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Abstract

We applied active-source seismic method for the interpretation of elastic parameters 
in tailings facilities which is essential for evaluating stability and seismic response. The 
methodology uses different analysis methods on the same dataset, i.e., conventional 
seismic refraction (SR) to determine compressional-wave velocity (Vp) and multichannel 
analysis of surface wave (MASW) to estimate shear-wave velocity (Vs). Seismic velocities 
in conjunction with tailings physics approach revealed interpretable data in terms of 
elastic parameters and hydrogeological conditions.
  The results determined the empirical linear relationships between Vp and Vs that are 
particular to an unconsolidated media such as tailings and showed that variability of 
hydrogeological conditions influences the elastic seismic response (Vp and Vs) and the 
elastic parameters. The analysis of the elastic parameters identified the state condition 
of the tailings at the time of the survey. The Bulk modulus K that relates the change 
in hydrostatic stress to the volumetric strain was predominant between 1.0−2.0 GPa. 
The Young’s modulus E in the tailings media was in the low range of 0.15−0.23 GPa. 
Poisson’s ratio values in all sections were in the upper limit in the range of 0.37−0.49, 
meaning that the tailings media is highly susceptible to transverse deformation under 
axial compression. 
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1. Introduction
In-situ determination of geotechnical and hydro
geological conditions in tailings is an important 
expectation in the mining industry. In-situ data 
aims to get ready and reliable information about the 
condition and stability of tailings structures (e.g., in 
a physical, chemical, hydrological, and biological 
sense). Traditionally, the focus of investigations has 
been the tailings dam and its state and structural 
conditions affected by the stress-strain relationship. 
In contrast, the tailings impoundment, and 
the hydrogeological conditions of the tailings 
themselves have received little attention.

Seismic refraction (SR) is the in-situ non-
invasive seismic method most used in tailings 
facilities (e.g. Lghoul et al. 2012). The SR method 
has played a key role to detect structural boundaries 
in tailings, yet its application has been limited to 
the interpretation of the geometry and mapping of 
the stratigraphy and lithology of the subsurface in 
tailings domains. SR has been used in this capacity 
to complement other geophysical techniques such 
as electric resistivity imaging, radiometric, magnetic, 
and electromagnetic surveys. With advances in 
geophysical imaging, seismic methods can provide 
better depth resolution and can extend their 
applicability to interpret subsurface conditions. 
Other seismic methods less frequently investigated 
in tailings areas include the analysis of seismic 
surface waves by passive seismic interferometry 
(Olivier et al. 2017) and MASW (Cracknell et al. 
2019). From these applications, it is inferred that, 
compressional- and shear-wave velocities estimated 
by seismic methods can be used to determine the 
elastic parameters of tailings which are important 
determinations to evaluate settlement and 
geotechnical conditions in tailings (Davis & Poulos 
1968; Yilmaz & Miller 2015) 

Seismic data analysis is used for characterizing 
reservoirs and monitoring subsurface pore fluids in 
several industries such as hydrocarbon exploration 
and near-surface geophysics.  Methods to investi
gate subsurface conditions and elastic parameters 
in tailings include laboratory tests (e.g., triaxial 

tests UU-CU-CD) and in-situ field investigations 
(e.g., open excavation, boring methods, sub-
surface sounding). Subsurface sounding methods 
can include the standard penetration test (SPT) 
(Yusof & Zabidi 2018) or more sophisticated 
cone penetration test (CPT) such as seismic cone 
penetration test (SCPT), dynamic cone penetration 
test (DCPT), seismic cone penetration test with 
pore water pressure measurement (SCPTU) 
(Robertson & Cabal 2014; Tschuschke et al. 2020). 
SCPTU uses the conventional CPT for depth 
profiling but also includes the seismic piezocone 
for measuring seismic velocities and the probes 
for dissipation tests of pore water pressure excess. 
These methods provide discrete or near-continuous 
data, but they always require intrusive access to 
the areas in evaluation, which in most cases is only 
limited to the perimeter of the facility around 
and near the embankment or the dike. SCPT has 
been the method of choice for determining shear 
wave velocity and correlations with geotechnical 
conditions in tailings (Zhang & Lin 1982; 
Jamiolkowski & Masella 2015; Sousa & Gomes 
2020), and the application of seismic refraction 
and MASW in tailings to investigate elastic seismic 
velocities and their correlation with geotechnical 
conditions is yet to be developed.

We present in this paper the analysis of SR 
dataset from a tailings facility in Pyhäsalmi mine, 
Finland. We introduce the application of seismic 
refraction and MASW methods to estimate the 
elastic and hydrogeological conditions of the 
tailings facility. The approach leverages knowledge 
from applications in other fields where seismic 
refraction and MASW methods have been 
investigated together to evaluate the subsurface 
structure and conditions of the shallow subsurface 
(Pegah & Liu 2016; Olafsdottir et al. 2018; Anukwu 
et al. 2020; Sarkar et al. 2021). The authors did not 
find previous research where in-situ non-invasive 
seismic refraction and MASW have been applied in 
tailings facilities to explain elastic parameters and 
hydrogeological conditions. We applied a two-step 
process to address the technological need for the 
non-invasive characterisation of tailings facilities. 
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First, conventional seismic refraction is applied 
in the tailings domain to obtain the dataset for the 
interpretation of body and surface waves in terms 
of compressional-wave velocity (Vp) and shear-
wave velocity (Vs). Second, Vp and Vs are used to 
derive the state condition (i.e., a physical condition 
and changes with respect to its main attributes) of 
the tailings in terms of elastic parameters (elastic 
moduli) and the hydrogeological conditions (i.e., 
porosity, water content, water saturation). 

1.1. 	Seismic refraction (SR) and 	
	 MASW analysis in tailings
Seismic refraction in most near-surface applications 
have targeted depths of refractors that are less than 
100 m (ASTM 2011). SR has been used in a few 
studies in tailings domains mainly to delineate 
layer-horizons and to indicate bed morphology 
and compaction differences between tailings and 
basement bedrock (Vanhala et al. 2004; Lghoul 
et al. 2012; Mollehuara Canales et al. 2021). The 
method estimates the first arrival times of P-waves 
to detect changes in the P-wave velocity and 
produce a layered or a tomographic subsurface 
model. On the other hand, S-wave velocities mainly 
applied for mapping earthquake hazard (Tokimatsu 
& Uchida 1990) have also found applications in 
geotechnical investigations. With advances in 
data acquisition and processing, S-wave velocity 
models can be reconstructed from surface waves 
(Xia et al. 2009) using methods such as seismic 
analysis of surface waves (SASW) and multichannel 
analysis of surface waves (MASW). These methods 
measure the variation of S-waves in soil which can 
be transformed to stiffness in the depth domain 
(Park et al. 1999a) and subsequently to geotechnical 
parameters such as shear and Young’s moduli 
(Soupios & Kokinou 2016). Therefore, P- and 
S-wave velocities derived from seismic surveys can 
be used to determine other properties such as shear 
strength and elastic properties in unsaturated soils 
(Salem 2000; Rucker 2006; Pegah & Liu 2016).

The deployment of geophones and data 
acquisition is similar in both techniques (SR and 

MASW) only different at the natural frequencies of 
geophones. MASW requires a low natural frequency 
geophone, whereas seismic refraction uses high-
frequency ones (Anukwu et al. 2020), but high-
frequency geophones (e.g., up to 40 Hz) may be 
acceptable for relatively shallow depth applications 
(e.g., <10 m) (Lu 2017). As conventional seismic 
refraction uses mostly 4.5 and 10 Hz frequency 
geophones the data acquired by the method can 
be used to retrieve and estimate surface wave 
information and S-wave velocity profiles in the 
shallow subsurface. For most common soil sites, the 
offset range of 10–100 m is optimal for recording 
surface waves in the frequency range of 5-50 Hz, 
and in the phase velocity range of 50–1000 ms-1 
(Park et al. 1999b). Generally, the seismic wave 
velocities in tailings are in the range of 500–1600 
ms-1 for P-wave and 200–500 ms-1 for S-wave, but 
these values are case dependent and may vary for 
specific cases. This study used 4.5 Hz geophones 
to source the same dataset for both P- and S-wave 
analysis.

2. 	Research methodology

2.1. Site and experimental setup

The study area is the tailings facility known as pond 
A at Pyhäsalmi mine site located in the south of 
Northern Ostrobothnia region, Finland (Fig. 1). 
The tailings facility has undergone rehabilitation 
from 1999 to 2002 and at present it has a cover 
system on the surface except in the centre where 
a water pond is maintained. The area is about 41 
hectares and excluding the cover layers contains 
about 10 Mt of tailings (Outokumpu Mining Oy 
1999; Pyhäsalmi Mine Oy 2007). 

The study consisted of two steps as presented in 
Fig. 2. In stage I, conventional seismic refraction 
data is used to obtain velocity models for P-wave 
(Vp) and S-wave (Vs) at several locations of the 
tailings facilities identified as survey lines in Fig. 1. 
For this, compressional-wave velocity (Vp) is 
determined from the travel times of P-wave first 
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arrivals, and shear-wave velocity (Vs) is determined 
from the dispersion curves of the surface waves 
(Rayleigh) evaluated using MASW technique. 
The layered Vp models are computed from the 
travel time curves. The Vp distribution from the 
layered together with the knowledge of the site (i.e., 
stratigraphy and bulk mass density) model serve 
also as constraints for the parameterization of the 
initial model in the inversion and estimation of Vs 
models. 

In stage II, the elastic properties of the tailings 
are computed concerning analogous ‘rock 
physics’ principles for both compressional and 
shear velocities. First, the subsurface condition 
in terms of stratigraphy, bulk mass density, and 
water saturation is measured from core samples at 
discrete locations of the tailings area and used for 
determining the empirical relationships between 
the elastic velocities and the hydrogeological 
conditions. The subsurface conditions below the 

phreatic level were assumed to be at saturated 
conditions. The seismic response is then cross 
evaluated in terms of the elastic parameters and their 
relationship with the hydrogeological conditions at 
the subsurface of the tailings. 

The tailings physics approach assumes that the 
tailings are subject to small changes of stress and 
hence linearity for the elastic parameters (Schön 
2015). The theory of linear elasticity (Landau 
& Lifshitz 1970) for a homogeneous isotropic 
media describes the elastic wave propagation and 
the interdependence of the elastic moduli by the 
equation 1:

				        (Eq. 1)	
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Figure 1. Site location and geophysical seismic refraction survey lines (ETRS89/TM35FIN 63.663oN, 26.013oE) (Base 
maps derived from QGIS/OSM).
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Figure 2. Seismic refraction and Tailings physics approach for interpretation of elastic and hydrogeological conditions in 
tailings. 
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A description of the elastic moduli follows 
(Schön 2015; Mavko et al. 2020). Bulk modulus  
(k) describes the resistance of the tailings to 
compression and it is defined as the ratio of the 
hydrostatic stress, σ, to the volumetric strain. Shear 
modulus (μ) (or modulus ‘rigidity’ describes the 
response to shear, and it is a measure of elastic shear 
stiffness. Young’s modulus (e) describes the response 
to linear stress and it is defined as the ratio of the 
stress to the strain in a uniaxial stress state. P-wave 
Modulus (m) is defined as the ratio of stress to strain 
in a uniaxial strain state. Poisson’s ratio (υ) describes 
the response in the direction orthogonal to uniaxial 
stress and it is defined as the (negative) ratio of 
lateral strain to axial strain in a uniaxial stress state. 
Lame’s constant (λ), is the first lame’s parameter 
related to the bulk modulus and serves to simplify 
the  stiffness  matrix  in  Hooke’s  law.

3. Results and interpretation

3.1. P-wave velocity model

The theory of seismic survey is not covered in detail 
here but this is widely documented elsewhere 
(Redpath 1973; Idziak & Dubiel 2011; Pegah & Liu 
2016). Data was acquired using a conventional set of 
24 geophones (4.5 Hz) placed every 5 m for a given 
array (K1K7, K13K14, K13K5, K13K1) except 
for K5K8 where the spacing was 3 m. The seismic 
energy consisted of hammer strikes on a steel plate 
through seven-shot points that were distributed 
at -25, 2.5, 27.5, 57.5, 87.5, 112.5, and 140 m 

distance from the starting point of the survey line. 
The acquisition parameters included a sampling 
period of 1ms and a recording length of 0.3 s. 
Processing and modelling of the seismic data for 
P-wave velocity used Geometrics’ software package 
SeisImager/2D, Pickwin, and Plotrefa (Geometrics 
Inc. 2005). 

The P-wave first breaks method is applied in 
all shot records for each trace in Pickwin. Plotrefa 
module is used to transform the first arrival picks 
into travel time curves and subsequent inversion of 
the data calculated the P-wave velocity (Vp) models 
(Fig. 3). The process set up the initial velocity model 
with the field constraints (i.e., stratigraphy) and 
the minimum and maximum velocities derived 
from the travel time curves. The solution for a semi-
constrained problem used an iterative, least-squares 
approach and created a velocity model for each 
travel  time  (Mollehuara  Canales  et  al.  2021).

3.2. 	Surface waves dispersion  
	 curves and velocities
In MASW method, the dispersion property of 
surface waves is analysed to determine shear-wave 
velocity (Vs) models. The procedure consisted of 
three steps, acquisitio υ n of dispersive ground roll 
data, construction of the dispersion curves, and 
inversion of dispersion curves to S-wave velocity 
(Vs) cross-sections. The dispersion curves were 
calculated from the same seismic refraction dataset 
using the Geopsy software (Geopsy 2021) and for 
this analysis, the source positions at the beginning of 
the profiles were considered. We applied acquisition 
geometry that allows us to produce surface waves, 
which could be processed by the MASW technique. 
In addition, a two-dimensional Fourier transform 
generated a conventional frequency wavenumber 
(F-K spectrum) that included processing parameters 
for the frequency range 4 - 40 Hz with a band width 
of 0.2 Hz. No additional procedure was necessary 
for surface wave energy enhancement. Results of 
the spectral analysis and corresponding dispersion 
curves  are  presented  in  Fig. 4.
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� – Young’s modulus �����, 186 

� – P-wave modulus �����, 187 

� – bulk unit weight ������ 188 

� – gravitational acceleration ������ = 9.80665 189 

���� – specific acoustic impedance [Pa.s/m], or [kg/m3 x m/s]  190 

 191 
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The dispersion curves consist of only the 
fundamental mode characterized by normal 
dispersion in most cases. In most cases, the phase 
velocities of Rayleigh waves are characterized by 
normal dispersion and are distributed within the 
tailings. As the properties of tailings have small 
variations with depth as observed from the drilling 
data, it is assumed that phase velocities of different 
modes be close to the velocity of the fundamental 
mode and within the error bar. Phase velocities are 
in the range of 150–200 m/s which is typical for 
sandy media. Therefore, the signals are considered 

as being distributed only inside the tailings media 
and not in the consolidated ground or bedrock. The 
latter is usually characterized by higher velocities. 
As there is no unique way of defining model 
parameterization, it was critical for the initial model 
to consider known geological constraints such as 
number of layers and bulk mass density from the 
stratigraphic units and estimated parameters such 
as Vp from the SR model. The parameterization of 
the initial model for solving the inversion problem 
and for determining S-wave velocity profiles are 
presented  in  Table 1.  

Table 1. Initial parameters for model inversion.

Layer Stratum Depth 
(m)

Vp from 
seismic 

refraction 
model (m/s)

Vp for 
initial 
model 
(m/s)

bulk 
mass 

density 
(kg/m3)

Depth (m) Poisson’s 
ratio

Vs _wide 
range
 (m/s)

1 cover 1 [300-500] 400 1450 [0-2] 0.2-0.3 [100-1200]

2 tailings 
unsaturated

5 [300-500] 480 1960 [1-5] 0.2-0.3 [100-1200]

3 tailings 
unsaturated

10 [400-900] 750 2000 [3-10] 0.2-0.3 [100-1200]

4 tailings saturated 15 [750-1500] 1100 2100 [8-15] 0.2-0.3 [100-1200]

5 tailings saturated 20 [750-1500] 1500 2100 [13-20] 0.2-0.3 [100-1200]

6 underlying 
ground

30 [1000-5750] 1500-5750 [2250-2635] [>20] 0.2-0.3 [500-3500]

The inversion procedure used the Dinver module 
included in Geopsy software to model the 
theoretical and the experimental dispersion curves in 
terms of phase velocity and frequency (Fig. 5). The 
Dinver module is based on the global optimization 
neighbourhood algorithm (Sambridge 1999a, 
1999b). In the inversion process, 500 starting 
models were generated randomly by Monte-Carlo 
simulation and 10000 models were generated 
with the neighbourhood algorithm. The inversion 
resulted in a 1D S-wave velocity model with  
a minimal  misfit  of  less than 0.007 (or 0.7%) 
(Fig. 6).

3.3. 	S-waves and seismic velocity 	
	 structure
Fig. 6 presents the seismic velocity and stratigraphic 
structure for all the SR profiles investigated in the 
tailings area. Vp was represented by averaged values 
from the correspondent Vp model derived by SR 
(section 3.1). In all profiles, Vs increased marginally 
with depth to about 175 m/s in the region mapping 
the tailings media, whereas the region near the 
embankment (K13K1) showed a slightly higher Vs 
up to 210 m/s. 

The resulting 1D S-wave velocity models 
presented in Fig. 6 consisted of six layers and the 
profiles in all of them are near the same. Average 
velocity  profiles  are  presented  in  Table 2. 
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Figure 6. 
Stratigraphic and 
seismic velocity (Vp 
and Vs) structure 
in the tailings 
facility of Pyhäsalmi 
mine, Finland. The 
stratigraphy and Vp 
structure serve as 
parameterization 
of the initial model 
to obtain the Vs 
structure in the 
MASW inversion. 
The stratigraphy 
structure was 
derived from a prior 
geological knowledge 
(Mollehuara Canales 
et al. 2021). P-wave 
velocity structure 
depicts average 
Vp values from the 
seismic refraction 
model.
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3.4. Tailings empirical relations

Dataset corresponding to tailings core samples 
along the survey line K13K5 was evaluated 
at various depths (z) for bulk-wet mass density, 
(D

bulk-wet
). gravimetric water content (θg) and 

corresponding P-wave velocity (Vp). The procedures 
for determining bulk-wet mass density and 
gravimetric water content are documented in 
Mollehuara-Canales et al. (2020). P-wave velocity 
values are the corresponding measurements from 
the seismic refraction method. First, in Fig. 7a 
we show a linear regression fit function that 

approximates the relationship between Vp and bulk-
wet mass density (D

bulk-wet
).  The relationship fits best 

in the depth domain suggesting the influence of the 
unconsolidated nature of the tailings media and 
the different densification stages resulting from the 
consolidation process. From drill core samples, the 
average variability of the bulk mass density increases 
with depth although not significantly (Table 1). 
Also, it is expected that water saturation varies in the 
unsaturated zone and increases towards the phreatic 
line. Both aspects influence the Vp values with depth. 
The corresponding empirical relationship is:

Table 2. 1D average shear-wave velocity, Vs (m/s) estimated by inversion of Rayleigh wave dispersion curves (tu – unsaturated tailings, 
ts – saturated tailings, gr – underlying ground).

Layer Stratum Depth (m) K1K7 K13K5 K5K8 K13K14 K13K1

1 cover 1 160 171 162 161 205

2 tu 5 175 173 166 167 206

3 tu 10 176 175 167.5 167.5 209

4 ts 15 176 175 168 168 209

5 ts 20 176 176 170 170 211

6 gr 30 >210 >210 >210 >210 >210

		
A second plot is illustrated in Fig. 7b which shows 
a relationship between the bulk mass density 
(D

bulk
) and the gravimetric water content (θg). The 

relationship of interest for back calculating Vp is the 
equation corresponding to  (D

bulk-wet
) as a function 

of (θg). 

In Fig. 8, 1D velocity models from SR (average 
Vp) and MASW analysis (Vs) are also evaluated in 
a simple linear regression model to establish the 
relationship between P- and S-wave velocities for 
each survey line. The plots show the variability of 
seismic velocities for Vp and Vs measured at different 
locations in the tailings media. For instance, for a 
starting Vp of 500 m/s, Vs varies in a close range of 
164 – 176 m/s for lines K1K7, K5K8, K13K14, 

K13K5 and is around 202 m/s for line K13K1. The 
former lines are mapping the relationship in the 
tailings media whereas line K13K1 is mapping 
the subsurface near the embankment material that 
is assumed to be a mix of till and compacted soil 
overlying coarse sandy tailings. The rate of change of 
Vs with respect to Vp is similar for all survey lines which 
is shown in the relations of Fig. 8.  For line K13K14, 
a small variation suggests that some other subsurface 
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Figure 7. (a) Relationship based on linear regression for P-wave velocity (Vp) and bulk-wet mass density (Dbulk-wet) in the 
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Figure 8. Linear relationships for Vp and Vs 
at corresponding survey lines in the tailings 
area of Pyhäsalmi mine.

condition is influencing the relation at this location 
(e.g., denser tree vegetation / higher loads).
Similar other empirical relations were used to 
estimate the Vp and Vs relationship in absence of 
shear velocity information, but these were derived 
for specific consolidated media such as clastic 

silicate rocks (Castagna et al. 1985), or pure porous 
lithologies (Greenberg & Castagna 1992). The 
relations shown in Fig. 8 apply to an unconsolidated 
tailings media, which is specific to the Pyhäsalmi 
tailings and are given by the following equations:
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From here, the elastic parameters for the seismic 
response (Vp and Vs) on each survey line were 
calculated following equations 2, 3, 4, and 5, and 
by using the corresponding empirical relationship 
between Vp and Vs from equations 8, 9, 10, 11, and 
12. 

3.5. 	Elastic moduli interpretation

The elastic moduli properties of the tailings are 
represented by survey lines in Fig. 9 and by the water 
saturation conditions in Fig. 10. The range of values 
for the elastic moduli are within similar ranges for 
the survey lines at various locations of the tailings 
facility (Fig. 9). For instance, the range of values is 
between 0.37–0.49 for Poisson’s ratio, 0.06–0.09 
GPa for shear modulus, 0.15–0.28 GPa for Young’s 
modulus, and 0.1–4.2 GPa for bulk modulus. Note 
that Vp/Vs ratio also varies from 2.5 to a maximum 
of  8.5.

All elastic parameters show a direct proportion
ality with the seismic velocities Vp and Vs. For 
Poisson’s ratio the relation is a logarithmic function 
and asymptotic near the maximum value of  0.5. For 
shear modulus and Young’s modulus, it is a linear 
relationship, whereas for Bulk modulus the relation 
is an exponential function. In the Pyhäsalmi tailings, 
the elastic velocities increase with depth, and it is 
expected that elastic moduli will increase following 
the behaviour of these functions. This means that 
compressive and shear deformation (given by E 
and μ respectively) in the tailings increases linearly 
with depth, but the volumetric deformation defined 
by K is exponential. The plots also show that Vs 
has greater influence than Vp to increase the slope 

behaviour of the functions representing the elastic 
moduli which are mainly explained by the drop of 
Vs with depth and/or higher saturation.   

From all the survey lines, only K13K1 maps a 
region near the embankment and distinguishes 
apart from all the other transects mapping the 
tailings media (light-grey dots in the plots of 
Fig. 9) by showing higher values for Vs, and 
elastic parameters. Near the embankment, the 
tailings media is mixed with other materials of low 
permeability, and it has been compacted to provide 
a containment wall for the tailings. Also, as the 
phreatic line is low, the pore space is less saturated. 
This confirms that high values of elastic moduli 
depend on high values of Vs, and this in turn is 
influenced by the presence of water in the pore space 
of the tailings. 

In Fig. 10, the elastic moduli values have 
been grouped by the type of tailings media, i.e., 
unsaturated tailings (tu) and saturated tailings (ts). 
The plots show the effect of saturation and location 
(depth). The Poisson’s ratio of the tailings media 
below the water level is high in the upper limit of 
0.48-0.49, whereas the unsaturated tailings (at 0.5 
to 0.8 saturation) vary from 0.37 up to 0.48. This 
agrees with typical Poisson’s values between 0.30-
0.40 for unsaturated tailings (Psarropoulos & 
Tsompanakis 2008; Ormann et al. 2011; Knutsson 
et al. 2018; Lu & Chang 2019). Shear modulus 
seems not affected in these two tailings groups and 
the minor variability is depicted only when plotted 
against Vs values. It is also noted from the plot 
against Vp/Vs ratio that the shear modulus varies in 
the same range for both unsaturated and saturated 
tailings and therefore they have the same shear 

Fig. 8.  For line K13K14, a small variation suggests that some other subsurface condition is 314 

influencing the relation at this location (e.g., denser tree vegetation / higher loads). 315 

 316 
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Figure 9. Elastic moduli calculated from seismic refraction data at various locations of the tailings facility (survey lines 
K1K7, K13K14, K5K8, K13K5, K13K1). K13K1 corresponds to a line near and along the western embankment; all the 
other lines are situated within the internal domain of the tailings facility (see Figure 1).
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Figure 10. Elastic moduli calculated from seismic velocity models and plotted by tailings stratigraphy: tu – unsaturated 
tailings, ts – saturated tailings.¨
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Figure 11. 1D representation of hydrogeological conditions in the profile line K1K7 of the tailings derived from SR data: e – 
void ratio, phi – porosity, S – water saturation.

behaviour at any location of the tailings. Young’s 
modulus is slightly higher in saturated tailings than 
unsaturated tailings, but this may be due to higher 
Vp values and increased stiffness at deeper zones in 
the tailings. Bulk modulus increase as the Vp/Vs ratio 
increases  toward  the  saturated  zone. 

From the tailings elastic parameters and 
the relationship determined for Vp-Dbulk-wet

-θg 
(section 3.4) it was possible to estimate hydro- 
geological state conditions in the tailings at the time 
of the survey (i.e., porosity, void ratio, water content, 
and water saturation). For instance, in profile 
K1K7 the porosity, void ratio, and water saturation 
variation are presented as 1D scatter plots (Fig. 11). 
Porosity is almost invariable around 0.38 and 0.39, 
and the void ratio is in the range of 0.61–0.62 with 
similar behaviour in the survey profiles.

In Fig. 12 we show the relationship of the elastic 
moduli to water saturation (S) in the tailings which 
is presented as density scatter plots. The graphs 
describe the average state condition of the tailings 
at the corresponding survey locations. The tailings 
media present a wide range of water saturation 
between 0.5 to 1.0 whereas near the embankments 
the water saturation shows less variability from 
0.8 to 1.0. The variability of the calculated elastic 
parameters reveals its dependence on water 
saturation which is explained by the relationship 

between the effective stress and the hydraulic pore 
pressure stress. The density function that better 
approximates the randomness of the data are 
estimated using a non-parametric kernel density 
estimator (ksdensity function in Matlab) that 
applies to univariate and bivariate data. It was used 
to infer the characteristics of the dataset in a plot 
that estimates its probability density function. In 
this way, the state condition of the tailings media at 
the time of the survey is depicted by the region with 
dense data points. 

Values for elastic parameters have been approx-
imated and summarised in Table 3 considering the 
predominant water saturation in the tailings at the 
time of the survey (Fig. 12). The average values are 
also compared to other studies and techniques. 

At water saturation of 0.8–1.0, Young’s 
modulus in the tailings was between 0.18 to 0.21 
GPa, and for the line K13K1 that runs along the 
embankment, the value is between 0.26 and 0.28. 
Compared to other studies in tailings based on 
laboratory determinations (Ormann et al. 2011; 
Knutsson et al. 2018) these values are higher as 
shown in Table 3. Typically, Young’s modulus in 
tailings is estimated in a triaxial compression test 
and depends on the surrounding pressure and the 
particle size distribution of the media. For instance, 
for a surrounding pressure of 200 kPa, E value was 



120 	 Mollehuara-Canales, Afonin, Kozlovskaya, Lunkka and Pedretti	
	

Water Saturation,  S

Figure 12. Elastic moduli versus calculated water saturation across the seismic refraction survey lines. 
Grey line across the density scatter plots is the least-square-fit line for over 9000 data points in each survey 
line.
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Table 3. Elastic parameters at predominant water saturation in the surveyed tailings area at Pyhäsalmi mine. Estimation based on seismic 
refraction and MASW analysis.

Property Tailings 
(S = 0.8-1.0)

Embankment
(S = 0.8-1.0)

Other methods/studies

Young’s Modulus 0.18 (0.18-0.21) 0.26 (0.26-0.28) 0.01-0.02 (Ormann et al. 2011; Knutsson et al. 2018; 
Kerenchev 2019) 

Bulk modulus 0.8 (0.1-2.0) 0.8 (0.1-2.0) --

Shear modulus 0.06 (0.05-0.07) 0.09 (0.08-0.09) 0.01-0.04 (James et al. 2011)
0.02-0.08 in-situ (Zhang and Lin 1982) 

Vp/Vs ratio 5.0 (2.5-8.5) 4.5 (2.5-6.5) 2.8-5.6 (Tschuschke et al. 2020)
2.2-4.5 (Jamiolkowski and Masella 2015)

Poisson’s ratio 0.49 (0.40 – 0.49) 0.48 (0.37 – 0.49) ~0.40 (Sotelo and Paihua 2017)
0.3 (Psarropoulos and Tsompanakis 2008) 

porosity 0.38 0.38 --

Void ratio 0.62 0.62 0.6-1.0 (Jamiolkowski and Masella 2015)

found to be about 0.03 GPa for fine tailings and 
0.034 for coarse tailings, whereas for a surrounding 
pressure of 600 kPa E was found to be 0.05 GPa for 
fine tailings, and 0.062 for coarse tailings (Lindquist 
& Tornqvist 2016). In other triaxial tests E in 
tailings range from 0.009 to 0.015 GPa (Kerenchev 
2019), or as low as 0.003 GPa (Psarropoulos & 
Tsompanakis 2008). Other reference combining 
seepage and stress estimated E around 0.04 GPa for 
silty sandy tailings and v of 0.35 (Lu & Chang 2019). 

Regarding the Bulk modulus (K) and under 
water saturation of 0.8–1.0, the survey lines at 
different locations of the tailings have a wide range 
for K between 0.1 to 2.0 GPa. The shear modulus 
is less dispersed but in the low range of 0.5–0.07 
GPa for tailings media and 0.08–0.09 GPa around 
the embankment. Shear modulus in tailings from 
cyclic laboratory testing at shear strains from 100 
to 400 kPa was found between 0.009 up to 0.04 
GPa (James et al. 2011; Hu et al. 2017). Whereas 
in-situ downhole method with shear wave velocity 
measurements estimated the shear modulus to 0.02 
GPa for shallow tailings and 0.08 GPa to a depth of 
20 m (Zhang & Lin 1982). The analysis also reveals 
the higher occurrence for the Vp/ Vs ratio around the 
values of 4.5–5. The upper limit for Vp/ Vs ratio is 
8.5 for tailings media and 6.5 for the embankment 
at the condition of water saturation of 0.8–1.0. 

Poisson’s ratio for all profile sections varies from 
0.35 to 0.49 with higher occurrence in the upper 
limit at saturation. At the time of the survey, the 
values are in the range of 0.40-0.49 for tailings in the 
impoundment and 0.37–0.49 for tailings near the 
embankment  (possibly  coarse  and  compacted).

4.	 Discussion

The seismic elastic velocities (Vp and Vs) and the 
elastic moduli are parameters that can provide 
important information about the physical and 
geotechnical condition of the tailings subsurface. 
The ratio of stress to strain deformation is measured 
by the elastic moduli parameters and depend on 
confining pressure, load magnitude, strength, stress, 
and drainage conditions (Duncan & Bursey 2013). 

For example, the Vp/Vs ratio and Poisson’s ratio 
are numeric values based on simple calculations 
and yet important indicators to evaluate the mass 
load of the tailings facility and its relationship with 
its physical stability. This is supported by studies in 
unconsolidated sediments comparable to tailings 
material, where the elastic velocities and Poisson’s 
ratio increase as differential pressure increases. 
However, in over-pressurised conditions Poisson’s 
ratio increases with a corresponding drop in elastic 
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Figure 13. Vp/Vs ratio profiles along the survey lines in the tailings facility. From all the survey lines, only K13K1 is 
mapping the subsurface of the tailings near the embankment.

velocities, and very high Vp/Vs ratio in the order of 
10 or more (Lee 2003). The phenomenon is also 
observed in tailings facilities where the differential 
pressure increases as the mass load increases with 
ongoing tailings material being stored. This is 
illustrated in Fig. 13 for the tailings at Pyhäsalmi, 
where the maximum Vp/Vs is shown at the bottom 
of the impoundment with a value around 8. This 
also suggests that the tailings mass is not over-
pressurised, and that the tailings storage is at its 
full capacity. It is important also to note that the 
Vp/Vs ratio is influenced by the level of the phreatic 
line and the elevated pore pressure under saturated 
conditions.

The effect of water saturation near and below 
the phreatic line on the main elastic parameters 
is presented in 2D cross-sections for line K1K7 in 
Fig. 14a. The analysis of the elastic moduli shows a 
quantitative and agreeable interpretation that water 
saturation causes weakness (strength reduction) in 
the tailings media and makes it softer (reduction of 
stiffness), both effects related to Young’s modulus. 
Regarding the cross-section of Poisson’s ratio, the 
bottom of the impoundment has high values. In 
Fig. 10, Poisson’s ratio is higher in saturated tailings 
than in unsaturated tailings as Vp and Vs increase. 
This means that the tailings in saturated conditions 
can exhibit large elastic deformation even under 
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the action of small amounts of strain or applied 
forces. A similar trend of increasing shear modulus 
is observed below the phreatic line in the tailings. 
Shear modulus depends on the S-wave velocity 
and bulk mass density and given that S-wave is not 
affected by water, the observed although marginal 
increase of Vs is only dependent on the densification 
of tailings with depth. This agrees with the intuitive 
interpretation that tailings at the bottom are highly 
consolidated. Shear modulus as initial modulus is 
essential to the dynamic analysis of tailings dams 
(Zhang & Lin 1982). The importance of using 
S-waves for studying the saturated zone of the 
tailings is because Vs is independent of the water 
content in the pore space. Bulk modulus also 
increases with depth, and it is directly proportional 
to the confining pressure. Therefore, the bulk 
modulus in tailings is a function of the effective 
stress given by the total load and the excess pore 
pressure. High values of bulk modulus mean that 
volumetric deformation is not a serious problem 
under high confining pressures (Kwon et al. 2006).  

For illustrating the applicability of determining 
elastic parameters in tailings, cross-sections 
for Young’s modulus are presented in Fig. 14b. 
Young’s modulus also known as the modulus of 
elasticity provide information about the stiffness 
of the tailings mass and is one of the factors used 
to calculate the material deformation under 
load. As expected, the stiffness that is related 
to Young’s modulus increase with depth in the 
tailings and depends on the surrounding pressure. 
The interpretation concerning tailings is that 
smaller values of E will increase the magnitude 
of displacement. The estimated values are higher 
in saturated tailings than in unsaturated tailings. 
The reasons may be that high Vp and Vs values at 
deeper zones in the tailings are influenced by the 
interlocking particles increasing stiffness (Guo & 
Su 2007). 

The methodology in this paper can be easily 
implemented in tailings facilities because these 
are engineered systems with known stratigraphy 
and geological boundaries. The tailings material 
falls within a narrow size classification of fine silty-

sand particles, which are hydraulically deposited 
in the tailings facility and therefore the media is 
less heterogeneous. Knowledge about geological 
information is key to reduce the uncertainty in 
formulating the parameterisation of the initial 
conditions in the MASW analysis and model 
inversion to determine S-wave velocity. To the 
same extent, a reliable estimation of P-wave velocity 
by the SR method will increase confidence in the 
inversion model. Another important parameter 
is the bulk mass density of the layers considered as 
input in the inversion model. The variability of bulk 
mass density in tailings is not significant, although 
the nature of hydraulic deposition of tailings can 
lead to uneven distribution of tailings particles and 
stratification. With these considerations in mind, 
the only challenge is to obtain in-situ and non-
invasive measurements of P- and S-wave velocities 
which can be achieved by seismic refraction and 
MASW analysis. This paper has demonstrated that 
this is possible.

5. Conclusion

The tailings facility at Pyhäsalmi mine is a 20-
year decommissioned area that has undergone 
reclamation and as such, the site is inspected with 
relative frequency (i.e., yearly) to monitor the 
condition of the structure. In this paper, we used 
conventional seismic refraction data to retrieve both 
P-wave and S-wave velocity profiles of the tailings 
area. As the velocity of seismic waves is related to 
the elastic properties of the solid matrix, the in-
situ elasticity of the tailings media was interpreted 
via the elastic parameters and the associated 
hydrogeological  conditions. 

A joint interpretation of seismic refraction and 
tailings physics approach enabled the determination 
of elastic parameters (e.g., Bulk modulus, Young’s 
modulus, Shear modulus, Vp/Vs ratio, Poisson’s 
ratio) and hydrogeological conditions (e.g., porosity, 
void ratio, water content, saturation). Bulk modulus 
refers to the volumetric deformation, Young’s 
modulus to the tensile or compressive deformation, 
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and shear modulus to the shear deformation. 
These values including the Vp/Vs ratio provide with 
valuable information about how much force the 
tailings body mass can withstand before permanent 
deformation. For instance, the analysis of the data 
revealed a state of variable water saturation above 
the water table increasing from 0.4 and peaking 
around 0.8 saturation. For this condition, the 
bulk modulus K that describes the resistance of the 
tailings by relating the change in hydrostatic stress 
to the volumetric strain varied predominantly 
between 1.0–2.0 GPa. The Young’s modulus E in 
the tailings media was in the low range of 0.15–0.23 
GPa regardless of the degree of saturation. Poisson’s 
ratio values in all sections were in the upper limit, 
meaning that the tailings media is highly susceptible 
to transverse deformation under axial compression. 
Thus, the elastic seismic velocities and the elastic 
parameters in tailings media are influenced by 
the hydrogeological conditions and the physical 
heterogeneity in the tailings domain. 

The paper demonstrates the applicability of 
seismic refraction and MASW analysis for mapping 
the subsurface of tailings in terms of geotechnical 
and hydrogeological conditions. It enables a non-
invasive technology for in-situ monitoring and fast 
decision-making in the management of tailings 
facilities; however, the authors acknowledge the 
uncertainty to what extent the approach can source 
data for design and engineering purposes. Future 
work is recommended for determining the elastic 
parameters by using a dataset from tomographic 
seismic refraction and evaluating the results against 
conventional techniques such as SCPTU that is 
based on measurements of hydraulic pore water 
pressure and seismic velocities.
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