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Application of seismic refraction methods
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Abstract: In this study, the application of seismic refraction for the characterization of the rock mass at the lead
mine tailings facility in Olovo is presented, with the aim of identifying lithostratigraphic horizons, structural
discontinuities, and zones of reduced mechanical resistance that may affect tailings stability. The investigations
were conducted along seven seismic profiles of varying lengths and resolutions, designed to cover both shallow
and deeper portions of the rock mass to a depth of approximately 60 m. Data processing and interpretation were
carried out using the Delta-t-V seismic tomography method, which enables reliable reconstruction of P-wave ve-
locities even under conditions of complex geological structure and velocity inversions. The obtained results indi-
cate pronounced heterogeneity of the rock mass, with clearly differentiated zones of surface embankments and
unconsolidated materials (600-1,200 m/s), transitional zones of degraded and karstified rocks (1,800-3,200 m/s),
and basal horizons of compact limestone, where P-wave velocities reach values of approximately 4,400 m/s. Par-
ticular attention was given to locally developed low-velocity anomalies within deeper horizons, interpreted as
karst structures and cavernous zones that are potentially critical for tailings stability. By integrating the indi-
vidual profiles, a unified 3D rock mass model was developed, enabling spatial analysis of anomalies and reliable
terrain zoning. The results confirm that seismic refraction, combined with the Delta-t-V method, represents an
efficient, non-destructive, and engineering-relevant tool for characterizing complex tailings rock masses. The de-
veloped models have direct application in stability assessment, remediation planning, and the enhancement of
mining and environmental safety systems.
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INTRODUCTION

Geophysical investigations represent an indis-
pensable component of modern mining engi-
neering and geotechnical practice, as they enable
the non-destructive characterization of subsur-
face structures and rock masses (Bektasevi¢ et al.
2025a, 2025b, 2025¢). Their application in min-
ing projects offers multiple advantages, includ-
ing cost reduction, environmental preservation,
and improved infrastructure safety (Ackman &
Cohen 1994, Adewoyin et al. 2021a). Unlike inva-
sive methods such as drilling and excavation, geo-
physical techniques provide continuous informa-
tion about subsurface layers, thereby facilitating
an integrated understanding of geological con-
ditions (Cheng et al. 2025, Akinlalu et al. 2026).
Among geophysical techniques, seismic refraction
occupies a prominent position. It is based on mea-
suring the travel times of elastic waves through
different lithological layers, enabling precise iden-
tification of lithostratigraphic horizons, P-wave
velocities, and structural discontinuities (Akin-
lalu et al. 2026). The seismic refraction method
is widely applied in engineering geology, hydro-
geology, civil engineering, and mining engineer-
ing (Yilmaz 2001, Hill 2025). Its non-destructive
nature makes it particularly suitable for investiga-
tions of tailings facilities, where additional inter-
ventions in already stressed environments must
be minimized (Mollehuara-Canales et al. 2021).
The lead mine in Olovo, located in the central
part of Bosnia and Herzegovina, has a long tra-
dition of mineral resource exploitation. Over de-
cades of mining activity, significant quantities of
tailings have been generated and deposited in tail-
ings storage facilities. Tailings facilities represent
complex engineering structures whose stability
depends on the geological and geotechnical char-
acteristics of the foundation (Lottermoser 2010).
Their safety is of technical, environmental, and
social importance: technically, due to the preser-
vation of mining infrastructure; environmentally,
because of potential impacts on groundwater and
surface water systems; and socially, as it directly
affects the health and safety of the local popula-
tion (Vick 1990, U.S. EPA 2026). Geophysical in-
vestigations of the Olovo lead mine tailings facil-
ity have dual significance. On the one hand, they

contribute to the safety of mining operations, and
on the other, they ensure environmental protec-
tion and safeguard the local community (Idziak &
Dubiel 2011). The application of seismic refraction
in this context makes it possible to identify sub-
surface layers to depths ranging from 20 to 60 m,
including fractures, cavities, and other anomalies
that may influence structural stability (Cardarelli
etal. 2010, Akingboye & Ogunyele 2019). The par-
ticular value of this research lies in the application
of the Delta-t-V method, which enables continu-
ous tomographic interpretation of P-wave veloc-
ities. In contrast to classical refraction methods,
which were limited by the occurrence of velocity
inversions, the Delta-t-V approach makes reliable
interpretation under complex geological condi-
tions possible, including karstified limestones, de-
graded rock masses, and heterogeneous alluvial
sediments (Herlambang & Riyanto 2021, Wang H.
etal. 2025). This significantly expands the applica-
bility of seismic refraction in addressing complex
geological problems (Hanafi et al. 2025).

Previous studies have demonstrated the broad
application of seismic refraction in mining en-
gineering, civil engineering, and hydrogeology.
Examples from Europe highlight its use in ter-
rain zoning, tunnel design, identification of un-
stable zones, and landslide risk assessment (Taju-
din et al. 2016). In the mining sector, it has proven
to be an effective tool for planning drilling cam-
paigns, sampling programs, and the design of
mine waste repositories (Adewoyin et al. 2021b).
Environmental applications include groundwater
contamination risk assessment and the identifica-
tion of zones of increased porosity that may serve
as pathways for pollutant migration (Akingboye
2025). The scientific contribution of this study lies
in demonstrating how seismic refraction, com-
bined with the Delta-t-V method, can provide a re-
liable characterization of the rock mass beneath
a tailings facility. The obtained results enable pre-
cise identification of lithostratigraphic horizons,
P-wave velocities, and structural discontinuities,
thereby establishing a foundation for safer de-
sign and improved sustainability of mining facil-
ities (Pegah & Liu 2016, Baci¢ et al. 2020, Fisseha
et al. 2021). In this way, the study bridges the the-
oretical foundations of seismic methods with the
practical challenges of mining engineering and
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environmental protection, emphasizing the im-
portance of an integrated approach in tailings in-
vestigations (Watts et al. 2022, Allen et al. 2025).

MATERIALS AND METHODS

Due to these geological specificities, seismic refrac-
tion was selected as the most appropriate method,
as it enables the identification of lithostratigraphic
horizons and discontinuities within the rock mass.
In this study, seismic refraction was applied as the
primary method for detailed characterization of
the rock mass underlying the tailings facility. The
methodological approach was based on the design
of seven seismic profiles (RFP-1 to RFP-7), whose
spatial distribution provided comprehensive in-
sight into lithological horizons and structural
anomalies. Particular attention was given to the
configuration of the geophone array and the selec-
tion of shot points in order to achieve optimal data
resolution and reliable interpretation of layers with
varying degrees of consolidation. Data processing
was carried out using the Delta-t-V method, which
proved suitable for the complex geological condi-
tions of the tailings facility. Its application enabled
continuous tomographic reconstruction of P-wave
velocities, allowing precise identification of ve-
locity gradients and inverse velocity distributions
commonly observed in karstified limestones and
degraded rock masses. In this way, the adopted
methodology ensured that the heterogeneous rock
mass was interpreted as an integrated system, min-
imizing the risk of misclassification of lithologi-
cal horizons (Cai et al. 2014, Xie et al. 2024, Jian
et al. 2025). In addition to the Delta-t-V method,
other tomographic algorithms are widely applied
in engineering geophysics, such as SIRT (Simul-
taneous Iterative Reconstruction Technique) and
Fast Shortest Path Ray Tracing. The SIRT method
enables iterative reconstruction of velocity models
with control over solution smoothness, while the
Fast Shortest Path algorithm efficiently computes
ray paths through heterogeneous models and pro-
vides stable results in complex geological condi-
tions. Compared to these, the Delta-t-V approach
has proven suitable for interpreting inverse veloc-
ity sequences and vertical gradients, particularly
in the karstified limestones and degraded zones
characteristic of the study area. Nevertheless, it
should be emphasized that Delta-t-V is used as

a complement to standard algorithms rather than
as their replacement.

Geophysical investigations were carried out
within Zone 4 of the tailings facility of the lead
mine in Ocekalj, located within the exploitation
field of the Olovo mine. The geological context of
the investigated area is characterized by a complex
lithological structure, marked by the presence of
karstified limestones, degraded rock masses, and
heterogeneous alluvial sediments. Such a combi-
nation of lithological units creates a heterogeneous
rock mass with significant variations in consoli-
dation and porosity, requiring the application of
methods capable of reliably detecting and inter-
preting layers with differing mechanical proper-
ties (Maniscalco et al. 2022). The study area be-
longs to the broader geological framework of the
Dinaric Alps, dominated by Mesozoic carbonate
rocks that are highly susceptible to karstification
and tectonic fracturing. Regional tectonic linea-
ments trending northwest-southeast have condi-
tioned the formation of degraded zones and oc-
casional cavities within the limestone mass. These
specificities strongly influence seismic wave prop-
agation and the interpretation of velocity anoma-
lies. To provide a broader geographic context, the
study area is located within the Olovo lead mine
in northeastern Bosnia and Herzegovina (approx-
imate coordinates: 44°05'58.68"'N, 18°37'13.45"'E).
The geophysical survey was conducted in Zone 4
of the tailings facility. The layout of the geophysi-
cal survey, including the clearly marked positions
of the refraction profiles, is shown in Figure 1.

Seven refraction seismic profiles (RFP-1 to
RFP-7) were designed to cover representative por-
tions of the rock mass. Profile lengths and geo-
phone spacing were defined through optimization
between the required resolution and actual field
conditions, rather than arbitrarily selected. The
longer profiles (RFP-1 to RFP-3) made it possible
to investigate the deeper lithostratigraphic hori-
zons to depths of approximately 60 m, whereas the
shorter profiles (RFP-4 to RFP-7) were focused on
detailed characterization of shallower structures
down to approximately 40 m. This design concept
ensured a balanced relationship between horizon-
tal and vertical resolution, which is essential for re-
liable interpretation of a heterogeneous rock mass
(Wei & Fu 2014, Kalashnikova et al. 2020, Mus-
mann 2023, Sun et al. 2025, Wang H. et al. 2025).
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Fig. 1. Layout of the geophysical survey showing the positions of the refraction profiles (RFP-1 to RFP-7) within Zone 4 of the lead

mine tailings facility in Olovo (CTU IPKIN 2022)

For clarity in presenting the field implementa-
tion of the designed profiles, the basic technical pa-
rameters of the refraction seismic measurements
and schematic layouts for two profile groups are
provided below. The profiles were differentiated
according to their length, geophone spacing, and
expected depth of investigation, thereby adapting
the methodology to the local geological condi-
tions and research objectives. A geophone spread
length of 230 m was applied, with a total investi-
gation length of 290 m, for profiles RFP-1, RFP-2,
and RFP-3. Measurements were conducted using
24 seismic channels per record and 11 shot points
evenly distributed along the profile, ensuring

stable registration of first arrivals and reliable to-
mographic reconstruction of P-wave velocities.
The geophone spacing was 10 m, resulting in an
effective depth of investigation of approximately
60 m. A schematic layout of the spread configura-
tion and measurement parameters for this group
of profiles is shown in Figure 2.

Profiles RFP-4 to RFP-7 were designed with
ashorter geophone spread length of 115 m and a to-
tal investigation length of 145 m. In this case as well,
a 24-channel seismic system with 11 shot points per
profile was employed, while the geophone spacing
was reduced to 5 m in order to increase the resolu-
tion within the near-surface and sub-surface layers.
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Fig. 2. Schematic layout of the field acquisition parameters for refraction seismic profiles RFP-1 to RFP-3. The figure illustrates
the positions of 24 seismic channels with a 10 m geophone spacing (total spread length of 230 m) and 11 shot points (TP - test
point) distributed at the beginning, end, and along the profile. This configuration provides multi-fold coverage and an effective

investigation depth of up to 60 m (CTU IPKIN 2022)

The reduction of the geophone spacing to 5 m
for profiles RFP-4 to RFP-7 directly resulted in a de-
crease in the radius of the first Fresnel zone, thereby
achieving the superior lateral resolution necessary
for detecting smaller karst voids and fracture zones
within the surface layer. Although the Fresnel zone
concept is traditionally associated with seismic re-
flection, in refraction tomography, it defines the
“volume of sensitivity” (sensitivity kernels) around
the ray path. The horizontal resolution is intrinsi-
cally linked to the width of the first Fresnel zone;
features smaller than this zone are difficult to re-
solve as the recorded signal represents an aver-
age of the physical properties within that volume.

By reducing the geophone spacing from 10 m
(RFP-1 to RFP-3) to 5 m (RFP-4 to RFP-7), the width
of the first Fresnel zone was significantly narrowed,
directly enhancing the lateral resolution. For the
10 m spacing, the theoretical horizontal resolution

is approximately 10-20 m, whereas for the 5 m
spacing, it improves to 5-10 m. This configura-
tion makes it possible to reliably detect lateral dis-
continuities and karst features (e.g., voids or frac-
ture zones) with horizontal dimensions exceeding
5 m. The vertical resolution, defined as a quarter of
the wavelength (A/4), is estimated at approximate-
ly 3-5 m in the near-surface layers, depending on
the dominant source frequency and local velocities.
The applied variation in profile geometry
enabled an optimal balance between region-
al structural mapping of deeper horizons and
high-resolution detection of local anomalies. This
configuration enabled reliable investigation of the
rock mass to depths of approximately 40 m, in ac-
cordance with the objectives of detailed charac-
terization of degraded and engineering-sensitive
zones. The corresponding schematic layout of the
spread configuration is presented in Figure 3.
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Fig. 3. Schematic layout of the field acquisition parameters for refraction seismic profiles RFP4-7. The figure illustrates a high-
resolution configuration utilizing 24 channels with a reduced geophone spacing of 5 m (total spread length of 115 m). With
11 shot points (TP - test point) per profile, this setup increases the ray-path density in the near-surface zone, providing superior
lateral resolution for the detection of localized karst features to a depth of approximately 40 m (CTU IPKIN 2022)
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Seismic measurements were carried out using
modern geophysical equipment selected in accor-
dance with the research objectives and specific field
conditions. A Geometrics Geode 24-channel digi-
tal seismograph was employed, which is widely re-
ported in the literature as a reliable instrument for
near-surface investigations due to its high accura-
cy in recording first P-wave arrivals (Steeples 2005,
Adewoyin et al. 2021c, Kuehn 2024). Geo Space
geophones with a natural frequency of 4 Hz were
deployed along the profiles in accordance with the
designed spread configuration, ensuring optimal
sensitivity and minimal signal distortion (Dean
& Grant 2024). The seismic source consisted of an
8 kg sledgehammer in combination with a steel
base plate, representing standard practice in near-
surface seismology and engineering geology (Sher-
iff & Geldart 1995, Yilmaz 2001, Brom & Stan Kle-
czek 2015, Pegah & Liu 2016, Foti et al. 2018). This
source configuration generations elastic waves with
sufficient energy to achieve investigation depths of
up to 60 m, while minimizing disturbances and

Table 1
Main acquisition parameters of refraction seismic surveys

eliminating the need for explosive materials.
Consequently, the methodology retained its non-
destructive character, which is particularly im-
portant in tailings investigations where addition-
al structural disturbance must be avoided. Special
attention was devoted to real-time visual quality
control of shot records. At each source location,
vertical stacking of a minimum of 5 to 10 hammer
blows was performed, significantly improving the
signal-to-noise (S/N) ratio. This procedure effec-
tively reduced the noise generated by surrounding
mining machinery, enabling precise manual pick-
ing of first P-wave arrivals even at the most distant
geophones. The main acquisition parameters of the
refraction seismic surveys are presented in Table 1.

The combination of a high-precision seismo-
graph, low-frequency geophones, and an impact
seismic source ensured the acquisition of clear and
reliable signals. This provided a high-quality data-
set for subsequent processing using the Delta-t-V
method, thereby ensuring the scientific validity
and practical applicability of the research results.

Parameter

RFP-1 to RFP-3

RFP-4 to RFP-7

Seismograph Geometrics Geode (24-channel) Geometrics Geode (24-channel)
Number of channels per record 24

Geophone type Geo Space Geo Space
Geophone natural frequency 4Hz 4Hz

Geophone spacing 10 m 5m

Geophone spread length 230 m 115 m

Total investigation length 290 m 145 m

Number of shot points 11

Seismic source

8 kg sledgehammer + steel plate

8 kg sledgehammer + steel plate

Stacking per shot point

5-10 hammer blows

5-10 hammer blows

Approximate depth of investigation

60 m

40 m

DELTA-T-V METHOD

A total of 77 shot records (11 shot points per profile)
were processed for the seven seismic refraction lines.
P-wave travel times (first-breaks) were determined
using manual picking within the software environ-
ment. Each seismogram was visually inspected to
identify signal arrivals across all source-geophone
offsets. This procedure was conducted to account

for the specific ambient noise conditions of the site.
The Delta-t-V method was introduced into prac-
tice in the late 1990s, with its theoretical founda-
tion provided by Gebrande and Miller (1985). Its
principal advantage lies in enabling a continuous
velocity distribution with depth beneath each geo-
phone location, including vertical velocity gradi-
ents, linear velocity increase with depth, and in-
verse velocity structures. The method is based on
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transforming the travel times into a depth profile,
where the depth to the refractor (z) is approximated
using the delay-time concept according to the rela-
tion (Gebrande & Miller 1985):

_At-V-V,
e ey

2 2

V2 Vi

where At represents the time difference obtained
from the intersection of travel-time curves corre-
sponding to opposite shooting directions.

In this way, the limitation of classical refraction
methods requiring a “normal velocity sequence”
(V, > V) is overcome. The Delta-t-V method has
proven particularly useful in karstified limestones
and degraded rock masses, such as those pres-
ent in the investigated area (Sheehan et al. 2005,
Baci¢ et al. 2020, Padovan et al. 2025). Numeri-
cal processing and tomographic inversion of the
data were performed using the ReflexW software
package (Sandmeier 2016). The Delta-t-V method
was applied to generate the initial 1D/2D velocity
model, which served as the starting distribution
for the final tomographic optimization. The final
inversion was conducted using the SIRT (Simul-
taneous Iterative Reconstruction Technique) algo-
rithm over 20 iterations, incorporating smoothing
algorithms to eliminate numerical artifacts. The
quality and reliability of the tomographic inver-
sion were validated through statistical analysis
of deviations between observed and calculated
P-wave travel times using the root mean square
error (RMSE) criterion (Adavi et al. 2022):

RMSE = \/% Z(tohs,i - tcalc,i )2 (2)
i=1

where n denotes the total number of data points,
t,,;;is the observed field travel time, and ¢, ; rep-
resents the travel time calculated from the gener-
ated model.

In all models, the RMS error was maintained
below 5%, ensuring high reliability of the recon-

structed velocity profiles.

RESULTS

The results of the seismic refraction survey, ob-
tained along seven profile lines (RFP-1 to RFP-7),

provided detailed insight into the internal struc-
ture of the rock mass underlying the tailings fa-
cility. By applying the Delta-t-V method, 2D
P-wave velocity models were generated, reveal-
ing a complex lithological structure characterized
by pronounced contrasts between surface em-
bankments, degraded zones, and more compact
limestone horizons. The obtained data confirm
that the heterogeneity of the rock mass is mani-
fested through abrupt velocity changes, indicating
the presence of discontinuities, karstified zones,
and degraded rock masses.

In the shallow horizons, to depths of approx-
imately 10-15 m, the recorded velocities range
from 600 to 1,200 m/s, corresponding to embank-
ment materials and aeration zones. These values
indicate unconsolidated sediments and degraded
rocks resulting from mining activities and natural
weathering processes. With increasing depth, the
velocities progressively increase, reaching values
up to 4,400 m/s, which in this study was defined
as the seismic threshold for compact limestone
units. The boundary of the bedrock is clearly ex-
pressed by a sharp increase in velocity, confirming
the presence of monolithic horizons with a high
degree of consolidation.

To ensure a comprehensive analysis, all seven
profile lines (RFP-1 to RFP-7) were interpreted and
integrated into the study. The interpretation is per-
formed directly on the cross-sections, where the
spatial distribution of key lithological units, includ-
ing surface embankments, degraded rock masses,
and the compact limestone bedrock, is clearly de-
lineated and labeled. The vertical axis was also up-
dated to represent the elevation in meters above sea
level [m a.s.l.] to provide a clear scale for the sub-
surface models. Figures 4-7 show P-wave velocity
depth sections along profiles RFP-1 through RFP-4,
respectively, where the boundary between the fill
material and bedrock is clearly visible. The verti-
cal axis is standardized to represent the elevation
in meters above sea level, providing a clear scale
for subsurface models. The velocities range from
600 to 1,000 m/s in the near-surface layers, while
deeper limestone units reach and exceed 4,400 m/s.
This profile is particularly significant as it demon-
strates vertical lithological continuity with a clearly
defined boundary of the consolidated rock mass at
a depth of approximately 35 m.

Geology, Geophysics and Environment, 2026, 52 (1): 87-102
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Figures 8-10 present P-wave velocity depth sec-
tions along profiles RFP-5, RFP-6, and RFP-7, re-
spectively, where karst structures and degraded
zones are clearly identified. Near-surface layers ex-
hibit velocities ranging from 800 to 1,200 m/s, while
the compact bedrock in the basal parts exceeds

RFP -3

meters above sea level [m a.s.l.]

4,400 m/s. These profiles highlight characteristic
anomalies typical of the investigated area, including
localized low-velocity zones within deeper horizons.
These features are interpreted as cavernous struc-
tures and degraded limestone units, indicating spa-
tial variability within the consolidated rock mass.
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Fig. 8. 2D depth section of P-wave velocities along profile RFP-5. The color scale and contour lines indicate P-wave velocities
in meters per second. The vertical axis represents elevation in meters above sea level [m a.s.l.]
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in meters per second. The vertical axis represents elevation in meters above sea level [m a.s.1.]

The bedrock boundary consistently manifests  representation clearly delineates the bedrock
as a sharp velocity increase exceeding 4,400 m/s, boundary, the distribution of degraded zones,
while shallower horizons are characterized by and their relationship to the surface embank-
unconsolidated materials and karstified units. ments. It confirms the findings obtained from the
A quasi-3D visualization (fence diagram) of the individual profiles and makes a detailed spatial
rock mass was constructed by integrating the in-  analysis of the structural discontinuities possible.
dividual profiles, providing a comprehensive vi-  Figure 11 presents the integrated quasi-3D visu-
sualization of the spatial distribution of the litho-  alization (fence diagram) of the rock mass within
logical units and anomalies (Fig. 11). This spatial  the investigated area.
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Fig. 11. Quasi-3D visualization (fence diagram) of P-wave velocity depth sections showing the spatial distribution of lithological

units and structural anomalies within the investigated rock mass

DISCUSSION

The recorded variations in P-wave velocities in-
dicate a direct correlation between the elastic
properties of the medium and the degree of tec-
tonic damage and karstification of the terrain
(Bektasevic et al. 2025d). These results are consis-
tent with previous investigations of damage zones,
where seismic methods have shown high reliabil-
ity in defining the depth and extent of degraded
horizons (Bektadevi¢ et al. 2024a, 2024b). Analy-
sis of the tomographic models along profiles RFP-1
to RFP-7 enabled precise numerical and litholog-
ical classification of the rock mass. P-wave veloc-
ities within the shallowest horizons range from
600 to 1,200 m/s, corresponding to unconsoli-
dated surface materials, tailings embankments,
and aeration zones, all characterized by high po-
rosity. The intermediate portion of the models is
characterized by velocities between 1,800 and

3,200 m/s, indicating a transitional zone of intense
karstification. The basal horizon, where velocities
reach approximately 4,400 m/s, was identified as
the boundary marking the onset of massive and
monolithic limestone units. In profile RFP-2, the
bedrock boundary is expressed through a sharp
vertical velocity gradient, confirming the presence
of stable and monolithic horizons at depths greater
than 30 m. In contrast, profile RFP-5 exhibits sig-
nificant local velocity inversions, which represent
a clear indicator of karst structures and cavernous
zones within the rock mass. Particular attention
was given to profile RFP-6 (Fig. 12), where dis-
tinctive ring-shaped low-velocity anomalies were
identified within zones of relatively high velocities.

To eliminate the possibility of inversion arti-
facts, the velocity models were cross-validated by
ensuring a high ray-tracing density and verifying
the stability of the solution across overlapping pro-
file segments.
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Fig. 12. 2D P-wave velocity model along profile RFP-6. Interpretation highlights localized ring-shaped low-velocity anomalies
within the limestone bedrock, interpreted as karst cavities. The vertical axis represents elevation in meters above sea level [m a.s.1.]

Since the spatial extent of the identified ring-
shaped anomalies exceeds the geophone spacing
(d, = 5 m), they are interpreted as physical geo-
logical features rather than numerical noise. Fur-
thermore, the sharp velocity contrast (exceeding
2,000 m/s) between these zones and the surround-
ing bedrock is consistent with the documented
karst morphology of this region, which is typical-
ly characterized by air- or clay-filled cavities.

Such structures provide direct evidence of de-
veloped karst formations, including subsurface
cavities and cave systems. Visualization of these
results was performed using Delaunay triangu-
lation, ensuring a continuous and accurate rep-
resentation of the geometry of these subsurface
discontinuities — features that conventional re-
fraction methods often fail to resolve adequately.

A lithological classification based on P-wave
velocity ranges was developed in order to system-
atize the interpretation and facilitate practical
application of the results, as shown in Figure 13.
This classification enables direct correlation be-
tween the visual color-coded velocity models and
the engineering-geological characteristics of the
terrain.

Seismic data obtained through the application
of the Delta-t-V method clearly demonstrate pro-
nounced heterogeneity of the rock mass under-
lying the tailings facility, with well-defined con-
trasts between surface embankments, degraded
zones, and more compact limestone horizons.
The recorded variations in P-wave velocities indi-
cate a direct correlation between the elastic prop-
erties of the medium and the degree of tectonic
damage and karstification of the terrain. These
findings are consistent with previous investiga-
tions of damage zones, where seismic methods
have demonstrated high reliability in defining the
depth and extent of degraded horizons. Neverthe-
less, certain methodological limitations remain.
The heterogeneity of near-surface layers and the
presence of unconsolidated materials may affect
the precision of defining deeper boundaries. Al-
though tomographic models are numerically sta-
ble, they are inherently prone to smooth solutions
that may obscure localized anomalies. Further-
more, the interpretation of low-velocity zones as
karst structures requires caution, as similar ve-
locity values may also result from increased mois-
ture content or technical artifacts.
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Fig. 13. Lithological identification based on P-wave velocity ranges

For this reason, the integration of seismic data
with invasive geotechnical boreholes and comple-
mentary geophysical methods is recommended to
validate the findings.

A quasi-3D visualization (fence diagram) was
constructed by integrating data from all profiles.
This spatial representation enables a comprehensive
assessment of the distribution of anomalies, clearly
defining the relationship between surface embank-
ments and deeper, stable horizons. Spatial analysis
confirms that the most pronounced karst anoma-
lies are concentrated along profiles RFP-3, RFP-5,
RFP-6, and RFP-7, suggesting preferential direc-
tions of tectonic fracturing followed by subsequent
karstification. The application of the Delta-t-V
method proved crucial for reliable interpretation
under the complex geological conditions of the Olo-
vo mine, as it made it possible to detect the velocity
inversions characteristic of karst terrains. However,
previous studies indicate that other tomographic al-
gorithms, such as SIRT and Fast Shortest Path, also
provide stable results under similar geological con-
ditions. Therefore, the application of the Delta-t-V
method in this study should be regarded as a meth-
odological choice adapted to local conditions, rather
than as a universally superior technique.

The obtained findings are fully aligned with
contemporary trends in geophysical investigations.
Brom and Stan-Kleczek (2015) emphasize the im-
portance of appropriate seismic source selection for

optimizing the signal-to-noise ratio in shallow in-
vestigations, while Z. Wang et al. (2025) and Bek-
tasevic et al. (2025e) highlight the necessity of such
multidisciplinary models in the context of quanti-
tative hazard assessment, mining operational safe-
ty, and preventive risk management in complex
geological environments.

In conclusion, the discussion of the results
confirms that seismic tomography provides an
objective basis for terrain zoning and stability as-
sessment of tailings facilities, identifying critical
zones (cavities) that require enhanced engineering
supervision. The obtained findings move beyond
general interpretation, providing direct engineer-
ing implications for the Olovo mine infrastruc-
ture. The identification of localized low-velocity
karst anomalies, particularly those highlighted
along profile RFP-6, enables precise spatial zoning
of the tailings facility. In practical terms, these re-
sults dictate the optimization of the geotechnical
drilling program, allowing for the strategic place-
ment of boreholes to target identified cavities for
subsequent grouting or structural reinforcement.
By delineating these critical zones, this study pro-
vides a high-resolution foundation for the design
of stabilization measures and the implementa-
tion of a targeted monitoring regime, significantly
mitigating the risk of ground subsidence and en-
suring the long-term operational safety of the tail-
ings facility in complex karst environments.
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CONCLUSIONS

The conducted seismic refraction investigations
at the Olovo tailings facility enabled reliable char-
acterization of the internal structure of the rock
mass and delineation of lithological boundaries.
The results indicate pronounced heterogeneity of
the massif, expressed through contrasts in P-wave
velocities between surface embankments and
compact limestone horizons.

The basal horizon was clearly identified by
a P-wave velocity threshold of approximately
4,400 m/s, marking the transition to monolithic
bedrock. The application of the Delta-t-V method,
combined with Delaunay triangulation, enabled
the detection of ring-shaped anomalies along pro-
files RFP-3, RFP-5, RFP-6, and RFP-7, indicating
karst structures and cavernous zones. Integration
of the profiles into a quasi-3D fence diagram con-
firmed the spatial continuity of weakened zones
and highlighted potential directions of structural
instability.

Specifically, the identification of localized
karst anomalies directly informs the optimization
of geotechnical drilling and subsequent grouting
programs, allowing for targeted stabilization of
the tailings facility.

In future research, the integration of seismic
refraction with invasive methods (borehole data
and geotechnical sampling) is recommended to
further validate the results, along with the im-
plementation of high-resolution spatial seismic
tomography for continuous monitoring of struc-
tural changes within the tailings facility. Such de-
velopments would enhance reliability in stability
assessment, making it possible to detect temporal
changes in the rock mass state and enable timely
response to potential mass instability.

The study confirms that seismic refraction,
optimized through appropriate profile geometry
and the application of the Delta-t-V method, rep-
resents a reliable and interdisciplinary tool for the
characterization of complex tailings rock mass-
es. The identification of localized karst anoma-
lies and the definition of the bedrock boundary
directly inform the optimization of geotechnical
drilling and grouting programs, thereby reducing
the uncertainty inherent in subsurface modeling
and ensuring the long-term operational safety of

the Olovo mine infrastructure. The results pro-
vide a high-resolution spatial framework that al-
lows engineers to prioritize intervention zones,
significantly lowering the risk of sudden ground
subsidence. The obtained results have direct ap-
plication in mining engineering, engineering ge-
ology, and environmental management, while
also providing a foundation for further research
toward integrated stability assessment methodol-
ogies for mining structures. This work therefore
constitutes a meaningful contribution to the ad-
vancement of mining safety and sustainable tail-
ings management.
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