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Introduction 

 

The soil collapses resulting from flooding potassium mines seem to provide an essential problem both 

in Russia and abroad. Because the mines are commonly flooded due to a disruption of water-

protective sequence continuity above mine workings, when water breaks through into the pits. 

Currently, searching for possible zones of continuity disruption within the water-protective sequence 

involves different methods, geophysical ones inclusive. The impulse electrical prospecting is relevant 

for recognizing low-resistivity anomalies in high-resistivity salt rocks associated with flooding. 

 

The first significant accident at the Verkhne-Kamsky deposit of K-Mg salts took place in 1986. This 

is when, because of water rush into mine BKPRУ-3 it was flooded and wasted. The same took place 

in year 2006 at mine BKPRУ -1. The water started to flow into this mine in year 2006, and 

consequently, in 2007 within the territory of technological salt factory the ground collapsed above the 

technogenous karst cavity. Later on, on the territory occupied by the flooded mine four more collapses 

occurred. 

 

In Berezniki town, the second one in terms of size in the Perm Region, the larger part of residential 

area is located above the mine workings of BKPRУ-1. To reach them, the average depth varies from 

200 to 350 meters. The third accident at the Verkhne-Kamsky deposit of K-Mg salts occurred in year 

2014, the ground collapsed above the territory of mine СKRU-2 in Solikamsk town. At present, the 

water inflow is under control, and the mine goes on operating. This situation aggravates high 

technogenous danger and causes damage to national economy. Therefore, it is actual to raise the point 

on monitoring of new collapse formation and preservation of water-protective sequence above the 

operating mines. The technology of electromagnetic sounding and induced polarization (EMS-IP) is 

truly appropriate to specify the geological structure of the section and to identify potentially 

dangerous low-resistivity zones in the water-protective sequence. 

 

Method and Theory 

 

While searching for low-resistivity cavity filled with saline solution and evaluating the state of water-

protective sequence, we analyzed the well logs, VES data and composite stratigraphic column of 

ВКМКС area within the mine field of Solikamsk. The set of applied geologic-geophysical methods 

includes EMS-IP technology for comprehensive investigations of the anomalous low-resistivity sites 

overlapped by high-resistivity layer of covering rock salt (CRS). The exploration resulted in recording 

599 sounding points and 61 control measurements spaced 25 meters on eight profiles, with total 

extent 7500 m and area 0.9 km2. 

 

The EMS-IP method is the method for the impulse electric survey using a complete form of 

transitional process to pass eventually from apparent parameters (apparent resistivity (к) and 

apparent polarization (к)) to a qualitative solution of 1D or 3D inversion problems considering the 

frequency dispersion of electric conductivity to emplacement of the horizontal electric dipole field 

(Davydenko et al. 2015). 

 

In the EMS-IP method, the cross-section is excited by the succession of heteropolar impulses with the 

generator dipole АВ. On the receiver electrodes of grounded line, we register a complete set of 

impulses and then calculate the transitional process at 128 time delays normalized for the potential 

differences taken prior to switching the current impulse off.  This approach significantly raises 

information capability of direct current methods and offers the possibility to observe comprehensively 

the lithological structure of the cross-section. Besides, high-resistivity screens feature the induction 

currents: permafrost, basalts, traps, salts markedly limiting the field of application of direct current 

methods. 

 

The field works accomplished via EMS-IP method at ВКМКС preceded the advanced mathematical 

modeling to assess the state of salt and supra-salt rocks. Modelling included a priori geologic-

geophysical data for mine СKRU-2. It was supposed to introduce two variants: (1) to check the 
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presence of brine-saturated zone within the salt sequence, and having the channel connecting it with 

supra-salt horizons, (2) brine-saturated zone representing underground reservoir, and having no 

channel connecting it with supra-salt horizons. 

 

The model data was comuted with the direct 3D problem in the program complex ITEM-IP. The 

mathematical software is reported in the paper (Persova et al. 2013). The procedure for solving the 

problem is described below. At the first stage, it is necessary to set the geoelectrical model, to pick the 

system of receivers and sources. Geoelectical modelling consists in setting geometric parameters of 

the objects having different specific electric resistivity (SER). The polarization parameters were not 

used in computation, as the IP effects did not markedly affect the results of measurements in the 

conducting section in the range of registration of transitional processes to 125 msec.  After that, 

considering the thickness and properties of beds the object is formed with a given step for three 

measurements X, Y, Z. In our case, it was the brine-saturated cavity. This object serves as the first 

approximation for selecting the distribution of geoelectrical properties of the medium. 

 

Modelling proved to be sensitive to anomaly-forming objects in 3D horizontally bedded medium. For 

field trips, it was recommended to use both coaxial and orthogonal setups of measurements.  The 

coaxial setup is the one, in which the receiver lines are subparallel to the generator line, and in the 

orthogonal setup the receiver lines are subperpendicular to the generator line. Two generator dipoles 

were located perpendicular to each other and shared one common point A. 

 

In contrast to the direct current methods, the EMS-IP method analyzes the form of transitional 

processes. Because with direct current the given targets are not recorded, the registration should be 

provided via analyzing the field of formation. The anomalous signal with the value over 0.01 mV is 

considered as the one registered. 

 

As it is known, all chemogenous sediments have low specific electric resistivity (SER) but some salts, 

potassium ones included, having high ESR. 

 

To assess sensitivity of EMS-IP technology to the presence of low-resistivity field in the salt sequence 

the inversions of electromagnetic sounding were executed in terms of 1D and 3D models.  

 

The inversion within 1D horizontally bedded model was performed with program «Mars1D». At the 

first stage of complete data treatment, we selected SER by applying algorithms of functional 

minimization in multi-dimensional indicator space (Pesterev, 2012), and the polarization parameters 

were fixed and not selected. The inverse variation of discrepancy was computed by mean squares and 

robust approaches. 

 

With the modelling data, we compiled the sections and SER-based maps to depth 350-400 m. Based 

on inversion it was feasible to specify the horizontally-bedded model of the cross-section and to 

outline weakened low-resistivity zone at the 6-th profile within depth interval 110 – 130 m, linked 

with the presence of brine-saturated zone (Figure 1). Several zones complicated by near-surface 

heterogeneities were delineated. It was not possible to pick the early part of curves both in the 

framework of horizontally bedded model, and within 3D models with regard to the influence of the 

front of current impulse decline. 

 

To account for the influence on the quality of 3D inversion of the impulse decay shape in switching 

the current off in the generator line, we evaluated different types of decay and calculated the 

discrepancy between experimental and theoretical curves in the ITEM-IP program. 

 

While modelling the signal distribution in the medium in the presence of variously shaped 

impulse decay the discrepancy between experimental and theoretical curves was assessed 

with and without regard to the impulse for coaxial and orthogonal setups. It was found that 
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minimum of discrepancy correlates with the impulse with a linear decay of current at 1 А to 0 

А for the time from 0.2 msec to 0.5 msec. 

 
Figure 1 Geoelectrical cross-section for the 6-th profile within the minefield close to Solikamsk town. 

 

We further defined the times at which the presence of the impulse largely affects theoretical curves. It 

was ascertained that consideration of the current impulse takes place at early times 0.7 msec that is 

caused by the effective decay of high-frequency component of the impulse in the upper beds of the 

medium. The electromagnetic fields lie in the lower beds of the medium primarily in accord with the 

low-frequency component of the impulse. Nevertheless, even if the anomaly-forming objects are 

further picked in the time range from 0.3 to 10-20 msec, depending on the setup type, accounting for 

the shape of impulse decay was necessary to obtain proper results. 

 

The 3D inversion was accomplished in the beds incorporating the object, determined by 1D 

selection, with low resistivity. The beds were split into blocks sized 250х250 m. Thickness of 

blocks corresponded to thickness of beds. A series of blocks outside of the measuring setup 

serves to compensate for the environment effect. The program ITEM-IP implemented a joint 

inversion for coaxial and orthogonal setups considering the selected decline of current 

impulse in the generator line. As the starting approximation, all blocks were assigned the 

values of bed resistivity.  

 
Figure 2 exhibits the result of 3D inversion with the final distribution of specific resistivity in the 

blocks of the environment obtained from the joint inversion of coaxial and orthogonal setups. The 3D 

inversion identified the high-resistivity bed associated with СRS and to localize through depth the 

low-resistivity cavity filled with saline solution. 

 
Figure 2 Example of 3D inversion of EMS-IP data. 
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Available maps display the anomalous low-resistivity zone in salts outlined by 1D and 3D 

inversion; it is associated with rock water-saturation (Figure 3). 
 

 
Figure 3 Comparison of 1D and 3D inversion results. 

 

Conclusions 

 

Application of EMS-IP technologies at the Verkhne-Kamsky deposit of potassium-magnesium salts 

provided the following results. 

1. Accounting for the current impulse form in solving the inverse 3D problem raised convergence 

of observed and model data. However, we have recognized some zones complicated by the influence 

of near-surface heterogeneities, in which the early part of the transitional process cannot be selected 

subject to the current impulse fitting most curves over the area. 

2. The steady solutions of direct and inverse problems were obtained due to 3D inversion of the 

data received by areal surveying for the co-axial and orthogonal setups.  

3. The geological structure of the cross-section was specified through depth 250 m. An anomalous 

zone was distinguished based on the 1D inversion of EMS-IP data in the high-resistivity bed. With 3D 

inversion results, the low-resistivity zone was localized in both plan and depth. 
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