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Abstract

Uranium production tailing ponds in Kamyanske (Ukraine) are objects of increased radioe-
cological danger. Violation of the stability and integrity of containment dams threatens
the uncontrolled spread of radionuclides. The purpose of this study is to comprehen-
sively assess the factors affecting the technical condition and environmental safety of the
Sukhachivske tailing dam. The study included a visual inspection and detailed geophysical
work using the natural pulse electromagnetic field of the Earth (NPEMFE) method. This
method was chosen to identify hidden filtration paths and stress zones in the body of the
earth dam. An analysis of the spatial distribution of waterlogging, filtration, and fissuring
in the hydraulic structure was performed. Based on the results of the NPEMFE survey, six
zones with varying degrees of waterlogging and stress–strain states of the structure were
identified. The presence of externally unmanifested filtration paths and suffusion areas was
established, and a tectonic scheme of fracture development in the dam body was compiled.
A correlation was found between the dominant azimuths of crack extension (70–79◦ and
350–359◦) and the directions of regional tectonic lineament zones, at the intersection of
which the tailing pond is located. It has been established that modern tectonic movements
along fault zones create zones of permeability, which serve as primary pathways for water
filtration and further development of suffusion. This conclusion introduces a new tectonic
feature for risk diagnosis and monitoring of similar hydraulic structures.

Keywords: tailing storage facility; radioactive waste; environmental safety; natural pulsed
electromagnetic field of the Earth; fracturing; tectonic feature; filtration; suffusion

1. Introduction
The management of mining waste, in particular tailing ponds, is one of the most

pressing environmental problems in the world [1–3]. An integrated assessment of risks
and reliability in their design, operation, and conservation is fundamental to preventing
environmental disasters [4–6]. Ensuring long-term stability, especially for those storage
facilities containing radioactive uranium waste, is a subject of deep scientific concern due
to the high risk of radionuclide migration into the environment [7–9].

This global problem is particularly critical in Ukraine [10], in particular in the industrial
hub of Kamyanske (formerly Dniprodzerzhynsk) in the Dnipropetrovsk region, where
more than 50 industrial enterprises operate. The greatest environmental threat is posed by
the uranium legacy of the former Prydniprovsky Chemical Plant (PCP). This waste was
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accumulated between 1948 and 1991. During the operation of the Prydniprovsky chemical
plant, nine tailing dumps were created, containing about 42 × 106 tons of radioactive waste
with a total activity of 3.2 × 1015 Bq (86,000 Ci) [11,12].

The environmental and radiation hazards posed by these facilities are extreme. The
Sukhachivske tailing pond (S) is one of the largest. Its first, unsealed section contains
19 million tons of waste (volume—8.6 million m3) with a total activity of 7.1 × 1014 Bq. It
remains a powerful source of constant environmental pollution due to dust (23.9 tons/year)
and radon (1.86 × 1013 Bq/year) emissions to the atmosphere [11,13,14]. In this context,
ensuring the physical stability of containment dams is a priority for radiation safety. Similar
catastrophic dam failures recorded around the world, for example, in Turkey [15], under-
score the vital need for accurate risk assessment and prevention of catastrophic releases of
accumulated radionuclides into the Dnieper River basin.

Previous studies at PCP facilities [8,12,14] and visual inspections have focused pri-
marily on monitoring and diagnosing existing damage. However, although these studies
are important for current operations, they mainly record the consequences (suffusion and
cracks) rather than the root causes that influence their spatial development. To date, the
question remains open as to whether these degradation processes are random (caused only
by surface runoff) or whether they are a result of deep, controlling geological factors.

The novelty of this work lies in the transition from simply stating the damage to
analyzing the fundamental geological factors. We put forward and test the hypothesis that
the development of filtration and fracturing zones in the dam body is controlled not only
by natural factors such as climate change and seismicity, but also by the tectonic features of
the tailing pond location areas.

The aim of the study is to identify and analyze natural factors, in particular tectonic
ones, that influence the development of hazardous processes, the formation of filtration–
suffusion zones, and the reduction in the environmental safety of the Sukhachivske
tailing dam.

2. Materials and Methods
2.1. Characteristics of the Research Object

The Sukhachivske tailing pond of the ravine-beam type (total area 491.43 ha) is located
14 km from the city of Kamyanske in a branch of the Rozsoluvata Ravine [11,13]. The total
length of the tailing pond is 4.8 km. The object of our detailed study was the dam of the
surface runoff storage pond of the first section of the tailing pond (Figure 1). The first
section of the tailing pond occupies the upper part of the ravine and was created in 1967 by
blocking the ravine with an earth dam. At the top of the 16.8 m high embankment runs the
Dnipro–Kamyanske highway with a road width of 20 m. The width of the embankment at
the crest is 79 m. The dam was built from local loam, loam, and sandy loam, compacted
layer by layer. The slopes of the embankment are grassed. Behind the embankment is a
water collection pond, which also serves as a water reservoir to cover radioactive waste
in case of drying. The location of the structures and the geological profile are shown in
Figure 2.

In 2004, significant washouts and cracks were already observed at the facility, which
required recultivation work; however, this did not completely solve the problem.
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Figure 1. Overview map of the research site location (dam coordinates 48◦26′03′′ N; 34◦45′24′′ E).

The first section of the tailing storage facility was used from 1968 to 1983 for storing
uranium production waste and phosphogypsum. In total, it contains ~19 million tons of
waste with a volume of 8.6 million m3 and a total activity of 7.1 × 1014 Bq. The solid phase
of the waste consists of sandy loam, less frequently loam, silty and sandy, and sand ranging
from silty to medium-grained. The chemical composition of the waste is formed by the
main minerals of the original uranium ore (quartz, feldspars, hydromica, and kaolinite) in
combination with chemical compounds used in ore processing (sulfuric and nitric acids)
and products of neutralization of the resulting acidic environment (lime). The section is
limited by an earth dam 900 m long and 29 m wide at the crest, with a dam height of 32 m.

The second section of the tailing pond is located below and adjacent to the first. It was
commissioned in 1984 and is currently in operation. It occupies the lower half of the beam,
formed by a dam that blocks the beam and embankments that surround the area in use.
The dam is 760 m long, 6 m wide at the crest, and about 41 m high, with embankment dams
being 11 m high. The design capacity is 22.5 million m3 of waste. The surface layer of solid
sludge consists of non-radioactive waste from chemical production—phosphogypsum—
which covers the uranium production waste with a layer of up to 4–5 m.

Uranium production waste deposited under phosphogypsum has a natural uranium
content of 20–30 mg/kg and is characterized by a specific activity of uranium-238 ranging
from 187 to 427 Bq/kg, thorium-230 from 2970 to 8404 Bq/kg, radium-226 from 1218 to
5668 Bq/kg, and lead-210 from 802 to 4053 Bq/kg.

Both sections of the tailing storage facility are partially equipped with anti-filtration
screens, surface ditches, and observation wells, and are under constant supervision by
regulatory authorities. The presence of a surface layer above the radioactive waste prevents
its dusting, but there is a risk of its destruction due to the sudden inflow of large volumes
of water from the accumulation pond located at the head of the ravine. It is the dam of this
pond that has been selected as the object of geophysical research.
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Figure 2. Terrain relief and geological profile along the axis of the first section of the “Sukhachivske”
tailing pond (compiled by the authors based on data [16]).

2.2. Methodology for Assessing the Technical Condition of the Dam

The research was conducted in two stages: visual inspection and geophysical sur-
veying. Visual inspection: In the first stage, a detailed visual inspection of the dam was
carried out [17]. This allowed us to record numerous external signs of degradation, such as
suffusion funnels, surface collapses, and underground suffusion channels up to 7 m long
and 2–2.5 m in diameter (Figure 3). It was noted that despite the absence of traces of active
surface erosion, the presence of large suffusion forms indicates a constant inflow of water
through hidden filtration zones.
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Figure 3. Manifestation of suffusion processes in the dam of the Sukhachivske tailing pond. Own photos.

Geophysical surveying: Studies were conducted using the natural pulse electromag-
netic field of the Earth (NPEMFE) method. To identify waterlogged areas and areas of
hidden water filtration through the dam body, a non-destructive geophysical method using
the natural pulse electromagnetic field of the Earth (NPEMFE) was used [18]. This method
is also recommended by the Ukrainian state standard [19]. The NPEMFE method is a
variation of the spontaneous polarization (SP) method, which is internationally recog-
nized for monitoring various engineering–geological processes and flows [20,21]. The use
of geophysical methods (including SP and electrical tomography) is a proven effective
practice for monitoring filtration processes in embankment dams and identifying water
solution seepage paths [22,23]. Their use is critical for assessing the integrity of engineering
structures [24].

The pulse flow density of the NPEMFE magnetic component was recorded using the
“SIMEIZ” (Figure 4) geophysical system. The apparatus consists of an electromagnetic
pulse registration module, a portable data storage unit, and a three-axis high-sensitivity
antenna system. The device operates within a low-frequency range of 1–50 kHz, enabling
continuous signal acquisition with a sampling frequency of at least 10 Hz (0.1 s intervals).
During the survey, remote antennas were positioned 0.2–0.4 m above the structure’s surface.
Geophysical surveying was carried out on the surface of the dam on a square grid with a
3 × 3 m step using a device with three antennas (along and across the dam, as well as one
antenna directed vertically downward). The field survey covered the protective part of the
dam, the area between the road and the fence, and the roadside on the side of the storage
pond (Figure 5).

Figure 4. General view of the “SIMEIZ” device and antenna placement for NPEMFE signal detection.
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Figure 5. Map of actual NPEMFE survey data for the upper dam of the Sukhachivske tailing pond.
Green color—areas of tree and shrub vegetation; purple color—areas of surface suffusion; numbers
indicate NPEMFE survey points.

The interpretation of maps and graphs is based on the feature of the NPEMFE field—a
decrease in the density of the magnetic component of the electromagnetic field in areas that
are compacted, fractured, or waterlogged. The appearance of the NPEMFE field pattern is
also used for the maps. Thus, solid, monolithic rocks and materials are characterized by a
highly differentiated field, with many isolines and a wide range (amplitude) of values. For
fractured areas, the field pattern is more consistent but also differentiated, although to a
lesser extent. Waterlogged areas have a calm, “blurred” field pattern, with a small number
of isolines, the values of which are at low levels.
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Thus, two main features form the basis for distinguishing filtration flow directions.
The first is the presence of areas where the soil materials that make up the dam are
saturated. Experimental studies [21,25,26] have shown that when cracks form and soils
become waterlogged, there is a decrease in the density of the NPEMFE magnetic component
pulse flow, so the identification of these zones is quite reliable. Second, if there is a height
gradient, a filtration flow will form. The paths of maximum filtration can be determined
by analyzing the nature of the isoline pattern of the pulse flow range—these are areas of
reduced values, “sandwiched” between elevated ones, or the axial parts of areas with a
low-contrast field, as opposed to a high-contrast one. The direction of the filtration flow is
determined based on the geological section. It should be noted that the figures show the
plan position of the filtration zones; their depth, speed, and volume of filtration must be
determined using other methods. The NPEMFE method is not capable of performing this,
as it is qualitative rather than quantitative.

The following features were used as indicators to identify fractures and fragments of
disruptive disturbances: anomalies in the form of “steps,” local linear anomalies, disturbances
in the regular behavior of isolines, and boundaries of areas with different field patterns.

3. Results
3.1. Zoning of the Dam Body Based on NPEMFE Data

Based on the results of the geophysical surveying, maps of NPEMFE pulse density
were created (Figure 6). A joint analysis of the maps and diagrams allowed us to identify six
zones that differ in their geophysical characteristics and degree of waterlogging (Figure 7):

• Zone 1. It is characterized by low NPEMFE values, indicating already formed, sta-
ble filtration areas. Externally, this manifests itself in the form of suffusion craters
and depressions.

• Zone 2. It has elevated NPEMFE values. This may indicate either an area with low
water saturation (after repair) or, more likely, the development of landslide processes,
where the massif is in a stressed–deformed state.

• Zone 3. It has the lowest NPEMFE values. This indicates strong waterlogging, which
is also confirmed by the significant amount of vegetation and reed thickets.

• Zone 4. An area with elevated values, which has weak waterlogging along the ground
road. This is probably due to its constant compaction as a result of the passage of
motor vehicles used by the tailing pond security service.

• Zone 5. It is probably related to defects in the waterproofing of the concrete channel
that drains water from the road, causing the rocks to become saturated.

• Zone 6. It is located between the channel and the motorway, characterized by water-
logging (reed beds). Areas of reduced NPEMFE values adjacent to the road indicate
possible filtration and suffusion directly under the motorway.

https://doi.org/10.3390/geohazards7010018
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Figure 6. Interpretation scheme for NPEMFE surveys. Blue dotted lines and numbers in circles
indicate zone boundaries and numbers (explanation in the text). Blue arrows indicate the direc-
tions of water filtration through the dam body. The red dotted line indicates the predicted areas
of waterlogging.
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Figure 7. Generalized interpretation scheme for NPEMFE images. Green indicates areas of vegetation
growth, purple indicates areas of surface suffusion. Blue dotted lines and numbers in circles—
boundaries and numbers of zones (explanation in the text). Blue arrows—directions of water filtration
through the dam body. Red dotted line—predicted waterlogging zones.

3.2. Analysis of Fissuring

To establish the characteristics of crack distribution in the waterlogging and filtration
zones on the dam, determined based on NPEMFE survey data, using known signs of
disruptive disturbances in geophysical fields, fracture zones were identified, and their
azimuths of extension were determined (Table 1). The visual distribution of the fracture
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systems is shown in a bar chart (Figure 8). It can be seen that the following azimuths of
extension are dominant:

→ diagonal cracks: 70–79◦ (±5◦);
→ meridional: 350–359◦ (±5◦);
→ sublatitudinal: 290–299◦ (±5◦).

Table 1. Azimuths of crack extension in the flooded areas of the Sukhachivske tailing dam.

Crack Group
Number

Extension Azimuth
Interval, Degrees

Number of Cracks of
the Corresponding

Azimuth

Relative Frequency
of Occurrence, %

1 20–29 1 2.1
2 30–39 5 10.6
3 70–79 11 23.5
4 80–89 5 10.6
5 290–299 9 19.2
6 330–339 5 10.6
7 340–349 2 4.3
8 350–359 9 19.1

Total - 47 100.0

 

Figure 8. Diagram of the fracturing of the Sukhachivske tailings.

These fracture zones are the main pathways for water movement, which was confirmed
by comparison with the directions of solution movement from the storage pond (shown in
Figures 6 and 7).

The obtained results indicate the danger of dam failure and the release of water masses
that could form a mudflow. This flow is capable of destroying the protective layer covering
the waste (see Figure 2), which will lead to its exposure, spillage across the area of the
first section, and release into the atmosphere. We do not consider the risk of destruction
of the lower retaining dam, since the capacity of the first section is capable of completely
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absorbing the incoming water. Therefore, there is no reason to talk about the destruction of
the main retaining dam.

4. Discussion
4.1. Identification of the Tectonic Factor

The key result of this work is the established correlation between the dominant
azimuths of fracturing (70–79◦, 290–299◦, and 350–359◦), identified by the NPEMFE method,
and the directions of regional lineament zones (LZ) is a direct empirical confirmation and
development of the neotectonic models proposed by Yuskiv [27] and Verkhovtsev [28] for
this area (Figure 9). They established the theoretical presence of lineament zones of the
intermediate diagonal (74–80◦ ⊥ 345–350◦), the dominant orthogonal system 0 ⊥ 90 (±5)◦;
intermediate diagonal system 25–300 ⊥ 295–300◦. Thus, our study proves for the first time
that these zones function as active pathways for hydraulic degradation of the engineering
structure body.

Figure 9. Geological and petrographic map of the Sukhachivske tailing pond area of Precambrian
crystalline rocks and its comparison with linear structures identified as active at the latest stage of
development [27,29]. Legend: 1—plagiogranites and migmatites; 2—talc–actimite–chlorite schists;
3—serpentinites; 4—epidiabas, amphibolites, and amphibolite-derived schists; 5—quartz-chlorite
and sericite–chlorite schists; and 6—radioactive waste Sukhachivske tailings.

Our data show that the dam, located at the intersection of three LZs, is affected by
modern tectonic movements (+4 mm/year [29]), which form inherited zones of increased
permeability in its body. This may indicate that the development of waterlogging and
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filtration zones is associated with the formation of cracks spatially confined to lineament
zones. It is these fracture zones that serve as primary conduits for water and “channels”
for further filtration, suffusion, which is radically different from previous ideas about
degradation solely under the influence of surface waters.

4.2. Comparison and Generalization

These conclusions correlate with similar data obtained at another tailing pond,
Dniprovske [30]. This suggests that tectonic control is not a local anomaly of Sukhachivske,
but a systemic, regional risk factor for all hydraulic structures of the PCP located at the
intersections of fault structures.

As other studies show [31–33], geological factors, including tectonic factors, are among
the most important for the stability and reliability of dams. Our work complements
these data by highlighting the specific neotectonic contribution, similar to how active
faults affect hydraulic structures in other seismically active regions [34–36]. Climatic [37]
and seismic [34] factors act as secondary “triggers”: they only intensify and accelerate
destruction in directions already set by tectonic movements. This assessment of the tectonic
factor is an important addition to standard seismic assessments (DSHA/PSHA), which
are the norm for such facilities [32]. Infrastructure damage during seismic events is often
controlled by existing geological structures.

4.3. Reassessment of Environmental and Radiation Risks

The establishment of an active tectonic factor fundamentally changes the risk assess-
ment paradigm for this facility in several ways:

1. From static to dynamic risk. The tailing pond of radioactive waste is not a static object
that slowly degrades under the influence of erosion. It is a dynamic system that is
under constant geological tectonic influence, as well as under the action of alternating
stresses from transport movement. Studies of disasters such as the dam breach in
Brumadinho [35] have shown that geological deformations of the earth’s surface are
direct precursors to destruction.

2. Increased likelihood of sudden collapse. The risk lies not so much in gradual filtration
(which also pollutes groundwater [8,12] and is known in international terminology as
internal erosion [6,36]) as in sudden loss of stability (caused by a seismic shock [34] or
extreme precipitation [37]) along a tectonically weakened zone.

3. Ineffectiveness of superficial repairs. Reclamation and “cosmetic” repair and restora-
tion work (as in 2004) only have a temporary effect [27,28]. Such measures do not
eliminate the underlying tectonic cause. Water will inevitably find new paths along
the same areas of stress and crack deformation.

Therefore, our research proves that monitoring and any measures to preserve such
an object must necessarily take into account the structural–tectonic position of the tailing
pond. This approach significantly strengthens management decisions regarding reliability
and standards in assessing the safety of many mega-projects.

It should be noted that the proposed approach is focused on spatial–qualitative diag-
nostics. The identification of fracture zones and their correlation with tectonic lineaments
provides a “map of vulnerability”. While this study does not aim to calculate the exact
volume of leakage, it provides the essential structural framework for such calculations.
We would like to emphasize that this territory is not tectonically active, and there are no
earthquakes with significant consequences here. This creates a false sense of confidence in
the stability of hydraulic structures and reduces attention to tectonic factors that may affect
them. However, even long-term low-amplitude tectonic movements lead to the develop-
ment of cracks in the body of such structures, which can subsequently compromise their
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reliability. Taking into account regional tectonic features will allow attention to be drawn to
those objects that are located precisely at the intersections of faults of different orientations.

The NPEMFE results act as a screening phase in a multi-level risk management
system. By pinpointing the zones where the signal density drops significantly (e.g., Zone 3
and Zone 6 in Figure 6), we define the exact locations where high-precision geotechnical
instruments should be installed for subsequent quantitative monitoring of pore pressure
and tracer migration.

The tectonic control observed at the Sukhachivske site aligns with global experiences
in other seismically and tectonically active regions. For instance, the catastrophic failure of
the Brumadinho tailing dam in Brazil (2019) was preceded by subtle internal deformations
linked to the complex geological structure. Similarly, studies of tailing facilities in Turkey
and Chile demonstrate that even in the absence of major earthquakes, slow creep along
active fault planes can increase hydraulic conductivity by orders of magnitude [10]. Our
findings confirm that for the Precambrian crystalline shields (like the Ukrainian), the
intersection of lineament zones creates permanent “weak points” that are more critical for
long-term stability than surface erosion alone

5. Conclusions
The study found that the environmental safety of the Sukhachivske radioactive waste

tailing dam is determined by a complex of interrelated natural and man-made factors. The
main findings of the study include the following:

1. A comprehensive geophysical study using the NPEMFE method and a visual inspec-
tion of the Sukhachivske tailing dam allowed us to identify and map six zones with
varying degrees of waterlogging and to establish the presence of hidden filtration
paths and powerful suffusion channels that threaten the integrity, stability, and reli-
ability of the structure. The potential destruction of the dam poses a risk of erosion
of the surface protective screen of radioactive waste in the first section of the tailing
pond. However, this scenario will not lead to the loss of overall structural stability of
the facility or systemic collapse of the entire tailing pond.

2. The key scientific result is the proof that degradation processes in the dam body
depend on active tectonic factors. For the first time, it has been empirically proven
that the dominant azimuths of fracturing (70–79◦, 290–299◦, and 350–359◦) coincide
with the directions of regional lineament zones, at the intersection of which an en-
vironmentally hazardous facility is located. At the same time, other natural factors
(climatic—increased intensity of torrential rainfall; seismic—minor fluctuations up
to 6 points) act as secondary “triggers” that accelerate filtration deformations and
destruction of the structure in areas initially weakened by tectonic movements.

3. The practical significance of the work lies in a fundamental reassessment of risks, since
the facility should be considered as a dynamic system prone to sudden loss of stability.
The results prove that any engineering measures and environmental and radiation
safety monitoring systems for such tailing ponds must include a structural–tectonic
analysis of the territory.

4. The phenomenon of tectonic control over tailing dam degradation is not site-specific
but represents a systemic risk for hydraulic structures located on ancient crystalline
shields. While regional differences exist—ranging from high-magnitude seismic
triggers in orogenic belts to slow neotectonic reactivation on stable platforms—the
fundamental mechanism remains the same: tectonic lineaments act as primary con-
duits for internal erosion. This highlights the global necessity of including structural–
tectonic mapping in the mandatory safety protocols for radioactive waste storage
facilities worldwide.
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