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INTRODUCTION

The intensity of the magnetic field Hanc, just as its
vector direction and secular variations, are the basic
parameters of the Earth’s magnetic field. The charac�
ter of their behavior and variations on the geological
time scale provides the key to understanding the geo�
dynamic evolution of our planet and the processes
occurring in the Earth’s interior. For example, the
geomagnetic field intensity and its secular variation
during the geological history provide the key con�
straints for geodynamo simulations (Coe et al., 2000),
and, hence, they are vital for understanding the phe�
nomena taking place in the Earth’s interior. Therefore,
reconstruction of a reliable detailed pattern of varia�
tions in geomagnetic field intensity (Hanc) and its vir�
tual dipole moment (VDM) in the geological past is

necessary to address the fundamental problems of geo�
magnetism.

Despite the critical importance of this problem and
more than half a century research, the amount of reli�
able results on Нanc is still insufficient to solve this
problem. This is firstly due to the limited number of
favorable sites for determining the paleointensities and
a rapid decrease in their number in geological time.
The limited reliable (especially pre�Cenozoic) data
hinder reaching agreement on the very general fea�
tures in the behavior of geomagnetic field intensity
during the Earth’s evolution. 

As early as 1990, based on the Нanc data published
up to that time, Prevot et al. (1990) advanced a
hypothesis that over a substantial part of the Mesozoic,
probably from the end of the Early Jurassic to the Late
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Cretaceous (180–120 Ma), there was the Mesozoic
Dipole Low period (MDL), during which the mean
magnetic field intensity did not exceed one�third of
the mean Нanc value in the Late Cenozoic. This
hypothesis was supported by the subsequent experi�
mental results (Pick and Tauxe, 1993; Kosterov, 1998;
Shcherbakov et al., 2011; Shcherbakova et al., 2012;
etc.) and the statistical analysis of the VDM data pre�
sented in the World Database (MDB) on Paleomag�
netism and Paleointensity (Perrin and Shcherbakov,
1997; Thomas and Biggin, 2003). As follows from the
analysis, the MDL could have lasted from 300 to 120
Ma (Perrin and Shcherbakov, 1997) and even from 260
to 50 Ma (Thomas and Biggin, 2003).

The MDL hypothesis is also supported by the
VDM data obtained by several authors for a series of
basalt flows of Siberian traps (Solodovnikov, 1994;
Heunemann et al., 2004; Shcherbakova et al., 2005;
2013). They indicate with confidence that during the
effusion of the studied lava flows (Late Permian, Early
Triassic, ~250 Ma ago), the geomagnetic field inten�
sity was significantly lower than during Late Cenozoic.
From this it follows that the Mesozoic Dipole Low
could even reach at least the Permo�Triassic boundary.

However, a number of recent works (Selkin and
Tauxe, 2000; Tarduno et al., 2001; Goguitchaichvili
et al., 2002; Tauxe and Staudigel, 2004; Tarduno and
Cottrell, 2005; etc.) report high (sometimes even
higher than at present) Hanc values for the Mesozoic.
Based primarily on their own results, the authors of
these works claim that the Mesozoic Dipole Low has
not existed altogether and, in particular, the magnetic
field in the Cretaceous was comparable to the present
field and could have been even higher at times.

Besides, the recent work (Blanco et al., 2012),
which reports relatively high mean paleointensities for
the Vilyui trap Permian–Triassic sills compared to the
results for the coeval traps in other works (Solodovni�
kov, 1994; Heunemann et al., 2004; Shcherbakova
et al., 2005; 2013), suggests that the magnetic field
intensity at the Permian–Triassic boundary was close
to the present field and the Mesozoic Dipole Low did
not extend to the Permo�Triassic boundary, which
contradicts the conclusions of the cited works. Clearly,
the study of the paleointensities of the new trap sec�
tions in Siberia would provide new evidence to support
or reject the MDL hypothesis.

We present the new paleointensity data from three
sampled sites of the Siberian traps: the Ergalakh sec�
tion (Norilsk region), and the Tyvankitskii and Del�
kanskii formations (Maymecha–Kotuy region).

STUDY OBJECT: GEOLOGICAL 
AND PETROGRAPHIC OVERVIEW

The Siberian trap province occupies a vast territory
and comprises several regions, including Norilsk,
Maymecha–Kotuy, Putorana, and Tunguska. Accord�
ing to absolute age datings (Kamo et al., 2003), trap
formation occurred about 250 Ma ago and lasted for
about 1 Ma. As a rule, the trap sections are composed
of numerous lava flows, up to 40 and more flows in dif�
ferent sequences. The study of the basic characteristics
of natural remanent magnetization (NRM) in the
rocks across the section, from one flow to another,
provides a unique opportunity to reconstruct quite a
detailed sweep of the behavior of paleodirections and
paleointensities during 1 Ma at the Permo–Triassic
boundary and estimate their time variations. In the lit�
erature, the data of this type are only reported for the
young rocks. Comparison and correlation of the data
from trap sections in different regions of Siberia for
subsequent reconstruction of the general pattern of
successive formation of the Siberian trap province is
also highly interesting.

To date, the paleomagnetic studies and determina�
tions of paleointensities have only been performed for
the single trap sections in the Norilsk and May�
mecha–Kotuy regions (Solodovnikov, 1994; Heune�
mann et al, 2004; Shcherbakova et al., 2005; 2013).
Below we present the new data on the other sites of
these regions, namely, the Ergalakh section (Norilsk
region), and the Tyvankitskii and Delkanskii forma�
tions (Maymecha–Kotuy region).

The Ergalakh section is located in the Norilsk
Region of the Siberian Trap Province, 15 km south of
Norilsk (Fig. 1). The section comprises 12 subhori�
zontal lava flows related to the Ivakinskii, Syvermin�
skii, and Gudchikhinskii formations (the lower part of
the tuff�lava sequence of Norilsk region). The lava
flows are predominantly composed of basalts. The Iva�
kinskii Formation also includes trachybasalts, and the
Gudchikhinskii Formation, picritic basalts. The total
thickness of the section is 65 m. Flows 6 and 7 (the
upper flow of the Ivakinskii Formation and the lower
flow of the Syverminskii Formation) are disrupted by
the sill�like Norilsk�2 intrusion of the Norilsk type,
which has a thickness of 40 m. The fossil�based age of
the deposits of the Ivakinskii Formation is Late Per�
mian; the Syverminskii and Gudchikhinskii forma�
tions are related to Early Triassic (e.g., Kamo et al.,
2003).

The Tyvankitskii and Delkanskii formations, form�
ing the middle part of the Permian�Triassic volcano�
genic sequence of the Maymecha–Kotuy region, were
sampled in the section on the right side of Maymecha
River opposite the mouth of the Kogotok stream
(Fig. 1). According to the geological mapping
(Ob”yasnitel’naya…, 1996), it was previously believed
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that this sequence includes the Onkuchakskii (Kogo�
tokskii Series) and Delkanskii formations. Our petro�
graphic studies established that the lower part of the
sequence is composed of flows of basalts, dolerites,
and trachybasalts, which are close to the basalts in
mineral composition but have more acidic plagioclase
(andesine in trachybasalts, labradorite in basalts),
higher degree of crystallization of the groundmass,
and the presence of minor amounts of amphibole and
biotite (Fig. 2). It is generally accepted that the
Onkuchakskii Formation is only represented by the
rocks of normal alkalinity (basalts and dolerites) (e.g.,
(Egorov, 1995; Fedorenko and Czamanske, 1997)).
Then, the presence of trachybasalt flows suggests that
the lower part of the section is probably related to the
Tyvankitskii Formation composed of the alternating
flows of basalts, trachybasalts, and trachyandesites
(Fedorenko et al., 1997; Ob”yasnitel’naya…, 2001).
We refer the upper part of the section, composed of
alkaline ultramafite volcanics (augitites and
melanephelinites), to the Delkanskii Formation, as it

was previously suggested in (Ob”yasnitel’naya…,
1996). The base of the Delkanskii Formation was
drawn by us by the first flow of augitites; higher in the
section, the basalts and dolerites disappear.

The section comprises 42 lava flows and two inter�
vals with undistinguishable flows. The total thickness
of the section is about 380 m. According to our petro�
graphic data, flows 1–34 are related to the Tyvankitskii
Formation, and flows 35–42 and the interval above
flow 42, to the Delkanskii Formation. The average
thickness of the flows is 4–8 m. The age of the Tyvan�
kitskii Formation can be assumed to be Early Triassic
because this formation stratigraphically overlies the
rocks of the Arydzhangskii Formation whose age is
251.7 ± 0.4 Ma (U/Pb, perovskite) (Kamo et al.,
2003). The Delkanskii Formation is also related to the
Early Triassic and has an age of 251.1 ± 0.3 Ma accord�
ing to U/Pb zircon dating (Kamo et al., 2003).
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Fig. 1. (a) The geographical location of the studied sections in the Siberian Platform, (b) the geological scheme of the Norilsk
Region, (c) the geological scheme of Maymecha River region. P2–T1pr, the Pravoboyarskii Formation; T1on, the Onkuchakskii
Formation; T1tv, the Tyvankitskii Formation; T1dl, the Delkanskii Formation; T1m, the Maymecha Formation; T1g, dunites of
the Gulinskii massif.
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PETROGRAPHY 
AND MAGNETIC MINERALOGY

The Tyvankitskii Formation is composed of the
flows of basalts, dolerites, and trachybasalts. The aver�
age thickness of the flows is 4–8 m. Dolerites are com�
posed of plagioclase and clinopyroxene (augite) and
have a holocrystalline poikilophitic texture. Subidio�
morphic plagioclase laths grow through the larger
anhedral clinopyroxene grains. Minor amounts of ore
minerals (titanomagnetite and magnetite) and rare
phenocrysts of olivine fully substituted with secondary
minerals are present. Basalts have an aphyric to
sparsely porphyritic texture (Fig. 2a), where 0.3–
0.5 mm plagioclase phenocrysts occupy at most 5% of
the total rock volume. Rare clinopyroxene and com�
pletely substituted olivine phenocrysts occur. The
groundmass has an intersertal to hyalopilitic texture
and is composed of clinopyroxene, plagioclase, tita�
nomagnetite, and glass substituted by secondary min�
erals: carbonates, zeolites, and chlorite. The An45�
An63 (andesine–labradorite) plagioclase composition
in the basalts and dolerites is determined by the
Michel–Levy method. Thus, the dolerites and basalts
of the Tyvankitskii Formation have the same composi�
tion and texture as the similar rocks of the Onkuchak�
skii Formation. Trachybasalts (Fig. 2b) have a sparsely
porphyritic to aphyric texture. Plagioclase phenoc�
rysts (An38�An50; andesine–labradorite) make up 5%
of the rock volume. Clinopyroxene and ore minerals
are less common; sometimes, olivine substituted by
iddingsite occurs. The groundmass is microlitic or
intersertal, is composed of plagioclase, clinopyroxene,
ore minerals with some occurrences of apatite,
amphibole, and biotite.

Most of the Delkanskii lava flows are composed of
augitites (Fig. 2c). Augitites have a porphyritic texture;
clinopyroxene phenocrysts (5–20% of the rock vol�
ume) 0.3–2 cm in size dominate; smaller amounts of

olivine (0–10%), almost completely substituted by
serpentine, ore minerals (magnetite, titanomagnetite,
up to 5% of the rock volume), and sometimes phlogo�
pite, apatite (up 3%), nepheline, perovskite, and
sphene are present. The groundmass is microlitic,
intersertal, or hyalopilitic in texture, composed of cli�
nopyroxene, ore minerals, and nepheline. Overall, the
augitites of the Delkanskii Formation are similar to the
lavas of the Arydzhangskii Formation in the Kotuy
river section.

Several samples from the Tyvankitskii and Delkan�
skii formations were studied by electron microprobe
analysis. Based on the obtained results it was found
that the samples from the Tyvankitskii Formation are
dominated by magnetite and titanomagnetite grains
with exsolution structures and signs of heterophase
oxidation (Fig. 3a). The heterophase�oxidized titano�
magnetite grains vary from 30 to 200 microns in size.
Small (5–10 microns) and large (20–50 microns) tita�
nomagnetite dendrites (14–23% TiO2) are identified
(Fig. 3b). Secondary changes in the magnetic minerals
are represented by single�phase low�temperature oxi�
dation of small titanomagnetite grains and the occur�
rence of newly formed magnetite in insignificant
amounts.

Also, the predominance of large magnetite and
titanomagnetite grains with a size of 50–300 µm and
signs of single�phase oxidation (Fig. 3d), sometimes
having very complex texture, is revealed. Some grains
contain complex exsolution structures represented by
lamellae and different�sized blocks. The end�products
of exsolution are ilmenite grains, sometimes substi�
tuted by sphene, and magnetite. Also, there are small
homogenous titanomagnetite grains (10–17% TiO2)
and heterophase�oxidized titanomagnetites (Fig. 3c).
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Fig. 2. Microphotographs of the rock samples from (a, b) Tyvankitskii and (c) Delkanskii formations: (a), basalts of the Tyvan�
kitskii Formation (sample 355); (b), trachybasalts of the Tyvankitskii Formation (sample 505); (c), augitites of the Delkanskii
Formation (sample 743). Cpx, clinopyroxene; Pl, plagioclase; TiMt, titanomagnetite; Ap, apatite.
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PALEOMAGNETIC STUDIES

The objects of study were sampled during the field
seasons in 2009 (Maymecha River) and 2010 (Norilsk
region). Oriented samples were collected from each
lava flow: 8–12 samples per flow in the Ergalakh sec�
tion and 4–6 samples per flow in the section of the
Tyvankitskii and Delkanskii formations in the May�
mecha River basin. The intervals with indistinguish�
able lava flows in the Maymecha River section were
sampled every 1–1.5 m along the thickness. The ori�
entation of the samples was determined using a mining
compass under the control of the possible influence of
strongly magnetic rocks on the magnetic compass
needle.

The laboratory paleomagnetic studies were per�
formed in the Rock Magnetic Laboratory of the Fac�
ulty of Geology of Moscow State University and in the
Laboratory of the Main Geomagnetic Field and Rock
Magnetism at the Institute of Physics of the Earth of
the Russian Academy of Science, in accordance with
the standard procedure (Zijderveld, 1967; Khramov
et al., 1982; Shipunov, 1999). All the samples were
subjected to detailed magnetic thermal cleaning
mostly up to 580–625°C; the number of cleaning steps
was 12–17. The specimens were demagnetized in non�
magnetic ovens with an uncompensated field less than
5–10 nT. The remanent magnetization was measured
on a JR�6 (AGICO) spin magnetometer. The results
were processed using a software package by

(а) 50 µm (b)

(c) (d)

50 µm

200 µm20 µm

Fig. 3. The magnetic mineralogy of the rock samples from the (a, b) Tyvankitskii and (c, d) Delkanskii formations: (a), titano�
magnetite with exsolution structures; (b), titanomagnetite dendrites; (c), heterophase titanomagnetite with pyrite inclu�
sion; (d), single�phase oxidation of titanomagnetite.
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Enkin (1994) and Remasoft (Chadima and Hrouda,
2006), which use the Principal Component Analysis
(PCA) technique for identifying the magnetization
components (Kirschvink, 1980).

Most samples have a clear paleomagnetic signal;
therefore, the paleomagnetic directions were deter�
mined in all the studied lava flows. In most cases, two
magnetization components are distinguished by the
magnetic thermal cleaning. The low�temperature
component is destroyed at a temperature of 240–
300°С and has a direction close to the present geo�
magnetic field, suggesting its viscous nature. The
high�temperature (characteristic, ChRM) component
in the samples from the Ergalakh section is typically
destroyed in the temperature range of 400–630°С
(Fig. 4a), except for flows 4 and 5 (Ivakinskii Forma�
tion), where the high�temperature component in a
number of samples is identified in the temperature
range of 300–500°С.

In the Ergalakh section, flows 1–5 (Ivakinskii For�
mation) are magnetized in the direction of reversed
polarity (Fig. 4c). The overlying flows 6–7 (Ivakinskii
and Syverminskii formations) are normally magne�
tized. The paleomagnetic directions in these flows are
statistically indistinguishable with those in the
Norilsk�2 intrusion penetrating these strata. This sug�
gests that flows 6–7 were remagnetized during the
penetration of the Norilsk�2 intrusion. Up to the sec�
tion, the interval of reversed polarity in the Ivakinskii
Formation is followed by the transition zone, where
the signs of stable normal polarity are not observed.
This transition zone comprises the overlying flows (8
and 9) of the Syverminskii and (10–12) Gudchikhin�
skii formations.

The high�temperature ChRM component in the
samples of the Delkanskii Formation is destroyed in
the temperature range of 560–585°С, and in the sam�
ples from the Tyvankitskii Formation, in the tempera�

ture range of 550–605°С (Fig. 5). The results of ther�
mal cleaning show that all the lava flows of the Tyvan�
kitskii Formation and the samples of the Delkanskii
Formation are magnetized reversely. Despite the high
quality of the record, the distribution of the mean
directions in the samples of the Delkanskii Formation
is characterized by a considerable scatter (Fig. 5b).
The paleomagnetic directions in the flows of the
Tyvankitskii Formation are more concentrated, except
for flows 23–25 whose directions significantly differ
from the section�average value (Fig. 5c).

The paleomagnetic studies of the Norilsk and May�
mecha�Kotuy traps provided a number of arguments
in favor of the primacy of the characteristic remanent
magnetization in the studied volcanic sections (Pavlov
et al., 2011). The primary origin of ChRM in the
Ergalakh section is supported by the following factors:

(a) a positive contact test for the trap rocks of the
Ivakinskii and Syverminskii formations where two
flows are penetrated and remagnetized by the Norilsk�2
intrusion and the rest flows have a paleomagnetic
direction that statistically significantly differs from the
Norilsk�2 intrusion;

(b) the presence of the directional groups in the
sequence whose mean directions statistically signifi�
cantly differ among the groups (Pavlov et al., 2015).

The primary origin of ChRM in the sequence of the
Tyvankitskii–Delkanskii formations in the Maymecha
River follows from (i) the presence of primary mag�
matic homogeneous or deuterically oxidized magnetic
minerals—magnetite and titanomagnetite—which
can be the carriers of primary remanent magnetization
ChRM; and (ii) the proximity of the virtual geomag�
netic poles, calculated for each formation, to the
Permo–Triassic paleomagnetic pole in the traps of the
Siberian Platform and their distinction from the
younger poles (Pavlov et al., 2007).
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Fig. 4. The results of paleomagnetic studies for the Ergalakh section: (a), the typical Zijderveld plots for sample 1�8 (Ivakinskii
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As is well known, the Permian�Triassic boundary
accommodated the largest ecological catastrophe in
the Earth’s history—the mass extinction of about 90%
of the living creatures that inhabited our planet at the
time (Sepkoski, 1982; Courtillot and Olson, 2007).
Many researchers (for example, Courtillot and Olson
(2007)) link this event to the virtually simultaneous
volcanic activity, which resulted in the formation of
the Siberian traps. The probable catastrophic impact
of trap magmatism on the biosphere is now explained
by the hypothesis, actively developing at present,
according to which the formation of the traps occurred
in short intense bursts (pulses) separated by quiet
intervals (Chenet et al., 2008). It is assumed that erup�
tions of huge volumes of volcanic material occurred
during relatively short time intervals, that is, on nar�
rower timescales than those resolved by the modern
isotopic dating methods. The authors of this hypothe�
sis developed and described the method for distin�
guishing the directional groups and estimating the
durations of these events. The directional groups cor�
respond to the pulses of volcanic activity with a length
of at most 300–400 years, whereas the individual
directions correspond to single volcanic eruptions, the
longest of which lasted 100 years.

In addition to the Deccan traps (Chenet et al.,
2008; 2009), this method was also tested on the trap
sections of the Norilsk and Maymecha–Kotuy regions
(Pavlov et al., 2011) and applied for the data on the
objects analyzed in the present study (Pavlov et al.,
2015). As a result, four directional groups comprising
several neighboring lava flows with statistically indis�
tinguishable paleomagnetic directions (pulse P) and
three individual directions (ID) of the flows, which
significantly differ from the neighboring flows, were
identified in the Ergalakh section.

THERMOMAGNETIC PROPERTIES 
OF THE ROCKS AND EVALUATION 

OF THE DOMAIN STRUCTURE

The Experimental Procedure

A large part of the samples having reliable results on
paleodirections were transferred to the Borok Geo�
physical Observatory (Borok GO) of IPE RAS. The
determinations of paleointensities Нanc, the studies of
magnetic and thermomagnetic properties, and evalua�
tion of the domain structure of the ferromagnetic
grains in these samples were conducted in the Labora�
tory of Paleomagnetism and Physicochemical Proper�
ties of Rocks of Borok GO. In total, the collection
included 133 nonoriented sample cuts (70, 41, and
22 samples from the Ergalakh section, Tyvankitskii
and Delkanskii formations, respectively). The samples
were cut into 1 cm cubes, which were then used for all
the subsequent experiments.

The stability of the magnetic properties of the rocks
to heating was evaluated from a set of saturation mag�
netization curves Msi(T) recorded during heatings up
to successively higher temperatures Ti {200, 300, 400,
500, 600, 700}°C. The Curie temperatures of the sam�
ples were determined from the maximum in the first
derivative in the curve Ms(T) in accordance with the
guidelines presented in (Fabian et al., 2013). The heat�
ings in the external magnetic field of 0.45 T were con�
ducted using the Curie magnetic balance designed by
Yu.K. Vinogradov.

The domain structure of the ferromagnetic grains
that carry residual magnetization was estimated by the
Day plot (Day et al., 1977). For this purpose, the hys�
teresis curves of the induced magnetization М(H) and
remanent saturation magnetization Mrs(H) generated
in the external magnetic field H ~ 0.45 T were
recorded at room temperature. After the correction for
paramagnetic component, the magnetic parameters of
the samples Ms, Mrs, coercitive force Hc, and residual
coercive intensity Hcr were determined, the character�
istic parameters Mrs/Ms and Hcr/Hc were calculated,
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and then the Day plot (Mrs/Ms versus Hcr/Hc) was con�
structed.

Below, we only discuss the properties of the samples
that, after analyzing all the obtained results and their
separation, were used for estimating Hanc.

Thermomagnetic Properties of the Rocks 
and Evaluation of the Domain Structure

By the behavior of saturation magnetization Msi(T)
and its stability at successive heatings, the samples
from all three studied objects differ insignificantly. By
their shapes, the series of thermomagnetization
curves Msi(T) for these samples fall into three types.
Type A (Fig. 6a) comprises the stable curves, which barely
change between different heatings; the Curie point of
the samples is close to magnetite. The curves compos�
ing type A1 (Fig. 6b) also belong to A�type curves but
slightly change at heating above 400°C. In the curves
of type B (Fig. 6c), the saturation magnetization Ms is
low, a significant paramagnetic component is present,
but the curves are stable and insignificantly vary at dif�
ferent heatings. Most samples are dominated by A� or
A1�type Msi(T) curves; however, there are flows in
which the samples have B�type Msi(T) curves.

The values of the characteristic parameters Mrs/Ms,
Hcr/Hc of the samples vary within 0.2–0.4 and 1.5–3,
respectively, which indicates a single�domain or small
pseudo�single�domain size of the grains that carry
remanent magnetization, as seen in the Day plots
(Fig. 7). We recall that the single�domain magnetite grains
have Mrs/Ms ≥ 0.5, Hcr/Hc ≈ 1, and multi�domain grains
are characterized by Mrs/Ms ≤ 0.05, Hcr/Hc ≥ 4.

The small size of ferromagnetic grains—NRM
carriers—is confirmed by the direct electron�micro�
scopic observations of sample 3�1 from the Ergalakh
section (Fig. 8). As seen in the image, the ferromag�
netic grain is divided into two phases represented by a
net of lamellae and by small submicron cells. Such a
structure is typically formed as a result of the solid�
phase exsolution of an initially homogeneous grain. In
this case, it is logical to hypothesize that the high�tem�
perature exsolution of an initially titanomagnetite
grain with a size of tens of microns into ilmenite
lamellae (FeTiO3) and magnetite cells (Fe3O4)
occurred during the cooling of the lava flow. This
hypothesis is supported by the shape of the hysteresis
loop (Fig. 9a), typical of SD or PSD magnetite grains,
and by the pattern of thermomagnetic curves Msi(T)
obtained for this sample in a strong magnetic field of
0.45 T (Fig. 9b), which demonstrate a single distinct
phase with Tc = 585°С.

The results of X�ray microanalysis at the points
marked by crosses in Fig. 8 are consistent with this
conclusion (Table 1). Some discrepancy between the
structural formulas of ilmenite (point 1) and magne�
tite (point 2) is due to the fact that the area of the probe
(~2 microns) is significantly larger than the sizes of the
lamellae and cells. Here, the average size of the lamel�

lae is about one micron, which indicates that the exso�
lution occurred above the Curie temperature Tc (Gap�
eev and Tselmovich, 1983; 1986). The small submi�
cron magnetite cells visible in the image are likely to be
the NRM carriers in this sample.

The thermomagnetic criterion of the evaluation of
the domain structure (Shcherbakov and Shcherbak�
ova, 2001) also suggests the pseudo�single�domain
(PSD) and even single�domain (SD) size of the
grains—carriers of NRM. Indeed, the pTRM (550–
500) and pTRM (600–550) of sample 3�1 (Figs. 10a,
10b), according to their “tails”, record the PSD and
SD behavior, respectively. We note that Нanc for this
sample was estimated in the temperature range of just
(510–575)°C.

DETERMINATION OF PALEOINTENSITY

Experimental

The paleointensities Нanc were measured in all
133 samples of the collection. The Thellier–Coe
method with test heatings to lower temperatures
(pTRM�check procedure) after every two heating
cycles was used as the basic method of paleointensity
determination (Thellier and Thellier, 1959; Coe,
1967). The paired heatings up to the successively
higher temperatures Ti, i = 1…n) were performed in air
with the first step (heating–cooling) in the zero field
and the second step with heating in the zero field and
cooling in the laboratory field Hlab = 20 mkT. In some
cases, the magnetic field intensity value was changed
to 10 and 30 mkT for additional verification of the
results. We note that the measurements on the sister
cube samples at different intensities of the laboratory
field Hlab provided close Нanc. The heatings were con�
ducted by two devises: Vinogradov’s three�compo�
nent thermomagnetometer with a sensitivity of 10–

8 Am2 and a small furnace placed in a magnetic screen.
In the latter case, the magnetization was measured by
the JR�6 magnetometer with a sensitivity of 10–10 Am2.
Each Thellier test generally included 15–20 tempera�
ture steps and 5–8 pTRM�check heatings.

In order to expand the statistics, the experiments
were typically conducted on a few sister cube speci�
mens from one rock sample, and the results of these
measurements were regarded as independent. The

Table 1. The elemental composition (wt %) of an ore grain
(Fig. 8) in the points (crosses) numbered in accordance
with rows 1, 2, and 3

Point O Mg Al Ti Cr Mn Fe

1 58.86 1.18 0.18 16.48 0.25 0.56 22.48

2 45.00 0.00 2.20 4.82 0.00 0.00 47.98

3 59.71 0.47 0.00 19.88 0.07 0.21 19.66
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results of the Thellier procedure were used for con�
structing the Arai–Nagata and Zijderveld plots in the
coordinates of the sample, which enabled us to control
the choice of the appropriate temperature interval (T1,
T2) for estimating Нanc in the subsequent analysis. As
noted above, we used nonoriented samples in our pale�
ointensity studies. Accordingly, the temperature range
(Т1, Т2) for estimating Нanc from the Arai–Nagata plots
was selected as close as possible to the interval where
the characteristic magnetization ChRM was isolated
in the sample based on the results of thermal cleaning
and where the paleoinclination and paleodeclination
were determined.

In addition to the Thellier test, the rapid assess�
ment of Нanc was carried out by the Wilson method
(Wilson, 1961), which estimates the similarity between
two thermal curves recorded during two successive
heatings of a sample up to the Curie point Тс: the nat�
ural remanent magnetization NRM(T, Нanc) and ther�

moremanent magnetization induced in the laboratory
field TRM(T, Нlab). For easier comparison, a file of
TRM(T) values is multiplied by a coefficient k* fitted
in such a way that a new curve TRM*(T) is closest to
the NRM(T) if possible. After this, the temperature

interval (  ), (  > ) where the two curves
coincide is determined, and rapid assessment of the
magnetic field intensity is carried out on this interval:

 = k* × Нlab (Fig. 11, a2–c2). The closeness

between the values Hanc and  in the same sample
provided by two different Thellier and Wilson methods
heightens the reliability of the paleointensity esti�
mates. Besides, the very fact of similarity between
curves NRM(T) and TRM*(T) provides a sound argu�
ment supporting the thermoremanent nature of NRM.

In our analysis, the Wilson method for estimating
the paleointensity is only used as additional support of
the main method (the Thellier–Coe procedure). For
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the VDM calculations, only the results on Hanc pro�
vided by the Thellier–Coe method were used.

In the analysis and subsequent separation of the
results, we took into account all the modern reliability
requirements for the Hanc determinations. Thus, Hanc

was only determined from the samples that meet the
following criteria within the temperature interval (T1,
T2) of the Hanc estimation from the Arai–Nagata plot:
(a) there are at least four representative points; (b) the
change in NRM at least 20% of its total value; (c) the
check�points displacement is at most 5% of the total
TRM with the variations in susceptibility <10%;
(d) vector NRM(ChRM) does not change its direction
in the interval (T1, T2) on the Zijderveld diagrams; and

(e) there is quite a wide temperature interval (  )
(not less than (Т1, Т2)) on the curves NRM(T) and
TRM*(T) where these curves are similar.

RESULTS

Reasonably good, in terms of quality and statistics,
results on Hanc were obtained in 29 of 70 rock samples
collected from the Ergalakh section, 28 of 41 samples
from the Tyvankitskii Formation, and 5 of 22 samples
from the Delkanskii Formation. Examples of the Arai–
Nagata (a3–c3) and Zijderveld plots (in the in situ
coordinates, a4–c4) are shown in Fig. 11. The black
and open circles on the Arai–Nagata plots mark the
positions of the representative and pTRM�check
points, correspondingly. The dashed approximating
line is drawn in the interval of the Hanc estimation. It is
seen (Fig. 11, a3–c3) that most samples do not
undergo any significant chemical changes up to 560–
580°C: in a wide temperature interval the positions of
the pTRM�check points are very close to the points of
the primary pTRM. The black and open circles on the
Zijderveld plots show the projections of the NRM vec�
tor on the (X, Z) and (X, Y) planes, respectively.

A complete summary of the results for Hanc for all
samples, including the sister cubes, which were used
for calculating the average Hanc for the study object and
subsequent calculations of VDM, is presented in
Tables 2a (Ergalakh section) and 2b (Tyvankitskii and
Delkanskii formations). In these tables, Hlab is the lab�
oratory field used for creating the laboratory TRM;
(Т1, Т2) is the temperature interval on the Arai–Nagata
plot that was approximated for estimating Hanc; and Np

is the number of representative points in this interval.
Parameters G, Q and F are calculated according to
(Coe et al., 1978) and they characterize the quality of
the obtained determinations of Hanc. Factor Q =
κFG/σ provides the integral estimate of the quality of a
given result: only the results on Hanc with Q ≥ 5 are
regarded as reliable. Since this criterion is fit by the
most samples in Tables 2a and 2b, the obtained results

1
*,T 2

*T

are highly reliable. For comparison, we also present

the values of  determined by the Wilson method in
the samples that are stable at heating up to high tem�
peratures. It can be seen that Hanc provided by two dif�
ferent methods, Thellier–Coe and Wilson, do not
contradict each other, apart from rare exceptions. For
completeness, the type of the curves Msi(T) for each
sample (according to Fig. 6) is indicated in the last
column of the tables.

Table 3 summarizes the average Hanc values for the
flows of the Tyvankitskii Formation and the Ergalakh
section and for the samples from the Delkanskii For�
mation. The standard errors and standard deviations
are also presented. The fourth column of Table 3 indi�
cates the number of rock samples (N) and the total
number of cubic samples (n), including the twins,
which were used for estimating Hanc in every flow. Col�
umns 5 to 7 present Hanc averaged over n samples for
each flow, together with their standard error (SE), and
standard deviation σ. The next columns present the
paleodeclinations Danc and paleoinclinations Ianc for
the flows determined during the paleomagnetic studies
of this collection, and the VDM values calculated from
the paleoinclinations Ianc by the formula

(Am2), 

where r is the Earth's radius.

anc
*H

= + ×ancVDM 3 2 7(1 2) 1 3sin 10H r I

10 µm Electron image 1

1

2

3

Fig. 8. The electron micrograph of a typical ferromagnetic
grain in a sample (sample 3�1 from Ergalakh section). The
crosses mark the locations of the X�ray analysis points
(Table 1).
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The obtained values of Hanc and VDM were then aver�
aged over the larger units (Table 4). As noted above,
according to the paleomagnetic data, the Ergalakh
section comprises four directional groups (pulses) and
three individual directions. The lower eight flows, for
which Hanc were determined, are distributed between
these groups in the following way: flows 1–3 corre�

spond to pulse P1; flows 4–5, to pulse P2; flows 6–7,
to pulse P3; and flow 8, to the individual direction
ID1. Following these results, we calculated average the
Hanc and VDM for pulses P1–P3 of the Ergalakh sec�
tion. We failed to identify the directional groups for the
Tyvankitskii and Delkanskii formations. The estimates
of Hanc for the most flows of the Tyvankitskii Forma�
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Table 2a. The summary of Hanc derterminationsin the samples from the Ergalakh section (the description of table is given
in the text)

Flows/sam
ples

Hlab, 
mkT

T1–T2 Np Gap Q F KTh σ(KTh)

Hanc, 
Thellier 
method, 

mkT

σ(H), 
mkT

 
Wilson 

method, 
mkT

Types 
of Msi 
curves

Individual direction IDI, flow 8

flow 8 (8�1)–(8�10), Syverminskii Formation

8�8_jr6 20 460–575 10 0.87 3.7 0.41 1.00 0.10 20.0 1.9 A1

Pulse 3, flows E6–E7 remagnetized by the Norilsk�2 intrusion

flow 7 (7�1)–(7�10), Syverminskii Formation

7�10_jr6 20 430–575 11 0.87 4.4 0.46 0.52 0.05 10.5 1.0

7�10 20 450–510 5 0.70 3.1 0.27 0.72 0.05 14.5 0.9 24.4 B

7�9_jr6 20 300–510 6 0.78 7.2 0.53 1.12 0.07 22.4 1.3 B

7�8 20 400–525 8 0.80 11.1 0.67 0.83 0.04 16.6 0.8 25.4 B

7�5_jr6 20 440–510 5 0.74 4.0 0.39 1.03 0.07 20.6 1.5 B

7�4_jr6 20 400–525 9 0.81 4.2 0.62 1.00 0.12 20.1 2.4 B

7�3 20 440–530 9 0.81 3.0 0.57 1.09 0.17 21.8 3.4 B

flow 6 (6�1)–(6�10), Ivakinskii Formation

6�10 30 500–610 12 0.89 13.7 0.70 0.60 0.03 18.0 0.8 19.8 A1

6�10_jr6 20 500–590 8 0.84 16.4 0.57 0.80 0.02 16.0 0.5

6�8_jr6 20 520–590 7 0.82 3.5 0.27 0.34 0.02 6.9 0.4

6�8 30 500–575 10 0.88 7.1 0.32 0.24 0.01 7.1 0.3 10.6 A1

6�7_jr6 20 450–590 9 0.86 2.9 0.28 0.44 0.04 8.8 0.7

6�7 30 450–575 11 0.88 11.0 0.44 0.38 0.01 11.4 0.4 11.6 A1

6�6_jr6 20 540–630 10 0.85 23.4 0.57 0.50 0.01 9.9 0.2

6�6 30 545–610 9 0.84 11.3 0.43 0.43 0.01 13.0 0.4 16 A1

6�5_jr6 20 540–590 6 0.76 3.4 0.28 0.67 0.04 13.5 0.8

6�5 30 545–595 8 0.70 5.2 0.49 0.58 0.04 17.3 1.2 24 A1

6�3�1_jr6 20 500–590 8 0.82 4.0 0.40 1.08 0.09 21.5 1.7

6�3_jr6 20 500–570 7 0.78 6.2 0.63 0.90 0.07 18.0 1.4

6�3 30 450–525 4 0.63 6.3 0.64 0.59 0.04 17.8 1.1 15.9 A1

Pulse 2, flows E4–E5, Ivakinskii Formation

flow 5 (5�1)—(5�10)

5�6_jr6 20 340–525 7 0.73 5.1 0.70 0.07 0.01 1.4 0.1 B

5�5_jr6 20 290–490 6 0.73 2.3 0.63 0.11 0.02 2.2 0.4 B

5�3_jr6 20 340–490 5 0.74 2.7 0.91 0.14 0.03 2.7 0.7 B

flow 4 (4�1)–(4�10)

4�6_jr6 20 430–540 4 0.59 3.9 0.16 0.16 0.00 3.3 0.1 A1

4�4_jr6 20 240–460 9 0.75 5.1 0.40 0.12 0.01 2.4 0.1 B

4�3_jr6 20 340–490 6 0.57 12.9 1.17 0.15 0.01 3.0 0.2 B

4�2_jr6 20 340–490 6 0.61 2.7 0.56 0.20 0.03 4.1 0.5

anc,*H
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Table 2a. (Contd.)

Flows/sam
ples

Hlab, 
mkT

T1–T2 Np Gap Q F KTh σ(KTh)

Hanc, 
Thellier 
method, 

mkT

σ(H), 
mkT

 
Wilson 

method, 
mkT

Types 
of Msi 
curves

Pulse 1, flows E1–E3, Ivakinskii Formation

flow 3 (3�1)–(3�10)

3�10�r 30 525–595 10 0.86 12.0 0.48 0.60 0.02 17.9 0.6 20.4 A1

3�10�2jr6 20 540–585 8 0.81 6.8 0.52 0.98 0.06 19.6 1.2

3�10_jr6 20 545–620 9 0.67 8.5 0.63 0.62 0.03 12.5 0.6

3�08_jr6 20 550–580 5 0.71 7.1 0.41 0.23 0.01 4.6 0.2

3�08 30 515–585 10 0.81 24.1 0.72 0.20 0.01 5.9 0.1 2.8 A

3�07�2_jr6 20 400–560 8 0.77 8.6 0.63 0.26 0.02 5.3 0.3

3�07_jr6 20 400–570 11 0.86 20.9 0.81 0.29 0.01 5.8 0.2

3�07 30 450–545 6 0.78 19.6 0.96 0.25 0.01 7.6 0.3 6.0 A

3�05 30 535–575 6 0.78 10.3 0.52 0.48 0.02 14.3 0.6 15.4 A1

3�03 30 535–610 10 0.87 35.0 0.36 0.80 0.01 24.1 0.2 20.8 A

3�02 30 535–610 9 0.84 34.0 0.38 0.54 0.01 16.2 0.2 21.8 A1

3�01 30 510–575 6 0.71 13.8 0.49 0.61 0.02 18.4 0.5 25.2 A

flow 2 (2�1)–(2�15)

2�15 30 500–575 10 0.85 48.5 0.68 0.61 0.01 18.3 0.2 15.8 A1

flow 1(1�1)–(1�10)

1�10�2_jr6 20 400–565 11 0.75 12.8 0.55 0.21 0.01 4.2 0.1

1�10_jr6 20 400–600 13 0.78 10.1 0.56 0.17 0.01 3.5 0.2

1�10 10 400–515 8 0.80 14.3 1.11 0.25 0.02 2.5 0.2 1.8 A

1�9 10 400–515 8 0.82 9.8 0.38 0.50 0.02 4.9 0.2 2.8 A

1�8�2 10 400–515 8 0.85 7.5 0.53 0.80 0.05 8.0 0.5

1�8_jr6 20 400–540 12 0.89 8.3 0.71 0.41 0.03 8.3 0.6 3.6 A

1�7_jr6 20 400–540 12 0.90 4.5 0.31 0.83 0.05 16.5 1.0 3 A

1�4�2_jr6 20 350–540 13 0.91 3.9 0.43 0.69 0.07 13.8 1.4 2.2 A

1�1�2_jr6 20 400–520 7 0.83 6.1 0.62 0.69 0.06 13.8 1.2 A

anc,*H
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Table 2b. The summary of Hanc determinations in the samples from the Tyvankitskii and Delkanskii formations (the
description of the table is given in the text)

Flows/
samples

Hlab, 
mkT

T1–T2 Np Gap Q F KTh σ(KTh)

Hanc, 
Thellier 
method, 

mkT

σ(H), 
mkT

 Wilson 
method, 

mkT

Types 
of Msi curves

Delkanskii Formation (nos. 252–185)

189 20 400–545 8 0.84 2.5 0.55 0.43 0.08 8.6 1.6 A

201 20 540–580 7 0.80 28.1 0.72 1.05 0.02 21.0 0.4 12.3 A1

201_jr6 20 520–600 7 0.49 4.3 0.87 0.96 0.10 19.1 1.9

206_jr6 20 380–540 8 0.62 5.6 0.67 0.30 0.02 6.0 0.4 2.4 A

220 20 450–560 10 0.87 24.9 1.29 0.25 0.01 5.1 0.2 3.6 A1

237 20 450–570 11 0.86 4.3 0.38 0.13 0.01 2.5 0.2 3.6 A1

237_jr6 20 380–570 12 0.77 5.7 0.61 0.15 0.01 3.0 0.2

Tyvankitskii Formation

flow 26 (nos. 327–323)

326 20 450–580 11 0.86 8.1 0.50 0.88 0.05 17.5 0.9 9.6 A1

flow 25 (nos. 331–328)

330 20 400–560 11 0.83 15.2 0.86 1.23 0.06 24.6 1.2 A

flow 23 (nos. 339–336)

336 20 500–620 13 0.89 35.2 0.58 0.54 0.01 10.8 0.2 9.0 A1

336_jr6 20 450–580 12 0.88 10.3 0.58 0.43 0.02 8.7 0.4

flow 17 (nos. 379–376)

379_jr6 20 400–585 10 0.87 9.3 0.98 0.43 0.04 8.5 0.8 9.8 A1

379 30 400–580 10 0.84 24.3 1.01 0.33 0.01 9.8 0.3

flow 16 (nos. 383–380)

380_jr6 20 500–640 13 0.83 12.6 0.77 1.16 0.06 23.2 1.2 17.0 A1

380 30 450–625 7 0.79 9.2 0.77 0.67 0.05 20.2 1.3

flow 15 (nos. 387–384)

384�2_jr6 20 400–550 5 0.70 5.4 0.82 0.57 0.06 11.3 1.2 B

flow 12 (nos. 399–396)

397 30 500–600 9 0.79 8.1 0.64 0.37 0.02 11.2 0.7 14.2 A

397_jr6 20 450–620 11 0.87 14.4 0.64 0.45 0.02 8.9 0.3

flow 10 (nos. 407–404)

406 30 450–580 7 0.72 20.3 0.92 0.31 0.01 9.3 0.3 10.8 A1

flow 9 (nos. 411–408)

410_jr6 20 550–595 7 0.81 5.5 0.48 0.61 0.04 12.1 0.9 10.8

flow 8 (nos. 415–412)

412a 30 450–570 7 0.79 16.8 1.09 0.34 0.02 10.3 0.5 5.7 A1

414 20 520–570 8 0.85 8.6 0.54 0.68 0.04 13.5 0.7 8.1 A1

flow 7 (nos. 419–416)

416 20 500–560 9 0.76 22.7 0.61 0.84 0.02 16.8 0.3

416_jr6 20 400–540 10 0.84 15.7 0.77 0.84 0.04 16.9 0.7 13.2 A

419�r_jr6 20 530–580 7 0.82 5.7 0.40 0.88 0.05 17.7 1.0 19.0 A
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Table 2b. (Contd.)

Flows/
samples

Hlab, 
mkT

T1–T2 Np Gap Q F KTh σ(KTh)

Hanc, 
Thellier 
method, 

mkT

σ(H), 
mkT

 
Wilson 

method, 
mkT

Types 
of Msi curves

flow 6 (nos. 423–420)

423_jr6 20 400–560 7 0.75 6.0 0.77 0.62 0.06 12.3 1.2 11.4 A

flow 5 (nos. 427–424)

425_jr6 20 450–595 10 0.86 7.4 0.72 1.01 0.08 20.1 1.7 17.0 A

426 20 450–580 11 0.82 27.6 0.83 0.65 0.02 12.9 0.3 15.0

426_jr6 20 450–570 12 0.84 16.9 0.75 0.65 0.02 13.1 0.5 10.8 A

427 20 500–560 9 0.84 7.7 0.55 1.12 0.07 22.3 1.4

427_jr6 20 450–550 8 0.83 4.7 0.64 0.96 0.11 19.2 2.2 12.9 A

flow 4 (nos. 431–428)

430 20 480–570 9 0.80 36.0 0.81 0.82 0.02 16.4 0.3 15.3 A1

430_jr6 20 500–560 11 0.85 13.8 0.79 0.76 0.04 15.1 0.7

430�1_jr6 20 520–595 11 0.76 11.0 0.66 0.72 0.03 14.4 0.7

431 20 480–560 8 0.83 18.0 0.80 0.56 0.02 11.2 0.4 12.3 A1

431_jr6 20 560–595 6 0.76 7.3 0.47 0.42 0.02 8.4 0.4 8.7

flow 3 (nos. 435–432)

432_jr6 20 540–580 6 0.78 1.5 0.32 0.73 0.13 14.5 2.5 9.9 A1

434_jr6 20 530–570 5 0.72 1.8 0.30 0.69 0.09 13.8 1.7 13.5 A1

435 30 535–610 6 0.69 8.5 0.66 0.65 0.04 19.6 1.1 22.8 A

435_jr6 20 520–585 11 0.89 10.7 0.65 0.93 0.05 18.6 1.0

flow 2 (nos. 439–436)

436 20 480–590 11 0.87 15.0 0.85 0.59 0.03 11.7 0.6 13.2

436_jr6 20 510–590 11 0.85 6.6 0.83 0.54 0.06 10.7 1.1

437(2) 20 480–585 14 0.88 9.9 0.79 0.85 0.06 17.0 1.2

437(3) 20 480–620 14 0.92 12.1 0.91 0.81 0.06 16.1 1.1 15.0 A1

437�r 30 480–580 8 0.71 17.1 0.86 0.90 0.03 27.1 1.0 A

438 20 470–620 11 0.88 14.0 0.77 0.54 0.03 10.9 0.5

438_jr6 20 520–585 11 0.89 7.6 0.72 0.57 0.05 11.4 1.0

439 20 500–620 9 0.83 13.6 0.85 0.64 0.03 12.7 0.7 12.0 A1

439_jr6 20 520–610 13 0.91 10.8 0.79 0.67 0.05 13.4 0.9

flow 1 (nos. 443–440)

440_jr6 20 400–525 7 0.82 18.9 0.67 0.35 0.01 7.1 0.2 21.9 B

443 30 380–555 7 0.58 11.0 0.90 0.50 0.02 15.0 0.7 22.5 B

443_jr6 20 500–525 5 0.72 5.5 0.63 0.58 0.05 11.7 1.0

443�1_jr6 20 500–580 11 0.85 28.6 0.87 0.52 0.01 10.4 0.3
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tion derived from 1–2 samples (Tables 2b and 3),
which is statistically clearly insufficient from the
standpoint of the reliability of the results. The average
values of Hanc and VDM for these objects were calcu�
lated over 12 flows of the Tyvankitskii Formation (see
the detailed discussion below) and over all the samples
from the Delkanskii Formation.

DISCUSSION

Let us first discuss the results for the Ergalakh sec�
tion. As mentioned above, according to the strati�
graphic and paleomagnetic data, flows 1–6 of this sec�
tion are related to the Ivakinskii Formation (Late Per�

mian), and the overlying flows (7–12) are related to
the Triassic. Flows 1–5 have reversed magnetization;
two flows (flow 6 in the Ivakinskii Formation and flow
7 in the Syverminskii Formation) are magnetized in
the normal polarity; their paleomagnetic directions
significantly differ from the adjacent flows and are sta�
tistically indistinguishable from the paleomagnetic
directions of the Norilsk�2 intrusion that penetrates
them. This suggests that flows 6–7 were remagnetized
by this intrusion. According to the paleomagnetic
data, the stable normal polarity is not observed in flows
8–12; therefore, they are referred to the transition
zone.

Table 3. The average values of the paleointensity Hanc (av) and virtual dipole moment VDM for the flows of the Tyvankitskii
Formation and Ergalakh section and for the samples from the Delkanskii Formation

Period Object Number 
of flow N/n  

mkT
SE (Нanc), 

mkT
σ(Нanc), 

mkT
VDM, 

×1022 Am2
SE (VDM), 
×1022 Am2

T
ri

as
si

c

DK – 5/7 9.3 2.9 7.6 265.5 –64.0 1.5 0.5

T
yv

an
ki

ts
ki

i F
o

rm
at

io
n

26 1/1 17.5 67.6 60.4 3.0

25 1/1 24.6 228.7 –55.1 4.5

23 1/2 9.7 1.1 1.5 237.0 –39.7 2.1 0.2

17 1/2 9.1 0.6 0.9

16 1/2 21.7 1.5 2.1 235.9 24.6 5.2 0.4

15 1/1 11.3

12 1/2 10.1 1.1 1.6 232.2 –80.8 1.4 0.2

10 1/1 9.3 214.9 –82.7 1.2

9 1/1 12.1 248.5 –81.6 1.6

8 2/2 11.9 1.6 2.3 250.3 –83.3 1.6 0.2

7 2/3 17.1 0.3 0.47 215.8 –63.5 2.8 0.1

6 1/1 12.3 268.8 –82.3 1.6

5 3/5 17.5 1.9 4.3 213.1 –72.9 2.5 0.3

4 2/5 13.1 1.5 3.3 246.4 –70.1 2.0 0.2

3 3/4 16.6 1.4 2.9 262.9 –81.2 2.2 0.2

2 4/9 14.6 1.7 5.2 238.6 –77.9 2.0 0.2

1 3/4 11.0 1.6 3.3 233.7 –70.7 1.6 0.2

E
rg

al
ak

h
 S

ec
ti

o
n

8 1/1 20.0 157.9 66.3 3.2

7 6/7 18.1 1.7 4.4 139.1 72.6 2.6 0.3

6 6/13 13.8 1.3 4.7 134.5 71.4 2.0 0.2

P
er

m
ia

n

5 3/3 2.1 0.4 0.7 266.9 –51.2 0.4 0.1

4 4/4 3.2 0.3 0.7 275.2 –50.1 0.6 0.1

3 7/12 12.7 1.9 6.7 264.8 –66.2 2.0 0.3

2 1/1 18.3 263.2 –67.2 2.9

1 6/9 8.4 1.7 5.1 268.1 –62.7 1.4 0.3

N/n, the number of samples/the number of cube specimens;  the flow�average Hanc; SE, standard error of the average; σ, standard
deviation; Danc and Ianc, the paleodeclination and paleoinclination of the geomagnetic field for a flow; VDM, the virtual dipole
moment; DK, Delkanskii Formation.

anc,H
ancD°
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The Ergalakh section pertains to the Norilsk trap
province where a number of the sections (Abagalakh,
Ikon, Listvyanka, Talnakh, etc.) have been studied
previously (Solodovnikov, 1994; Heunemann et al.,
2004; Shcherbakova et al., 2005). The U�Pb dating for
the Norilsk section determines the age of the Norilsk�1
intrusion at 251.2 ± 0.3 Ma (Kamo et al., 2003); this
intrusion is believed to be coeval to the Moron�
govskaya Formation of this section. The Norilsk�2
intrusion belongs to the same complex as Norilsk�1;
i.e., these complexes are comagmatic. According to
our paleomagnetic data (Latyshev et al., 2013), the
Norilsk�2 intrusion and the flows remagnetized by it
(E6 and E7) of the Ergalakh section have paleomag�
netic directions close to one of the pulses of the
Norilsk sequence, which include the flows of the
Morongovskii and Mokulaevskii formations (Pavlov
et al., 2011). Then, there are grounds to suggest that
the Norilsk�type intrusions (Norilsk�1, Norilsk�2),
the Morongovskii and Mokulaevskii formations, and
the magnetizations of the rocks in flows E6 and E7 of
the Ergalakh section are close in age.

It is interesting to trace the correlation between the
results on paleointensity in the Ergalakh rocks and
these paleomagnetic data. It can be seen that the
results presented in Table 2a form the groups com�
posed of flows 1–3 (Hanc ≈ 11.2 mkT), flows 4–5
(Hanc ≈ 2.7 mkT), and flows 6–7 (Hanc ≈ 15.3 mkT). It
is important that the grouping of the flows by paleoin�
tensities coincides with the identified pulses (we note
that pulse P1 corresponds to flows 1–3, pulse P2, to

flows 4–5, and pulse P3, to flows 6–7). The compari�
son of Hanc of pulse P3 (remagnetized flows 6–7) with
the determinations of Hanc previously obtained for the
other trap sections of the Norilsk region shows that the
estimate of Hanc for the P3 Ergalakh pulse is close to
Hanc in the Mokulaevskii Formation of the Norilsk
sequence: 18.7 mkT (Heunemann et al., 2004) against
15.9 mkT, respectively (Shcherbakova et al., 2005).
This allows us to correlate the time of magnetization of
flows 6–7 (pulse P3) in the Ergalakh section with the
age of the Mokulaevskii Formation.

According to the stratigraphy of the region and the
paleomagnetic data, the Ivakinskii Formation is
located directly below the Permian–Triassic boundary
and precedes the reversal of the Earth’s magnetic field
from the reversed polarity to the normal polarity. In
this respect, the low (11.2 mkT) and extremely low
(2.7 mkT) Hanc in pulses P1 and P2 of the Ivakinskii
Formation are remarkable. It can be hypothesized that
the decrease in the intensity of the geomagnetic field
before (or at the beginning of) the geomagnetic rever�
sal, which occurred at the earliest stage of the forma�
tion of the Norilsk tuff�lava strata, is recorded in the
Ivakinskii Formation of the Ergalakh section.

The results on the Tyvankitskii Formation (Table 3)
contain abnormal paleodeclinations in flow 16 (Hanc =
24.6°) and the overlying flows 23–26, which markedly
differ from the average values over the entire forma�
tion. Besides, the paleointensities Hanc of these flows
also differ from the most of the other flows. This group
of flows, including those mentioned above, could have

Table 4. The average Hanc and VDM for the objects: over 12 flows of the Tyvankitskii Formation, over the samples from the
Delkanskii Formation, and for the pulses in the Ergalakh section

Period Object N/n, 
pieces

Hanc ± σ(Hanc), 
mkT

VDM ± σ(VDM) 
(×1022 Am2)

Triassic

Maymecha–Kotuy region

Delkanskii Formation 5/7 9.3 ± 7.6 265.5 –64.0 1.2 ± 1.23

Tyvankitskii Formation (flows 1–15) 25/38 13.1 ± 2.7 238.6 –77 1.8 ± 0.37

Ergalakh Section (Norilsk region)

Pulses, flows Formation

Individual direction 
ID1 
Flow E8

Syverminskii 1/1 20.0 157.9 66.3 3.2

Pulse P3 
flows (E6–E7) remag�
netized by the Norilsk�2 
intrusion

E7, Syverminskii
E6, Ivakinskii 12/20 15.3 ± 5.0 136.8 72.0 2.24 ± 0.73

Permian

Pulse  P2 
flows E4–E5 Ivakinskii 7/7 2.7 ± 0.85 268.5 –50.7 0.5 ± 0.16

Pulse P1 
flows E1–E3 Ivakinskii 14/22 11.2 ± 6.4 265.4 –66.4 1.76 ± 1

ancD°

ancI °
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been formed during the anomalous nonsteady state of
the geomagnetic field (excursion type).

In other words, the magnetic field was unsteady
during the formation of these flows. Since VDM is cal�
culated under the assumption of a stationary dipole
field, the average Hanc and VDM values for the Tyvan�
kitskii rocks were determined from flows 1–15,
whereas flows 16–26 were disregarded. We note that
either without or with flows 16–26, the average Hanc in
the Tyvankitskii Formation barely differ in both cases
(13.1 mkT against 14.1 mkT, respectively). However,
the intensity determined without flows 16–26 is, in
our opinion, more reliable and therefore it is indicated
in Table 4.

The average Hanc in the flows of the Ergalakh sec�
tion and Tyvankitskii Formation and in the samples of
the Delkanskii Formation vary within 2.1–24.6 mkT,
which is noticeably lower than the present magnetic
field at the sampling point (~50 mkT) and consistent
with the MLD hypothesis at the Permian–Triassic
boundary.

CONCLUSIONS

The representative collection of rock samples from
the sequences located in geographically distant
regions of the Siberian trap province (the Ergalakh
section in the Norilsk region and the Tyvankitskii and
Delkanskii formations in the Maymecha–Kotuy
region) was studied by a complex of methods including
microscopy, petrographic analyses, determinations of
paleointnsity, testing the magnetic and thermomag�
netic rock properties, and estimation of the domain
structure of ferrimagnetics. The obtained petrographic
data suggest that the main part of the studied section of
the Maymecha–Kotuy region pertains to the Tyvan�
kitskii Formation rather than to the Onkuchakskii
Formation, as was previously believed, based on the
data of the geological mapping (Ob”yasnitel’naya…,
1996). The arguments supporting the primary origin of
the characteristic component of the remanent magne�
tization in the studied samples are presented.

The estimates of paleointensity Hanc satisfying the
modern reliability criteria are determined in more
than 130 samples by the Thellier–Coe method with the
“check�points” procedure. The timebase is obtained
for the behavior of Hanc in 12 Mesozoic lava flows of
the Tyvankitskii Formation. It is shown that the Hanc
variations among the flows fall within the error limits
of the Hanc determination, which may indicate the
steady behavior of the Earth’s magnetic field during
the formation of the sequence. The average VDM over
the flows in the Ergalakh section and over the samples
from the Tyvankitskii and Delkanskii formations vary
within (0.54–3.2) × 1022 Am2 (with a dispersion of
~0.9 × 1022 Am2), which is noticeably lower than the
mean VDM during the Late Cenozoic (~8 × 1022 Am2).
This result is quite consistent with the previous data on

Hanc and VDM in the Siberian trap sections of the
Norilsk and Maymecha–Kotuy regions (Solodovni�
kov, 1994; Heunemann et al., 2004; Shcherbakova
et al., 2005; 2013) and it provides an argument sup�
porting the existence of the geomagnetic dipole low at
the Permo–Triassic boundary and MDL hypotheses.

The low and extremely low Hanc values (11.2 and
2.7 mkT) for two pulses (five lava flows) of the Ivakin�
skii Formation in the Ergalakh section probably indi�
cate a sharp decrease in Hanc before (or at the begin�
ning of) the geomagnetic reversal, which occurred at
the earliest formation stage of the Norilsk tuff�lava
sequence.

The comparison of the paleodirections and pale�
ointensities determined in the Ergalakh sequence with
the similar data from the Norilsk section enables us to
correlate the time of magnetization of two remagne�
tized flows (6 and 7) in the Ergalakh section to the age
of the Morongovskii and Mokulaevskii formations of
the Norilsk sequence and the Norilsk�type intrusions.
The anomalous paleodirections and paleointensities
are determined in flows 16–23 of the Tyvankitskii For�
mation. It can be hypothesized that this group of flows
could have been formed during the anomalous non�
steady (excursion type) state of the geomagnetic field.
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