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Abstract. The phase-gradient sounding (PGS) method was employed to map crustal geoelectric structures and 

identify the potential reservoirs for an enhanced geothermal system (EGS) in the Fennoscandian Shield near Helsinki, 

Finland. To overcome challenges from intense anthropogenic noise, measurements were conducted using only 

magnetic field components. The obtained geoelectric model revealed a promising sub-horizontal low-resistivity layer 

at 4.8-6.3 km depth interpreted as a rheological weakened zone. This interpretation was verified by its correlation with 

regional fault systems and seismicity. The practical value of the study was confirmed when identified layer was 

successfully targeted for drilling and hydraulic stimulation of the OTN-2 well demonstrating the efficacy of the PGS 

method for EGS site characterization in challenging environments. 

 

1. Introduction 
The objective of our independent investigations was to identify and characterize conductive layers within the Earth’s 

crust. Such layers can be interpreted as rheological weakened zones, making them promising targets for the 

development of Enhanced Geothermal Systems (EGS) for heat and power generation. These geoelectric studies were 

carried out in January 2019 near Helsinki, Finland, initiated by SPbF IZMIRAN with the support of S. Puuppo’s team 

and were separate from the ongoing St1 Deep Heat pilot project. The phase-gradient sounding method (Kopytenko et 

al., 2015) was employed for this purpose. 

The St1 Deep Heat project, which aims to build Finland’s first industrial-scale geothermal plant in Otaniemi, is an 

example of an EGS, designed to extract energy from hot dry rock through hydraulic stimulation. As of July 2018, 

prior to our measurements, it was drilled OTN-3 injection well (6.4 km deep) and the OTN-2 observation well (2 km 

deep) located close to it and used for seismic monitoring. Site selection was underway for a production well which 

was to be located in close proximity to the injection well. Providing recommendations for the optimal placement of 

this production well was a key goal of our study. 

 

2. Methodology and data 
Basic principles of the phase-gradient sounding (PGS) method are following. An electromagnetic wave passing 

through the atmosphere and incident on the Earth’s surface propagates at the speed of light, and its phase delay 

between the observation points located on the Earth’s surface is close to zero. However, at each observation point on 

the Earth’s surface, we observe the sum of incident and reflected electromagnetic waves. The phase velocities of 

electromagnetic wave propagation, as well as the gradients of the vertical component of the magnetic field variations 

along the Earth’s surface, depend on the peculiarities of the geoelectrical structure of the Earth’s crust; hence, the 

experimentally observed phase delays (Δt1… Δt3) are nonzero (Kopytenko et al., 2015). We can determine the apparent 

resistivity of the medium, if the phase velocity of electromagnetic wave propagation along the Earth’s surface is 

known. Then we can use the methods of interpretation of magnetotelluric soundings (MTS) for building the 

geoelectrical model of the media. 

Only the magnetic components of the electromagnetic field were used in this study. This approach was necessitated 

by the extensive electrification of the region, where high levels of electromagnetic noise complicate the recording of 

natural magnetotelluric currents and adequate interpretation of MTS data. The PGS method involves synchronous 

observations (referenced via GPS/GLONASS) using highly sensitive magnetic stations positioned at the vertices of 

triangles. For the center of each triangle (virtual PGS point), vectors of the gradient and phase velocity of propagation 

of geomagnetic disturbances along the Earth’s surface can be constructed, enabling calculation of the apparent 

resistivity of the Earth’s crust in different frequency bands. The GI-MTS-1 equipment (Sergushin and Petrishchev, 

2022) with a frequency range of 0-15 Hz was used for these measurements. 

The gradients of the geomagnetic field components are very small at a short spacing (4–15 km) between base 

magnetic stations. When three-component stations are installed in the field, ideal alignment of the spaced magnetic 

sensors can hardly be accomplished. In this respect, the PGS method involves full horizontal and vertical components 



Study of the geoelectric structure of the Earth’s crust by the phase-gradient sounding method 

 

80 

and variations in the modulus of the full magnetic field vector for constructing the vectors of gradients and phase 

velocities, because these parameters do not depend on the orientation of magnetic sensors. 

A 20-km profile centered on the OTN-3 injection well was established (Fig. 1) with a measurement spacing of 2 

km. Fieldwork was completed within four days, during which 22 physical stations were installed to obtain 11 virtual 

PGS points. The measurement protocol included both daytime (3-hour sessions) and nighttime recording. All stations 

were deployed in parks or on the ice-covered surface of the Gulf of Finland. 

 

3. Results 
After processing, three of the eleven PGS points were classified as poor quality due to the high level of industrial 

electromagnetic noise. These include the two northeastern most points (s10 and s11) of the profile, located in close 

proximity to a railroad station, as well as point s04. Notably, measurements at these stations were conducted during 

the daytime when the anthropogenic noise is typically highest. It should be noted that the PGS curves built from 

variations in the full horizontal magnetic component for this area coincide with the results calculated from the vertical 

component.  Therefore, the subsequent discussion will focus solely on the results obtained from the vertical magnetic 

component. 

 

 

Figure 1. Scheme of the profile. Physical stations are shown in pink, virtual PGS points – in green. Star 

denotes the location of the OTN-3 well. 

 

Due to a shift in the apparent resistivity (Fig. 2) a correction was applied using the regional mantle conductivity as 

a reference. The discrepancy between the regional responses and the PGS results was first addressed by incorporating 

data from the Nurmijarvi observatory (Korja, 1998) located approximately 20 km from the profile, as a part of the 

Baltic Electromagnetic Array Research. This combined correction is shown in blue in Fig. 2a. All PGS results were 

subsequently corrected against this adjusted curve, yielding a solution with good internal consistency across the study 

area. The lack of impedance phase data precludes the direct application of inversion to the experimental data. 

Therefore, a technique of controlled transformation of unsmoothed data was employed, following the methodology 

outlined by Vagin (2012). This allowed for the construction of 1D models for each PGS point, presented in Fig. 2b. 

The experimental results are valid for depths ranging from approximately 3.5 to 15 km. The geoelectric section is 

characterized by a gradient decrease in resistivity, from 1000-2000 Ohm·m at 3.5 km depth to about 40 Ohm·m at 4.5 

depth. The structure of the deeper layer exhibits some variations and requires a 2D analysis. A quasi-2D geoelectric 

model for the profile was constructed by gridding the 1D models using a minimum curvature method (Fig. 3). 

The geoelectric section reveals key features. On the right flank of the profile near stations s07-s09 a sub-vertical 

conductive channel (10-20 Ohm·m) is identified, potentially bounded by fault zones. This structure can be traced from 

a depth of 14 km up to approximately 5 km and is interpreted as a pathway for upward fluid migration, which could 

induce metamorphic changes in the rock. Another significant feature is a sub-horizontal low-resistivity layer (10-30 



M.S. Petrishchev et al. 

 

  81 

Ohm·m) at a depth of 4.8-6.3 km, extending from the mid-profile (station s05) to the right flank (station s09), in the 

vicinity of the OTN-3 well. 

 

 

Figure 2. Correction of the shift for the experimental data on the example of s06 point (a) and 1D 

models for PGS points (b). 

A comparison with known 

geological features shows a strong 

correlation between two known faults 

and the conductive boundaries 

identified in our section (Fig. 3). 

Furthermore, analysis of seismological 

bulletins revealed a magnitude M1.6 

earthquake that occurred on 3 February 

2013 near stations s08 and s09 at a 

depth of 5 km (IRIS data service; 

coordinates 60.21⁰N, 24.91⁰E). The 

catalogue of the Finnish permanent 

seismic network also lists two 

earthquakes recorded in 2017 at a 

depth of 5 km near station s06, located 

near OTN-3 well site prior to the 

commencement of hydraulic 

stimulation in 2018. 

Based on the 2019 geoelectric 

interpretation, the conductive layer at 

4800-6300 m depth was identified as a 

potential reservoir for hydraulic 

stimulation. Recommendations were 

made to drill the production well 

northeast of OTN-3, towards the 

nearest fault zone identified in the 

section. By spring 2020 these findings 

were validated through drilling the 

OTN-2 observation well was drilled to 

a depth of approximately 5700 m with 

a section parallel to the OTN-3 well 

starting from 4900 m depth; the 

wellbores are spaced about 400 m apart 

horizontally (Kwiatek et al., 2022). 

 

Figure 3. Correlation of the geoelectric section with features of the 

lithological map (Pajunen et al., 2008) and earthquake 

hypocenters (red stars). The red line indicates the trajectory of the 

OTN-3 well. 
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The OTN-2 well was drilled in a north-eastern direction and a successful hydraulic stimulation was conducted in 2020 

within the depth interval of 4856-5765 m to establish connectivity between two wells. 

This study demonstrates the effectiveness of the PGS method for investigating crustal structures, particularly in the 

context of EGS. The method is also highly suitable for geological exploration in challenging environments, including 

mountainous regions, deserts, seismically active zones, offshore areas, and ice fields in the Arctic and Antarctic. 
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