basalts are also
known in other peripheral regions of the Siberian Traps (Dobretsov et
al, 2005).

3. Analytical procedure

The analytical procedures were essentially the same as in our previ-
ous study (Ivanov et al., 2009). Briefly, major and trace elements (the
latter including platinum group elements (PGE)) were determined by
classic wet chemistry at the Institute of the Earth's Crust SB RAS
(Irkutsk, Russia) and by inductively-coupled plasma mass-spectrometry
at the Institute of Geology and Mineralogy SB RAS (Novosibirsk, Russia),
respectively. PGE concentrations were determined by isotope dilution
modified after Pearson and Woodland (2000). Analytical protocols for
the trace element and PGE analyses have been described elsewhere
(Nikolaeva et al., 2008; Palesskii et al., 2009). Measured concentrations
are listed in Table 1.

As for “°Ar/>°Ar dating, two samples (XA39 and XZ1) from the
Central Putorana region were processed in exactly the same way as
samples from our previous study (Ivanov et al., 2009). The samples
selected for “°Ar/>°Ar dating were the least altered in the available
collection. Secondary alteration was assessed on the basis of petro-
graphic investigation under a polarizing microscope and based on
loss on ignition values (LOI) (Table 1). The samples were crushed
and sieved, and plagioclase crystals were then picked under a binoc-
ular microscope. The plagioclase separates were pretreated by diluted
HF to remove ingrowths of secondary minerals if such plagioclases
were not recognized under binocular. Irradiation parameters and
the stepwise-heating procedure are listed in He et al. (2004) and
Ivanov et al. (2009). The mineral standard used for the age calcula-
tions was Bern4M with an assigned age of 18.7 (£0.096) Ma, which
corresponds to the age of 98.79 Ma for standard GA1550 (Baksi et
al., 1996; Renne et al., 1998). Ages were calculated using the decay
constants of Steiger and Jdger (1977). Discussing the “°Ar/3°Ar

Table 1
Major and trace element data for samples dated in this work.
XZ1 XA39 ZP10 ST-05-34 ST-05-4 ST-05-48
Si0, 50.64 49.64 53.78 49.44 48.73 47.94
TiO, 0.95 130 1.62 1.50 2.13 1.93
ALLO3 15.78 15.41 8.85 13.60 14.70 14.00
Fe,03 3.63 2.69 4.75 3.27 533 3.78
FeO 6.62 9.18 2.54 9.30 8.78 10.00
MnO 0.14 0.17 0.05 0.20 0.17 0.26
MgO 6.17 6.17 7.76 6.41 5.05 5.55
Ca0 10.29 10.35 521 11.70 10.00 10.32
Na,O 2.44 2.30 1.06 2.28 2.74 3.12
K,0 0.91 0.31 8.3 0.58 0.69 0.86
P,05 0.20 0.14 2.13 0.15 0.25 0.19
LOI 2.15 1.96 3.48 2.00 1.63 1.79
Total 99.92 99.62 99.63 100.43 100.20 99.74
Sc 45 51 24
\" 256 338 128
Cr 152 159 324
Co 41 52 24
Ni 62 88 72
Rb 17.6 5.1 181 114
Sr 380 255 3464 183
Y 34 31 35 29
Zr 133 103 647 108
Nb 8.8 5.1 64 55
Cs 2.5 0.42 0.44 0.45
Ba 408 165 7130 172
La 18.8 8.2 129 9.5
Ce 36 17.6 242 22
Pr 4.8 2.7 34 33
Nd 20.0 12.6 134 12.5
Sm 43 3.6 21 32
Eu 1.17 1.19 54 1.23
Gd 44 4.2 13.8 4.7
Tb 0.72 0.75 1.56 0.75
Dy 4.8 4.7 7.0 5.4
Ho 1.05 1.01 1.12 1.02
Er 3.1 29 2.8 3.0
Tm 0.47 0.45 035 0.46
Yb 32 2.8 2.2 3.1
Lu 0.46 0.40 0.30 0.50
Hf 32 2.7 18.0 33
Ta 0.50 0.35 2.7 0.36
Pb 6.6 4.0 66
Th 2.1 1.09 13.2 1.52
§) 1.06 0.54 44 0.36
Ru 0.66 0.34 0.02
Pd 1.85 15.1 b.d.l
Ir 0.11 0.09 435
Pt 1.39 15.6 10.15

Note: Major elements — wt.%, all trace elements from Sc to U — ppm, PGE — ppb. B.d.l. —
below detection limit. Empty cells — not analyzed.

analytical data we use the following terms: plateau, isochron/
errorchron (isotope correlation) and integrated step ages. ‘Plateau’
is defined for a number of consecutive steps that together comprise
more than 50% of the 3°Ar released and in which the apparent ages
belong to the same normal distribution at 95% confidence level
according to the chi-square test (Baksi, 2007a; http://www.
mantleplumes.org/ArAr.html). For this, the calculated mean square
weighted deviation value (MSWD) was multiplied by the corre-
sponding degree of freedom (i.e. number of steps minus 1 for a pla-
teau, and number of steps minus 2 for an isotope correlation) and
thus the obtained chi-square value was compared with available
chi-square tables (e.g., Miiller et al., 1979). If consecutive steps do not
pass the chi-square test, we refer to it as ‘integrated step’ age. ‘Isochrons’
and ‘errorchrons’ are also calculated in “°Ar/?°Ar-“CAr/*°Ar coordinates
and distinguished on the basis of a chi-square test. Errors are stated in
the form £ x or +X/y or +X/y/z, where x, y and z are analytical, internal
and external errors, respectively (Koppers, 2002). The analytical error
does not include the error of the age standards, whereas the internal
error does. The former is used to compare ages obtained for samples
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of the same irradiation. The latter error is used for comparing ages
obtained from different irradiations. External errors account for 4°K
decay uncertainties (Koppers, 2002). Complete analytical tables are
available as supplementary material.

Three further samples (ST-05-4, ST-05-34, ST-05-48) from the
Angara-Taseevskaya syncline were processed in exactly the same
way as samples XA39 and XZ1, except that they were pre-treated
with HNOs instead of HF. The standard for the age calculations was
TCs with an assigned age of 28.34 (£0.085) Ma, which corresponds
to the age of 98.79 Ma for standard GA1550 (Renne et al., 1998).

One sample of a lamproite dyke (ZP10) from Noril'sk was analyzed at
the Institute of Geology and Geophysics CAS (Beijing, China) and at the
Institute of the Earth's Crust SB RAS (Irkutsk, Russia). Mica crystals were
picked for “°Ar/>°Ar dating. The aliquot analyzed at the Institute of Geol-
ogy and Geophysics CAS (Beijing, China) was pre-treated with HF, while
two other aliquots analyzed at the Institute of the Earth's Crust SB RAS
(Irkutsk, Russia) were not treated by any acids. Measurements were
performed on a MM5400 mass-spectrometer at the former institute and
on an Argus VI mass-spectrometer at the latter. The mineral standard
used for the age calculations in both cases was Bern4M (see above infor-
mation on the age of the standard). Irradiation parameters used at the
Institute of the Earth's Crust SB RAS (Irkutsk, Russia) were the same as
in other 4°Ar/3°Ar studies delivered from the Institute of Geology and
Mineralogy SB RAS (Novosibirsk, Russia) (e.g. Vernikovsky et al., 2003;
Travin et al., 2009).

4. Results for the Central Putorana and Noril'sk
4.1. Flood basalt stratigraphy and published geochronologic data

The northern part of the Siberian flood basalt province was
subdivided into different regions with their own stratigraphy
(Zolotuhin et al., 1986) (Fig. 2). Each such region is characterized by
petrographically and chemically distinct stratigraphic units, referred
to as suites (Fig. 3). Lacking precise radioisotopic dating, the general
strategy for the correlation of suites between different regions was
based on the assumption that petrographically and chemically similar
lava suites have the same age. Within the Noril'sk-Kharaelakh and
Khantaisk-Rybninsk regions, the Nadezhdinsky suite was traced in nat-
ural outcrops and by drilling. The thickness of the Nadezhdinsky suite in
these regions varies from 200 to 570 m (Zolotuhin et al., 1986). In the
Russian geologic literature, volcanic deposits below the Nadezhdinsky
suite with maximal thicknesses of 1 km are referred to as basalts of
the ‘rift stage’, and those above the Nadezhdinsky suite with maximal
thicknesses of up to 2.5 km are referred to as basalts of the ‘flood
stage’ (e.g. A'mukhamedov et al., 2004). In the Noril'sk-Kharaelakh
and Kamensk regions, an unconformity was mapped between the
Nadezhdinsky and Morongovsky suites; in the Khantaisk-Rybninsk re-
gion the unconformity was mapped between the Nadezhdinsky and
Ayansky and between the Ayansky and Honno-Makitsky suites, whereas
in the Central Putorana region the unconformity was mapped between
the Ayansky and Honno-Makitsky suites (Fig. 4). Generally speaking,
the majority of rocks below the Nadezhdinsky suite belong to a
high-Ti rock series, whereas almost all rocks above the Nadezhdinsky
suite are classified as low-Ti basalts, also known in the literature as
low-K tholeiites (Fedorenko et al,, 1996; Al'mukhamedov et al., 2004).
Basalts of the Nadezhdinsky suite belong to a particular sub-type of
the low-Ti rock series (Fedorenko et al., 1996).

4OAr/3°Ar ages available for those suites from which samples were
previously dated were recalculated to the same age standard and
are shown in Fig. 3. Two things are seen immediately in Fig. 3. First,
the “°Ar/*°Ar ages obtained by different studies for the same suites in
the closely spaced Noril'sk-Kharaelakh and Khantaisk-Rybninsk regions
are in good agreement. Secondly, there is significant disagreement
between ages for the Tunguska region obtained by Baksi and Farrar
(1991) and for south Central Putorana region by Reichow et al. (2009).
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Fig. 2. Permo-Triassic magmatic regions of the northern part of the Siberian Traps large
igneous province (after Zolotuhin et al., 1986). Volcanic regions are shown in different
colors: N-Kh — Noril'sk-Kharaelakh, Kh-R — Khantaisk-Rybninsk; K — Kamensk; Kh —
Kheta; M-K — Maimecha-Kotui; K-L — Kureika-Letninsk; C-P — Central Putorana; E-P —
Eastern Putorana; T — Tunguska; S-T — South Taimyr. Stars mark localities of samples
dated by “°Ar/>°Ar: BF — Baksi and Farrar, 1991; RB — Renne and Basu, 1991; D — Dalrymple
etal, 1995; B—Basu et al,, 1995; V — Venkatesan et al., 1997; W — Walderhaug et al., 2005;
R — Reichow et al., 2009; T — this work. U-Pb ages of Kamo et al. (2003) are from the
Noril'sk-Kharaelakh and Maimecha-Kotui volcanic regions. Location of drill-hole no. 22P
is also shown. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

The samples from these two studies were collected from widely
separated localities.

Most of the “°Ar/3°Ar ages scatter around 249 Ma (Fig. 3), in gen-
eral agreement with U-Pb data obtained for lavas and intrusions from
the same regions (Kamo et al., 2003), after the systematic difference
between “°Ar/3°Ar and U-Pb ages is accounted for (Min et al., 2000;
Ivanov, 2006).

4.2. New “°Ar/*°Ar dating results — lavas

For our “°Ar/*°Ar study, we have taken a low-Ti basalt sample (XA39)
from the previously undated Honna-Makitsky suite at the southern
shore of Lake Khantaiskoe (Fig. 4). Here, the Honna-Makitsky suite is un-
derlain by a 45 m thick tuff layer with numerous plant impressions. The
Honna-Makitsky suite was considered an analog of the Mokulaevsky
suite of the Noril'sk-Kharaelakh and Khantaisk-Rybninsk regions
(Fig. 3). It is shown in Figs. 5 and 6 that sample XA39 has very similar
trace and platinum group element abundances as samples from the
Mokulaevsky suite. The only differences are higher Pb and lower Ir
concentrations in XA39. Other elements have similar concentrations
and, hence, similar normalized element patterns; thus, we consider the
Honna-Makitsky and Mokulaevsky suites as geochemical analogs. In
other words, from a geochemical point of view the dated sample XA39
belongs to the low-Ti rock series of the so-called flood stage of the Sibe-
rian Traps. However, “°Ar/*°Ar dating of sample XA39 has shown that
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Fig. 3. Stratigraphic subdivisions within different volcanic regions of the Siberian Traps large igneous province (after Zolotuhin et al., 1986 with modifications). Stratigraphic subdivisions
(suites): iv — Ivakinsky; sv — Syverminsky; gd — Gudchikhinsky; hk — Khakanchansky; tk — Tuklonsky; nd — Nadezhdinsky; mr — Morongovsky; mk — Mokulaevsky; hr —
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ages are recalculated from published studies relative to a K-Ar age of 98.79 Ma for the standard GA1550 (Renne et al., 1998). Abbreviations for the volcanic regions: N-Kh —
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and Farrar, 1991; RB — Renne and Basu, 1991; D — Dalrymple et al.,, 1995; B — Basu et al.,, 1995; V — Venkatesan et al., 1997; W — Walderhaug et al,, 2005; R — Reichow et al.,

2009; T — this work.

the Honna-Makitsky suite is significantly (~8 Ma) younger than the
Mokulaevsky suite. Sample XA39 yielded a well-defined plateau age of
240.9 + 1.3/2.6 Ma (Fig. 7). The K/Ca ratios of the plateau steps are rel-
atively uniform (Fig. 7) and suggest that the age-constraining mineral is
plagioclase of bytownite composition. The plateau steps define a
242.5 + 2.1/3.1 Ma isochron age with an atmospheric initial “°Ar/3®Ar
value (Fig. 7, Table 2).

Low-Ti basalt sample XZ1 from the Nadezhdinsky suite was col-
lected at the northern shore of Lake Khantaiskoe (Fig. 4). As shown
in Figs. 5 and 6, XZ1 has trace element and PGE patterns very similar
to samples from the Nadezhdinsky suite in the Noril'sk-Kharaelakh
and Khantaisk-Rybninsk regions, with the exception of higher Ir, Ru
and Rb abundances. Rubidium is a mobile element and may be
redistributed during secondary alteration, which is significant for
the majority of samples used in previous studies (Wooden et al.,
1993; AlI'mukhamedov et al., 2004). The different Ir and Ru abun-
dances could be due to analytical limitations for determining the
concentrations of these elements at extremely low concentrations
(Table 1). Alternatively, the differences may be due to the natural
variability of these elements in different samples of the same lava
suite.

Sample XZ1 did not yield statistically meaningful plateau and iso-
chron ages (Fig. 7). The specific pattern in which the apparent ages
decrease from low to high temperature steps, flattening at the inter-
mediate temperature steps, is probably due to recoil of *°Ar (Foland
and Xu, 1990). Five steps in the middle of the age spectrum have an
integrated age of 246.6 4 1.4/2.7 Ma, which overlaps within internal
error with the 248.1 4 1.9 Ma age (of the Nadezhdinsky suite) pub-
lished by Venkatesan et al. (1997) (the reported error in this study
is analytical). K/Ca ratios for the integrated steps of XZ1 are about 3
times higher than for the plateau-defining steps of XA39, which is
in agreement with the 3 times higher potassium content of XZ1 com-
pared to XA39 (Table 1). The errorchron age for the same five

integrated steps of sample XZ1 is 248.7 + 3.0/3.8 Ma, with an
atmospheric initial “°Ar/3Ar ratio (Fig. 7, Table 2).

Irrespective of problems associated with 3°Ar recoil, the sample
XZ1yields an age that is in agreement with that of a previous “°Ar/>*Ar
study (Venkatesan et al., 1997). The age of the Nadezhdinsky suite in
the Noril'sk-Kharaelakh and Central Putorana regions overlaps with the
~249 Ma age (according to the “°Ar/3°Ar timescale) for the major peak
of the Siberian flood basalts (Renne and Basu, 1991; Basu et al., 1995;
Venkatesan et al., 1997; Reichow et al., 2002, 2009). In contrast, the sam-
ple XA39 from the Honna-Makitsky suite from the Central Putorana
region yielded statistically meaningful plateau and isochron ages,
which are about 8 Ma younger compared to the major peak of the
Siberian flood basalts. The time gap between formation of the
Nadezhdinsky and Honno-Makitsky suites does not contradict field
data, because the observed unconformity marked by the tuff layer at
the base of the Honno-Makitsky suite testifies of a gap in volcanism.

Despite the younger age of the Honna-Makitsky suite, the lava of this
suite has a geochemistry typical of Siberian flood basalts. Considering the
size of the Central Putorana region (~3 x 10°> km?, Fig. 2), and the cumu-
lative thickness of the Honna-Makitsky, Nerakarsky and Jambukansky
suites (600-1250 m, Zolotuhin et al., 1986), the volume of the lava
erupted during this younger pulse of volcanism is about 1.8-3.75 x
10° km?>. Sheth (2007) and Bryan and Ernst (2008) suggest minimum
volumes of 0.5 x 10°> km> and 1 x 10 km?>, respectively, for a large ig-
neous province. The volume of the younger suites of the Central Putorana
region exceeds both these minimum values. Thus, the obtained ages
suggest that, in addition to the well-known Permo-Triassic pulse of the
Siberian flood basalts, we dated a Middle Triassic pulse of flood basalts.

4.3. New “°Ar/%Ar results — lamproite dyke

In addition to thick lava units (Fig. 3), the Noril'sk region is known
for sills and dykes, a majority of which are basaltic in composition.
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However, dykes of more exotic compositions are also present, such as
rare lamproite dykes. These were previously named as lamprophyres,
however, in terms of their chemistry, they fall into the field of lamproites.
They are characterized by molar ratios Na,O/K,0 > 3, K,0/Al,05 > 0.8,
(K,0 + Nay0)/AL0; > 1, FeO < 10 wt.%, Ca0 < 10 wt%, TiO, 1-7 wt.%,
Ba > 5000 ppm, Zr > 500 ppm, Sr> 1000 and La > 200 (Wooley
et al,, 1996). By all these chemical indexes (except La) sample ZP10 is a
lamproite (Table 1), and, because phlogopite crystals appear as pheno-
crysts (Fig. 8), it should be named a phlogopite lamproite.

The lamproite dyke from which the sample ZP10 was taken
cuts through lower lava units of the Ivakinsky, Tuklonsky and
Nadezhdinsky suites. The relationship with upper lava units was not
observed in the field. The lamproite is highly enriched compared to
any lava in the Noril'sk region and is similar to phlogopite lamproites
from classic locality in the Leucite Hills of Wyoming, USA, with the
exception of Hf and heavy rare earth elements (Fig. 9).

Fig. 10 shows “°Ar/*°Ar dating results obtained at the Institute of
Geology and Geophysics CAS (Beijing, China) for a phlogopite separate
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Fig. 5. Comparison of trace element patterns of samples XZ-1 (white diamonds), XA-39 (black squares) and ST-05-34 (open circles), together with averages of the Nadezhdinsky —
2 sub-suite (Nd,) and Mokulaevsky suite (MKk) of the Noril'sk-Kharaelakh volcanic region (averages were calculated from the data of Wooden et al., 1993; AI'mukhamedov et al.,
2004; most of the samples from these studies are from the SG32 drill-hole (see Fig. 4)). Trace element abundances are normalized to the primitive mantle composition of

McDonough and Sun (1995).
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treated by HF from the lamproite sample ZP10. Five steps of the sample
ZP10 form a well-defined plateau age of 238.3 + 0.8/2.4 Ma, which is
concordant with isochron age calculated for the same steps (Fig. 10,
Table 2). Fig. 11 shows “°Ar/*°Ar age spectra for two aliquots of the
same phlogopite sample analyzed at the Institute of the Earth's Crust
SB RAS (Irkutsk, Russia). Both aliquots yielded well-defined plateau
ages of 235.5 + 0.5/1.2 Ma and 235.3 £ 0.8/1.5 Ma, which are slightly
younger compared to the plateau age obtained at the Institute of Geol-
ogy and Geophysics CAS (Beijing, China) on the basis of analytical
errors, but overlap on the basis of internal error. Ages obtained in
both laboratories show that the lamproite dyke was emplaced in the

Middle Triassic. For further consideration we leave the age obtained at
the Institute of Geology and Geophysics CAS (Beijing, China).

5. Results for the Angara-Taseevskaya syncline
5.1. Summary of previous studies

In the Angara-Taseevskaya syncline the following large dolerite
sills were identified: Usol'skii and Zayarskii (probably connected at

depth), Tulunskii, Padunskii, Chuna-Biryusinskii and Tolstomysovskii
(Feoktistov, 1978) (Fig. 12). In previous studies all samples dated by
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Fig. 7. Stepwise heating argon release spectra and isochrons for plagioclase separates of basaltic samples XA39 and XZ1. Error bars in the diagrams are analytical at the 2-sigma
level. Steps used for calculations of plateau and isochron ages are shown in gray. Sample XA39 passes the chi-square test for c and isochron ages, whereas sample XZ1 does not.
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Table 2
Summary of “°Ar/*°Ar data.

Sample ‘Plateau’ or ‘integrated steps’ ‘Isochron’ or ‘errorchron’ Total fusion age
39Ar Age K/Ca Age 4O7r/35Ar, (Ma)
(%) (Ma) (Ma)
XA39 75.8 (7) 2409 + 1.3/2.6/5.5 (P) 0.087 + 0.005 242.5 + 2.1/3.1/5.7 (1) 2893 + 6.4 236.3 + 1.3/2.6/54
XZ1 41.2 (5) 246.6 + 1.4/2.7/5.6 (1S) 0.333 + 0.012 248.6 + 3.1/3.8/6.3 (E) 2783 + 226 248.3 + 0.8/2.5/5.5
ZP10 71.6 (5) 238.3 + 1.3/2.6/5.3 (P) 6.172 + 1.547 2383 + 2.3/3.2/5.7 (1) 311.7 + 3146 237.0 + 2.0/3.0/5.6
ST-05-4 53.3 (5) 242.8 + 1.3/2.6/5.0 (P) 0.412 + 0.078 2443 + 2.9/3.7/5.7 (1) 279.5 £ 279 220.3 + 6.8/7.1/8.1
ST-05-48 89.7 (10) 239.1 + 1.1/2.5/4.9 (P) 0.185 + 0.028 238.0 + 2.0/3.0/5.1 (I) 301.6 + 9.9 241.1 + 2.4/3.3/5.3
ST-05-34 51.7 (5) 255.8 + 4.7/5.3/6.9 (P) 0.045 + 0.005 260.4 + 12.7/12.9/13.7 (1) 289.8 + 14.6 257.3 £+ 9.5/9.8/10.8

Figures in parentheses represent the number of steps used for calculation. ‘Isochrons’ were calculated on the same steps as ‘plateau’ and ‘integrated step’ ages. Errors are at the 2
sigma level, shown as x/y/z for analytical, internal and external errors, respectively (Koppers, 2002). Preferred ages are shown in bold. Ages in italic are informative only. P, IS, I, and

E are acronyms for ‘plateau’, ‘integrated steps’, ‘isochron’ and ‘errorchron’, respectively.

the “°Ar/>*°Ar method yielded Triassic ages (about 244 Ma, Ivanov et
al., 2005; about 240 Ma, Ivanov et al., 2009). However, U-Pb dating
yielded older ages (250-254 Ma) (Svensen et al., 2009; Paton et al.,
2010). Samples dated by U-Pb and “°Ar/>°Ar methods were collected
from different regions separated more than 100 km from each other
(Fig. 12).

For this study, we collected additional samples and sampling had
taken place before the U-Pb dating results became known. In total 8
samples were taken of which only three (ST-05-4, ST-05-34, ST-05-48)
yielded plateau ages that passed the chi-square test. Trace and platinum
group element abundances are not yet available for all these samples, but
petrographically they are not different from the samples studied by
Ivanov et al. (2009), and resemble low-Ti basalts of the Mokulaevsky
suite of the Noril'sk-Kharaelakh region (Ivanov et al., 2008, 2009)
(Fig. 5).

5.2. PAr/*°Ar results — sills

Fig. 13 shows the “CAr/*°Ar results for samples ST-05-4 and
ST-05-48 from the Tulunskii sill and Padunskii sill, respectively. Both
samples yielded plateau ages of 242.8 + 1.3/2.6 Ma and 239.1 4+ 1.1/
2.5 Ma, respectively (Fig. 13) and the isochron ages are concordant
with the plateau ages (Fig. 13, Table 2). Sample ST-05-48 from the
Padunskii sill is an analog of the previously dated sample 9/144y. It
yielded an age of 241.6 £ 1.3/2.6 Ma (Ivanov et al,, 2009), and overlaps
within internal error with ST-05-48 (internal errors should be applied
because different standards were used). Sample T2 yielded a plateau
age of 240.1 + 1.0/2.5 Ma, which is in agreement with the age of sam-
ple ST-05-4, if internal errors are applied. Thus, ages around 240 Ma are
reproduced by dating of samples both treated by HF and HNOs and

Fig. 8. Microphotograph of lamproite (sample ZP10). Cross-polarized light. Large crys-
tals of phlogopite (up to few mm in length) are in leucite-rich matrix. Size of the view
field is 4.4 mm across.

analyzed after different irradiations, though measured in the same
laboratory.

Fig. 14 shows “°Ar/*°Ar results for sample ST-04-34 yielded a plateau
age of 255.8 & 4.7/5.3 Ma and concordant isochron age of 260.4 +
12.7/12.9 Ma, although the errors are large; the initial “°Ar/*°Ar has
an atmospheric composition (Fig. 14, Table 2). Despite the large analyt-
ical error for this sample, the age is Late Permian and is statistically dif-
ferent from the Middle Triassic ages for the samples ST-05-4 and
ST-05-48. Interestingly, the plateau age is similar to the Permian or
Permo-Triassic age (254.2 + 2.3 Ma) obtained by U-Pb SHRIMP on
zircons separated from sample ST-08-110 collected about 170 km
to the south of ST-04-34 (Paton et al., 2010).

Thus, our new “°Ar/3°Ar ages reveal the existence of dolerite sills
of both Late Permian and Early-Middle Triassic age in the Angara-
Taseevskaya syncline.

6. Geologic evidence for long duration of the STLIP: Tunguska
syncline example

The absence of sediment and paleosols between lava flows in the
Noril'sk region indicates volcanic events of extremely short duration.
Available geochronologic (Renne and Basu, 1991; Venkatesan et al.,
1997; Kamo et al., 2003; Reichow et al., 2009) and paleomagnetic
data (Pavlov et al,, 2011) for the same region are in good agreement
with such an observation. However, it is not the case for some other
regions of the Siberian Traps province. For example, the Tunguska
syncline (Fig. 1) contains layers and lenses of sedimentary rock inter-
calated with volcanic and volcanoclastics in a number of places in the
section. Evidence from the drill-hole 22P (see location in Figs. 1 and 2)
indicate that the volcanism in this region started in Permian, where
according to the Soviet Geological Survey (informative notes for the
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was treated by HF.

geologic map P-47-11I by the USSR nomenclature) drill-hole 22P pene-
trated Permian coal-bearing sediments and tuffs. A 32 m thick tuff
horizon embedded into the upper part of the Permian sediments
forms an anticline structure and crop out at few localities along the
Lower Tunguska. Few tens of meters of tuffs and tuffite horizons of
the Tutonchansky and Korvuchansky suites, presumably of Triassic or
Late Permian age, lie above. The tuffs and tuffites are covered by younger
volcanic and sedimentary units of the Nidymsky, Kochechumsky and
Jambukansky suites. Thickness of the tuffs and tuffites is variable and
in some localities it exceeds half of a kilometer (Fig. 15). It is not evident
where the Permo-Triassic boundary should be located. Traditionally,
however, it is placed either within the volcanoclastic Korvuchansky
suite or within the lava-dominated Nidymsky suite. “°Ar/>*°Ar ages of
2489 £ 1.2 Ma and 251.8 & 1.5 Ma were obtained for two different
samples of the Lower Nidymsky sub-suite (exact location is not
provided by Reichow et al., 2009). Within uncertainty these two
ages bracket the 4°Ar/3°Ar age for the Permo-Triassic boundary or
are slightly older than that boundary, respectively (Reichow et al.,
2009). So, the Permo-Triassic boundary is most likely somewhere with-
in the lower sub-suite of the Nidymsky suite.

From the cross-section shown in Fig. 15, it is evident that after the
Permo-Triassic boundary there were two significant hiatuses in volca-
nism, during which sediments (mainly sandstones and argillites) were
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Fig. 11. Stepwise heating argon release spectra for phlogopite separates of a lamproite
sample ZP10 analyzed at the Institute of the Earth's Crust SB RAS (Irkutsk, Russia).
Aliquot number refers to the sample position in ampoule at the irradiation. Error
bars in the diagrams are analytical at the 2-sigma level. Steps used for calculations of
the plateau age are shown in gray. Temperatures of the first and last steps are shown
for reference.

formed. The Upper Nidymsky suite and the Kochechumsky suite have
not yet been dated. However, if we assume that Honna-Makitsky suite
at Lake Khantaiskoe, located just above a stratigraphic discontinuity
(Fig. 4) is an analog for the Upper Nidymsky suite, then we can infer
an “°Ar/3°Ar age of 240.9 + 1.3/2.6 Ma (sample XA-39, Table 2) for it.

7. Review of geochronologic and paleomagnetic data for the STLIP
7.1. “Ar/*°Ar ages

In Table 3 we list selected “Ar/*°Ar ages published for the Siberian
Traps. We have chosen ages from Baksi and Farrar (1991), Renne and
Basu (1991), Dalrymple et al. (1995), Renne (1995), Basu et al.
(1995), Venkatesan et al. (1997), Reichow et al. (2002, 2009), Ivanov
et al. (2005, 2009) and this study. Ages from our own studies (Ivanov
et al,, 2005, 2009, this study) were scrutinized and only those ages
that passed the chi-square test were selected. For ages from other stud-
ies we followed the interpretation of the original papers and selected
those ages that were considered as “good” or “preferred”. For example,
Dalrymple et al. (1995) classified their ages on the basis of descriptive
characteristics (“good”, “fair”, “poor” and “none”) of the plateau in the
argon-release spectra. From this study we have taken all ages with
“good” plateaus, except for those ages obtained on biotites from the
Noril'sk-1 intrusion, because the latter were shown to be affected by ex-
cess argon (Renne, 1995). Thus, ages obtained in a complementary
study (Renne, 1995) for the Noril'sk-1 intrusion, which accounted for
the excess argon, were used instead of ages of Dalrymple et al. (1995)
(Table 3). The ages from Baksi and Farrar (1991) were left in Table 3 de-
spite the fact that they were considered too young by Baksi (2007a,b)
because of radiogenic argon loss. These ages will be considered sepa-
rately, together with ages from Walderhaug et al. (2005), which were
not included in Table 3 because of their disturbed argon-release spectra.
Some other published ages (e.g. Vrublevskii et al., 2004; Fedoseev et al.,
2005) were not included in Table 3, nor discussed, because they were
obtained relative to the standard MCA-11, which is not calibrated
against standard GA1550.
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All ages listed in Table 3 are recalculated according to the method
described by Spell and McDougall (2003) to be consistent with the
98.79 Ma age for standard GA1550 (Renne et al., 1998). Errors are
not multiplied, however, because all necessary information was not
always given in the original publications. Thus, minor mismatches
(generally less than 1%) may exist between the final ages used
from different studies. For example, when dating samples ST-04-4,
ST-04-34 and ST-04-48 we used standard TCs with an age of 28.34
(£0.085) Ma. Reichow et al. (2009) reported for the same standard
an age of 28.24 (4-0.02) Ma. Therefore, the listed errors in Table 3 are
underestimates. This underestimation of errors leads to the appearance
of small peaks in Fig. 16. Major peaks, however, remain centered at
~250 Ma, ~241 Ma, ~232 Ma, and ~224 Ma with a probable peak at
~253 Ma, and these are not changed by the error underestimation.

The Late Permian peak at ~ 253 Ma is defined by ages obtained on
micas for the West Siberian Basin (Reichow et al., 2002) and the
Arydzhansky suite of the Maimecha-Kotuy province (Basu et al.,
1995). Mica-based “°Ar/3°Ar ages are under suspicion, however. It
was shown by Renne (1995) that the Late Permian mica-based
4OAr/3°Ar age of the Noril'sk-1 intrusion was an artifact due to the
presence of excess argon in mica. However, the peak at ~253 Ma
overlaps our new “°Ar/*°Ar age of 255.8 + 4.7 Ma obtained on the
matrix of sample ST-04-34 from the Angara-Taseevskaya syncline
(Fig. 14).

The Permo-Triassic peak at ~250 Ma represents the major pulse of
the Siberian flood basalt volcanism. Since many studies focused on
this pulse of volcanism, it is not discussed here (e.g. Renne and
Basu, 1991; Basu et al., 1995; Venkatesan et al., 1997; Reichow et
al,, 2002, 2009).

Middle Triassic volcanism at about 241 (4 3) Ma appeared in the
Angara-Taseevskaya syncline (Ivanov et al., 2005, 2009; this study),
at Chelyabinsk near the Urals (Reichow et al., 2009) and in the Central
Putorana region (this study) (Fig. 1). Ages of 245.8 + 1.2 Ma and
238.6 + 0.8 Ma have been reported by Dalrymple et al. (1995) for
the Avamsky dyke in the Kamensk region (see location in Fig. 2)
and for the Daldykan sill in the Noril'sk-Kharaelakh region, respec-
tively (Table 3). The majority of rocks of this age have trace element
abundances that are similar to the flood basalts erupted during the
major Permo-Triassic pulse (see Ivanov et al., 2009 and Figs. 5 and 6
in this paper). The volume of lava in the Central Putorana region
(1.8-3.75 x 10° km?®), which belongs to this pulse of volcanism,
exceeds the minimal volume for a large igneous province (see
Section 4.2). The intrusion volumes in the Angara-Taseevskaya syncline
are about 0.7 x 10° km? (Vasil'ev et al., 2000). The volume of lava at
Chelyabinsk cannot be estimated at present. However, the Middle
Triassic pulse of volcanism should be considered as a second pulse of
flood basalt volcanism of the Siberian Traps province.

The Middle Triassic peak at ~232 Ma is based on a single age
obtained by Baksi and Farrar (1991) for basalts in the Tunguska region
(Figs. 2 and 3). As mentioned above, Baksi (2007a,b) considered this
age erroneous on the basis of his alteration index criterion. It should
be mentioned however, that a paleomagnetic study of Walderhaug et
al. (2005) in the Taimyr region supports the existence of Middle Triassic
basaltic magmatism.

The Late Triassic peak at ~224 Ma is due to the age of the
Bolgokhtokh granite intrusion in the Noril'sk-Kharaelakh region
(Dalrymple et al., 1995). No basalts with such ages are known in the
Siberian Traps province.
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In summary, it is obvious that Siberian flood basalts were not
erupted simultaneously at the Permo-Triassic boundary. There was
probably an earlier, Late Permian pulse of volcanism, and followed
thereafter by a later Middle Triassic pulse or a number of Triassic pulses.
The latest event corresponds to the Late Triassic granitic magmatism.

7.2. U-Pb ages

U-Pb ages obtained for basalts, mafic and carbonatitic intrusions
and granitic rocks are summarized in Table 4 and plotted in Fig. 17.
Three age peaks can be seen: a Permo-Triassic peak at about 251 Ma,
Middle Triassic peak at about 241 Ma and Late Triassic peak at
about 229 Ma (Fig. 17). The same three peaks are also evident from
the “°Ar/?°Ar ages (Fig. 16), keeping in mind a systematic difference
of about 1% between the U-Pb and “°Ar/*°Ar timescales (Min et al.,
2000). Some mismatches between the U-Pb and “°Ar/*°Ar ages do
exist. For example, the center of the Permo-Triassic peak of the Siberian
flood basalt volcanism perfectly coincides with the Permo-Triassic strat-
igraphic boundary in the “°Ar/*Ar timescale (Fig. 16), but it follows the
Permo-Triassic stratigraphic boundary in the U-Pb timescale (Fig. 17).
The U-Pb age for the Bolgokhtokh intrusion is older than the “°Ar/*°Ar
age for the same intrusion, in excess of 1% of the systematic difference
(Tables 3 and 4). However, such differences do not change the major
point of this paper, namely that the Siberian Traps were formed by
more than one Permo-Triassic pulse of magmatism. Importantly, the
Permo-Triassic and Middle Triassic pulses of felsic magmatism were
coeval with the two pulses of flood basalt volcanism. Late Triassic granitic
magmatism did not have its basaltic counterpart. The Late Permian and
Middle Triassic pulses of magmatism are borne out by the “°Ar/3°Ar
ages, but are not evident from the U-Pb data.

7.3. Paleomagnetic data

Paleomagnetic study in the Noril'sk-Kharaelakh region has shown
that basaltic volcanism started in the latest Late Permian during a
reverse chron and continued during normal chron at the beginning of
the Early Triassic (e.g. Heunemann et al., 2004). This is in agreement
with the very short (<1 Ma) duration of volcanism in this region as
deduced from the “°Ar/>°Ar ages (see Fig. 3). However, paleomagnetic
data from other regions suggest that the overall duration of Siberian
Traps magmatism was longer. The most important paleomagnetic evi-
dence for a long duration of magmatism was obtained from the study
of the super deep drill-hole SG6 (see location in Fig. 1). There, five
normal and four reverse chrons were revealed (Kazanskii et al., 2000),
which suggest a duration of about 9 Ma (Steiner, 2006). As mentioned
in Section 7.1, paleomagnetic data for some Taimyr dolerite sills sug-
gests their emplacement in the Middle Triassic (Walderhaug et al.,
2005), implying an overall duration of up to 10-30 Ma. Reviewing
paleomagnetic data obtained for the Siberian Traps, Steiner (2006)
concluded that “revised magnetostratigraphic correlation of the Siberian
igneous rocks has enormous significance, in that it indicates that the
Siberian flood basalt volcanism did not occur simply at the time of the
mass extinction, but was ongoing in the Late Permian, that it spanned the
Permian-Triassic boundary, and that it continued into the Early Triassic”
(Steiner, 2006, p. 33).

8. Duration of the Siberian Traps magmatism in comparison with
other large igneous provinces

The most comprehensive review up to now on timing of the large
igneous provinces magmatism was provided by Bryan and Ernst
(2008). See that paper for a more complete list of references.
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In their revision, Bryan and Ernst (2008) have shown that significant
varieties exist among large igneous provinces. First, some of them are
composed of mafic rocks, vary in duration from very short (few Ma) to
long (up to 40-60 Ma) with majority of the provinces having durations
averaging about 15 Ma. Third, in general magmatism of felsic large igne-
ous provinces (silicic according to original definition of Bryan and Ernst,
2008) lasts longer than mafic large igneous provinces. And finally,

short-lived large igneous provinces are typically single-pulsed, whereas
long-lived large igneous provinces were formed by number of pulses.

The Siberian Traps province falls between mafic and felsic end-
members. It contains both mafic and felsic rock, though basalts are
major rock-types. It is longer lived than pure mafic large igneous prov-
inces, but it is not as long as the longest felsic large igneous provinces. As
a typical long-lived large igneous province, it had at least two pulses of
mafic volcanism, and at least three pulses of the felsic magmatism.

We note, however, that such comparisons should be done with some
caution because the compilation of Bryan and Ernst (2008 ) may contain
some incomplete and/or incorrect data entries. For example, they con-
sidered the Siberian Traps province as short (<2 Ma) and single pulsed,
whereas we argue that it was long and multi-pulsed. An opposite case
could also exist. The Karoo flood basalt province was considered as
multi-pulsed with more than 6 Ma of history based on “°Ar/*Ar dating
(Jourdan et al., 2008), but later U-Pb dating revealed only a single pulse
of short duration (Svensen et al., 2012). Similarly, duration of Emeishan
flood basalt volcanism was shortened to less than 2 Ma using high pre-
cision chemical abrasion TIMS U-Pb data (Shellnutt et al., 2012).

Thus, the geologic constraints, such as interlayering of lava and sedi-
ments (or absence of such interlayering) and paleomagnetic studies are
of particular importance in distinguishing between short and long-lived
large igneous provinces. Using such constraints, it was shown that
Deccan Traps were formed in the latest Cretaceous and earliest Paleogene
during two major pulses separated by 1-2 Ma (Courtillot et al., 2000;
Chenet et al., 2008), but minor basaltic volcanism occurred several
Ma earlier (Chenet et al., 2008) and felsic volcanism continued later
extending the total duration of the Deccan Traps from 67.5 Ma to
60 Ma (Sheth et al., 2001).

Geologic, paleomagnetic and geochronologic data for the Siberian
Traps province suggest that in terms of duration it is rather more
similar to Deccan Traps than to Karoo and Emeishan provinces.

9. Discussion
9.1. Geodynamic implications

Various models have been discussed for the origin of the Siberian
flood basalt province: starting plume head (Campbell and Griffiths,
1990), thermochemical plume (Lin and Van Keken, 2005; Dobretsov et
al,, 2008; Sobolev et al., 2011), lithosphere delamination (Elkins-Tanton,
2005), convection reorganization at a craton edge (King and Anderson,
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Fig. 15. Geologic cross-section at the Tura settlement (see Fig. 2 for location). Suite names are taken from geologic map Q-47-XXXV (according to the USSR nomenclature), and
subdivisions to packages are from authors' field observations. The Nd; package 2 is composed of the pillow lavas. The Nd; package 2 and Kochechumsky (K¢) package 3 contain
pillow lava horizons just on the top of the sedimentary horizons. The “°Ar/>°Ar age for the upper Nidymsky suite is by correlation.
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Table 3

Selected “°Ar/*°Ar ages for Siberian Traps. All ages are recalculated in accordance with the procedure of Spell and McDougall (2003) to be consistent with the age of 98.79 Ma for

the GA1550 standard (Renne et al., 1998).

Reference for original study Used standard and its age Sample number

Age of the sample Age of the standard to be consistent Recalculated age

(Ma) in original study (Ma) with age of 98.79 Ma for GA1550 of the sample
(Ma)
Baksi and Farrar (1991) SB3, 162.9 ES154 2384 £ 14 164.6° 2410 £ 14
ES524 2299 £ 23 2324 £ 23
Renne and Basu (1991) FCs, 27.84 46 2484 + 0.3° 28.02 250.0 £ 0.3
42 2475 £ 1.1° 249.1 £ 1.1
2 2475 £ 0.7 249.1 £ 0.7
Dalrymple et al. (1995) TCs, 27.92 SG-32-2328 2441 £ 1.2 28.34 2478 £ 1.2
SG-32-2515.4 2444 £ 1.2 2481 £ 1.2
NP-25-596.4 2454 4+ 1.2 2491 + 1.2
90ZUBC4 235.0 4 0.8° 2386 + 0.8
AV2 2447 £ 1.2 2458 + 1.2
BG-26 2232 + 0.8° 2242 + 0.8°
Renne (1995) FCs, 28.03 7231bio 250.0 + 1.2 28.02 2499 + 1.2
7230amph 2493 + 1.6 2492 + 16
2496 + 1.0°
Basu et al. (1995) FCs, 28.03 1946/23 2533 £ 26 28.02 2532 4 26
No number 249.88 + 0.25" 2498 £ 0.3
Venkatesan et al. (1997) MMhb-1, 520.4 SG9-1216 2467 £ 1.9 523.1 2482 £ 19
MK-6 2476 £ 2.5 249.1 £ 25
86-64 2471 £ 1.9 2486 £ 1.9
MK-15 2491 £ 55 250.6 & 5.5
86-95 2483 £ 1.7 2498 + 1.7
Reichow et al. (2002) GA1550, 98.79 3c97-97 249.1 £ 0.8 98.79 249.1 £ 08
3¢97-45 249.7 £ 0.8 249.7 £ 0.8
Reichow et al. (2002) GA1550, 98.79 3c97-8 2493 + 0.8 98.79 2493 + 0.8
3c97-82 2525+ 15 2525+ 15
3c97-81 2534 + 0.8 2534 + 0.8
Ivanov et al. (2005) LP6, 129.4 2840 and 2848 2439 + 1.0° 129.4 2439 + 1.0°
Reichow et al. (2009) FCs, 28.02 SG32-54.0 250.3 + 1.0° 28.02 250.3 + 1.0°
$G32-2328.0 2475 £ 0.8 2475 + 08
SG32-2515.4 2487 + 0.6 248.7 + 0.6
91-58 2518 £ 1.5 2518 £ 1.5
91-75 2489 £ 1.2 2489 £ 1.2
S4.1 2503 £ 0.7 2503 £ 0.7
FGS8 250.7 £ 0.6 250.7 & 0.6
FGS1 250.6 £ 0.4° 250.6 + 0.4°
FGS5 2515 £ 04° 2515 £ 04°
T98-57 250.6 + 0.9° 250.6 + 0.9°
T98-58 251.0 £ 0.7 251.0 £ 0.7
322/4 2474 £ 06 2474 £ 06
322/1 2497 £ 0.7 249.7 £ 0.7
7/254.0 2433 + 0.6 2433 + 0.6
7/696.4 2422 + 04° 2422 + 0.4°
Ivanov et al. (2009) Bern4M, 18.7 T2 240.1 £ 1.0 18.7 240.1 £ 1.0
9/144y 2416 £ 1.3 2416 £ 1.3
This study Bern4M, 18.7 XA39 2409 + 13 18.7 2409 +£ 13
TCR, 28.34 ST-05-4 2428 £ 13 28.34 2428 + 1.3
ST-05-48 239.1 £ 1.1 239.1 £ 1.1
ST-05-34 255.8 + 4.7 255.8 + 4.7
ZP10 2383 £ 1.3 2383 £ 1.3

All errors are analytical and thus are underestimates.

@ Cross-calibration between two studies (Baksi et al., 1996; Renne et al., 1998) was used.
b Average for two or more aliquots of the same sample or different samples taken from the same intrusion and collected in the same drill-hole.

1998), thermal blanketing by cratonic lithosphere (Coltice et al., 2007),
and wet diapirs originating above a stagnant slab (Ivanov et al.,, 2008).
This paper is devoted to the assessment of quality of geochronologic
data, rather than assessment of the reliability of the models listed above.
However, geochronologic information may give important constraints
on some of the suggested models.

The starting plume head model predicts “a burst of basaltic volcanism
sometime after maximum uplift is reached, with most of the magmas
erupted early but continuing at a decreasing rate, perhaps for a period of
the order of 20 Ma” (Campbell and Griffiths, 1990, p. 89). Indeed, the du-
ration of the basaltic volcanism is at least 10 Ma and may be even 20 Ma
as seen from the “°Ar/3°Ar data (Fig. 16). However, no uplift was docu-
mented for the Siberian Traps region (Czamanske et al., 1998), and no
volcanism was taking place continuously (or semicontinuously) while
decreasing in rate, but occurred in a number of separate pulses. Thick

tuff units within the Tunguska syncline and pillow lavas of the package
2 of the Lower Nidymsky suite, as well as shallow water sedimentary
deposits of the Upper Nidymsky and Kochechumsky suites with the
pillow lava on top of them (Fig. 15) testify that the region was under
sea level most of the time of volcanism.

Uplift was identified as one of the important predictions of the
plume model (Campbell, 2005), and this leads to the debate on whether
or not natural examples fit that prediction (e.g. Czamanske et al., 1998;
Peate and Bryan, 2008; Ali et al., 2010; Sun et al,, 2010). The uplift his-
tory as a response to plume arrival to the base of the lithosphere is con-
troversial, however. Most modelers calculate that the region should be
uplifted by about 0.6-2 km for the thermal plume (e.g. Campbell,
2005; Sobolev et al., 2011) (Fig. 18), and the uplift could be less pro-
nounced if dense eclogite is entrained into such plume (Sobolev et al.,
2011). Alternatively, Leng and Zhong (2010) modeled that the net effect
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Fig. 16. Probability distribution of “°Ar/>°Ar ages of the Siberian Traps. All ages are for
basalts and their intrusive analogs, except the Bolgokhtokh granite intrusion and
Noril'sk lamproite. Individual ages and data sources are listed in Table 3. The P-T
boundary is after Reichow et al. (2009).

of plume arrival and basalt loading is subsidence, not uplift (Fig. 18). In
addition to the controversies in modeling, natural factors, such as
horizontal tectonic movements may create significant topographic
anomalies larger than that due to plume arrival (Braun, 2010). Spatial
distribution of the Siberian flood basalt province is such that any model-
ing curve could be fitted to pre-volcanic topography somewhere within
the province, either to pre-volcanic subsidence at the Tunguska syncline
or to pre-volcanic uplift at the Western Siberian Basin. After the Siberian
flood basalt volcanism these two regions experienced opposite vertical
movement; uplift of the Tunguska syncline and subsidence of the
Western Siberian Basin.

Thermochemical plume modeling is also controversial. For example,
Lin and Van Keken (2005) suggested a thermochemical plume model,
according to which a thermal plume carries blocks of dense eclogite
into the melting zone. Such model predicts episodic volcanism due to
repeated ascent and sinking of dense eclogite within a rising mantle
column. Such prediction would agree with the observed volcanic pulses.
However, Sobolev et al. (2011) provided a model in which interaction of
thermochemical plume and the lithosphere is very rapid. According to
that model the thermochemical plume reached a depth of ~130 km
within a thinned part of the cratonic lithosphere where eclogite began
to melt. At that point andesitic to dacitic melt was produced to interact
with the ambient peridotitic mantle and converted it to pyroxenite.
Melting of the pyroxenite produced basaltic melts, which finally
erupted on the surface (Sobolev et al.,, 2007). Some melts crystallized
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Fig. 17. Probability distribution of U-Pb ages of the Siberian Traps. Most of the ages are
for granitic intrusions, except those with high precision near the Permo-Triassic
boundary. Individual ages and data sources are listed in Table 4. The P-T boundary is
after Mundil et al. (2004).

within the lithosphere in the form of dense eclogite promoting
Raleigh-Taylor instabilities and delamination (Elkins-Tanton, 2005).
Due to delamination the plume material propagated to shallower levels
where the peridotite began to melt (Fig. 19 left) (Sobolev et al., 2009).
All these steps were modeled to occur within less than 1 Ma and
according to the model the delamination stage took place after forma-
tion of the Gudchikhinsky suite but before the formation of the
Tuklonsky suite (Sobolev et al., 2011). However, our “°Ar/>°Ar results
suggest that the lamproite dyke (sample ZP10) emplaced significantly
later (by more than 10 Ma) than the formation of the Noril'sk lava
sequence. Lamproites are deep melts produced generally from depths
>130 km (>4 GPa) from veined lithospheric mantle keel (e.g.
Mitchell, 1995). This suggests that the lithosphere of the Siberian craton
remained thick and unperturbed, contrary to what is modeled by
Sobolev et al. (2011). Thick lithospheric mantle beneath the Siberian
craton without any signs of thinning is also evident from seismic data
which suggest a lithospheric thickness of about 200 km everywhere
within the Siberian craton (Priestley and McKenzie, 2006; Pasyanos,
2010). Thus, to melt the mantle below the cratons at a depth of about
200 km or deeper, one must assume significant fluxing of the mantle
with water (Fig. 19 right) or other volatiles.

A somewhat different view of thermochemical plumes was
provided by Dobretsov et al. (2008), who proposed that plumes are
driven by buoyancy of a melt originated at the core mantle boundary.
In their view a thermochemical plume is a relatively thin, tail-like

Table 4
Published U-Pb ages for basic intrusions and lava and granitic intrusions of the Siberian Traps.
Region Intrusion/suite, rock type Age Technique Reference
(Ma)
Noril'sk-Kharaelakh Noril'sk-1, gabbro 2512 £ 03 ID-TIMS Kamo et al. (1996)
Maimecha-Kotuy Arydzhansky suite, basalt 251.7 £ 04° ID-TIMS Kamo et al. (2003)
Delkansky suite, basalt 251.1 £ 03
Guli carbonatites, basalt 2502 +£ 0.3
Laptev sea Sills at Belkov isl., dolerite 252 £ 2 SIMS Kuzmichev and Pease (2007)
Southeastern Tunguska syncline Sills at Nepa, dolerite 2520 + 04 ID-TIMS Svensen et al. (2009)
Angara-Taseevskaya syncline Padunskii sill (Bratsk), dolerite 2542 + 23 SHRIMP Paton et al. (2010)
Sill at Boguchany (Kodinsk), dolerite 2496 + 1.5
Kuznetsk basin Kolba intrusion, granite 256 +£ 8 SHRIMP Vladimirov et al. (2001)
253 + 4
245 £ 7
Monastyrsky intrusion, granite 231 £ 11
225+ 4
Noril'sk-Kharaelakh Bolgokhtokh intrusion, granite 229.0 + 04 ID-TIMS Kamo et al. (2003)
Kara sea Rastorguev isl., syenite 249.0 + 5.2 SIMS Vernikovsky et al. (2003)
Morzhov isl., syenite 2420 £ 3.6
Taimyr Uboinaya river, syenite 2410 £ 6.5 SIMS Vernikovsky et al. (2003)
Eniseisky Kryazh Porozhnyi massif, trachyte 240 £+ 3 SHRIMP Vernikovskaya et al. (2010)

2 Dated mineral was perovskite.
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Fig. 18. Modeled topography for the case of dynamic plume effect and combination of
the dynamic plume and basalt loading after Leng and Zhong (2010) (solid curves). For
comparison topographic anomalies from dynamic plume effect are shown according to
modeling of Campbell (2005) and Sobolev et al. (2011) (dashed curves). The figure
shows that if the effect of basalt loading is accounted for, the total topography anomaly
could be negative despite the fact that rising plume supports the positive topography.

structure, which attains its head upon collision with the lithosphere.
This would predict radial spread of the plume material and time pro-
gression of the volcanism from the plume center. However, the avail-
able data on geochronology reviewed in this paper does not reveal
such time progression.

This brief consideration of the plume models shows the existing dif-
ficulties of explaining the Siberian flood basalt volcanism. Another crit-
ical problem is enormous size of the province, about 4000 km across
(Fig. 1), which is not explained by any of the models mentioned
above. In addition one should be mindful that felsic magmas erupted
both at the Permo-Triassic boundary and in the Middle Triassic during
the two most voluminous pulses of basaltic volcanism, as well as in
the Late Triassic following cessation of the basaltic volcanism. Thus an
additional question should be considered: what is the relation between
basaltic and felsic magmas? Was the felsic magmatism a consequence
of the basaltic magmatism, or is it a separate phenomenon? If the for-
mer applies, then why are the acid magmas mainly situated in periph-
eral parts of the Siberian Traps province? If the latter applies, then
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what mechanism caused two separate magmatic phenomena within
the same period? To understand the origin of the Siberian Traps, future
studies should focus on such problems.

9.2. Environmental impact

The Permo-Triassic environmental catastrophe was one of the most
notable in Phanerozoic history, accounting for the extinction of 90%
marine and 75% terrestrial species (Erwin, 1994). Generally speaking,
external (extraterrestrial impact or volcanism) and intrinsic causes
(sea level changes, anoxia or climatic changes) of the mass-extinctions
are usually acknowledged (Hallam and Wignall, 1997; Racki, 2003;
Keller, 2005). Below we consider only ‘external’ models, because the
chronology of the Siberian Traps, which is the main topic of this paper,
cannot be applied for testing the ‘intrinsic’ models.

The extraterrestrial impact model flourished from the seminal paper
by Alvarez et al. (1980), which linked globally-distributed layer with Ir
anomaly at the K-T boundary to high concentrations of this element in
majority of the meteorites and later realization that the Ir anomaly has
direct link to the Chicxulub buried crater (Hildebrand et al., 1991).
Being the most popular, though not universally accepted model for
the K-T mass extinction (see Schulte et al., 2010 vs Keller et al., 2010),
the impact hypothesis is thought to be inconsistent with the P-T mass
extinction (Courtillot and Renne, 2003). There were some attempts to
find evidence of impact at the Permo-Triassic boundary with controver-
sial results (e.g. Kaiho et al,, 2001 vs Koeberl et al., 2002; Becker et al,
2004 vs Glikson, 2004). Recently a 40-km diameter Araguainha impact
crater with an age about the same as the age of the Permo-Triassic
boundary was found in Brasilia (Tohver et al, 2012). However, no
anomalously high concentrations of Ir and other PGEs were found in
the Permo-Triassic boundary oceanic sediments (Brookfield et al.,
2010) (Fig. 20) suggesting that either the Araguainha projectile was
an achondrite or icy comet (so it had no elevated PGE concentrations)
or the age of the impact did not coincide with the Permo-Triassic
boundary.

A volcanic model for the mass-extinctions is based on coincidence
of the flood basalt eruptions with every five Phanerozoic great mass-
extinctions (namely, end-Ordovician, Permo-Triassic, latest Triassic,
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Fig. 20. Chondrite normalized concentration of platinum group elements in sediments at
the K-T and P-T boundaries in comparison with average continental crust. Data are after
Kyte et al. (1985), Peucker-Ehrenbrink and Jahn (2001), Lee et al. (2003), Brookfield et al.
(2010), and Ivanov et al. (submitted for publication). Values for normalization are after
McDonough and Sun (1995).

Cretaceous-Tertiary and Late Eocene) (Courtillot and Renne, 2003).
However, the killing mechanism of the flood basalt eruptions is not
well understood. Usually, the toxic gas loading to the atmosphere

from the volcanic eruptions (Self et al., 2005) and magma interaction
with organic-rich sediments (Svensen et al., 2004) is considered. For
example, Black et al. (2012) considered that atmospheric load from the
Siberian Traps could be as large as 6300-7800 Gt of S, 3400-8700 Gt of
Cland 7100-13,600 Gt of F. In order to consider these loads to be a con-
trolling factor for the mass-extinction, these elements converted to toxic
gasses should be erupted into the atmosphere just before and/or at the
time of the mass-extinction. Fig. 21 compares the timing of the mass-
extinctions in the vicinity of the Permo-Triassic boundary with timing
of the Emeishan and Siberian Traps flood basalt eruptions. If we base
our consideration on U-Pb ages solely, which are, on one hand, analyti-
cally more precise and, on the other hand, usually considered as more re-
liable compared to the “°Ar/>°Ar ages, we note that majority of the flood
basalt eruptions took place after the mass-extinction events (see also
Fig. 17). In this case, then, we cannot consider any supposed effect from
the calculated gas loading which took place after the mass-extinction as
the killing and/or triggering mechanism for the mass-extinctions. How-
ever, if we use 4°Ar/*°Ar ages for both the Permo-Triassic boundary and
the Siberian flood basalt eruptions, then pulse 1 of the Siberian flood ba-
salt volcanism corresponds directly to the timing of the Permo-Triassic
boundary (Figs. 16 and 21).

Such inconsistency between U-Pb and “°Ar/3°Ar ages is not an artifact
of decay constants used because we do not compare U-Pb and “°Ar/*Ar
ages directly, but instead we compare time differences on the U-Pb
and “°Ar/°Ar time scales. Here we propose a new explanation for
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Fig. 21. Faunal turnover from the Permian to Middle Triassic compared to timing of the Emeishan and Siberian Traps flood basalt volcanism. Age values for the U-Pb time scale are
rounded values after Mundil et al. (1996) and Gradstein et al. (2012) except the age for the Permo-Triassic boundary after Mundil et al. (2004). Age values for the “°Ar/3°Ar time
scale are rounded values using Reichow et al. (2009) age for the Permo-Triassic boundary and assuming ~2-3 Ma difference between the U-Pb and “°Ar/>°Ar ages. Faunal data
modified by Keller (2005) after Hallam and Wignall (1997). Spread of the columns with number of extinct families over the Y-axis is artificial. Timing of the extinctions is marked
by horizontal gray strips. Timing for the Emeishan and Siberian Traps flood basalt volcanism is after Shellnutt et al. (2012) and this work, respectively. Solid and dashed vertical lines

with arrows refer to U-Pb and “°Ar/*°Ar time constraints on the volcanism, respectively.
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this discrepancy between the U-Pb and “°Ar/3°Ar ages not yet con-
sidered before by any other studies.

Dated zircons from ash layers in sedimentary sequences, such as
Meishan stratotype section in east China, likely were not the ashes
from the flood basalt eruptions, but rather were ashes from SiO,-rich
arc volcanoes (flood basalts contain very little zircons, whereas acid
arc magmas are zircon-rich). Arc volcanoes may have long-lived
crustal magmatic chambers, where zircons crystallized few hundreds
of thousands of years in advance of the eruption. Thus, zircons from
sedimentary sections may be slightly too old compared to time of
the sedimentation.

An additional and probably a more important source of toxic gas-
ses could be thermogenic gasses that originated due to interaction of
hot magma and organic- and chlorine-rich sediments during sill em-
placements (Svensen et al., 2009). Our results on the 4°Ar/*°Ar dating
of the sills in the Angara-Taseevskaya syncline show that some sills
were emplaced during the second pulse of the Siberian flood basalt
eruptions. If the mechanism proposed by Svensen et al. (2009) is
correct, and if the CAr/>*°Ar ages are also correct, we might expect
one more mass-extinction event in the Middle Triassic. Indeed more
than 20% of the bivalves and over than 10% of the ammonoids became
extinct in the Middle Triassic, supporting this idea (Fig. 21).

10. Conclusions

Siberian Traps constitute a large igneous province that was formed
by eruptions of magma of both basaltic and felsic composition. Geolog-
ical data provide clear evidence that volcanism initiated in the Permian
and continued to the Triassic with at least one or two significantly long
gaps between the volcanic pulses. Geochronologic data show that volu-
minous basaltic eruptions (flood basalts) took place at least twice: at
the Permo-Triassic boundary (~249 Ma or 252 Ma using the “°Ar/*°Ar
and U-Pb timescales, respectively) and about 10 Ma later in the Middle
Triassic. It is likely that less voluminous basaltic eruptions also occurred
in latest Permian times, a few million years before the Permo-Triassic
boundary, as well as in the Middle Triassic. However, the reliability of
these ages should be assessed separately. Felsic magmatism accompa-
nied basaltic magmatism of the two flood basalt episodes, and the latest
episode of the felsic magmatism took place in the Late Triassic.
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