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Abstract—The paper considers in brief modern paleomagnetic and geochronological methods based on the
study of the magnetic properties and isotope composition of rocks and successfully used in international prac-
tice in solving urgent applied and fundamental problems in geology, geophysics, and related sciences. The
paleomagnetic method is widely used for spatially orienting borehole cores, allows intra- and interbasin cor-
relations of paleontologically barren sedimentary cross sections, and is applied for the age correlation of ore-
bearing intrusions and lava strata. Knowledge of the rock magnetic characteristics of rocks makes it possible
to create 3D models of the poroperm characteristics of reservoirs of caustobioliths and reconstruct hydrocar-
bon migration paths. Thermochronological methods are generally used to reconstruct the thermal evolution
of sedimentary basins: they make it possible to estimate the temperature and duration of heating of sedimen-
tary and crystalline rock complexes; calculate the value of the geothermal gradient in the past, which is espe-
cially important for evaluating the conditions of hydrocarbon generation; reconstruct the tectonic history of
sedimentary basins; calculate the thicknesses of eroded deposits; and identify the burial and uplift phases of
crustal blocks. It is noted that the integrated use of modern methods and advanced equipment makes it pos-
sible to obtain comparable results at the world level. As an example, the results of multidisciplinary research
on the Kola Peninsula are presented; they are used as a basis for creating a unique model of the tectonother-
mal evolution of northeastern Fennoscandia and the Barents Sea shelf. The article presents the resource base
and the basic characteristics of the equipment used for the implementation of these methods at Russia’s lead-
ing scientific centers, such as Schmidt Institute of Physics of the Earth, Russian Academy of Sciences, Kazan
Federal University, and St. Petersburg State University. The developed apparatus makes it possible to carry
out the whole set of studies considered in this work for the needs of Russia’s mining and energy complexes.
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INTRODUCTION
In recent decades, there has been a tendency to

integrate the methods seemingly pertaining to diamet-
rically opposed of fields of earth sciences in both
applied and basic scientific research. This alliance is
also observed today in geochronology and paleomag-
netology. Paleomagnetism and magnetostratigraphy
have been used in solving applied problems in both oil-
and-gas (Paleomagnetology, 1982; Manning and
Elmore, 2015) and ore geology (Symons and Arne,
2005) for over half a century. In particular, the paleo-
magnetic method is widely used for spatial borehole
core orientation, intra- and interbasin correlations of
paleontologically barren sedimentary cross sections,

and time correlation of ore-bearing massifs and lava
strata. Knowledge of the rock magnetic characteristics
of rocks make it possible to create 3D models of the
poroperm characteristics of caustobiolith reservoirs
and reconstruct hydrocarbon migration paths.

In turn, geo- and thermochronological methods
have formed the basis for modeling the history of sed-
imentary basins and constructing models of their ther-
mal evolution since their origination (Solov’ev, 2008;
Lisker et al., 2009). Thermochronological methods
are generally applied to reconstruct the thermal evolu-
tion of sedimentary basins: they make it possible to
determine the temperature and duration of heating of
complexes and crystalline rock sedimentary and esti-
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mate the value of geothermal gradients in the past,
which is especially important for evaluating the condi-
tions of hydrocarbon generation, reconstructing the
tectonic history of sedimentary basins, calculating the
volume of denudation and transfer of the clastic frac-
tion, and identifying burial and uplift (exhumation)
phases of crustal blocks.

For the first time in Russia, the analytical and per-
sonnel resources of the Schmidt Institute of Physics of
the Earth, Russian Academy of Sciences (IPE RAS);
Kazan Federal University (KFU); and St. Petersburg
State University (SPBU) have made it possible to per-
form a full range of such research for the needs of Rus-
sia’s mining and energy complexes. The synthesis of
the approaches and methods in the considered scien-
tific fields is a rather promising integrated solution for
the efficient use of natural resources and solving a
number of crucial problems in exploration geology.

The problems solved by the synthesis of paleomag-
netic and geochronological methods can be classified
into the following groups: (1) regional correlation of
sedimentary strata with respect to core material
and/or with the use of natural outcrops, as well as time
correlation of lava strata and ore-bearing intrusive
massifs; (2) construction of models of the tectono-
thermal evolution of sedimentary basins and identifi-
cation of drift sources; and (3) auxiliary problems
related to borehole core orientation and the creation of
3D models of the poroperm characteristics of caustob-
iolith reservoirs.

These methods have long been successfully used
abroad in solving problems associated with exploration
of solid minerals and hydrocarbons; however, Russian
research groups have had no opportunity to use them
until recently. Today, scientific groups from IPE RAS,
KFU, and SPBU have state-of-the art scientific
equipment, which along with existing developments
makes it possible to obtain world level results. Some of
them are described briefly in this paper, which also
discusses the available apparatus and its features.

STRATIFICATION AND CORRELATION 
OF CROSS SECTIONS USING ROCK 

MAGNETIC, PALEOMAGNETIC 
AND GEOCHRONOLOGICAL METHODS

Sedimentological analysis is the basis for any
paleofacies studies aimed at localizing the places of
accumulation (reservoirs) and hydrocarbon material
migration paths. In studying the borehole cores, zero-
order problems are division of a cross section into
genetically and structurally homogenous sedimentary
units (lithofacies) and their correlation with the refer-
ence sections that were studied in detail. In several
cases, such correlations are quite easily performed by
paleontological methods; however, rocks sometimes
contain no fossils (barren strata), and this method
proves inapplicable.
An integrated procedure that studies in detail the
rock magnetic characteristics and paleomagnetic
record of a borehole core has long been successfully
used for solving problems of stratification and correla-
tion of barren cross sections of sedimentary rocks
(Hounslow and Muttoni, 2010) or lava strata (Pavlov
et al., 2011; Fetisova et al., 2014). Measuring the set of
petro- and paleomagnetic characteristics of a core
makes it possible to obtain a unique magnetic marker,
a kind of barcode for each particular stratigraphic
interval, which makes it possible to make a confident
correlation with reference sections and stratotypes.
This procedure is fast, effective, and economically
beneficial; it can be carried out on freshly drilled cores
and on ones that have been lying in core storage for
decades.

The Laboratory of Main Geomagnetic Field and
Petromagnetism of IPE RAS uses advanced equip-
ment for a set of procedures that serve to correlate bar-
ren cross sections of sedimentary rocks, geochemically
monotypic lava strata, and their comagmatic intrusive
massifs (Fig. 1), including ore-bearing ones. The data-
bases on the paleomagnetic and rock magnetic prop-
erties (magnetic hysteresis, saturation magnetization,
Koenigsberger factor, magnetic susceptibility and its
anisotropy, etc.) created at the laboratory and their
comprehensive analysis are necessary conditions for
successfully solving the mentioned problems.

At present, the laboratory is able to conduct the fol-
lowing research in the area under consideration.

(1) Development of magnetic markers for rocks
using the rock magnetic parameters, including:

 study of magnetic hysteresis loops;
 determination of saturation magnetization and its

behavior during heating;
 determination of saturation remanent magnetiza-

tion;
 estimation of the Koenigsberger factor;
measurement of magnetic susceptibility and its

thermal stability;
 determination of the magnetic susceptibility

anisotropy ellipsoid (including for the oriented core);
 identification of typical components of natural

remanent magnetization (including for the oriented
core);

 determination of the polarity of the ancient mag-
netic field (for the non-oriented core).

(2) Layering of sedimentary cross sections into the
zones with different “magnetic marks”.

(3) Development of magnetostratigraphic scales of
stratotypes and reference sections.

(4) Correlation of paleontologically barren cross
sections.

Determining the spectra of U-Pb isotope ages for
fragmentary zircons contained in sedimentary rocks is
an appreciable addition to the above-described con-
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Fig. 1. Correlation of lava strata and intrusive bodies of remote areas of Siberian Traps (Permian–Triassic) province as an example
of using integrated paleomagnetic and geochronological methods (Pavlov et al., 2011; Fetisova et al., 2014; Burgess and Bowring,
2015).
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ventional paleo- and rock magnetic methods of cor-
relation of sedimentary strata. The geochronological
method is based on estimation of the ratios of radioac-
tive and radiogenic isotope pairs (e.g., 206Pb and 238U,
207Pb and 235U) in zircon and other uranium-bearing
minerals. The most effective and economically justi-
fied method for dating fragmentary zircons is laser
ablation–inductively coupled plasma–mass spec-
trometry (LA-ICPMS). Its full cycle starting from
identifying zircons from a rock to zircon dating has
been successfully realized by state-of-the-art equip-
ment at the Geochronological Center of KFU.

By analogy with the paleo- and rock magnetic
methods, certain distinctive features of the age spectra
of fragmentary zircons in sedimentary rocks can be
peculiar used for correlating barren sedimentary
strata. Such a marker can be, e.g., the first manifesta-
tion of zircons with certain ages not encountered
downsection. Statistical methods, such as the Kolm-
ogorov–Smirnov method, can be used to demonstrate
the similarity of two distributions, which in several
cases can indicate synchronous sediment accumula-
tion.

At present, the Geochronological Center of KFU
is able to conduct the following research in the area
under consideration:

(1) identification of zircons (and other minerals)
from customers’ rocks;

(2) production of epoxide disks with identified zir-
cons;
SEISMIC INSTRUMENTS  Vol. 54  No. 5  2018
(3) study of the chemical zoning in zircons by cath-
ode luminescence filming;

(4) determination of zircon ages by LA-ICPMS on
a high-precision Neptune Plus multicollector induc-
tively coupled plasma mass spectrometer and an
NWR213 laser ablation system;

(5) determination of Lu–Hf isotopy, which shows
the character of the parent magma.

Integrated petro-, paleomagnetic, and geochrono-
logical studies performed jointly at IPE RAS and KSU
allow correlation of barren cross sections earlier con-
sidered hopeless.

Construction of a Thermal Model for a Sedimentary 
Basin Based on Track Analysis of Apatites and Zircons 
and Thermometric Determination of Homogenization 

of Gas–Liquid Inclusions in Authigenic Minerals
A tectonothermal evolution model is one of the

primary goals of research aimed at estimating the of
oil-and-gas potential in sedimentary basins. The most
reliable and only quantitative method of its develop-
ment is track dating, the results of which allow recon-
struction of the paleotemperature conditions of for-
mation and later occurrence of sedimentary strata.
This thermochronological method is based on sponta-
neous fission of 238U nuclei in apatite, zircon, and
titanite, which results in the formation of so-called
tracks, which are trace fragments of uranium nuclei
fission.

The tracks, whose quantity and lengths are
recorded by an Autoscan modern specialized auto-
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Fig. 2. (а) Tectonothermal model of Kola Peninsula constructed from synthesis of paleomagnetic and thermochronological data;
(b) an example of computer modeling of thermal history of apatite from results of track dating (Veselovskiy et al., 2015).
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matic microscope setup (SPBU), can shorten or van-
ish completely when a temperature has reached a cer-
tain value for a particular mineral (e.g., 250°С for zir-
con and 110°С for apatite) (Laslett et al., 1987). This
makes it possible to reconstruct the complicated his-
tory of heating and cooling periods recorded by such
rock (Ketcham, 2005); this is the basis for modeling
the thermal evolution of a sedimentary basin.

Practical interest of petroleum complex companies
in this procedure is determined by the overlap of tem-
peratures recorded by track dating and “oil window”
temperatures (65–150°С). It is important to note that
the long residence time of rocks at the stated tempera-
ture frequently leads to their remagnetization and
appearance of a metachronous component of natural
remanent magnetization, which can be determined
reliably by paleomagnetic research.

A vivid example of such a synthesis of paleomag-
netic and thermochronological results is the authors’
research on the Kola Peninsula (Veselovskiy et al.,
2015), where paleomagnetic studies recorded a meta-
chronous component of magnetization; the results of
track dating enabled us to estimate the time of its orig-
ination. These studies resulted in the development of a
thermal evolution model in northeastern Fennoscan-
dia, including the adjacent water areas of the Barents
Sea (Fig. 2), whose hydrocarbon potential can hardly
be overestimated.

The integrated research group of the Geochrono-
logical Center of KFU and Institute of Earth Sciences
of SPBU is capable of the following research in the
area under consideration:
(1) identification of monofractions of apatite and
zircon from rock samples;

(2) calculation of the densities of tracks and distri-
bution of their lengths in the analyzed mineral frac-
tions;

(3) determination of uranium concentrations;
(4) construction of a thermal model (maximum

paleotemperatures; the time interval and character of
cooling; paleogeothermal gradients of an ancient heat
flow) from the results of track analysis and thermo-
metric determinations of homogenization of gas–liq-
uid inclusions in the authigenic minerals;

(5) determination of the tectonoerosion history of
the basin (thickness of eroded deposits, occurrence
and age of burial and uplift episodes) based on the
constructed paleothermal model.

Particular Problems of Exploratory Geology: Core 
Orientation and Construction of 3D Models of the 

Poroperm Characteristics of Caustobiolith Reservoirs
To solve a number of problems in the oil-producing

industry, core orientation in the cardinal directions is
of crucial importance (Van Alstine and Butterworth,
2002). Petrographic data collected during the study of
a spatially oriented core are required to estimate the
parameters of the anisotropy of poroperm properties
in reservoir rocks. In addition, study of an oriented
core makes it possible to analyze natural fracture sys-
tems, in particular, to determine the direction of a fis-
sure system, since fissures remain open as the bottom-
hole pressure decreases during well operation. In par-
ticular, rock magnetic studies aimed at determining
SEISMIC INSTRUMENTS  Vol. 54  No. 5  2018
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Fig. 3. 2G Enterprises cryogenic (SQUID) magnetometer
installed in nonmagnetic room at IPE RAS.

Fig. 4. MicroMag VSM 3900 vibration magnetometer,
IPE RAS.
the anisotropy of the poroperm properties of a reser-
voir (with respect to the established trends of fracture
systems by the method of anisotropy of magnetic sus-
ceptibility, AMS), identifying the paleodirections of
sediment drift, and planning optimal borehole paths
are performed only on spatially oriented borehole
cores.

It is known that mechanical methods for borehole
core orientation have significant disadvantages:
mechanical (a large value of measurement errors
(±20°) or increased risk of disintegration of the core)
and economic (the need to use complicated downhole
equipment). Core orientation using paleomagnetic
methods is a modern and well-adjusted patented tech-
nology (Popov and Khramov, 2007), which has been
applied successfully at many points in the world and
under various geological conditions. In the Soviet
Union, the staff of Kazan University proposed using
the paleomagnetic method for core orientation as early
as 1978 (Burov et al., 1978). This method has the fol-
lowing advantages:

(1) the setting is done outside the well;
(2) the method makes it possible to orient cores

that were cut a long time ago and are found in reser-
voirs;

(3) the core orientation accuracy is ±7° or less.
The research group of the Laboratory of the Main

Geomagnetic Field and Petromagnetism of IPE RAS
has the experience and facilities to perform the follow-
ing studies:

(1) analyze fracture systems of rock massifs;
(2) measure rock bedding elements;
(3) determine the paleodirections of drift.
This listed research allows an in-depth understand-

ing of the reservoir structure and the volumetric distri-
bution of its poroperm properties. This appreciably
increases the efficiency of development with a signifi-
cant reduction in production and technological costs.
SEISMIC INSTRUMENTS  Vol. 54  No. 5  2018
RESEARCH FACILITIES AND EQUIPMENT
Petro- and Paleomagnetic Research

The Laboratory of the Main Geomagnetic Field
and Petromagnetism of IPE PAS has all the necessary
equipment complying with modern world standards.
The heart of the laboratory is Russia’s only cryogenic
squid magnetometer with a vertical structure (2G
Enterprises, United States), which performs highly
accurate (the sensitivity of the magnetometers reaches
10–12 А m2 or 10–7 А/m for a 10 cm3 sample) magnetic
measurements for samples of synthetic materials and
rocks in fully automatic mode. The magnetometer and
auxiliary equipment are located in a nonmagnetic
room with an area of 12 m2 (Lodestar Magnetics,
United States) (Fig. 3) in an IPE RAS building.

The laboratory is also equipped with a MicroMag
VSM 3900 vibration magnetometer (Princeton Mea-
surements Corp., United States) (Fig. 4), whose sensi-
tivity is 0.5 μemu, which measures such magnetic
properties as Curie temperature, magnetic hysteresis,
magnetic susceptibility, saturation magnetization, and
remanent magnetization with respect to the tempera-
ture, acquisition/demagnetization of IRM and ARM,
in a wide range of materials.

In addition to the above unique equipment, the
IPE RAS has a standard integrated equipment to per-
form petro- and paleomagnetic research, including
furnace apparatus of modern design, magnetometers
(which measure remanent magnetization), suscepti-
meters (magnetic susceptibility meters), etc.

Geochronological and thermochronological
research. The equipment for geochronological and
thermochronological research is located at the Geo-
chronological Center of KFU and SPBU and consists
of the Neptune Plus multicollector sector inductively-
coupled plasma mass spectrometer (ICP-MS) (Ger-
many) (Fig. 5). Nine collectors make it possible to
accurately measure up to nine isotope masses simulta-
neously, which is extremely important, in particular,
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Fig. 5. Neptune Plus multicollector ICPMS, Geochrono-
logical Center, KFU.

Fig. 6. NWR213 laser ablation installation, Geochrono-
logical Center, KFU.

Fig. 7. iCAP Qc quadrupole ICPMS, Geochronological
Center, KFU.
for determining of hafnium isotopy using zircons. The
NWR213 laser ablation installation (Fig. 6) with an
improved chamber for Vol2 samples makes it possible
to analyze solid substances, in particular, zircon and
apatite.

The center is also equipped with an iCAP Qc por-
table quadrupole inductively-coupled plasma mass
spectrometer (Fig. 7) used to determine the isotope
age of zircon. The center has an agreement with the
Kazan Aviation Institute to use the electron micro-
scope for cathode luminescence filming, which is
required for studying chemical zoning in zircons and
rejection of zonal grains.

Track dating of apatite and zircon is performed at
SPBU on the modern Autoscan setup (Australia)
(Fig. 8), which counts the tracks in automatic mode.

CONCLUSIONS

The modern paleo- and rock magnetic methods,
which have been actively developed at IPE RAS and
used jointly with advanced geo- and thermochrono-
logical technologies available at the laboratories of
KFU and SPBU, represent a powerful multifunctional
instrument not only for the development of funda-
mental problems in earth sciences, but also for solving
a broad range of applied problems in the mining and
oil-and-gas industries, such as correlation of sedimen-
tary sections, lava strata, and ore-bearing massifs;
borehole core orientation; construction of vector
models for zones of weakness in a rock massif; and
reconstruction of the thermal evolution of sedimen-
tary basins for solving of oil–gas generation problems
and the migration and accumulation of hydrocarbons.

Despite the wide use of these methods abroad, they
are not in high demand in Russia, which is explained
primarily by the significant delay in supplying scien-
tific laboratories with state-of-the-art equipment, i.e.,
a problem that has been solved almost completely at
the above scientific organizations. Serious exploratory
works and the experience of Russian groups of
researchers represent a competitive product on the
world market for high-tech developments with no
counterparts on the domestic market.
SEISMIC INSTRUMENTS  Vol. 54  No. 5  2018

Fig. 8. Autoscan setup for automatic calculation of quan-
tity and length of tracks of spontaneous uranium-238 fis-
sion (SPBU). Photo: www.autoscan.com.
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