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Abstract

This article addresses the important challenge of ensuring accurate inclinometer measurements during the construction
of directional and horizontal wells in the Far North and Arctic shelf of Russia. In these regions, traditional inclinometer
methods based on accelerometers and magnetometers face significant challenges due to significant changes in the geo-
magnetic field (magnetic storms, secular variations, and other disturbances). Wellbore azimuth measurement errors due
to geomagnetic field distortions lead to risks of deviation from the planned trajectory, resulting in financial and techno-
logical losses. A detailed analysis has been conducted and requirements for the use of up-to-date geomagnetic data and
high-precision mathematical models have been formulated, providing the basis for correcting inclinometer measurements
during horizontal drilling at critical latitudes. It is not enough to use outdated or global models (IGRF) in order to
compensate for external magnetic disturbances in the Arctic: local, regularly updated high-resolution models (similar
to HRGM, IFR-1, IFR-2), taking into account the regional particularities and local lithospheric magnetic anomalies,
are needed. The national geomagnetic models (CAMPUS-C, CAMPUS-A, CAMPUS-CA, DIF-1), developed by the
Geophysical Center of the RAS and the Institute of Petroleum Geology and Geophysics SB RAS for the oil and gas
industry, are presented, and for the first time their applicability as a replacement for foreign models (BGGM/HDGM)
for directional drilling tasks in the Arctic conditions is substantiated. The new national geomagnetic models and a
detailed justification for the optimal number and location of geomagnetic observatories necessary to ensure reliable
monitoring of the magnetic environment are proposed. The application of such specialized models and data helps mitigate
the effects of geomagnetic interference, ensuring reliable determination of the drilling tool’s spatial position during
horizontal drilling. This helps optimize drilling processes and improve the safety and efficiency of Arctic field develop-
ment, which is of strategic importance for the Russian Federation.
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Introduction

Oil production in Russia by the end of 2024 will amount to 520-530 million tons, equivalent
to 10.3-10.5 million barrels per day. Gas production in Russia reached 685 billion m? [1]. Main-
taining the current level of hydrocarbon production is one of the priorities outlined in the Energy
Strategy of the Russian Federation up to 2050* [2]. It is planned that maintaining this level will be
ensured by developing fields in the Far North and the Arctic, where oil production is projected to
increase by up to 25 %. By 2035, production is expected to reach at least 200 million tons of oil and
1 trillion m3 of gas [3].

About 60 % of proven hydrocarbon reserves are concentrated in new Arctic projects located
north of 60° N [4]. Due to complex logistics, underdeveloped transportation infrastructure, and harsh
natural conditions, the development of these fields is economically feasible using modern drilling
technologies for high-flow horizontal and directional wells ranging from 4-5 to over 10 km in length.
However, in the Far North, drilling is characterized by a dense well network due to limited space for
drilling equipment. This requires high-precision wellbore positioning [5], which is achieved with the
help of underground navigation and well trajectory control techniques. For example, when extracting
oil and gas on the shelf of the Sea of Okhotsk, where record-long subhorizontal wells are being drilled,
hitting a given point underground is ensured at a distance of up to 15 km from the wellhead [5, 6].

Specific difficulties of inclinometry during horizontal drilling in the Far North

The influence of geomagnetic factors on inclinometry at high latitudes. Russian Arctic fields are
located at latitudes above 60°, which creates additional difficulties when drilling wells using magneto-
metric inclinometers. The main difficulties are related to [7]: the obvious decrease of the geomagnetic
field horizontal component magnitude towards the poles; magnetic storms and substorms caused by
solar flares and coronal mass ejections; the north magnetic pole drift at a speed of 55-60 km/year;
high-latitude auroral disturbances within the auroral zone (60-75° latitude).

Critical increase in sensitivity to geomagnetic interference in horizontal drilling. In horizontal
drilling, the accuracy of inclinometer measurements is even more critical than in directional drilling,
as the results of measurements carried out by borehole inclinometers become extremely sensitive to
magnetic interference [8]. As the borehole spatial trajectory approaches a true horizontal direction,
the gravity field vertical component (measured by accelerometers) becomes minimal and practically
uninformative, while the dependence on the correct determination of the azimuth increases expo-
nentially.

When drilling horizontally in the west-east direction (as the magnetic azimuth is close to 90° and
270°), the horizontal magnetic field component in this direction is significantly weaker, making the
tool extremely sensitive to interference. Even small variations in the magnetic field lead to azimuth
errors of up to several degrees, which can cause the well to deviate from the planned trajectory by
tens of meters at depth.

The accuracy of azimuth measurements by inclinometers in these latitudes decreases, and the
error can increase to +3-8° (compared to £0.5-1.5° in temperate latitudes) [9]. This is two to three
times higher than the permissible values when drilling high-flow horizontal wells in dense network
conditions.

The magnetic pole drift and its consequences. At northern latitudes the increase in error of the
inclinometric azimuth measurements is due to the alternation in the characteristics of the Earth’s
magnetic field subject to external effects caused by space weather phenomena. During magnetic

* Energy Strategy of the Russian Federation for the Period up to 2050. URL: https://minenergo.gov.ru/ministry/energy-strategy
(accessed 07.08.2025).
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storms and substorms geomagnetic navigation becomes difficult. The higher the latitude, the more
intense these effects are, as the dipole configuration of the magnetosphere directs the magnetic field
lines toward the poles, and the disturbance fields in the polar regions are significantly more intense
than at low latitudes [9].

The intensity of the magnetic field drift in the Arctic is determined by a displacement of the
magnetic pole by 55-60 km per year and a change in magnetic declination up to 0.2-0.3° per year
(in total the deviation from the declination can reach 1.5° for 5 years [10]). In this case, the measure-
ment error of the azimuth angle increases to 3-8° with standard measurements, and the additional
error due to the Earth’s magnetic field drift is £0.5-1.2° [9]. As a result, the total wellbore positioning
error at 3000 m depth reaches 15-30 m in lateral deviation, and at a distance of 8000 m from the
wellhead — 40-80 m [11]. This is critical for horizontal wells for which the permissible wellbore
deviations are =10 m vertically and +20 m horizontally, and in complicated conditions (for example,
near salt domes or when developing low-permeability reservoirs) up to £5 m.

Exceeding the design limits of a wellbore during horizontal drilling is associated with the risk of
accidents when crossing adjacent wells and the wellbore exiting the productive formation. This leads
to economic losses of 10-15 % (well re-drilling), which amounts to $0.5-2 million (average losses per
well). At fields in the Far North and the Arctic shelf, where wells are 8-15 km long, drilling costs
reach $30-50 million. Errors in drilling high-flow wells in these areas can lead to the complete loss
of investment in field development. Therefore, to minimize risks, it is important to account for
variations in the Earth’s magnetic field, continuously monitor the magnetic field at the drilling site
with high precision to ensure current reference values, and continuously adjust the magnetometer
measurements installed in the drill string [12].

It’s important to note that there are downhole instruments that are not susceptible to magnetic
interference. These instruments include gyroscopic systems (Gyro-While-Drilling, GWD) used in the
wellbore trajectory adjustment. However, magnetometric systems are more cost-effective than gyro-
scopic ones, provided that proper azimuth measurement correction is applied. Therefore, borehole
inclinometers based on the architecture of using three accelerometers and three magnetometers have
become widely used in oil and gas fields not only in Russia but also abroad [12, 13]. Table 1 shows
a comparison of the accuracy characteristics of inclinometry technologies at high latitudes.

Table 1

Accuracy characteristics of inclinometry technologies at high latitudes

Magnetic systems . Magnetic systems
Parameter (without correction) Gyroscopic systems + HRGM/IFR
Accuracy at 70° N 0.1-0.3° (£2-5° during storms) 0.1-0.5° 0.05-0.15°
Cost (per well) $50,000-100,000 $500,000-800,000 $100,000-200,000
Continuity Correction required Limited (4-6 h) Full
Demand for stops No Yes No

The architecture of inclinometer sensors, common at Russian fields, includes three accelerome-
ters and three magnetometers, providing recording of three components of the Earth’s gravitational
and magnetic field vectors [14]. This architecture enables highly accurate inclinometer data acquisi-
tion under normal measurement conditions. In boreholes, inclinometers are susceptible to magnetic
interference caused by magnetization of the drill string and bottomhole assembly (BHA) components,
as well as magnetization of adjacent well casings made of magnetic materials. To ensure accuracy in
underground navigation when drilling high-flow directional and horizontal wells, in addition to using
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non-magnetic metals and alloys in the BHA, mathematical methods for inclinometer data correction
are also used.

Without the use of mathematical correction algorithms, inclinometers are not capable of
providing the rated accuracy in downhole conditions (as part of a BHA), and the error in determining
the azimuth can exceed +20°, whereas the accuracy characteristics of downhole instruments are key
to ensuring oil and gas recovery rates [14]. Therefore, when working with magnetometric inclino-
meters, it is necessary to use specialized algorithms for mathematical data processing that use three-
component measurements of the Earth’s magnetic field as input information, as well as the true values
of the geomagnetic field parameters at the measurement point.

The system for correcting the borehole trajectory of a drilling oil and gas well using geomagnetic
data is based on comparing the results of measurements from a magnetometer placed in the non-
magnetic part of the BHA with reference values obtained from a geomagnetic field model or from
direct field measurements in the drilling area [15, 16]. During horizontal drilling, the correction
algorithms become extremely sensitive to the errors in magnetic field values, requiring the use of
high-frequency data (1-minute-sampled or even continuous measurements) instead of traditional up-
dates on a daily basis [16].

There are several methods for determining the parameters of the Earth’s geomagnetic field: using
a mathematical model for location coordinates, direct measurements at the measurement point, and
data from magnetic observatories. In practice, the primary source of geomagnetic data is the mathe-
matical models of the Earth’s magnetic field.

According to the classification given by the Industry Steering Committee on Wellbore Survey
Accuracy (ISCWSA), the current mathematical models of the Earth’s geomagnetic field are divided
into five resolution categories based on the quality of their description of the internal field
(Table 2).

Table 2
Classification of the Earth’s magnetic field models (ISCWSA)
Category Description Examples

LRGM (Low Resolution) Main field; range of 40,000-4000 km; updated once every IGRF-14, WMM-2025, CGRF
5 years

SRGM (Standard Resolution) | Main and large-scale lithospheric field; updated annually BGGM, MVSD, CHAOS-8,

WMMHR-2025

HRGM (High Resolution) Main field + regional magnetic anomalies; range up to HDGM, MVHD, BGGM-HD,
~28 km; updated annually IZMIRAN, CAMPUS-CA

IFR-1 (In-Field Referencing) Main field + regional and local anomalies; range up to first | IFR-1 (BGS), DIF-1 (IPGG SB RAS)
kilometers; observatory data at a distance up to 200 km

IFR-2 / 1IFR (Interpolated IFR) | IFR-1 with the integration of 1-minute-sampled data from HDGM-RT IFR-2, BGS IFR-2
the observatory; updated in real time

For a long time, for drilling horizontal, subhorizontal and directional wells, data from IGRF
(International Geomagnetic Reference Field) and BGGM/HDGM (BGS Global Geomagnetic
Model/High Definition Geomagnetic Model) models have been used in Russian oil fields. IGRF has
low spatial resolution and an update frequency of approximately once every 5 years, whereas
BGGM/HDGM has high resolution and is updated annually. However, Russia lacked its own fully
functional geomagnetic databases for the fuel and energy sector, capable of covering all northern
fields. Since January 1, 2023, foreign models have not been officially supplied to Russia, and internet
access has been blocked. Therefore, developing its own models of the Earth’s geomagnetic field has
become critically important for the Russian fuel and energy sector [17].
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The need for such a procedure is due to the fact that inclinometric measurements are performed
under the influence of parasitic magnetic fields, which significantly distort the determination of azi-
muth and magnetic deflector. The main sources of geomagnetic fields and associated errors are listed

in Table 3.

Table 3

The main sources of errors of a magnetic inclinometer

Error type

Cause

Sensors related to the body

Instruments relative to the borehole
axis as part of a non-magnetic BHA

Column relative to the wellbore

Neighboring wells
Drill string/DDM

Interference from magnetic inclusions
in drilling fluid

Magnetic strata
NMDC defects
Geomagnetic disturbances

Misalignment
Manufacturing tolerances or incomplete calibration
Poor or no alignment

BHA shift
Magnetic disturbances

The distance between wellbores less than 50 m
Sensor distance from magnetic body less than 12 m

Steel chips in the drilling fluid, resulting from friction between the drill string and the
casing, wear of the rock-cutting tool, etc.

The presence of magnetic masses in the geological strata
Magnetic inclusions in non-magnetic drill collars
Variations in the magnetic field from external ionospheric-magnetospheric sources and

internal sources (secular variations in the liquid core of the Earth and caused by the hetero-
geneity of the distribution of electrical conductivity and magnetic properties in the litho-
sphere)

When drilling horizontally, it is necessary to use the results of continuous observations at a mag-
netic observatory with an interval of no more than 1 min, and when passing critical sections — with
an interval of several seconds [18]. This allows real-time monitoring of magnetic field changes and
adjustment of the well trajectory before the deviation exceeds acceptable limits.

It is important to note that mathematical algorithms are capable of partially compensating for the
influence of parasitic magnetic fields and achieving an accuracy of azimuth angle measurement up
to £1.5° at a distance from the inclinometer to the magnetized masses 3.5 m and more. The main
methods include the short drill pipe (SDP) method which requires true geomagnetic parameters with
an accuracy less than £0.1° for declination, less than £0.05° for inclination, and less than £50 nT for
the total field vector [19].

Distribution of inclinometry errors at high latitudes and justification for the use of local
geomagnetic models

The accuracy of inclinometric measurements during horizontal drilling in the Arctic is deter-
mined not only by the quality of borehole instruments, but primarily by the accuracy of geomagnetic
data used to correct azimuthal errors. Standard global magnetic field models (IGRF, BGGM) provide
accurate determination of magnetic field components for temperate latitudes, but are insufficient for
the conditions of the Far North and the Arctic shelf [20].

The fundamental problem of inclinometry in the Arctic is associated with a sharp decrease in the
horizontal component of the Earth’s magnetic field when approaching the magnetic poles [20]. At a
latitude of 30°, the horizontal component is approximately 15,000 nT, while at a latitude of 70° it
decreases to 8100 nT. This 1.85-fold decrease leads to a nonlinear increase in the azimuth measure-
ment error, since the random measurement error of the horizontal component of the magnetic field
leads to an azimuth error inversely proportional to the value of the horizontal component itself:
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Az ~ 5(BH) / BH,

where 8Az is the azimuth error, deg; o(BH) is the error standard deviation in the horizontal magnetic
field component measurement, nT; BH is the horizontal magnetic field component value, nT.

Numerical calculation shows that with an error in measuring the horizontal component
o(BH) =500 nT (which is, on average, typical for external geomagnetic disturbances during periods
of magnetic activity) at latitude of 30° we get an azimuth error 6Az = 1.9°, while at 70° this error
0Az =~ 3.5° [20]. At a distance of 8000 m from the wellhead, this corresponds to a lateral deviation of
the wellbore from the planned trajectory: approximately 266 m at a latitude of 30°, and approximately
490 m at a latitude of 70°. Thus, the same magnitude of geomagnetic disturbance results in a posi-
tioning error approximately twice as large in the Arctic as at temperate latitudes. Azimuth angle
measurement error is particularly critical when sidetracking a deviated wellbore and during the zenith
angle buildup interval of up to 10-15°. The horizontal projection of the inclinometer’s measuring axis
is insignificant in this range, and the azimuth measurement error is systematic and accumulates over
the entire length of the angle buildup interval. As a result, the azimuthal offset of the wellbore from
the planned trajectory, in a typical scenario, can exceed the permissible range for entering the pro-
ductive formation and even lead to the intersection of adjacent wellbores.

For a more detailed analysis of the error propagation in inclinometry, the international standard
ISCWSA Error Model (Revision 5.13), approved by the Industry Steering Committee on Wellbore
Survey Accuracy and supported by the Society of Petroleum Engineers (SPE), was used. This model
is widely used in the oil and gas industry to assess accuracy [19] and allows one to calculate how
various sources of error (error in downhole instruments, magnetic interference from the drill string,
inaccuracies in the geomagnetic model, geomagnetic disturbances) combine and lead to errors in de-
termining the spatial position of the wellbore.

According to the ISCWSA model, the position error at each measurement point is determined as
follows:

e, x =0y (dAr, /dp, +dAr +1/dp, )dp, /dg;,

where e is the position error vector; oil is the i-th source error value; dAry is the geometric Jacobian
reflecting the transformation of angular errors into positional ones; dp,/de, are the weighting func-

tions showing the sensitivity of angular measurements to errors from various sources.

The weighting functions for magnetometric errors containing the horizontal component of the
magnetic field BH in the denominator are of critical importance. In particular, the two main compo-
nents of magnetometric errors — AMIL (axial magnetic influence) and DBH (dependence of the in-
clination vector on the horizontal field) have weighting functions proportional to 1/BH. This means
that at high latitudes, where the BH values are low, all magnetic errors are amplified simultaneously,
creating a critical situation for navigation.

Calculation of the total error using the ISCWSA model for the specific case of a horizontal well
oriented in the west-east direction (azimuth close to 90 or 270°, where the maximum errors in measuring
azimuth by magnetic inclinometers are observed), at a latitude of 70°, at a distance of 8000 m from
the wellhead shows the following results. Using the global IGRF model exclusively, without any
local corrections and without taking into account current geomagnetic disturbances, the combined
azimuth error is approximately 2.8° (in terms of one standard deviation) or £8.4° for a 3 range. This
results in a lateral deviation of the wellbore at a distance of 8000 m from the wellhead within 720 m.
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This error is 90 times greater than the permissible +5 m deviation for complex reservoirs and 36 times
greater than the standard tolerance +20 m.

With the use of the high-resolution BGGM model, which was available until 2023, the accuracy
of declination determination improves to £1° (1), which decreases the lateral error to £285 m.
This improvement is approximately 2.5 times, but still insufficient to ensure safe positioning in
a dense well grid.

The use of the Russian CAMPUS-CA model (developed by the Geophysical Center of the
RAS), which provides a resolution of about 38 km with annual updates, provides further improve-
ment. Using this model, the declination determination error decreases to £0.17°, which is 14.7 times
improvement compared to IGRF. With the use of CAMPUS-CA the combined azimuth error is +1.1°
(30), which corresponds to a lateral error of about +£100 m. Although this value is still above the
optimum, it becomes acceptable for wells in standard reservoirs (tolerance =20 m) subject to the
adoption of additional measures.

A qualitative achievement in accuracy is implemented by using the local DIF-1 model (developed
at IPGG SB RAS), which is the Russian equivalent of the international IFR-1 standard. The model
provides an accuracy of +0.1° for declination, #0.05° for inclination, and £50 nT for the magnitude
of the Earth’s magnetic field vector. Using DIF-1, the combined azimuth error is reduced to +0.28°
(30), corresponding to a lateral error of £32 m.

The feasibility of achieving such accuracy is confirmed by the experience of implementing the
DIF-1 model at one of the fields in Western Siberia with a dense network of horizontal drilling wells,
located at a latitude of 65°N, where this model has been used since 2022.

The practical implementation of high-precision geomagnetic models is being built in the Russian
Federation on a three-level architecture.

* The first level is represented by the global CAMPUS-CA model, developed by the Geophysical
Center of the RAS, with a spatial resolution of approximately 38 km and annual updates. This model
is based on data from satellite magnetometer missions (CryoSat-2, @rsted, CHAMP, and Swarm),
ground-based observatory observations, and historical aeromagnetic data. The CAMPUS-CA model
is sufficient for a basic description of the magnetic field and can be used as a baseline model for
all fields.

* The second level is formed by local DIF-1 models, developed individually for each major field.
The construction of such models requires specialized aeromagnetic surveys (if unavailable) or the use
of existing data, the interpretation of the obtained maps of the anomalous magnetic field using geo-
logical and geophysical information, and 3D modeling of the distribution of magnetic properties in
the crust of the deposit area. The DIF-1 model provides a spatial resolution of less than 1 km and
allows for the consideration of regional and local magnetic anomalies ignored by global models. The
development of these models is accompanied by annual repeat observations of the absolute magnetic
field component values at control points, which allows for timely consideration of secular variation
(at high latitudes, it is 0.2-0.3° per year and cannot be ignored).

* The third level is represented by the INTERMAGNET network of geomagnetic observatories
of the Russian segment, managed by the Geophysical Center of the RAS. This network provides
1-minute monitoring of geomagnetic field components in real time and allows for the detection and
correction of external geomagnetic disturbances that cannot be predicted in advance. In particular, in
the auroral zone (60-75° latitude), where the main Russian fields are located, intense and unpredictable
magnetic substorms occur, generating disturbances with an amplitude of 1000-3000 nT with a time
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scale of 15-60 min [9]. The figure shows an example
of variations of the magnetic declination D, the vertical rrE
Z and the horizontal H magnetic field vector compo- 3°| i
nents during the magnetic storm of March 22, 2026 at Pl
the magnetic observatories in Norilsk and Irkutsk. The
variation amplitudes for D reached 6-7°, and for Z and

H they reached more than 1000 nT. Hence, for this 300
magnetic storm, the intensity of variations at northern nT
latitudes (Norilsk) is approximately seven times larger
than that at middle latitudes (Irkutsk)*. The use of the
DF method, based on data from the nearest observatory
(within 200 km), makes it possible to isolate and com-
pensate for the local component of the disturbance with
an efficiency of 80-90 %, significantly increasing the
accuracy of navigation even during periods of geomag-
netic activity.

From the above analysis it follows that the re- Variations of magnetic declination D,
quired accuracy of determining the geomagnetic field vertical Z and horizontal H components during
for horizontal drilling in the Arctic is at least +0.1° for the magnetic storm on March 22, 2026
declination, £0.05° for inclination and £50 nT for the
total field vector modulus [20]. These requirements can only be met by using high-resolution local
models (such as DIF-1) in combination with a real-world geomagnetic monitoring system. High-
resolution global models, even those like BGGM or CAMPUS-CA, remain useful for other applica-
tions, but for critical horizontal drilling in a dense well pattern, they should be considered an auxiliary
tool, complemented by local models and magnetic observatory data [20].

The practical importance of choosing the right geomagnetic model is confirmed by economic
indicators. A wellbore that goes beyond acceptable limits due to navigation errors leads either to the
intersection of adjacent wells (loss of the well, costs for re-drilling a replacement well of $0.5-2 mil-
lion) or to the exit of the productive formation (a decrease in flow rate by 10-15 %, loss of income of
$5-10 million over the entire productive period of the well). At a field with a typical number of hori-
zontal wells (20-50 objects), annual losses from navigation errors without the use of special measures
amount to $100-150 million with a probability of two to three incidents per year [2].

Implementation of the CAMPUS-CA + DIF-1 + INTERMAGNET system requires an invest-
ment of $10-17 million (including the development of local models, installation of observatories, and
personnel training). The return on investment is $28-54 million per year due to the elimination of
navigation errors and increased flow rates thanks to precise positioning in productive formations.
Thus, the return on investment is 165-540 % per year, and full payback is achieved in 2-7 months.
This demonstrates high economic feasibility of deploying the proposed system [17].

The strategic importance of developing local geomagnetic models for the Russian Federation is
determined by the need to ensure technological independence in the critical field of oil and gas geo-
physics. Given the aforementioned cessation of access to foreign models, the development and im-
plementation of domestic models (CAMPUS, DIF-1) and monitoring systems (INTERMAGNET)
have become critically important. Russian models not only address the current challenge of import
substitution but also surpass Western counterparts in accuracy and adaptability to local condi-
tions [21]. This creates conditions for the development of export services in the field of geomagnetic
modeling for other countries with Arctic deposits (Canada, Norway, Greenland) and also increases

| Dnorilsk

Dirkutsk

ZNorilsk

Zirkutsk

300

nT Hnorilsk

Hirkutsk

uT

* The complex magnetic-ionospheric observatory. URL: http://magnit.iszf.irk.ru/ (accessed 07.08.2025).
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the investment attractiveness of Russian Arctic projects due to the proven possibility of safe drilling
in conditions of high well density.

National geomagnetic models CAMPUS and DIF-1

The creation of the Earth’s main magnetic field model was initially carried out by the
N.V.Pushkov Institute of Terrestrial Magnetism, lonosphere, and Radio Wave Propagation
(IZMIRAN), the leading institute for terrestrial magnetism. However, the transition to digital techno-
logies and the launch of low-orbit satellites for magnetic field measurements led to a reassessment of
these approaches. In 2022, the Geophysical Center of the RAS began work on adapting scientific
results in modeling the Earth’s main magnetic field to the requirements of the oil and gas sector and the
ISCWSA industry standard. Data from all satellite magnetometer missions [21] (CryoSat-2 [22-24],
Qrsted [25, 26], CHAMP [27], Swarm [28, 29]) were collected. Next, using the ground-based obser-
vatory measurements and historical aeromagnetic data [30, 31], the CAMPUS model was created.
The series of CAMPUS magnetic models (GC RAS) includes the model for the main magnetic field
(CAMPUS-C) and for the lithospheric/anomalous field (CAMPUS-A). The complete model, desig-
nated as CAMPUS-CA, has a maximum resolution of 1050 spherical harmonics, providing spatial
resolution ~38 km.

The main field model is based on the IGRF-14 candidate model [21], prepared in the
Geophysical Center of the RAS in 2024. The candidate model has passed all verification stages by
the IGRF working group and was used to calculate the coefficients of the final international model
for 2025-2030.

In 2022, the Trofimuk Institute of Petroleum Geology and Geophysics SB RAS developed the
DIF-1 model (an analogue of the international IFR-1 model), which has been successfully used for
three years at a northern field with a dense well grid for directional and horizontal drilling. The DIF-1
model is developed individually for a specific field based on available maps of anomalous magnetic
fields or specially conducted aeromagnetic surveys. Interpretation of this data on the distribution of
magnetic induction vector modulus anomalies, using other geological and geophysical information,
makes it possible to reconstruct the distribution of magnetic properties of rocks in the Earth’s crust
in the field area and, in the next step, calculate the spatial distribution of D, I, F magnetic field com-
ponents. This allows for the construction of a detailed 3D geomagnetic model of the upper crust in
the deposit area, including data on the main field and its secular variations, achieving a spatial reso-
lution of a few kilometers. The advantage of the DIF-1 model is its high spatial resolution and high
accuracy in determining magnetic field components: the determination errors for the D, | and F com-
ponents’ absolute values are 0.1°, 0.05°, and 50 nT, respectively. Conducting annual repeat observa-
tions of magnetic field component absolute values allows for annual model adjustments by taking
into account the secular variation. The DIF-1 model is currently being developed for three more Arctic
hydrocarbon fields.

In parallel, IZMIRAN is developing models with a decomposition degree of up to 790 harmonics
(category HRGM), and its St. Petersburg branch, together with oil and gas companies, is conducting
research on the construction of local IFR-1 models [32].

Physical principles of magnetic field modeling and their application in inclinometry in the
Arctic

The magnetic field measured at the Earth’s surface includes several virtually independent signal
sources:

B(r.t)=B,(r.t)+A(r)+D(r,t)+e(t),
where B, (r,t) is the core (main) field; A(r) is the field of lithospheric sources; D(r,t) is the field
from magnetosphere and ionosphere currents; e(t) is the measurement error.
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The lithospheric source field is included as time-independent, since variations in the lithospheric
field occur on geological time scales. The remaining components are time-dependent and require the
construction of mathematical models that describe the temporal and spatial variability of the Earth’s
magnetic field. The complexity of modeling the field sources varies significantly: low-orbit satellite
observations have simplified the construction of main field models [33], and the global anomaly maps
made it possible to construct a spherical decomposition of the lithospheric field. Modeling external
fields is a daunting task. Moreover, while the mid-latitude ionospheric field is quite successfully ap-
proximated by spherical models based on satellite data [34], in practice it is impossible to predict
high-latitude substorm disturbances* since they are associated with non-stationary processes in the
magnetosphere tail.

When horizontal drilling in the Arctic, it is critical to consider the D(r,t) component, as geomag-
netic disturbances at high latitudes reach amplitudes of 1000-3000 nT and more, which exceeds the
signal of the horizontal component of the magnetic field itself [35].

The main field is modeled using spherical harmonic analysis, first proposed by Gauss. The internal
source field is represented as a gradient of a scalar potential V:

B=-VV.

In order to calculate V, a series expansion in spherical functions through associated Legendre
polynomials is used:

V(r,0,0)= azk:(%)m En: (g, cosmg+hysinmg) P"(6),

where a is the mean Earth’s radius (6371.2 km); g, and h™" are the Gaussian coefficients of expan-

sion; and r,0,¢ are the distance from the center, colatitude (a complementary angle to 90°), and
longitude.

In this case, the spatial resolution of the model can be estimated through the minimum wave-
length of the spherical expansion

where k is the maximum power of expansion.
In Table 4, information is given for the main sources of the Earth’s magnetic field and their time
scales during inclinometry in the Arctic.

Table 4
The main sources of the Earth’s magnetic field and their time scales
Source Magnitude, nT Alternation period Description

Internal

Core (main field) ~50,000 Years Spherical expansion, IGRF/WMM models

Lithosphere (anomalies) 100-1000 Centuries Anomalous field maps, HRGM model
External

High-latitude effects >1000 Hours to days Auroral substorms, unpredictable

Mid-latitude effects 10-100 Days lonospheric field, approximated by models

* Saltus R., Alken P., Balmes A. et al. Magnetic Maps and Models for Alternative Navigation. 2023 IEEE/ION Position,
Location and Navigation Symposium (PLANS), 24-27 April 2023, Monterey, CA, USA. IEEE, 2023, p.805-813.
DOI: 10.1109/PLANS53410.2023.10140025
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Modern high-resolution models such as CAMPUS-CA and BGGM provide a spatial resolution
of 28-38 km, which is sufficient to account for regional anomalies but insufficient to identify local
effects within a field. For this reason, critical horizontal drilling in the Arctic requires the use of
models such as IFR-1 and DIF-1, with a spatial resolution of the first kilometers [36].

Ensuring the accuracy of the developed models and their prompt updating requires continuous
observatory observations across the Russian network, allowing for the use of up-to-date data for the
timely accounting of geomagnetic variations generated by processes in the Earth’s external envelopes
(ionosphere, magnetosphere). Strong magnetic field disturbances in northern latitudes lead to azimuth
measurement errors of more than 2° using borehole inclinometers due to differences in relatively
quiet magnetic field parameters.

In horizontal drilling conditions, such azimuth changes in a dense well network are unacceptable
and can lead to the intersection of adjacent wells. The observatory’s critical importance arises when
drilling through well sections that require extremely precise positioning (reservoir entry, horizontal
section, target zone). Therefore, it is necessary to deploy full-scale geomagnetic observatories in the
vicinity of large oil and gas fields in the Far North, in addition to existing ones, as well as to con-
tinuously develop national high-resolution mathematical models.

History of the development of the Russian INTERMAGNET network. The gap in domestic instru-
mentation in the 1990s and a lack of resources led to a significant degradation of the Russian magnetic
observatory network. The first Russian observatory (Irkutsk, IRT) joined the international
INTERMAGNET network only in 1998, seven years after the network’s founding. Further restoration
took place in the early 2000s with the support of international institutes, bringing the observatories
of Borok (BOX), Novosibirsk (NVS), Yakutsk (YAK), Magadan (MGD), Paratunka (PET), and Arti
(ARS) up to INTERMAGNET standards.

Significant changes occurred in 2011, when the Russian segment of the INTERMAGNET net-
work was established at the Geophysical Center of the RAS. Since then, the Geophysical Center of
the RAS has installed world-class equipment in five observatories, ensuring their compliance with
international standards.

Currently, there are 12 magnetic observatories operating in Russia, including Klimovskaya
(KLI) and Mikhnevo (MHYV). Observatory-class measurements in the polar regions are carried out at
the White Sea (WSE, Republic of Karelia) and Cape Schmidt (CPS, Chukotka Autonomous Okrug)
observatories. All data are collected at the Shared Research Facility “Analytical Geomagnetic Data
Center” of the Geophysical Center of the RAS, the center of the Russian INTERMAGNET segment.

Recently, the Samoylovsky Island (Sakha Republic) and Sabetta (Yamal Peninsula) observa-
tories have been actively developed by the GC RAS and the IPGG SB RAS. However, the current
coverage of the Arctic with geomagnetic observatories is insufficient to provide data for all Russian
northern fields.

Requirements for observatories and recommendations for their placement in order to support
horizontal drilling. The main challenges in developing high-precision observation sites in the Arctic
are related to the region’s inaccessibility, the lack of necessary infrastructure, and the need for con-
stant personnel presence, which translates into high operating costs. For the Yamal LNG project,
annual costs for magnetic model corrections are estimated at $200,000-$500,000. The cost of a single
fully functional observatory is at least 100 million rubles.

During horizontal drilling, effective development of geomagnetic models requires the establish-
ment of a network of secular variation stations for regular observations at least annually. The need
for such a network follows from an analysis of the geomagnetic observation situation in Russia, par-
ticularly in Siberia and the Far East. Research shows that due to the sparse network of ground-based
geomagnetic observations in these regions, current models, which rely primarily on satellite data, do
not provide the necessary accuracy in determining geomagnetic field components.
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Optimal measurement correction quality during horizontal drilling is achieved at an observatory
distance of no more than 200 km from the work site. This radius ensures proper interpretation of local
magnetic anomalies and variations.

It is recommended that at least five specialized geomagnetic observatories be located in close
proximity to the main Arctic oil and gas fields, which will ensure:

« continuous updating of regional models in real time;

* integration with existing monitoring systems;

* increase in the navigation data relevance up to +0.5-1.0°;

« reducing the risk of emergency situations by 15-20 %.

Analysis of spatial and temporal changes in the Arctic geomagnetic field for horizontal drilling.
Analysis of features and values of changes of the magnetic field components (declination D, inclina-
tion I, total magnetic field magnitude F) in the northern Russian regions shows that:

» The magnetic inclination | and the field vector magnitude F experience relatively small and
slow changes over the past 10-15 years in the northern regions of Siberia and the Arctic, whereas the
magnetic declination D experiences much more intense spatial and temporal changes in these areas.

« A more rapid increase in absolute magnetic declination values is seen, especially since 2010 .

« Abrupt jumps in annual changes in the model secular variation D every 5 years are due to the
replacement of the IGRF models in these years and do not reflect the actual changes.

« Even high-resolution models (WMMHR) give errors in determining the magnetic declination
D absolute value up to 0.8° in the Arctic areas, which emphasizes the need to develop and use high-
precision local models.

These data indicate a critical need to develop dense repeat station networks [35] in order to
register secular variation with the accuracy required for the development of HRGM and IFR models.
In this context, IFR-1 level models, such as DIF-1, are of particular importance, the development of
which is accompanied by direct high-precision measurements of the D, | and F components in the
vicinity of a particular field.

Results of the application of high-precision inclinometry methods in the Arctic

The use of geomagnetic correction methods in horizontal drilling in the Far North has shown
significant results at several fields [32, 37].

The successful implementation of the DIF-1 model at a field in Northern Siberia has stimulated
the development of similar models for three more large fields in the Arctic zone of the Russian
Federation. Annual model adjustments are made based on repeated absolute measurements of mag-
netic field components at control points.

The CAMPUS-CA model (GC RAS) is being tested and adapted at a number of fields, including
those located in the Arctic zone of the Russian Federation. At Arctic fields, the deployment of spe-
cialized observatories has led to increased horizontal drilling efficiency due to more precise borehole
positioning in target formations, which has increased the length of the productive section of the well
and, consequently, the flow rate [38, 39]. The use of continuous high-frequency magnetic field
monitoring with minute-by-minute updates made it possible to continue the process of product
extraction during geomagnetic disturbances with a change rate of more than 10 nT/min [40].

Conclusion

In the framework of the research, the geomagnetic models CAMPUS-C, CAMPUS-A,
CAMPUS-CA and DIF-1 have been created. The CAMPUS-CA model is of HRGM class and has
been built using CryoSat-2, Orsted, CHAMP and Swarm satellite data; the expansion degree is 38
(1050 Gaussian coefficients); the model has been updated to 2024 and extrapolated to 2025-2030.
The DIF-1 model complies with the IFR-1 class with an accuracy of D ==+0.1°, 1 ==+0.05°,
F==+50nT.

171
This is an open access article under the CC BY 4.0 license



ElgiEE  Journal of Mining Institute. 2026. Vol. 279. P. 160-174

© Vyacheslav N. Glinskikh, Petr G. Dyadkov, Oleg V. Zhdaneev, Aleksandr V. Zaitsev, Dmitry V. Kudin, Anatoly A. Soloviev, 2026

Development and implementation of the CAMPUS-CA (GC RAS) and the DIF-1 (IPGG SB RAS)
Earth’s magnetic field models supported by a network of geomagnetic observatories are a key factor
in increasing the accuracy of inclinometry during drilling of oil and gas wells in the Arctic zone of
the Russian Federation, especially during horizontal drilling in conditions of a dense well grid. In the
absence of foreign supplies, geomagnetic field data, and the high instability of the magnetic field in
the Far North, the use of Russian models fully satisfies the fuel and energy complex’s stringent re-
quirements for the accuracy of geomagnetic data during horizontal drilling.

Expected practical results include:

« Improving the accuracy of inclinometry to 67-85 % (reducing the error in determining the
azimuth during horizontal drilling from £2-3 to £0.5-1.0°).

* Reducing the risk of emergency situations to 15-20 % due to more precise well positioning [32].

* Increased oil recovery by 10-15 % due to precise placement of horizontal sections of the well
trajectory in productive formations.

* Increasing the efficiency of developing low-permeability reservoirs with an oil recovery factor
of up to 40 % or more [41].

* Reducing the environmental impact on the Arctic zone by reducing the number of vertical wells
and the area of well pads by 30-40 % [2].

* Increasing Russia’s technological independence in the field of geomagnetic support for oil and
gas horizontal drilling projects [42].

For the further development of high-precision geomagnetic observations and magnetic field
models it is recommended:

« to deploy at least five specialized geomagnetic observatories in close proximity to the main
Arctic fields;

« to organize a network of repeat stations (at least 10-15 points) for monitoring the magnetic field
secular variation;

« to ensure annual updating of CAMPUS-CA models and development of local DIF-1 models
for each major field;

« to integrate data from Russian observatories into the Analytical Geomagnetic Data Center of
the GC RAS with a minute-by-minute frequency;

« to organize the training of specialists to service observatories and interpret geomagnetic data
when solving horizontal drilling problems;

« to include the requirements for the use of high-precision geomagnetic models in the techno-
logical regulations for drilling horizontal wells at all Arctic fields.

Thus, the implementation of an integrated geomagnetic monitoring system and high-precision
models of the Earth’s magnetic field forms a sustainable technological base for the successful and
safe development of Russia’s oil and gas potential in the Arctic and is of strategic importance for
national security and economic development.

The authors express their gratitude to E.S.Konyaev, Engineer at Trofimuk Institute of Petroleum
Geology and Geophysics, SB RAS, for comments and clarifications that contributed to improving the
manuscript; to D.A.Kuleshov, Research Scientist at the same Institute, for valuable comments on the
used geomagnetic model DIF-1; and to R.V.Sidorov, Candidate of Physical and Mathematical, Leading
Researcher at the Geophysical Center of the RAS, for clarifications that improved the manuscript
and for translating the article into English.
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