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Abstract—Various geodynamo models proposed recently in the different ways explain the processes of geomagnetic field generation and its evolution over the course of the geological history. The testing capabilities
of these models are strongly limited, inter alia, by the scarcity of the reliable magnetostratigraphic data for the
Paleozoic and more ancient eras of geologic time, especially for the time periods before the establishment of
the Kiama and Moyero superchrons. In this work, we present the results of the magnetostratigraphic and geochemical studies of the top part of the Upper Cambrian section in the Chopko river valley, Norilsk region,
which is one of the most complete Upper Cambrian reference sections in the Siberian Platform. Our studies
have shown that in the Late Cambrian there has been an interval of the reversed magnetic polarity which
lasted at least 1.5 million years. Together with the previous data obtained on the Upper Cambrian of the
Kulumbe river section and on the Early Ordovician of the Kotuy river (Pavlov and Gallet, 1998; Pavlov et al.,
2017), our result presented in this study means that between the mid-Cambrian epoch of the extremely frequent reversals (Gallet et al., 2019) and the Ordovician Moyero superchron of the reversed polarity (Pavlov
et al., 2005), there intervened at least two magnetic polarity intervals (reversed and normal) whose duration
was at least one million years. This conclusion quite definitely points to a low frequency of the reversals on
the eve of the Ordovician superchron and supports the concept according to which a process preparing the
onset of the superchron takes place at the core/mantle boundary. The data obtained in our study support the
hypothesis of the existence of three geodynamo regimes with sharp, on the order of a few million years, transitions between them (Gallet and Pavlov, 2016). At the same time, overall, the quality and amount of the currently existing magnetostratigraphic data for the pre-Mesozoic and, in particular, for the Paleozoic are still
insufficient for confident testing this hypothesis.
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INTRODUCTION
Extensive development has been made in the last
15–20 years in the numerical geodynamo modeling.
These works yielded a fairly large variety of the models
that in the different ways describe the processes of
geomagnetic field generation and evolution over the
course of the geological history. All these models, as a
rule, largely rely on the choice of some or other concept of thermal history of the Earth and the geodynamic processes taking place in its inner envelopes.
The possibilities for testing these models are currently
substantially limited, inter alia, by the lack of the reliable magnetostratigraphic data for the Paleozoic and
more ancient stages of the geological history, espe-

cially, for the time intervals before the establishment of
the Kiama and Moyero superchrons.
These intervals of the geological history are particularly important for studying the geodynamo operation because different models predict different pattern
of changes in the geomagnetic field polarity on the eve
of the establishment of the geomagnetic sup[erchrons
(e.g., (McFadden and Merril, 2000; Lowrie and Kent,
2004; Shcherbakov and Fabian, 2012)). The data from
these time intervals should validate or refute the conclusions drawn from the analysis of the geomagnetic
polarity behavior in the vicinity of the youngest and
best studied geomagnetic superchron—the Cretaceous
superchron of normal polarity (Gallet and Hulot,
1997; McFadden and Merril, 2000; Hulot and Gallet,

675

676

PAVLOV et al.

2003; Lowrie and Kent, 2004). These data will also
contribute to understanding which peculiarities of this
behavior are common of all the superchrons and
which reflect their individual specificity probably
associated with the evolutionary changes in the inner
envelopes of the Earth.

the primary paleomagnetic record. Nevertheless, we
collected a reconnaissance suite of the samples from
these sections, and whether these sections are informative enough for setting up the detailed magnetostratigraphic investigations will be tested by the
research we plan to undertake in the nearest future.

It would seem that to this end, one should study the
geological epochs that precede the establishment of
the Carboniferous–Permian Kiama superchron.
However, the attempts to contemplate the issue from
this perspective are faced by one of the most severe
and intractable challenges in the practice of the paleomagnetic studies: one needs to find a suitable object.
We are not aware of the sections of the pre-Kiama age
in the territory of the Russian Federation and former
USSR that fully enough possess the necessary properties for solving the fundamental scientific problem we
intend to solve. The fact that there are extremely few
publications devoted to the magnetostratigraphy of the
Early Carboniferous (the Mississippian) suggests that
such sections are also very scarce worldwide.

In this work, we present the paleomagnetic data
yielded by our study of the top half of the Upper Cambrian sedimentary section in the Chopko river section.
In contrast to the Chekurovka and Khos-Nelege, the
section on the Chopko River contains fairly abundant
red and green rocks which are typically capable of preserving the primary paleomagnetic records. The preliminary data (Kazanskii, 2002) obtained to the beginning of our work testified to the preserved primary
magnetization in this section and its rather high
potential for the magnetostratigraphic studies.

On the other hand, the Cambrian sections of Siberia which had been accumulated before the establishment of the Early–Mid-Ordovician Moyero superchron seem to be unique and perhaps really are. They
are relatively numerous and easily accessible, frequently well exposed, and composed of the paleomagnetically promising lithological varieties. Many of
them have been very thoroughly studied biostratigrphically and fairly reliably correlated to the International chronostratigraphic scale. Besides, these sections are only slightly altered and have a sufficiently
simple geological history, which must have promoted
the preservation of the primary paleomagnetic record
in them. And, finally, the substantial paleomagnetic
groundwork that has been done on many of these sections allows now embarking on the detailed investigations. The existence of these objects evidently suggests
that top priority should be given to studying the pattern of changes in the geomagnetic polarity before the
Early–Mid-Ordovician Moyero superchron in Late
Cambrian and Tremadocian rather than before the
Kiama superchron.
In the Siberian platform and on its northeastern
boundary there are four main key sections of the
Upper Cambrian: the sections on the Kulumbe (Kulyumbe) and Chopko rivers in the northwestern Siberian
platform and the Chekurovka and Khos-Nelege sections in the northeastern Siberian platform in the river
valley of Lena within its lower reaches. The Kulumbe
river section has been thoroughly studied in our previous works (Pavlov and Gallet, 1998; Kouchinsky et al.,
2008). The Chekurovka and Khos-Nelege section
might have been extremely interesting for studying the
history of the Earth’s magnetic field; however, they
are composed of the dark lithological varieties which,
as suggested by the long experience of the previous
research, are unlikely to be promising for preserving

Thus, the objective of this study was to study the
character of the changes in the geomagnetic field
polarity in Late Cambrian, whereas the immediate
purpose task was to obtain a magnetostratigraphic
characteristic of the Upper Cambrian key section of
the Chopko River.
BRIEF GEOLOGICAL DESCRIPTION
OF THE SECTION
The Chopko section, one of the most important
reference sedimentary sections of Upper Cambrian of
the Siberian platform, outcrops along the major part
of the Chopko river valley and its left tributary—the
Mezhvilk creek (Fig. 1). The Chopko river valley, the
left tributary of the Rybnaya River, is located in the
northwestern Siberian platform in the Norilsk region,
between the Norilsk plateau and the Imangda mountains predominantly composed of Permo–Triassic
volcanic trap rocks and subintrusive formations.
The outcropping part of the section from the bottom upwards contains the Chopko Formation with a
thickness of 1 km and the 370-m thick Tukalanda Formation. The latter mainly outcrops in the Mezhvilk
creek valley. The Chopko Formation is composed of
alternating gray limestones from dark- and browngray to greenish-gray. Clay varieties occur among
limestones; marl packages and layers of submarinelandslide conglomerate breccias are also present. The
Tukalanda Formation is represented by biostrome and
clastic–oolitic limestones interbedded with limy and
calcareo-argillaceous dolomites and calcareous silts
and marls, frequently red (Varlamov et al., 2005). The
rock complex of the Tukalanda Formation is typical of
the deposits of shallow-water carbonate platforms; the
top portion of the Chopko Formation which has been
investigated in this work was formed in the upper part of
the slope from the shallow-water to the deep-water shelf.
Throughout the entire section, the rocks composing it have practically monoclonal bedding with
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Fig. 1. Geographical and geological sketch maps of study region. Q, Quaternary deposits; P-T, Permian–Triassic traps; PZ, postCambrian Paleozoic deposits; Cm3tk, Tukalanda Formation; Cm3ch, Chopko Formation; Cm2, Mid-Cambrian deposits.

slightly varying attitude elements: the layers dip predominantly west at the angles of 5°–15°.
Despite the fact that the Chopko section is located
in the immediate vicinity of the trap formations of the
Norilsk plateau, the rocks composing the section do
not bear any external signs that would testify to the
influence of the traps. The rocks are not tectonized
and almost not altered.
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ROCK SAMPLING AND PROCEDURES
OF LABORATORY ANALYSES
In the scope of this study, we have sampled the top
part of the Chopko Formation (~430 m of the thickness) and the entire Tukalanda Formation. The latter
was sampled with an interval of 2–2.5 m, and a total of
169 oriented samples were collected. Samples were
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picked by hand with the use of the magnetic compass;
the magnetic declinations in the study region were
determined from the 11th generation IGRF model.
The rocks of the Chopko Formation were sampled
with greater detail because they have a larger thickness
and were supposed to be little promising in terms of the
preservation of the paleomagnetic signal. From this part
of the section, we collected 127 oriented samples.
The samples were blocks with a sufficiently large
size to allow cutting out 1–2 cubic specimens with a
side of 2 cm for paleomagnetic analysis. The residuals
of the samples that remained after sawing the specimens were used for studying variations in isotope compositions of carbon and oxygen.
The selected samples were subjected to laboratory
processing within a standard paleomagnetic procedure
(Khramov et al., 1982; Butler, 1998; Tauxe, 2010). The
processing was carried out in the Laboratory of the Main
magnetic field and rock magnetism of the Schmidt Institute of Physics of the Earth of the Russian Academy of
Sciences with the use of all the necessary instruments
meeting the modern standards of the laboratory equipment (http://paleomag-ifz.ru/ru/equipment). Demagnetization of the samples was conducted in TD80
thermal demagnetizer (Magnetic Measurements,
Great Britain) in a special room shielded from the
external magnetic field. The measurements of natural
remanent magnetization (NRM) were performed in
the same room on cryogenic magnetometer manufactured by 2GEnterprise, USA. Depending on the character of the paleomagnetic record, thermal demagnetization included overall from 12 to 18 heating steps up
to the temperatures corresponding to the Curie point
of hematite.
For a more accurate correlation of the magnetostratigraphic data to the geochronological time scale,
determinations of isotope composition of carbon and
oxygen in carbonate material of the samples were carried out at the Laboratory of geochemistry of isotopes
and geochronology of the Geological Institute of the
Russian Academy of Sciences. This was done with the
use of the instrumental system manufactured by Thermoelectron corporation which includes Delta V
Advаntage mass spectrometer and Gas-Bench-II
facility. Decomposition of carbonates was conducted
in 100% ortho-phosphoric acid at 50°С. The δ13С values are presented in parts per thousand relative to the
PDB standard and the δ18О values, in parts per thousand relative to the SMOW standard. The results of the
analyses were correlated to PDB and CDT using the
calibration samples and IAEA С-О-1, NBS-19 and
IAEA S-1 standards. The accuracy (reproducibility) of
δ18О and δ13C determination is within ±0.2 and
±0.1‰, respectively.

PALEOMAGNETISM
The values of the magnetic susceptibility and natural remanent magnetization (NRM) in the studied
samples vary from 0 to 150 × 10–6 SI units and from
1 × 10–4 to 10–20 × 10–3 A/m, respectively. The relatively higher values are characteristic of red varieties.
The results of thermal demagnetization definitely
indicate that the predominant part of the samples
taken from the top portion of the Chopko Formation
does not contain ancient magnetization: besides the
present-day magnetization component which is more
or less reliably identified in part of the samples and is
removed at temperatures 200–300°C, no regular signal is detected in these samples.
Several samples from the uppermost layers of the
Chopko Formation that directly underlay the Tukalanda Formation and outcrop in the region of the
Mezhvilk creek are the exception. In these samples,
the projections of NRM vectors during thermal
demagnetization up to 420–450°C migrate on the stereogram towards the direction of the high-temperature magnetization component of the Tukalanda Formation (see below) thus indicating the presence of the
ancient magnetization in these samples. Considering
the fact that these samples are single and scattered, we
did not use them in the subsequent interpretation.
Significant part of the samples of the Tukalanda
Formation also does not contain ancient paleomagnetic signal; however, this signal is present in at least
one third of the samples. The quality of the paleomagnetic signal in these samples varies from rather moderate to fairly high (Fig. 2). As s rule, two magnetization
components are isolated: the low temperature (LT)
and high temperature (HT) ones. The LT component
is removed at 250–300°C (Figs. 2a and 2b), it is postfolding (the Watson–Enkin fold test (Watson and
Enkin, 1993) is negative) and its direction is close to
that of the present magnetic field in the study region
(Table 1). This gives grounds to believe that the LT
component is recent or close to recent.
In 15 samples of the Tukalanda Formations, a
bipolar medium-temperature component with souithestern (southwestern) declinations and steep positive
(negative) declination is isolated with some or other
degree of reliability in the temperature interval
between 200 and 500°C (Figs. 2d, 2e, 2f ). Part of the
corresponding directions, mainly those having negative inclinations, are shifted towards the region of low
inclinations which is readily explained by the contamination of this component by recent remagnetization.
The vector directions corresponding to this component are close to the paleomagnetic directions of traps
(e.g., see (Pavlov et al., 2019)), which is natural if we
take into account geographical closeness of the latter.
Accordingly, we interpret this component as emerged
in the Permian–Triassic under the influence of trap
lavas and intrusions that were forming at that time
nearby.
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Fig. 2. Demagnetization results for samples of Tukalanda Formation from Chopko section. Black and open circles on Zijderveld
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Starting from temperatures of 400–450°C or sometimes higher, a high-temperature (HT) characteristic
magnetization component having northwestern declination and moderately steep positive inclination is isolated. The maximal deblocking temperatures of the
HT component are as a rule in the interval from 660 to
680°C (Figs. 2a, 2c, 2f); however, in part of the samples, this component is almost completely destroyed
close to 580–600°C (Fig. 2b). The values of the maximal deblocking temperatures suggest that the HT

magnetization is typically carried by hematite and, in
some cases, magnetite.
The mean direction of the HT component calculated over all the identified vectors and the direction
calculated over the vectors alone obtained from at least
four points on the Zijderveld diagram and having the
MAD parameter (maximum angular deviation,
(Kirschvink, 1980)) of at least 10° are indicated in
Table 1. The paleomagnetic poles corresponding to
these mean directions lie close to the already known

Table 1. NRM components in rocks of Tukalanda Formation
Component,
number of samples

Geographical coordinate system

Stratigraphic coordinate system

D (°)

I (°)

K

α95 (°)

D (°)

I (°)

K

α95 (°)

4.0

82.9

93.8

1.9

331.6

80.8

69.9

2.2

HT component
(all samples) N = 67

320.8

46.4

21.4

3.8

316.8

42.6

22.1

3.8

HT component
(n > 3, MAD < 10°) N = 42

322.9

44.5

21.0

4.9

319.1

41.8

20.9

4.9

LT component N = 59

Paleomagnetic pole Plat = 138.9°; Plong = –39.0°; dp/dm = 3.7°/6.0°; A95 = 4.7°, N = 42.
D is declination; I is inclination; K is the concentration parameter; α95 is the radius of the confidence circle (at a level of 95%); n is the
number of the points of Zijderveld diagrams that were used for calculating the magnetization components; MAD is the maximum angular deviation (Kirschvink, 1980).
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Mid- and Late Cambrian poles of the Siberian platform (Pavlov et al., 2017) and differ from the younger
paleomagnetic poles of the platform. Moreover, the
mean direction of the HT component is close to the
paleomagnetic direction of the Upper Cambrian rocks
of the previously studied Kulumbe river section whose
primary origin has been established quite reliably
(Pavlov and Gallet, 1998).
Although being close geographically, the ancient
paleomagnetic directions determined in the Upper
Cambrian rocks of the sections on the Chopko and
Kulumbe rivers differ statistically. The angular distance between the mean direction calculated over all
the identified HT vectors and the corresponding
Kulumbe direction (Pavlov and Gallet, 1998) noticeably
exceeds the critical angle γс (10.8°/5.1°, (McFadden and
McElhinny, 1990)). Having discarded the samples for
which the paleomagnetic directions were determined
from less than four points on the Zijderveld diagrams and
whose MAD values were larger than 10°, we obtained a
slightly smaller angular difference which, however,
remained statistically significant (γ/γс = 9.1°/6.2°). This
difference is more likely to be due to the inclination
rather than declination: the difference in the declination, R, is insignificant R = 6.2° with the uncertainty
of its determination ΔR = 7.4°; the difference in the
inclination F = 7.7° and its determination error is ΔF =
5.7° (the errors were calculated according to formulas
A.44 and A.45 of (Butler, 1996)).
This fact suggests that the small albeit significant
difference in the mean paleomagnetic directions of the
Upper Cambrian of the Chopko and Kulumbe sections can be explained by the incomplete removal of
the present-day magnetization component in one or in
both of these sections. We note that if in the Upper
Cambrian section of the Chopko River the contamination by the present-day component should result in
the increase of the inclination, in the Kulumbe section
where some samples are magnetized in the reversed
polarity this contamination can lead to the underestimation of the inclination of the mean paleomagnetic
direction. As a result, averaging the paleomagnetic
data for the Upper Cambrian of the Chopko and
Kulumbe sections can yield the unbiased estimate of
the true paleomagnetic direction. In any case, the
closeness of the HT component to the “Kulumbe”
Late Cambrian direction definitely indicates that the
HT component was also created during or shortly after
the formation of the Tukalanda rocks.
In all the cases when the HT component is isolated
unequivocally, it has a reversed polarity; however, in
some samples, in the temperature interval from 200 to
390°C the signs are observed suggesting the presence
of the component with the opposite antipodal direction (Fig. 2a). A probable cause is that the formation
of fine grains of the magnetic mineral in the rock was
continuing when the polarity of the magnetic field
underwent a new reversal, already after the time of

accumulation of the rocks of the Tukalanda Formation. Another interpretation is based on the results of
(Stokking and Tauxe, 1990) where it was shown that
under the precipitation of new portions of hematite
onto a pre-existing hematite grain, a phase interaction
may arise at which the magnetization acquired by the
precipitating particles is opposite to the external field.
Whichever be the cause of the phenomenon, the presence of the antipodal HT component in some samples
probably indicates that some part of hematite in the
studied rocks is authigenic.
CHEMOSTRATIGRAPHY
Variations in the oxygen and carbon isotope composition as well as the changes in the magnetic susceptibility κ along the studied part of the section are
shown in Fig. 3a. A remarkable feature is that in the
most contaminated segment of the δ13С record where
this parameter has largest excursions towards the negative domain, the magnetic susceptibility and its variance have also the increased values. The fact that the
high δ13С values are typically observed in the samples
with high magnetic susceptibility is demonstrated by
the graph shown in Fig. 3b.
This graph compares the magnetic susceptibility
and δ13С of the samples ordered by their magnetic susceptibility. It is clearly seen that at the susceptibility
values below a certain level (κ ~ 4 arbitrary units), any
correlation between κ and δ13С is absent. However, at
larger κ, as the magnetic susceptibility increases, the
δ13С values sharply migrate towards the region of the
increasingly larger negative values. Approximately the
same correlation is also observed between magnetic
susceptibility and parameter δ18О (Fig. 3c).
The existence of this correlation can be explained
by the presence of a certain process that led to the
simultaneous migration of the δ18О and δ13С values
and magnetic susceptibility. This could be the postsedimentation changes, inter alia, the interaction of
rocks with thermal solutions of atmospheric origin
whose circulation was activated by the emplacement of
trap intrusions. The positive correlation of δ18О and
δ13С indicates that these solutions were abundant with
the organic or volcanic carbonic acid depleted in 13С.
The sharp depletion in 13С and the correlation between
δ18О and δ13С are, however, only observed in the samples with δ18О < 21‰ (the correlation coefficient is
0.76 at δ18О < 21‰ and 0.40 at δ18О > 21‰) which
gives ground to consider the post-sedimentation carbon modification in samples with δ18О > 21‰ insignificant.
Based on the revealed relationships, we can perform selection of our data in order to reject the cases
where the primary isotope ratios have been probably
significantly violated. This selection allows us to
obtain a signal that is, to an extent, free of the super-
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magnetic susceptibility and δ13С of samples ordered by magnetic susceptibility; (c) comparison of magnetic susceptibility and
δ18O of samples ordered by magnetic susceptibility; (d) comparison of δ13С and δ18O for samples ordered by δ18O.

imposed noise associated with the influence of the
processes distorting the original isotope record. The initial record and the record obtained after the removal of
samples with δ18О < 20‰ and κ > 4 arb. units are shown
in Fig. 4.
DISCUSSION
The magnetic polarity characteristic of the studied
part of the Upper Cambrian section on the Chopko
Rivber is shown in Fig. 5. It can be seen that the formation of the Tukalanda rocks occurred during the
interval of the reversed geomagnetic polarity (the
choice of the polarity option for the Siberian paleomagnetic direction is discussed, e.g., in (Gallet et al.,
2019)). Thus, throughout the formation time of the
corresponding part of the section with a thickness of
more than 300 m, not a single geomagnetic field reversal is detected.
IZVESTIYA, PHYSICS OF THE SOLID EARTH

Vol. 56

This result evidently testifies to the existence of at
least one prolonged interval of reversed polarity in the
Late Cambrian. Let us try to estimate the duration of
this interval. To do this, we consider the existing biostratigraphic, lithological, and geochemical data.
If we use the lithological approach, then, knowing
the sedimentation setting of the Tukalanda Formation, we find the sedimentary sections that were accumulating in the geodynamically similar conditions and
for which the sedimentation rate estimates have been
already obtained; then we use these estimates for
obtaining the time constraints for the accumulation of
the Tukalanda Formation.
As noted above, the rock complex of the Tukalanda
Formation is typical of the sediments of the shallowwater carbonate platforms (Pak, 2007). The sections
that were formed in these conditions are addressed in
a fairly extensive literature where the rates of sediment
deposition in these sections are considered. According
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to one of the most comprehensive studies on the subject (Bosscher and Schlager, 1993), these rates are
quite frequently on the order of tens of meters per one
million years and extremely rarely are higher than
200 m per one million years. Selecting the largest
value from this range of the probable sedimentation
rates, in the scope of the lithological approach we obtain
the conservative estimate for the formation time of the
Tukalanda layers at about 1.5–2 million years.
The biostratigraphic approach for estimating the
rate of sedimentation is based on the biostratigraphic
correlation of the considered sections with the Geological time scale. According to (Varlamov et al.,
2005), most of the Tukalanda Formation corresponds
to the Ketyi horizon of the Upper Cambrian on the
Siberian regional biostratigraphic timescale. The base
of the Tukalanda Formation are correlated to the
uppermost part of the Yurakian horizon, and the top
of the formation, to the very bottom part of the Mansi
horizon. The Ketyi horizon corresponds to the Ketyna
ketiensis–Monosulcatina leave trilobite zone. On the
International stratigraphic timescale, this zone corre-

sponds to the upper part of the Jiangshanian Stage and
to the lower part of Stage 10 which, according to (Ogg
et al., 2016), are dated to the time interval of ~491–
487 Ma. If so, the duration of the interval of the
reversed polarity considered in our study can be estimated at ~4 Ma.
We note that on the same stratigraphic level, a prolonged interval of the reversed polarity is also detected
in the Kulumbe section. The mutual consistency of
the magnetostratigraphic data between the Chopko
and Kulumbe sections provide additional support to
the conclusion that indeed, there were the prolonged
periods in the Late Cambrian during which the geomagnetic field preserved its polarity unchanged.
In the chemostratigraphic approach, the variations
in carbon isotope composition observed in a given section are compared to the δ13С evolutionary curves
established in the reference sections which are correlated to the geochronological timescale.
On the obtained geochemical profile, a noisy, relatively low-amplitude but still distinct record of the rel-
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Fig. 5. Geochemical (δ13С) and magnetic-polarity characteristic of the studied part of Chopko section.

ative excursion in δ13С with the maximum values in
the region of –1.5‰ is observed. The same excursion
at the very close stratigraphic level is also present in the
Kulumbe section (Kouchinsky et al., 2008). On the
cited work, this excursion was tentatively correlated to
the Hellnmaria–Red Tops Boundary (HERB) global
carbon isotope event which is also referred to as the
TOCE anomaly (Top of Cambrian carbon-isotope
Excursion) (Geological…, 2012). The fact that the negative anomaly of approximately the same amplitude
and located at approximately the same stratigraphic
level as in the Kulumbe section was also revealed in the
Chopko section at least validates the regional spatial
extent of this anomaly and supports its correlation with
the above global Late Cambrian event which was
hypothesized in (Kouchinsky et al., 2008).
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In the International stratigraphic and geochronological time scales, this anomaly is located in the bottom part of Stage 10 between 488 and 487 Ma, and its
duration is estimated at ~1 Ma. The magnetostratigraphic zone of the reversed polarity that was identified in our study has a thickness that is by 40–50%
larger than the interval of the section corresponding to
the considered carbon-isotope anomaly. Hence, the
duration of the discussed magnetic polarity interval
can be estimated based on the C-isotope chemostratigraphy at ~1.5 Ma.
Thus, the conducted independent estimates indicate that the Tukalanda Formation was formed during
the time interval from 1.5 to 4 Ma. Correspondingly,
even if we choose the lower bound estimate, we may
state that in the Late Cambrian there was an interval of
the reversed polarity whose duration was at least 1.5 Ma.
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Fig. 6. (a) Comparison of prolonged magnetic-polarity intervals detected in sections on Kotuy (Pavlov et al., 2017) and Chopko
rivers (this work) with magnetostratigraphic section of Kulumbe River and geochronological time scale; (b) character of changes
in the frequency of geomagnetic reversals before the Moyero superchron (Gallet et al., 2019).

The obtained data are directly pertinent to the
problem of selection of the evolutionary model when
describing the character of changes in the geomagnetic
field polarity over the course of the geological time.
Among the existing models, some describe the pattern
of changes in geomagnetic polarity by a non-stationary process with the length of the magnetic polarity
intervals progressively increasing with the approach to
the superchron (McFadden and Merril, 2000). Other

models approximate the changes in the geomagnetic
polarity by the alternation of the epochs with stationary behavior of the reversal process, with a more or less
constant (on the scale of a few Ma) reversal frequency
within each epoch which sharply changes at the transition from one epoch to another (Lowrie and Kent,
2004). Yet another type of the models implies the
superimposition of these processes (Gallet and Hulot,
1997; Hulot and Gallet, 2003). Testing and develop-
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ment of these models is highly important for promoting our understanding of the processes in the core and
the interplay between the outer core and the mantle.
Together with the previous data on the Upper
Cambrian of the Kulumbe river and on the Early
Ordovician of the Kotuy river published in (Pavlov
et al., 2017), the results obtained in this work show that
between the Mid-Cambrian epoch of the extremely
high reversal frequency (Gallet et al., 2019) and the
Ordovician Moyero reversed-polarity superchron
(Pavlov et al., 2005) there were at least two intervals of
magnetic polarity (normal and reversed) whose duration was at least 1 Ma (Fig. 1a). This conclusion quite
definitely suggests a low (e.g., compared to the Late
Cenozoic) reversal frequency in the Late Cambrian
and Tremadoc on the eve of the Ordovician superchron and supports the concepts according to which at
the core–mantle boundary, a process takes place that
prepares the establishment of the superchron.
Based on the numerical simulation results (e.g.,
(Driscoll and Olson, 2011)), it can be hypothesized
that the most probable physics of this process is the
decrease in the heat flow at the core–mantle boundary which reduces the energy supply of the geomagnetic dynamo and, eventually, results in the establishment of the geomagnetic superchron.
Apparently, it would be exceptionally important to
pinpoint the character of the transition from the MidCambrian epoch of the extremely high reversal frequency (Gallet et al., 2019) to the Late Cambrian
regime of the reversals. The solution of this problem
would offer the possibility to test the hypothesis about
the existence of three regimes of geodynamo with the
abrupt (on the order of the first Ma) transitions
between them (Gallet and Pavlov, 2016).
The data yielded by our study support this hypothesis (Fig. 6b); however, overall, the quality and the
amount of the magnetostratigraphic data existing as of
now for the pre–Mesozoic and, in particular, for the
Paleozoic, are unfortunately still insufficient for the
ultimate solution of this problem. Obtaining the new
high-quality magnetostratigraphic data for this time
interval should be the matter of the next stage of the
research.
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