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Abstract

A detailed palacomagnetic and magnetostratigraphic study of the Permian—Triassic Siberian Trap Basalts (STB) in the
Noril’'sk and Abagalakh regions in northwest Central Siberia is presented. Thermal (TH) and alternating field (AF)
demagnetisation techniques have been used and yielded characteristic magnetisation directions. The natural remanent
magnetisation of both surface and subsurface samples is characterised by a single component in most cases. Occasionally, a
viscous overprint can be identified which is easily removed by TH or AF demagnetisation.

The resulting average mean direction after tectonic correction for the 95 flows sampled in outcrops is D=93.7°, I=74.7°
with k=19 and o95=3.3°. The corresponding pole position is 56.2°N, 146.0°E.

Unoriented samples from four boreholes cores in the same regions have also been studied. They confirm the reversed—
normal succession found in outcrops. The fact that only one reversal of the Earth’s magnetic field has been recorded in the traps
can be taken as evidence for a rather short time span for the major eruptive episode in this region. However, there is evidence
elsewhere that the whole volcanic activity associated with the emplacement of the STB was much longer and lasted several
million years.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

% Supplementary data associated with this article can be found, It as been proposed that large igneous provinces
in the online version, at doi:10.1016/j.tecto.2003.11.005. (LIPs) and continental flood basalts (CFBs) may have
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logical crisis really synchronous and what are the true
interaction mechanisms between volcanic products
(lavas, ashes, gases) and the biosphere? To answer
these questions very precise ages and thus robust
estimates of the duration of the volcanic activity are
of vital importance. In combination with radiometric
studies, palacomagnetism and magnetostratigraphy
may provide further constraints on the duration.

During the Permian—Triassic crisis, 90% of the
species are estimated to have disappeared. The age of
this boundary in the Chinese Permian—Triassic type
sections is given with 251.2 & 3.4 Ma by Claoué et al.
(1991), 249.91 £ 1.52 Ma by Renne et al. (1995) and
251.3 £ 0.3 Ma by Bowring et al. (1998). The Sibe-
rian Trap Basalts (STB), which are coeval within
margin of error, are therefore usually associated with
the Permian—Triassic mass extinction.

2. The Permian—Triassic Siberian traps

Presently, the basalts of Siberian traps cover an area
of 0.4 x 10° km?. If one includes pyroclastics, tuffs and
intrusions the area covered increases it up to 1.5 x 10°
km? (Zolotukhin and AlI’Mukhamedov, 1988). Vol-
canics found on the Taimyr peninsula and in boreholes
in Western Siberia are estimated to be of similar age
(Gurevitch et al., 1995; Westphal et al., 1998a,b;
Reichow et al., 2002) and increase the area covered
even more. Estimates of the original volume are highly
speculative and range from 1.5 to 4 x 10° km?® (Fig. 1).

In Central Siberia, the lowermost formations, pyro-
clastics and tuffs, overlay Late Permian sediments
(Kozur, 1998). On Taimyr and in Western Siberia,
the traps are in turn overlain by sediments of Early
Triassic age (Induan and Olenikian). Five main vol-
canic regions have been recognised: Noril’sk, Putor-
ana, Tunguska, Taimyr and Maimecha—Kotuy. The
3500-m-thick sequence of volcanic rocks near Nor-
il’sk is thought to be the oldest part of the whole STB
province which reaches a total thickness of 6.5 km
(Fig. 1). The volcanic rocks consist of alternating
sequences of more than 200 lava flows and about
30 tuff layers. Eight varieties of lavas are recognised
to be primitive, similar in composition to primary
mantle melts; they vary from low-Mg basalts to
olivine tholeiites or picrites, with tholeiites dominat-
ing. Lavas are of both low-Ti and high-Ti parentage.

They are subdivided into four groups (magma types)
on the basis of trace element ratios (principally Gd/
Yb, Th/U, La/Yb, Ta/La, Ti/Sc and V/Yb) and isoto-
pic data (Fedorenko et al., 1996; Sharma, 1997).

The volcanic activity is subdivided in different
stages and suites which can be traced throughout the
entire region and share broadly similar chemical
features. The lavas were erupted on a very flat
topography and their horizontal extension may be
very large. Individual flows are a few tens of meters
thick and can be identified over tens of kilometres.
However, some marker flows are up to 200 m thick
and extend over several hundreds of kilometres.
Names and average thickness of the Noril’sk suites
are given in Table 1a and b, together with the number
of samples studied in each section.

Precise *’Ar/**Ar and U—Pb ages are now avail-
able (see Wignall, 2001, for a complete description
and Reichow et al., 2002). Radiometric age determi-
nations for the lower members of the Noril’sk suite
yield consistent ages around 250 Ma (250.0 & 1.6 Ma,
3 Ar/*°Ar by Renne et al., 1995 and 251.2 + 0.3 Ma,
U-Pb by Kamo et al., 1996) or between 248 and 247
Ma (Venkatesan et al., 1997). Both age clusters
suggest a short duration of the volcanic activity.
Differences in age of up to 4 Ma are not significant
and reflect the use of different standards.

The Putorana and lower Tunguska regions are in
the centre and to the south of the main massif. Here
the lower Ivakinsky and Syverminsky suites are
missing and the volcanic sequence starts with the
deposition of 700 m of tuffs and pyroclastics of highly
explosive character. On the top of these volcanoclas-
tics a pile of 2 to 3 km of lavas has been deposited. As
in the Noril’sk district, the lavas are mostly quartz and
olivine tholeiites, sometimes picritic.

Separated from the main Central Siberia Massif by
the Yenisey—Khatanga trough, the Taimyr peninsula
forms another subprovince where similar lavas are also
found. Here the Syradasaysky suite is the oldest suite
and is equivalent to the Ivakinsky suite of the Noril’sk
area (see in Gurevitch et al., 1995 and references
therein).

The Maimecha—Kotuy province represents a fifth
volcanic region within the STBs. The volcanics ex-
posed here differ in geochemistry from the ones
described so far and consist mostly of alkaline to
ultrabasic lavas, filling a graben 3 km deep. Based
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Table 1
(a) Suites in Noril’sk region, sampled in outcrops
Suite Abbr. Petro Thickness (m) Abagalakh Talnakh Listvyanka Kaerkan
70.33°N 69.46°N 69.47°N 69.29°N
90.13°E 88.50°E 88.72°E 87.72°E
Average bedding plane (strike and dip) 55-65/10-15 279/11 279/10-12 170/10
Samoedsky sm Th 340-360 33
Kumginsky km Th 160-220 35
Kharaelakhsky hr Th, ASA 380-480 42
Mokulaevsky mk Th 250-600 77
Morongovsky mr Th, ASA 400-500 65
Nadezhdinsky nd Th, ASA, Tf 230-650 115
Tuklonsky tk Th 20-200 37
Khakanchansky ~ hk Th 0-20 4
Gudchikhinsky ed Th, P 80-290 46
Syverminsky sV Th, ASA 0-170 36 69 5
Ivakinsky iv ASA, Th, Tf 40-210 30 31 5
Total 404 66 150 10
(b) Suites in Noril’sk region, cores of boreholes sampled
Suite Petro Thickness (m)  CD10 69.75°N  CD24 69.66°N  CD28 70.00°N  TKS5 70.33°N
88.55°E 88.66°E 88.58°E 90.10°E
Kumginsky Th 160-220 27
Kharaelakhsky Th, ASA 380—-480 3 37 35
Mokulaevsky Th 250-600 51 24
Morongovsky Th, ASA 400-500 38 36
Nadezhdinsky Th, ASA, Tf  230-650 27 21
Tuklonsky Th 20-200 9 9 3
Gudchikhinsky Th, P 80-290 12 20
Syverminsky Th, ASA 0-170 10 3
Ivakinsky ASA, Th, Tf 40-210 19 17
Total 30 203 49 119

Abbr. indicates the current abbreviations for the different suites used here. Petro: ASA: Alkaline to subalkaline basalts, P: picrites, Tf: tuffs, Th:

tholeiites.

on an alternation of low and high-Ti lavas, they are
correlated to the middle part of the main Noril’sk
sequence: Morongovsky and Mokulaevsky suites by
Fedorenko and Czamanske (1997). However, this
lithostratigraphic correlation is not supported by pre-
cise radiometric ages. Basu et al. (1995) obtained an
age of 253.0 + 2.6 Ma for the base and of 250.4 + 1.3
Ma for the top of this section and it is important to note
that these last ages have been obtained in the same
laboratory and with the same standard than the age of
250.0 & 1.6 Ma for the basal formations of Noril’sk by
Renne et al. (1995). These authors consider then that
they are directly comparable and that the bottom of the
Maimecha—Kotuy section is significantly older than
the lowermost lavas from Noril’sk. U-Pb and U-Th—

Table 2
Siberian traps, mean directions and poles averaged by regions

Region N D, I, k o9s Lat. Long. K Aogs

Noril’sk 12 951 783 79 49 589 1343 26 8.6
Putorana 10 101.6 69.6 561 2.0 45.0 149.8 173 3.7
massif

West Taimyr 7 121.9 71.2 282 4.0 449 1265 76 6.9

Central 6 121.0 69.1 65 83 450 1483 29 124
Taimyr

Maimecha— 8 101.9 69.2 233 3.6 452 1580 97 5.6
Kotuy

SE 5 101.5 77.0 63 9.6 53.7 153.0 17 18.7
kimberlites

Average 49 1064 73.0 90 2.1 499 1448 29 38

N: number of results; D,,, I,,: mean declination and inclination; &,
oos: Fisher concentration and precision parameter; Lat., long., K,
Ags: mean pole and precision parameters.
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Fig. 2. Representative demagnetisation behaviour of several samples. Open circles: projection on the horizontal plane; full squares: projection
on the north—south vertical plane. Characteristic temperatures or alternating magnetic field values of individual demagnetisation steps are given.

Pb ages on zircons, baddeleyites and perovskites In the West Siberia basin, new results obtained
(Kamo et al., 2000) are in the same range of from borehole samples have given indistinguishable
254.8 £ 5.8 and 250.4 + 0.4 Ma. ages around 250 Ma (Reichow et al., 2002). Unfor-
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tunately, the precise stratigraphic position of the
samples is not known and moreover borehole SG6
where we have a reliable magnetostratigraphy has not
been dated yet (Westphal et al., 1998a,b). Finally,
several kimberlite pipes southeast of the main massif
provided data from similar ages (Kravchinsky et al.,
2002).

3. Previous palaeomagnetic and
magnetostratigraphic results

The Siberian traps basalts have been studied for
almost 40 years, but the older results do not meet
modern experimental standards (incomplete demag-
netisations mostly). With the question of the possible
correlation between high volcanic activity and large
biological crises, these formations received a renewed
interest. A query of the Global Palacomagnetic Data-
base (GPMDB, McElhinny and Lock, 1996), com-
pleted with some recent results (Gurevitch et al.,
1995; Solodovnikov, 1995; Kravchinsky et al.,
2002) yields 49 results with demagnetisation code
equal to or higher than 2 not including duplicate and
combined data. Mean directions and poles for differ-
ent regions of the Trap Basalts are given in Table 2
and in more detail in on-line data tables. Grouping the
results from Noril’sk region by suites (Lind et al.,

Table 3
Mean directions from the Noril’sk region, averaged by suites (Lind
et al., 1994)

Suite N Dy, I, k  o9s Lat. Long. Aogs
Samoedsky 12 76 77 46 59 62 152 119
Samoedsky (rev. s.)* 10 288 —65 11 13.2 38 145 23.0
Kumginsky 17 55 76 115 3.2 68 169 6.0
Kharaelakhsky 74 82 76 62 2.1 59 151 3.8
Mokularevsky 48 95 77 48 2 57 140 5.5
Morongovsky 40 89 83 28 42 66 126 8.9
Nadezhdinsky 18 72 79 55 44 66 148 8.9
Tuklonsky 15 38 76 29 6.7 74 184 133
Khakanchansky 1100 79 - — 58 130 -
Gudchikhinsky 15 122 73 47 53 45 129 9.7
Syverminsky 14 143 68 64 4.7 34 117 7.7
Ivakinsky 22 244 —67 13 82 54 180 14.1
Average 276 85 77 31 1.5 60 144 9.1

# Samoedsky (rev. s.) gives the mean direction of the reverse
samples found in this suite (Lind et al., 1994, Table 3, p. 1146).

1994) reveals differences in declination for the Syver-
minsky (D=143°) and the Gudchikinsky (D=122°)
suites with slightly shallower inclinations than the
stratigraphically higher suites.

The typical magnetostratigraphic succession from
bottom to top found in the Central Siberia traps is
from reverse to normal (R—N). Samples of reverse
polarity are found in the Ivakinsky suite in the
Noril’sk area and in the stratigraphically equivalent
Syradasaysky suite on Western Taimyr. The major
part of the overlying lava succession is of normal
polarity. Only at the top of Noril’sk section (Samoed-
sky suite) and on Western Taimyr (Verhnetamsky
suite), directions of reverse polarity are identified
occasionally (Lind et al., 1994; Gurevitch et al.,
1995). Dykes and intrusives in the Noril’sk area,
which are younger, show both polarities.

The magnetostratigraphic succession identified in
borehole SG6 in Western Siberia is N-R—-N—-R-N
(Westphal et al., 1998a,b). As only the upper part of
about 2 km of lavas has been cored and studied, it is
very likely that this section is younger than those
outcropping in the Noril’sk region and that the first
normal polarity zone is equivalent to the Noril’sk
normal polarity interval.

For the Maimecha—Kotuy district, the succession
given by Fedorenko and Czamanske (1997) is N—R
(Gusev et al., 1967). The base (I km thick) is of
normal polarity and the upper part (3 km) of the pile is
of reverse polarity. The implications of this result will
be discussed further down.

4. New palaeomagnetic sampling

Samples were taken from outcrops and boreholes
in Noril’sk area and 150 km northeast. The locations
of the sections sampled are given in Table la and b
and in Fig. 1. Outcrop sampling was carried out along
Abagalakh river, which cuts approximately 60 lava
flows from the Tuklonsky up to the Samoedsky suites.
The lower suites (Ivakinsky up to Khakanchansky)
were sampled closer to Noril’sk in three additional
sections: Listvyanka, Talnakh and Kaerkan. The List-
vyanka section starts with an intrusion of Ergalasky
type in Late Permian sediments covered by four flows
of the Ivakinsky suite, 11 lavas from the Syverminsky,
seven from the Gudchikinsky and a single flow from
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Fig. 3. Susceptibility variations with temperature of a sample from
borehole CD 28.

the Khakanchansky suites. One flow from the Ivakin-
sky and one from the Syverminsky suites were sam-
pled in Kaerkan. Section Talnakh is composed of four

flows from the Ivakinsky and three from the Syver-
minsky suites.

Samples from outcrops (at least six per flow) were
taken with a petrol-powered portable drill and were
orientated using a magnetic compass and, whenever
possible, additionally with a sun compass. Bedding
planes are horizontal or gently dipping toward to the
north in the Talnakh and Listvyanka sections, to the
west in the Kaerkan and to the southeast in the
Abagalakh section. The maximum dip angle is 15°.
Combining Abagalakh, Listvyanka, Kaerkan and Tal-
nakh sections yields a complete coverage from the
Late Permian to the top of the STB sequence.

Four hundred samples of borehole cores were
taken from old core collections. Here only the up
and down orientation is known, but, as the direction
of the Permian and Triassic field was always steep,
inclinations alone can provide unambiguous polarity
results.

The samples were studied in the St. Petersburg,
Paris, Strasbourg and Munich palaeomagnetic labora-
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tories using JR4, JRS and Molspin spinners, and CTF
and 2G cryogenic magnetometers. All samples have
been demagnetised stepwise either thermally up to
their respective Curie point or by alternating fields
(AFs) up to 200 mT with an average of 15 steps.
Principal component analysis (Kirschvink, 1980) was
performed and the precision of the directions was
calculated with the Kent et al. (1983) algorithm.
Interlaboratory comparisons proved the very good
coherence of the results.

4.1. Rock-magnetic characteristics

Ninety percent of the samples are characterised by
a single component (Fig. 2, sample Mk4-063a). Only
occasionally a secondary overprint of viscous origin
was observed. Maximum blocking temperatures of
the hard component are between 520 and 590 °C,
characteristic for low-Ti titanomagnetite and magne-
tite. The soft component, if present, has a blocking
temperature between 200 and 400 °C. For a few

samples, the primary component could not be clearly
identified by the demagnetisation process. For in-
stance, sample Mr2-7b was thermally demagnetised,
whereas sample Mr2-1c from the same flow, was
demagnetised by alternating fields up to 200 mT. In
this case, AF seems more efficient than the thermal
method and the intermediate component between 350
and 500 °C does not have any geomagnetic signifi-
cance (Fig. 2).

The magnetisations of Ivakinsky and Syverminsky
samples are often complex. Sample Iv3-28a from
Ivakinsky suite shows two components: a soft normal
and a hard reverse polarity component above 300 °C.
Thermal demagnetisations display often erratic behav-
iour above 400 or 500 °C with a Curie temperature
about 530 °C. The reverse component is not always
very well defined as shown by sample Iv1-013a, it
may even be completely hidden (Fig. 2).

The bottom intrusion (denoted iv-intr, Ergalasky
type) in the Listvyanka section is of normal polarity,
but the four flows from Ivakinsky suite overlying it

Table 4
Mean results, averaged by suites, all outcrop sections combined
Suite N Geographic coord. Stratigraphic coord. k %95 PGV
Ding I Dy I Lat. Long.

sm 2 63.4 70.3 81.3 69.5 25 - 51.7 162.8
km 7 343 72.1 63.2 73.1 173 4.6 62.1 171.9
hr 7 68.0 73.2 94.3 68.7 34 10.4 46.7 153.5
mk 13 473 77.9 95.4 74.2 85 4.5 53.5 145.7
mr 11 19.5 78.0 90.5 80.0 164 3.6 62.5 136.2
nd 15 6.5 60.8 28.1 70.6 69 4.6 70.2 217.0
tk 5 8.2 65.0 36.9 74.0 95 7.8 71.9 195.6
hk 1 108.5 57.5 90.3 57.6 - - 35.5 165.0
gd 7 129.2 62.3 107.3 66.0 30 11.0 39.0 143.0
sV 15 157.1 43.5 150.9 52.6 199 2.7 15.7 112.8
iv (R) 9 264.8 —74.7 235.5 —70.9 32 9.1 62.0 180.2
iv (N) 6 162.0 57.5 150.5 66.7 18 15.8 30.7 110.5
All flows 95 79.4 78.3 - - 10.3 4.5

95 - - 93.7 74.7 18.8 33
Mean pole 95 54.6°N 146.0°E K=17.6 Ags=5.3
Mean results, averaged by groups
Group 4 55 60 78 - - 30 35 - -

55 - - 90 74 53 2.6 54.8 149.7
Gr 3 (tk5—nd5) 14 4 57 20 68 265 2.5 68.6 234.0
Gr2 (sv) 16 157 44 151 53 199 2.6 16.1 113.2
Grl (iv) 9 265 -75 236 —71 32 9 62.0 180.2

Reverse polarity directions were inverted for the calculation.
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are of reverse polarity with steep inclinations. The
lowest flow from the Talnakh section shows charac-
teristic remanent magnetisations (ChRM) of both
polarities (tal-2 N and R). We suppose that this
normal direction is the result of a remagnetisation
by a later normal Triassic field. The mean directions
of the ChRM for lava flows of the Ivakinsky suite in
the Talnakh, Kaerkan and Listvyanka sections are
similar. The flows from the Syverminsky suite are
of normal polarity, but with a lower inclination as
determined by Lind et al. (1994) for the same suite
(Tables 3 and 4).

The presence of magnetite or low-Ti titanomagne-
tites as the main carrier of the magnetisation is
confirmed by the temperature dependence of the low
field susceptibility measured with a KLY kappa-
bridge. The curves show an increase of susceptibility
just below 580° and almost no hematite present (Fig.
3). Ms(T)-curves measured with a Variable Field
Translation Balance (VFTB) yield similar results. In
some cases, alterations were observed when samples
were heated over 600 °C resulting in an increase of

susceptibility. Measurements of the coercive force and
the remanence coercivity (Hc and Her), of the satura-
tion magnetisation and the saturation remanent mag-
netisation (Ms and Mrs) for samples of the whole
section were also done. A plot of the Her/Hce against
Mrs/Ms (Day et al., 1977) indicate that the magnetic
grains are mainly in the pseudo-single-domain (PSD)
range (Fig. 4). All these different rock-magnetic
properties show a great uniformity along the whole
section.

4.2. Results from outcrop sections

The soft component has usually a steep normal
direction, but shallow and even negative inclinations
are occasionally found. The mean characteristic direc-
tions for all the flows from the different sections are
given in Table 4 for suite averages and detailed in on-
line data tables. Differences in bedding orientation
within the sections are too small for internal fold tests.
However, combining all data, a regional fold test is
possible. After corrections for bedding, the precision

¢GCrd
mGr3
AGr2
oGr1

Fig. 5. Stereogram of the characteristic mean flow directions after tectonic corrections and showing the different directional groups (see text).
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parameter k of the overall mean (calculated with
reverse directions inverted to normal) increases from
10.3 to 18.8, which is statistically significant. This is
in favour for a prefolding origin of the magnetisation.

A comparison of previously published results giv-
en in Table 3 and our new data shows systematic
differences in poles positions by a few degrees very
likely reflecting incomplete demagnetisation of the
older data set (Lind et al., 1994).

Four directional groups of directions can be readily
identified on the stereogram after bedding correction
(Fig. 5). These groups are formed by successive flows
allowing us to distinguish them statistically. Group
(Gr 1) is formed by all the flows of reverse polarity
from the Ivakinsky suite (D=236, /=—71). A second
group (Gr 2) clusters around D=151° and /=54° and
is formed by the flows from Syverminsky suite up to
flow gdl. A less obvious third group (Gr 3) appears
around D=20° and /=68°. It corresponds to flows
tk5 to nd5 covering the upper half of Tuklonsky and
the lower half of Nadezdinsky suites. The remaining
flows, mainly the upper part of the complete section,
form the last group. The respective mean directions
are given in Table 4.

Groups 2 and 3 display very low scatter (k=199 and
265) and are interpreted to be either transitional direc-
tions and a post transitional excursion, respectively.
The very low scatters indicate either a long period with
a very low secular variation or more probably that these
two series of 14 to 15 flows were emplaced in a time
period too short for averaging secular variation. In
order to obtain a better view of the directional deviation
between these groups, we calculated the best-fit great
circle plane passing through all the directions. Taking
this plane as a reference, each direction has an apparent
inclination and declination. The apparent inclination
corresponds to the out of plane scatter and the apparent
declination shows the shift along this plane against the
depth of a composite Abagalakh—Listvyanka section
(Fig. 6). The reversal between Ivakinsky and Gudchi-
khinsky lavas is clearly visible. Gr 2 and Gr 3 appear as
offset groups with low scatter.

4.3. Boreholes samples
Cores obtained from boreholes provide continuous

sections of the lava pile. Borehole TKS5 is close to
Abagalakh section and penetrates the same forma-
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Fig. 6. Apparent declination shift of all flow mean directions versus
depth (composite Abagalakh—Listvyanka section) when compared
to the best-fit great circle plane passing through all the directions.
The directional groups as defined in the text are indicated.

tions. Boreholes CD24 and CD28 are closer to Nor-
il’sk and overlap stratigraphically with the Abagalakh
and Listvyanka sections.

The palacomagnetic components are comparable to
those of outcrops samples and display one or two
components. Samples of the borehole CD10 (Kum-
ginsky suite) are an exception. They have complex
magnetisations with up to three components indicat-
ing overprinting unlike the parallel part of Abagalakh
section. No visible magnetostratigraphic succession
can be identified in this section.

It was shown that for steep inclinations, the arith-
metical mean 7,,, is a biased estimation (too shallow) of
the true mean /,. Mean inclinations for the unoriented
borehole cores have been calculated according to the
Westphal et al. (1998a) procedure. This method was
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Table 5

Results from boreholes (arithmetical means and corrected inclinations)

Borehole means component NIN, I o I, k Paleolat.
Abag. (Fisher) 200 095 =1.6 76.9 39.0 65.0
Abag. (incl. alone) 200 73.5 8.2 779+ 0.8 43.1+7.1 66.8
TK 5N 113 74.1 7.8 87.0 21.9 84.0
CD 10 N 18/19 71.4 8.8 74.7 85.5 61.3
CD 24 N 170 73.8 8.3 79.2 37.7 69.1
CD 24 R 15/18 —66.5 25.8 —89.6 30.5 86.7
CD 28 N 30 60.0 13.7 65.5 12.4 47.6
CD 28 R 9 —69.8 59 —71.5 77.3 56.2
All'N 313/321 72.6 9.7 88.3 19.4 86.6
All R 34/38 —73.7 8.5 —80.9 26.3 722

N and R represents normal and reverse components, respectively; /,, and ¢ are the arithmetical mean and standard deviation of the inclinations;
1, and k are the estimations of the true mean inclination and of the & value (Westphal et al., 1998a).

first tested with the characteristic directions from the
Abagalakh section (all samples of normal polarity after
bedding corrections). Calculated with the Fisher sta-
tistics, the mean inclination is 76.9 + 1.6 and £=39.0.
The arithmetical mean 7, of the inclinations alone is
73.5 (with 0=28.2) and the corrected inclination /, is
77.9 £0.8 with k=43.1 £7.1. The two estimations
are similar within margin of errors. The method was
then applied to the different boreholes data and is
summarised in Table 5.

4.4. Pole positions

The mean pole positions are given in Table 6 and
in Fig. 7. The mean poles from Ivakinsky samples,
Abagalakh and Western Taimyr, are similar and close
to the mean poles calculated by Torsvik et al. (2001)
for 250 and 240 Ma, but slightly offset counterclock-
wise. The mean pole from Maimecha—Kotuy prov-
ince (Table 1) fits better for ages around 260 Ma. As
borehole SG6 (Westphal et al., 1998b) provided only

Table 6
Mean poles

Latitude Longitude  Ags
All flows 56 146 6
Group 4 55 150 4
Tk5-Nd5 (group 3) 69 234 4
Sv (group 2) 16 113 2
Iv (group 1) 62 180 17
W. Taimyr (Gurevitch et al., 1995) 59 150 11

inclination values, the corresponding pole should
plot on a small circle intersecting the apparent polar
wander path (APWP) between 210 and 220 Ma. If
we assume that the age of 253 Ma for the base of the
Maimecha—Kotuy province is true, the trend of the
poles is parallel to the trend of the APWP.

5. Magnetostratigraphy

Fig. 8 summarises the inclination variations as a
function of the stratigraphic position of the outcrop
section and boreholes. The large majority of the
samples carry a positive, normal inclination. Negative
inclinations are only identified in the lowermost part
(Ivakinsky suite). All flows of the Abagalakh section
are of normal polarity. Isolated samples having a
negative inclination are found rarely above the Ivakin-
sky suite, mainly in borehole CD24 (13 samples), TKS5
(6 samples) and only three (not shown) in the Abaga-
lakh outcrop section. These apparently reverse polarity
samples cannot be correlated between boreholes or
outcrop sections. The most probable explanation is
that some samples were mishandled and inverted
during sampling or storage and that other ones may
derive from unrecognised intrusions of younger age.

In borehole CD10 (mainly Kumginsky suite), both
polarities occur. This core is the shortest and penetrates
only the uppermost suites. There is no significant
succession of positive or negative inclinations allow-
ing for the definition of polarity intervals. Moreover,
the parallel outcrop in the Abagalakh section does not
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Gr2
Sv

30

Fig. 7. Polar wander curve from Torsvik et al. (2001) in Eurasian co-ordinates between 300 and 200 Ma (squares). Circles indicate the position
of the paleopoles of the Ivakinsky (Iv), Syverminsky (Sv), Tuklonsky to Nadezhdinsky (Tk—Nd) suites and the remaining group (A) mean
poles. The Maimecha—Kotuy province (M—K), West Taimyr (WT) mean poles are also shown. Noril’sk and borehole SG6 localities are
indicated by small crosses. The broken line denotes the possible position of the paleopole obtained from the inclinations of borehole SG6.

show any evidence for reversals. We suspect that
remagnetisations affecting the top formations not cov-
ered and protected by later flows are the cause of
theses complex magnetisations. Lind et al. (1994)
states also that occasional reverse directions exist in
the uppermost formations of the Noril’sk (see Table 2).
Both polarities are also found at the top of the Western
Taimyr section studied by Gurevitch et al. (1995).

The transitional directions found by Lind et al.
(1994) in the Syverminsky and the Gudchikhinsky
suites are confirmed by our results from the Talnakh,
Kaerkan and Listvyanka sections.

In contrast to outcrop sampling, boreholes CD 24
and CD 28 provide a continuous coverage of the lava
pile between Nadezhdinsky and Gudchikinsky suites

assuring that no magnetostratigraphic gap exists in our
study. The magnetostratigraphic succession for the
whole Noril’sk area is therefore R—N.

The polarity succession from Maimecha—Kotuy
(M—=K) district is N—R. Based on chemical compar-
isons, Fedorenko and Czamanske (1997) correlated
the Kogotsky suite from the M—K section with the
Noril’sk Morongovsky and Mokulaevsky suites. In
this case, the top of the M—K section must be younger
than the top of the basalts in the Noril’sk area.
Alternatively, Basu et al. (1995) consider their ages
as true and that the M—K region is therefore signifi-
cantly older. Thus, the N—R succession may represent
one of the Illawara reversals preceding the Permian
Triassic boundary. This is in agreement with a slightly

Fig. 8. Magnetostratigraphic correlations between outcrops and boreholes. The column on the left-hand side represents the succession and
average thickness of the suites in the Noril’sk area. For boreholes, individual sample inclinations are shown. For the composite Abagalakh—

Listvyanka section flow mean directions are given.



223

E.L. Gurevitch et al. / Tectonophysics 379 (2004) 211-226

T 00S¢

ﬂ T 000¢

T 0051

. T 0001

<  T00S
% I

[«))

uoneuljosp

0G1-

T 0052
e g
.HM::ooow
$ + 005}
d
4
A Y
1000l
*
*
*
*
*
*
IR S
$ T 005
1
PRRRE EEREE
*
———

06 0 06-

uoleuljoul

eyueAnisIT-yyejebeqy

s oy, oW

o
[

?

SML

T 00S¢

Y2 ad

T 000€

Afsupien|

AsulwIanAs

Asuiyiyopno

Ajsuopin

AsuiyzepeN

Asnobuoiol

Aysnae|nyon

Asyyejeeleyy

Ajsuibwinyy

Ayspaowes




224 E.L. Gurevitch et al. / Tectonophysics 379 (2004) 211-226

Olenikian

| ncar
1 1110 B EER

~

u. Permian

A-N
!\ WT

SG 6

1 km

Fig. 9. Proposed general magnetostratigraphic correlation of the Siberian traps with the global Permian—Triassic magnetostratigraphy.
Magnetostratigraphic scales: black: normal polarity, white: reverse polarity. SMS94: Steiner et al. (1994) scale; A—N: composite Abagalakh—
Noril’sk section; WT: western Taimyr; SG6: western Siberia borehole; M—K a and b: alternative correlations for the Maimecha—Kotuy

section.

older age (260-270 Ma) of the M—K volcanics
derived from the comparison of their palacopole
position to the APWP for Baltica used as reference
(Fig. 7). However, this pole (Table 2) has to be
regarded as being less reliable due to still incomplete
demagnetisations. The two alternative correlations are
presented in Fig. 9. A new palaecomagnetic study is
now in process and may help to solve this ambiguity.

Borehole SG6 gave an N-R-N-R-N succes-
sion. Taking all the results together yields a mini-
mum of five to seven polarity zones for the complete
magnetostratigraphy of the STB. The eruptive cycles
were initiated before the Permian—Triassic boundary
and proceeded long after into the Early Triassic
(Induan—Olenikian). Nevertheless, the major part of

the volcanic formations erupted around 249-251 Ma
ago.

6. Conclusions

The VGP obtained from the outcrop sections
(54.7°N, 146.0°E) is close to the mean pole from
Taimyr (Gurevitch et al., 1995) (59°N, 150°E). The
borehole samples yield corrected inclinations which
seem too high compared to the results of outcrop
sections. The palaeolatitudes deduced from the cor-
rected inclinations are about 46° to 85°N, whereas the
palaeolatitudes deduced from the mean inclination
from outcrop sections is about 59° to 62°N.
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The magnetostratigraphy of the STB in the Nor-
il’sk area compiled on the basis of results of different
outcrop sections and boreholes confirms the presence
of a zone of reverse polarity (R) at the bottom the
volcanic sequence (Ivakinsky suite). All higher for-
mations are of normal polarity (N). Some isolated
samples randomly distributed in the borehole samples
are of reverse polarity. However, they could not be
correlated between the sections and boreholes and do
not allow to define further intervals of reverse polar-
ity. The simple R—N magnetostratigraphic succession
of the bulk of the Siberian traps confirms the rather
short duration of the main eruptive cycle.
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