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Abstract: Modern satellite positioning and navigation technologies are not applicable in specific
areas such as the exploration of oil and gas deposits by means of directional drilling techniques.
Here, we can rely solely on natural geophysical fields, such as the Earth’s magnetic field. The precise
underground navigation of borehole drilling instruments requires a seamless, near-real-time access
to operational geomagnetic data. This paper describes the MAGNUS BD hardware-software system,
deployed at the Geophysical Center of the Russian Academy of Sciences, that provides the efficient
accumulation, storage, and processing of geomagnetic data. This system, based on the Big Data (BD)
technology, is a modern successor of the MAGNUS processing software complex developed in 2016.
MAGNUS BD represents one of the first cases of the BD technology’s application to geomagnetic
data. Its implementation provided a significant increase in the speed of information processing
and allowed for the use of high-frequency geomagnetic satellite data and expanding the overall
functionality of the system. During the MAGNUS BD system’s deployment on a physically separate
dedicated cluster, the existing classical database (DB) was migrated to the Arenadata database with
full preservation of its functionality. This paper gives a brief analysis of the current problems of
directional drilling geomagnetic support and outlines the possible solutions using the MAGNUS
BD system.

Keywords: geomagnetic data applications; geomagnetic navigation; magnetic observatories; geomagnetic
low-earth orbit satellites; database; Arenadata database; MAGNUS BD system

1. Introduction

With respect to the widespread implementation of modern satellite positioning tech-
nologies (such as global navigation satellite systems or GNSSs), the Earth’s magnetic field
(EMF) remains one of the main reliable natural geophysical fields used for the navigation
and orientation of artificial objects. An important feature of the geomagnetic method is the
capability of the instant determination of an object’s orientation. GNSSs allow us to deter-
mine the position or direction of a moving object. To determine the orientation of an object
requires additional technical solutions, so magnetic navigation is still a necessary backup,
and sometimes the only possible method, e.g., the magnetic compass remains an essential
element of equipment and instrumentation used for the navigation of vehicles [1–4].

Among the applications of geomagnetic referencing and navigation is support of the
mining industry. The extraction of hard-to-recover oil and gas deposits, as well as of the
hydrocarbon deposits located at high latitudes, necessitates the implementation of more
complex well-drilling technologies. The impossibility of using GNSSs for underground
positioning stipulates the application of inertial systems for drill navigation and positioning
using geophysical fields, including EMFs [5,6].
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The oil depletion in conventional reservoirs has expanded the scope of drilling to
include unconventional reservoirs [7]. To develop such reservoirs, it is necessary to use com-
plex extraction technologies. One of these advanced extraction technologies is the method
of directional drilling (DD) [8], which is widely used in modern oil and gas exploration
practice. This approach entails the drilling of long wells, almost horizontally entering the oil
deposit. One of the main methods of underground orientation is geomagnetic referencing
using vector magnetometers installed directly on the drilling instrument. The length of
the well in this case can vary from 4–5 km to more than 10 km. This process is considered
high-tech largely because of the complex spatial profile of the borehole in the multilateral
direction [9].

The problem of supporting navigation accuracy improvement in directional drilling
has been attracting the attention of researchers for several decades [10,11]. In 1999, an
international professional community—the Industry Steering Committee on Wellbore
Survey Accuracy (ISCWSA, https://www.iscwsa.net/ (accessed on 3 September 2024)),
was founded to create and develop standards for precise navigation while drilling. It united
the amassed world’s experience in underground navigation and became an independent
center for the standardization of technologies and algorithms. Over these years, the
industry has evolved from low-resolution main field models to using data from a nearby
magnetic observatory, referred to as interpolated in-field referencing (IIFR). IIFR is a
complement to high-resolution (decomposition degree greater than 720) models of the
full EMF and is included in the international ISCWSA standard. The development of
navigation technologies for drilling has opened up a number of knowledge-intensive tasks
in the field of new approaches to detecting local magnetic anomalies using ground and UAV
surveys [10,12], the field of high-precision modeling of the EMF using spherical harmonics,
and that of monitoring the magnetosphere dynamics in real time [13,14].

The problem of geomagnetic data application in the practice of DD has been dis-
cussed [11,15–17], and it was shown that it requires high-precision up-to-date data on EMF
spatiotemporal variations and relevant analytical methods and instruments. The emerged
challenges have received a wide response in the scientific community in the form of high-
precision EMF models [18,19]. The results of numerical experiments on the modeling
of well-trajectory parameters distinctively illustrate the influence of natural geomagnetic
disturbances (e.g., geomagnetic storms) on the DD procedures. The solution to this problem
requires new statistical algorithms for predicting the magnetosphere dynamics [20] and the
construction of magnetic observatories in the proximity of oil- and gas-extraction sites [6].
A qualitative increase in interest in the correction method using observatory data occurred
with the transition to high-latitude and offshore production. There was a transition from
academic research [21,22], which modeled the potential for meeting direction accuracy re-
quirements using real-time processing, to implementation in commercial production [6,13].
Compensation for geomagnetic rapid variations in the real-time mode using high-precision
magnetometric equipment is currently an indispensable element of the DD routine, espe-
cially in the Arctic region. Along with operational geomagnetic data, the control of DD
parameters requires the implementation of modern data management technologies and
mathematical methods of real-time data analysis [17]. To date, there are many examples of
the successful application of IIFR by oilfield service companies [15,23,24].

In this paper, we present the results of the practical application of modern data
management techniques based on the Big Data approach with respect to the needs of DD
operation and support of the IIFR.

2. Geomagnetic Data and Data Management

From the middle of the 19th century up to the present moment, geomagnetic observa-
tories are the main source of long-term observations of EMF parameters. A magnetic obser-
vatory is a sophisticated scientific measuring complex where high-precision magnetometers
are installed in special pavilions constructed of non-magnetic materials. The purpose of a
magnetic observatory is to measure the magnetic field vector with high accuracy in real time.

https://www.iscwsa.net/
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Currently, there are more than 120 high-quality magnetic observatories operating around
the world, united in the international INTERMAGNET network (www.intermagnet.org
(accessed on 3 September 2024)). Magnetic observatories are equipped with a set of stan-
dard instrumentation, which necessarily includes vector and scalar magnetometers, as well
as a non-magnetic theodolite with a built-in single-component magnetometer. This set of
instruments allows for the measurement of all the components of the full geomagnetic
vector [25].

In 2009, the Deadhorse Observatory (DED) was deployed for the first time in Alaska for
joint use by the US Geological Survey (USGS) for scientific purposes and the oilfield service
company Schlumberger for supporting DD [13]. The case of this observatory demonstrates
that, when using geomagnetic navigation for DD, several tasks are distinguished:

• Modeling the main EMF with high resolution [26];
• Identifying and modeling the lithospheric field on a regional scale [14];
• Monitoring and accounting for EMF variations associated with space weather [11,13].

Data from magnetic observatories are used to varying degrees in solving each of
the three problems listed above. While modern EMF modeling largely uses data from
low-orbit satellites [27], the problem of recording EMF variations near drilling sites is
solved by constructing a magnetic observatory [13]. In this regard, the interest of oilfield
service companies in observatory magnetic observations is growing. At the same time, in
some fields, it is possible to use data from existing observatories if they are located close
enough to drilling sites. Regular disturbances of the magnetic field are observed at high
latitudes that are close to the auroral zone [16,28]. Thus, the efficiency of mineral extraction
in the Arctic zone of the Russian Federation can be increased by using the technology
of the geomagnetic support of directional drilling [17,29], similar to how it was used in
Alaska [13].

Turning to the technology, it is important to note that the data obtained at the obser-
vatory must be processed with minimal delay [30] and transmitted to the control center
of the drilling station. The center compensates for direction errors or suspends drilling in
the event of extreme disturbances. Here, processing means a whole complex of algorithms
that eliminate anthropogenic and instrumental interference, calculate the temperature
coefficients of magnetometers, etc. [30].

This leads to the need to create systems for processing geomagnetic data in real
time. Today, in the Russian Federation, there is the only full-fledged system for collecting,
storing, and promptly processing geomagnetic data, MAGNUS (Monitoring and Analysis
of Geomagnetic aNomalies in Unified System) [http://mag.gcras.ru/] (accessed on 3
September 2024), created and operating at the Geophysical Center of the Russian Academy
of Sciences (GC RAS). The basic functional diagram of MAGNUS is shown in Figure 1.
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MAGNUS receives data from 22 observatories located in Russia and neighboring
countries, a significant part of which corresponds to the international INTERMAGNET
standard. A map of existing and prospective observatories is shown in Figure 2. It is planned
to expand the number of observatories supplying the MAGNUS system with data.
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The MAGNUS 1.0 analytical software package was created in 2016 based on the
MySQL database. The initial architecture of the system is described in detail in [31]. Thanks
to the open data policy of GC RAS, the system has become a convenient tool for researchers
from various organizations. In the period from 2016 to 2024, the system was constantly
being developed, and new functionality was consistently being added to it. In addition to
the data from magnetic observatories, geomagnetic measurements from Swarm satellites
from 2013 to the present were loaded into the database (DB) [32]. With the increase in
requirements for the measurement frequencies of observatory magnetometers, an active
transition to a 1 s measurement standard began, and data from new observatories were
added. All this led to a significant increase in the load on the system. For its further
operation, a decision was made to transfer MAGNUS to Big Data (BD) technology [33].

Information systems built on Big Data technologies meet the requirements of simplicity
of horizontal scaling and query processing speed [34,35]. The ultimate goal is to create a
single scalable system of satellite and ground-based geomagnetic data, MAGNUS BD. In
the future, such a system can be used both to solve fundamental geophysical problems and
to provide high-quality data to oilfield service companies in real time for the purpose of
supporting DD in Russia. This article is devoted to the process of such a transition and the
first results obtained.

3. Materials and Methods

When switching to the new BD technology, it was necessary to migrate all data and
duplicate the functionality of the original MAGNUS system. Today, the latter includes:

• Original geomagnetic data from 22 ground-based observatories;
• Processed data and calculated indices;
• Geomagnetic data from low-orbit satellites;
• Derived parameters obtained after processing satellite and ground-based data;
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• The web system for visualizing and uploading accumulated data, available on the
official website of the MAGNUS hardware-software system, http://mag.gcras.ru
(accessed on 3 September 2024);

• The set of application programming interfaces (API) in different programming languages.

At the start of the migration, the DB contained more than 400 GB of original and
processed data. Due to limitations in the performance of the MAGNUS DB, some of the
available information was not loaded, so about 10 TB of satellite and related geophysical
data were accumulated in the file storage. Working with these data within the original
architecture of the MAGNUS system was impossible.

Prior to the migration, an analysis of the market for technological solutions for the
BD DBMS was conducted. An important parameter was the use of open-source software.
In this case, we could be sure that the system would function and develop regardless of
external sanction changes.

The main feature of systems built on Big Data technology is the implementation of
parallel computing [36]. This allows the query to be distributed between several servers
(segments) using the query optimizer (master) [37]. The concept of the system is shown
in Figure 3.
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The most widely used open-source data management system in the IT industry at the
moment is the Greenplum DBMS. An analysis of its functionality confirmed this system
as the optimal choice for deploying a geomagnetic database. In addition, the decision to
choose Greenplum was based on the availability of a pool of specialists working with the
system, as well as a version of its Russian assembly, the Arenadata database, which has
become widespread in the commercial sector, especially after the introduction of sanctions
and the departure of many technology giants from the market. Among the major users of
this system are VTB, the Federal Tax Service of Russia, Moscow Exchange, and many others.

The Arenadata database is a distributed DBMS that uses the concept of massively
parallel processing (MPP) and is based on the open source DBMS–Greenplum. Analytical
massively parallel DBMSs are designed to store and process large volumes of data—from
single units to hundreds of terabytes of data. The pilot version of the MAGNUS BD system
was deployed on the basis of three physical servers, the technical characteristics of which
are given in Table 1.

http://mag.gcras.ru
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Table 1. Hardware of the MAGNUS BD pilot system.

Host Name Central Processing
Unit (CPU)

Random Access
Memory (RAM)

Read-Only Memory
(ROM)

master
8× core

Intel(R) Xeon(R)
CPU E5450 3.00GHz

16 GB 240 GB SSD

seg0

8× core
Intel(R) Xeon(R)

CPU E5345
2.33GHz

16 GB 1 TB SSD

seg1

8× core
Intel(R) Xeon(R)

CPU E5345
2.33GHz

16 GB 1 TB SSD

ftp Intel Core i7-2600
3.40GHz 16 GB 14 TB HDD

Arenadata DB software version 6.26.2.55 was installed using the Arenadata Cluster
Manager (ADCM) interface. The ADCM provides the ability to create, configure, and
update clusters via a graphical interface or using an API. All operating system services are
configured automatically, under the supervision of a specialist who promptly resolves any
technical difficulties that arise. The following actions were performed in stages:

• Preparing the environment on the master and segment nodes, including installing the
CentOS 7 operating system (open source software), creating users, and configuring
access rights for them;

• Downloading and installing ADCM on the manager node, which allows managing
the cluster via a graphical interface or API;

• Creating a new Arenadata DB cluster in ADCM via a graphical interface and specifying
the necessary parameters, such as the number of nodes, their configuration, and
network settings;

• Automatic configuration of all necessary operating system services and Arenadata DB
components was performed;

• Starting the cluster and checking its operability. Test queries were executed, the node
status was checked, and a test database was created.

For the MAGNUS BD system built on Big Data technology, the structure shown in
Figure 4 was proposed, including data sources, a data collection and storage unit, and a
data analytics and visualization unit.

The following data were loaded into the MAGNUS BD system:

• Raw minute and second data from 22 ground-based geomagnetic observatories, over
300 GB in volume;

• Processed minute and second data from 22 ground-based observatories, over 35 GB
in volume;

• Second and 50 Hz data from the Swarm satellite constellation, over 7 TB in volume.

As a result, in 2024, a fully operational pilot version of the MAGNUS BD system was
created at the GC RAS.
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4. Results

The current MAGNUS system, created in 2016 and based on a classic DB, stores data
in a form aggregated by hours. This approach reduces the query time but complicates data
retrieval by value. In this regard, the assessment of data availability intervals could only be
performed by a complete enumeration of the values for each component.

If, in the case of minute measurements, such an approach was justified, then, when
switching to second and especially to satellite data, the assessment of availability became
a cumbersome and computationally expensive process. The new MAGNUS BD system,
already in its pilot version, achieves high performance by partitioning data by criterion
(time) and dividing between physical segments. As a result, the assessment of data gaps is
implemented separately, at each observatory. Thus, in the new version of the system, data
on the time interval for which there is information, as well as the volume of available data,
for any observatory, can be obtained by executing a simple query in SQL. Table 2, as an
example, presents the result of executing such a query for 11 observatories by MAGNUS BD.

At the same time, we also have the opportunity to quickly obtain information on the
availability of data for one observatory for the desired period of time. Figures 5 and 6
show histograms with information on the volume of data for the Mikhnevo (MHV) and
Klimovskaya (KLI) observatories per day for the time period from 1 May 2023, to 30 June
2023. The gap in the data on June 2 and 6 is due to technical problems with the scalar
magnetometer after power failures. The synchronous absence of data from the scalar (F)
and vector (X, Y, Z) magnetometers is due to power failures that affected all devices at once.
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Table 2. Intervals and volumes of available data.

IAGA-Code Observatory
Name

Geographical
Coordinates

Compliance With
INTERMAGNET
Quality Standard

Data Availability Interval Volume of Available
Data, %

Start End X, Y, Z F

AAA Alma-Ata 43.25◦ N,
76.92◦ E yes 1 January

2006 1 June 2024 8.6 -

ARS Arti 56.43◦ N,
58.56◦ E yes 15 July 2011 29 April 2021 48.8 -

BOX Borok 58.07◦ N,
38.23◦ E yes 1 January

2017 20 April 2022 84.0 84.1

CPS Mys Shmidta 68.88◦ N,
179.37◦ W no 2 January

2013 22 May 2024 67.2 65.9

GLK Gyulagarak 40.93◦ N,
44.47◦ E no 5 February

2020 31 May 2024 68.4 67.3

KLI Klimovskaya 60.85◦ N,
39.52◦ E no 18 June 2014 31 May 2024 85.7 85.6

MGD Magadan 60.05◦ N,
150.72◦ E yes 28 February

2008
19 December

2023 80.4 76.6

MHV Mikhnevo 54.95◦ N,
37.76◦ E no 1 January

2023 31 May 2024 89.2 89.2

NOK Norilsk 69.40◦ N,
88.40◦ E no 13 March

2009
15 August

2023 55.49 -

SPG Saint
Petersburg

60.54◦ N,
29.71◦ E yes 4 February

2024 31 May 2024 84.9 84.7

WSE White Sea 66.55◦ N,
33.10◦ E no 1 January

2014 31 May 2024 72.5 72.5
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The MAGNUS BD system showed strong results in comparison with the original
MAGNUS system. As a result, when executing data requests for the Klimovskaya observa-
tory for different periods of time, the new system showed an increase in speed up to six
times (Table 3).

Table 3. Speed of query execution for the Klimovskaya observatory.

Data Request Period
Processing Speed, s

MAGNUS BD MAGNUS

Day 1.3 0.1
Month 1.6 1.6

Year 5.1 22.6
All available data interval 41.1 246.1

At the same time, as it should be in the case of a BD system, the larger the request, the
higher the increase in the speed indicators of its execution. This was demonstrated when
executing a data request for the entire observation period for all 22 observatories, shown in
Figure 7.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 10 of 15 
 

when executing a data request for the entire observation period for all 22 observatories, 
shown in Figure 7. 

 
Figure 7. Speed of data query execution for the entire observation period for 22 observatories, sec. 

The basis of effective geomagnetic navigation in directional drilling is the processing 
of geomagnetic data in real time to obtain the direction to magnetic north with an accu-
racy of 0.1° for declination D and 0.05° for inclination I, as well as, additionally, the 
modulus of the full vector F with an accuracy of up to 50 nT according to the ISCWSA 
error model [22]. Space weather events such as magnetic storms and substorms near the 
production site lead to strong variations in the angular components of the vector B (Fig-
ure 8a). Taking into account such rapid variations, an error occurs depending on the 
processing speed of the incoming data. Figure 8a shows the declination and inclination 
record during the magnetic storm of 1–3 December, 2023, obtained at the Klimovskaya 
magnetic observatory (IAGA code KLI). In this case, the azimuth angle correction error of 
the drill direction in the MAGNUS system based on the averaged D values for 15 min 
exceeds the 1σ threshold in 7.4% of cases, and the 3σ threshold in 1.3% of cases (Figure 
8b). The observed deviations are associated with a data processing delay, which can ex-
ceed 10 min. The use of real-time processing in the proposed MAGNUS BD system sig-
nificantly reduces the correction error (Figure 8c). In this case, only 0.4% of D errors go 
beyond the ±1σ range. It should be noted that the requirements for correction accuracy 
only grow over time, as production rates and drilling speeds are continuously increasing 
[38,39]. 

Figure 7. Speed of data query execution for the entire observation period for 22 observatories, sec.

The basis of effective geomagnetic navigation in directional drilling is the processing
of geomagnetic data in real time to obtain the direction to magnetic north with an accuracy
of 0.1◦ for declination D and 0.05◦ for inclination I, as well as, additionally, the modulus of
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the full vector F with an accuracy of up to 50 nT according to the ISCWSA error model [22].
Space weather events such as magnetic storms and substorms near the production site
lead to strong variations in the angular components of the vector B (Figure 8a). Taking
into account such rapid variations, an error occurs depending on the processing speed
of the incoming data. Figure 8a shows the declination and inclination record during the
magnetic storm of 1–3 December, 2023, obtained at the Klimovskaya magnetic observatory
(IAGA code KLI). In this case, the azimuth angle correction error of the drill direction in
the MAGNUS system based on the averaged D values for 15 min exceeds the 1σ threshold
in 7.4% of cases, and the 3σ threshold in 1.3% of cases (Figure 8b). The observed deviations
are associated with a data processing delay, which can exceed 10 min. The use of real-time
processing in the proposed MAGNUS BD system significantly reduces the correction error
(Figure 8c). In this case, only 0.4% of D errors go beyond the ±1σ range. It should be noted
that the requirements for correction accuracy only grow over time, as production rates and
drilling speeds are continuously increasing [38,39].
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5. Discussion

The capabilities of systems built on the basis of BD have properties in common with
the classical data storage and processing systems. The main advantages of BD systems
lie in several aspects. Firstly, as shown above, there is a manyfold increase in the speed
of query processing in BD-oriented systems compared to classical approaches. Such data
processing speeds cannot be achieved by simply increasing the power of the computer,
i.e., vertical scaling. The latter method is effective only up to a certain limit. At the same
time, the costs of information processing grow exponentially, as a direct consequence of
the strengthening of the used computing systems and technologies. At a certain point, the
maximum cost value can be reached.

The employment of a BD-oriented approach in such a situation allows one to strengthen
the system by using standard server solutions. In the system’s application to geomagnetic
data, this allows one to quickly and repeatedly scale the MAGNUS BD system, accepting
information from new observatories and satellites as well as expanding the range of data
by adding new types of information.

In their theoretical basis, BD technologies are based on the involvement of large
arrays of information in their processing. They allow identifying information about the
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study object at a qualitatively different level, including recognizing previously unknown
and even unexpected dependencies [34]. In practice, this is realized by the joint use of
“hot” and “cold” data in the work carried out using this type of system. Within the
framework of the MAGNUS BD project, “hot” data include information about the state of
the Earth’s magnetic field, recorded in the modern, generally accepted IAGA format (depth
of 5–15 years, depending on the observatory). “Cold” is an array of available observatory
records in binary format, including satellite and historical data.

The use of the unified MAGNUS BD system will provide more efficient solutions
to a scope of applied problems which require non-trivial mathematical algorithms for
processing geomagnetic data, the multi-criteria assessment of geophysical parameters, and
the involvement of GIS technologies. An example of such an applied problem is the choice
of a site for the construction of a new magnetic observatory to support directional drilling.

When solving this problem, it is necessary to take into account a large number of
different groups of geophysical and infrastructure parameters. The first group of param-
eters includes the values of lithospheric magnetic anomalies, the geological and tectonic
structure of the territory, and the locations of existing observatories. The infrastructure
group of criteria includes the locations of current and promising sites for the extraction
of hard-to-recover reserves, the availability of electricity, and transport accessibility. The
choice is made under conditions of strict constraints on the minimum distance to sources
of electromagnetic noise such as populated areas, industrial facilities, high-voltage power
lines, railways and highways, and runways.

Another urgent task is the construction and updating of high-resolution models of
the geomagnetic field for the purposes of directional drilling. Its modeling is based on
continuous work with current ground and satellite information, which is Big Data by
definition. On the other hand, the construction of new models of the geomagnetic field is
traditionally based on a comparative analysis with existing models and verification using
ground-based observatory data [40]. This can be effectively brought into action on the basis
of MAGNUS BD by implementing existing and creating new algorithms for the system
analysis of Big Data.

6. Conclusions

This paper presents the first step in transferring the geomagnetic measurement
database of the GC RAS to the Big Data technological base. The Arenadata database
based on the Greenplum open source DBMS was selected as the storage technology and
deployed on a physical cluster. This is a massively parallel DBMS that is widely used
in commercial data processing systems and that has not been used in magnetometric
information research before.

An important quality of the Arenadata DB, in contrast to classic DBs, is its support for
fast horizontal scaling by adding new segments to the computer cluster. The results of the
tests the new MAGNUS BD system show that it significantly outperforms the MAGNUS
system, which has existed since 2016, in terms of the speed of executing standard queries,
and provides additional tools for working with data.

The capabilities of the new system make it possible to simplify and speed up the pro-
cess of geomagnetic field modeling using satellite and ground-based data by parallelizing
computations.

The use of the Big Data approach will allow the accumulation and prompt trans-
mission of processed and consolidated information from various observatories for the
prompt management of the directional drilling process. This will allow a multi-faceted
improvement in the accuracy of positioning when developing hard-to-recover oil and gas
reserves, including those located in the Arctic region.
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