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Abstract: This paper presents the attempts to calculate the pseudo-anisotropy of elastic parameters for the Silu-
rian and Ordovician shale formations of several wells located in the Baltic basin. For this purpose, well-logging 
data were used, in particular data recorded with acoustic dipole tools. With the P and S waves velocities available, 
measured at the dipole setting in two orthogonal directions XX or YY (SFast and SSlow), the elastic ε and γ param-
eters were calculated. In this paper we evaluate the effect of different factors e.g., porosity, clay and kerogen con-
tent on the velocity of anisotropy shale gas formations. A geostatistical analysis of elastic and reservoir properties 
was carried out in order to determine the character of the variability of Silurian and Ordovician shale formations 
in all of the studied wells. Semivariograms for each well characterizing the variation of elastic parameters in the 
vertical direction were calculated. 

Keywords: anisotropy parameters, P and S velocities, Baltic Basin, shale gas formation, acoustic dipole tool, semi-
variogram

INTRODUCTION

The problem of rock anisotropy and its effect on 
recorded velocities in acoustic profiling in bore-
holes has been investigated for many years, with 
a wide range of laboratory tests having been con-
ducted to consider this issue.

The most important publications in this field 
are the works of Tosaya (1982), Han et al. (1986), 
Eastwood & Castagna (1983), Castagna et al. 
(1985), Marion et al. (1992), Vernik & Nur (1992), 
Hornby et al. (1994), Johnston & Christensen 
(1995), Wang et al. (2001), and Sondergeld & Rai 
(2011). They studied the influence of various fac-
tors on the shale elastic parameters under differ-
ent pressure conditions. The elastic properties of 

individual clay minerals are important for un-
derstanding wave propagation through shales. 
Mondol et al. (2008) and Sato et al. (2005) esti-
mate the elastic moduli of smectite and kaolin-
ite using ultrasonic measurements and extrapo-
lating the measured variation in elastic moduli 
with different porosity. Significant differences in 
elastic properties under dry and brine-saturat-
ed conditions are observed. In the work of Pras-
ad et al. (2002) the results of measurements of 
Young’s modulus of clay minerals using atomic 
force acoustic microscopy were presented. Simi-
larly, the mechanical properties of shale gas res-
ervoir rocks were studied in the works of Bayuk 
et al. (2007), Wenk et al. (2008), and Sone & Zo-
back (2013).
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Vanorio et al. (2008), Sayers (2005, 2013), and 
Allan et al. (2015) investigated the effect of kerogen 
on the elastic anisotropy of organic-rich shales. 
Shale anisotropy were also studied by Zalewska 
et al. (2009), Bandyopadhyay (2009), Carcione et 
al. (2011), Horne, et al. (2012), Zhao et al. (2016), 
Zhang et al. (2017) and many others. Recently, 
the authors of this publication also dealt with the 
problem of rock anisotropy based on data from 
the acoustic methods or electrical measurements 
in wells (Bała 2011, Bała & Cichy 2015). A  sepa-
rate problem is the evaluation of anisotropy based 
on seismic surveys which are not discussed in this 
article.

Clastic rocks anisotropy has a  significant ef-
fect on longitudinal and shear wave velocities that 
are measured in acoustic logging. A series of ani-
sotropic rocks can be formed as a result of depo-
sition and tectonic stress. Anisotropy can be re-
garded in the macroscopic scale (the lamination 
of rock formations), and in the microscopic scale 
(e.g., reservoir rocks with fractional arrangement 
of grains of different sizes). Likewise, the anisotro-
py of rocks caused by fractures or microfissures is 
also observed in rocks (Bała 2009, 2011).

The most well-known are described by Thom-
sen (1989) anisotropy parameters ε, γ, δ character-
istic for the transverse isotropic media with a ver-
tical symmetric axis (VTI).

An interesting method to assess the parame-
ters of anisotropy in sandstone and clay rocks was 
presented by Li (2004, 2006).

ANISOTROPY PARAMETERS

Theoretical modeling of the response of acoustic 
tools in sandstone and clay rocks usually assumes 
simplified models of anisotropic media (for exam-
ple: Thomsen 1986, Vernik & Nur 1992, Carcione 
et al. 2011).

In the simplest case of anisotropy with hexag-
onal symmetry (VTI  – Vertical Transverse Isotro-
py with a vertical axis of symmetry) the stiffness 
tensor matrix has five independent coefficients 
out of 12 non-zero (Thomsen 1986): c11, c33, c44, c66 
and c13.

Velocities propagating along and perpendicu-
lar to the axis of symmetry, and at angles in be-
tween, depend on these five components and the 

bulk density. Taking the x3-axis to lie along the 
axis of rotational symmetry, the non-vanishing 
elastic stiffness coefficients are: c11 = c22, c33, c12 = c21,  
c13 = c31 = c23 = c32, c44 = c55 and c66 = (c11 − c12)/2 
(the conventional two-index notation). Since an 
isotropic medium can be described by two elas-
tic constants, a transversely isotropic medium has 
three anisotropy parameters (Sayers 2005).

Thomsen (1986) introduces three elasticity pa-
rameters: ε, γ and δ, defining them as a combina-
tion of cαβ elastic moduli to characterize the VTI 
transverse isotropic medium.
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These parameters determine the shape of the P 
and S waves fronts in the VTI medium.

The ε parameter is characterized by the dif-
ference between the vertical and horizontal ve-
locity of the propagating wave P, γ the difference 
between the velocity of the S wave propagating 
horizontally and vertically (polarized vertical-
ly SV or polarized horizontally SH) (Mavko et al. 
2009). These parameters are usually determined 
as P and S waves anisotropy parameters. Banik 
(1987) states that of these three parameters, δ has 
the greatest effect on the amplitude of the reflected 
wave P, with a small distance between the source 
and receiver points and in the case of weak aniso-
tropy. 

In publications (Thomsen 1986, Ryan-Grigor 
1997) tables are presented, taken from many other 
publications, in which the parameters of anisotro-
py measured on samples from various rocks were 
studied: sandstones, limestones, shales, clays, cal-
cite crystals, biotite, apatite and others, under var-
ious measurement conditions (dry, air-dry) at giv-
en pressures.

The tables contain values: VP, VS, VP/VS, ε, γ 
and δ as well as the density of the individual sam-
ples. The analysis of these parameters shows that 
ε, γ and δ can take positive and negative values. It 
has also been observed that δ correlates well with 
the ratio of P wave velocity propagating vertically 
and S wave velocity propagating along the verti-
cal axis.
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INFLUENCE OF CLAYING  
ON VP, VS VELOCITIES  
AND THE RATIO VP/VS

The elastic properties of shales depend on their 
composition, the volume of individual fractions, 
shapes and the orientation of grains. In the work 
of Zhu et al. (2001) it was stated that VP/VS is linear 
from 1.6 in the absence of clay up to 2.1 for a high 
content of clay fraction. 

The author introduces the concept of “critical 
clay content” (about 40%), below which the elastic 
parameters behave in accordance with theoretical 
calculations for a mixture of sandstone and clay. 
Above this critical clay content, there is a decrease 
in VP and VS with an increase in clay fraction. 
Similar observations as to the critical volume of 
clays are presented on the basis of laboratory tests 
(Marion et al. 1992), which have not been con-
firmed in other publications (e.g., Castagna et al. 
1993, Han et al. 1986). The calculations made by 
(Bała 2007) using the theoretical models of Kus-
ter–Toksöz and Biot–Gassmann show a strong in-
fluence of clay material on the P and S waves ve-
locities as well as the elastic moduli and Poisson’s 
coefficient, but also the critical volume of clays is 
not observed.

The VP/VS ratio for different clay minerals can 
vary considerably due to the anisotropy observed 
in them (Katahara 1996). For waves propagating 
along the XY plane perpendicular to the well di-
rection, the longitudinal wave velocity VPsh in clay 
rocks is expressed with the c11 elastic constant and 
shale density rsh, the shear wave velocity polarized 
in the layering direction VSHsh contains the elas-
tic constant c66, and the transverse polarized wave 
velocity VSVsh perpendicular to the layering com-
ponent c44:

V c
Psh
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= 66
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sh

= 44
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In Sayers’ paper (2005), the Thomsen anisot-
ropy parameters ε, γ and δ calculated for the clay 
minerals on the basis of the measured components 
c11, c33, c44, c66 and c13 are presented in the form of 
tables. It was noted that the ε and γ values are pos-
itive, while the δ values are negative or have low 
positive values.

Li (2006) presents the method of calculating 
the anisotropy parameters ε and γ based on re-
corded velocities VP(0), Vs(0) and clay volume, us-
ing laboratory data published by Thomsen (1986), 
Vernik & Nur (1992), Johnston & Christensen 
(1995) and Vernik & Liu (1997).

Using the crossplot based on this data (Fig. 1) 
the ε parameter is defined as:
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Similarly, the parameter γ is defined as:
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where: 
 Vclay – volume of clay, 
 VP(0) (or VP) – P-wave velocity perpendicular to 

bedding, 
 VPwater – an approximation of P-wave veloc-

ity at critical porosity, 
 VPquartz – P-wave velocity of quartz (Fig. 1), 
 VS(0) (or VS) – S-wave velocity perpendicular to 

bedding, 
 VSquartz – S-wave velocity of quartz, 
 εclay = 0.70 and γclay = 0.72 (vide Li 2004). 

On the graph of VP(0) versus the anisotropy pa-
rameter ε, Li (2004) marks three main points cor-
responding to: 1) “critical porosity sand point”, 
2) “mineral sand point (or quartz point)”, and  
3) “clay mineral point” (Fig. 1). Similarly, he works 
with the graph for the γ parameter.

The critical porosity sand point (for porosity 
Φ = 40%) has a zero effective shear modulus and 
zero shear velocity which indicates that the rock 
is in the suspension domain. The effective com-
pressional velocity of clastic rocks at this point 
may be approximated by the velocity of brine. The 
properties of quartz are used as an approxima-
tion of sand with zero porosity. Notice that both 
the critical porosity sand point and zero porosity 
sand point are associated with zero anisotropy. Fi-
nally, the clay mineral point is determined using 
the mean of the data points with the largest ani-
sotropic values.
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Fig. 1. The relationship between anisotropic parameters ε and the P-wave velocities perpendicular to bedding (VP), and clay vol-
ume Vclay (Li 2004) (modified by authors) 

These wells were drilled vertically, and the 
drilled structures lie almost horizontally (0–5°).

Therefore, one can assume that the medium is 
vertically transverse in isotropic (VTI).

Prior to the calculation, available laboratory 
data were analyzed for the mineral composition 
of the Silurian and Ordovician formations (wells 
documentations).

Fig. 2. The approximate location of the investigated boreholes 
(www.mapa-polski.org/kujawsko-pomorskie,rw.html, access: 
June 2018)

The coefficients a and b in equations (3) and (4) 
can be defined as follows. The slope for any line 
was determined (Li 2006):

m y y
x x

= -
-

1 0

1 0

Thus:

y1 − y0 = εclay ∙ Vclay  

and  

x1 − x0 = VPwater − (VPquartz − VPclay) ∙ Vclay

and similarly, the coefficient b can be determined.
In the (2004) publication, Li adopted the fol-

lowing values in equations (3) and (4): VPwater =  
= 1.5 km/s, VPquartz = 6.05 km/s, VSquartz = 4.09 km/s, 
VPclay = 3.4 km/s, VSclay = 1.8 km/s, εclay = 0.7, and 
γclay = 0.72, for the clay point (derived are especial-
ly useful because they are rarely determined in 
laboratory data).

CALCULATING  
THE ELASTIC PARAMETERS OF 
SHALE GAS FORMATIONS

This method was applied to the Silurian and Or-
dovician shale formations in wells K1, O2, L1, B1 
and W1 drilled in the Baltic Basin (Fig. 2). 

http://www.mapa-polski.org/kujawsko-pomorskie,rw.html
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The predominant minerals in the tested wells 
in the samples taken from the Silurian deposits 
are minerals, mainly illites (usually > 55%) and 
quartz (an average of 20%). The samples also con-
tain plagioclases, potassium feldspar and iron 
sulphides. The velocity parameters can be deter-
mined by measuring with the Compact Cross Di-
pole Tool (Weatherford Company), Cross Dipole 
Wave Sonic Tool (WSTT) (Halliburton Company) 
or the Dipole Shear Sonic Imager (DSI) (Schlum-
berger Company).

Figure 3 shows the VP, VS velocities and the  
VP/VS ratio measured by the use of the acoustic 
dipole tool compared with the theoretically cal-
culated VPEQ, VSEQ and VPEQ/VSEQ values using the 

Biot–Gassmann model and the ESTYMACJA TP 
program (Bała & Cichy 2005, 2006) as the example 
for well BX located on the shelf. The VP, VPEQ curves 
coincide, the determination coefficient R2 = 0.858. 
A slightly lower R2 = 0.799 characterizes a VSFast and 
VSEQ dependency. When analyzing the VP/VS ratio 
graph, very disturbed zones can be seen, which 
may indicate the presence of anisotropy. The range 
of research in this hole includes the series from the 
Lower Silurian to the Ordovician limestones. It 
should be noted that the interpreted values of the 
interval times SFast and SSlow slightly differed, the ex-
ception being the interval 1698–1705 m (marked by 
the ellipse in Figure 3), in which the presence of an-
isotropy of the S wave velocity was observed.

Fig. 3. Comparison of the interpretation results of waveforms recorded with the acoustic dipole probe (VP, VSFast, VSSlow velocities 
and VP/VSFast, VP/VSSlow ratio) with the values calculated by the BG model (VPEQ, VSEQ velocities and VPEQ/VSEQ ratio) in the BX 
well. The interval corresponds to the formations from the Lower Silurian to the Lower Ordovician 
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A strong dependence between VP and the vol-
ume of clay and kerogen Vclay+kerogen was also ob-
served considering the presence of kerogen (Fig. 4) 
in well O2 located in the Baltic Basin. Coefficient 
of determination R2 is equal to 0.71.

Using the available measurement data, calcu-
lations were made for the Silurian and Ordovi-
cian shale formations, in all wells, Thomsen pseu-
do-anisotropy ε, and γ using the Li method (2006) 
and formulas (1), (3), and (4).

Fig. 4. Plot compressional (VP) vs volume sum of clay and ker-
ogen (Vclay+kerogen) in interval: 2867–2935 m in well O2 (from 
the Lower Silurian to the Lower Ordovician)

In calculating pseudo-anisotropy parameters ε 
and γ, slightly different velocity values were adopt-
ed for the clay points, critical porosity and quartz. 
The parameters of anisotropy determined in this 
way were called by the authors of this paper pseu-
do-anisotropy because the method does not take 
into account fractures or microfissures. These data 
were determined on the basis of a detailed analy-
sis of well logging data. It was established that the 
“Point of the clay” contains the sum of the clay 
material and kerogen (similar as Zhao et al. 2016).

The values used in points are: 
VPwater = 1.54 km/s, VPquartz = 5.98 km/s, 

and VSquartz = 4.03 km/s, VPquartz/VSquartz = 1.484;  
VPclay+kerogen = 3.5 km/s, VSclay+kerogen = = 1.78 km/s 
and VPclay+kerogen/VSclay+kerogen = 1.97.

Assuming that the values of the pseudo-aniso-
tropy parameters ε and γ for a series of limestones 
should be low, εclay and γclay were chosen so that 
this condition was met. Assuming εclay = 0.35 and 
γclay = 0.37, for this series with volume Vlime > 0.65 
the results given in Table 1 were obtained.

Table 1
Parameters of pseudo-anisotropy ε and γ for a series of lime-
stones 3237.0–3249.0 m (well K1)

A series of limestones with an interval 3237.0–3249.0 m 
(Vlime > 0.65); 

number of points = 55

ε γ

εav 0.080 γav 0.069

εmin 0.017 γmin 0.015

εmax 0.112 γmax 0.111

εmedian 0.085 γmedian 0.072

Wang (2002) presents similar values on the ba-
sis of laboratory data for limestone samples (Ca-
nadian limestones).

Figure 5 shows the relationships between pseu-
do-anisotropic parameters ε and γ and the P- and 
S-wave velocities VP, VSFast, and the sum of the clay 
volume and kerogen Vclay+kerogen calculated for the 
Silurian and Ordovician deposits in well K1 in in-
terval 3008.5–3249.0 m.

An analysis of the distribution of the points on 
the graphs (Fig. 5) allows for the formulation of 
the following conclusions:
– Almost all points are located near the quartz  – 

clay+kerogen line. This may indicate a low po-
rosity of these formations. This conclusion is 
confirmed by the ε parameter sets with the po-
rosity coefficient determined on the basis of 
data interpretation of well logs presented for 
the two wells: O2 and K1 (Fig. 6).

– Shifting some points to the right from the 
quartz  – clay+kerogen line is caused by the ad-
dition of carbonates, mainly calcite (in the clay 
formations of the Sasino Formation, the sam-
ples have increased amounts of calcite and the 
presence of ankerite). Since the velocity VP of 
the calcite mineral is assumed to be 6.22 km/s, 
VS = 3.44 km/s (Schlumberger 1991), this justi-
fies the points in Figure 5A being ejected with 
the relation ε vs VP and the lack or negligible 
number of the shifted points in Figure 5B for 
the relations γ vs VSFast. 
Additional boreholes in which the above meth-

od was tested are wells L1, O2, W1 and B1 drilled 
in the Baltic Basin (Fig. 2). Similar calculations 
were made as in the previously described case.
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Fig. 5. The relationships between pseudo-anisotropic parameters ε and γ and the P- and S-wave velocities (VP and VSFast) and the 
sum of the clay volume and kerogen Vclay+kerogen calculated for the Silurian shale and Ordovician shale-mudstone and limestone 
in well K1

A B

Fig. 6. Dependence of pseudo-anisotropy parameter ε as a function of porosity for the Silurian and Ordovician shale rocks in 
wells O2 (A) and K1 (B)

Only in the L1 well was the Thomsen Gamma 
parameter calculated based on recorded wave-
form and the interpretation made in the Petros-
ite system (Halliburton) (Documentation of the 
borehole). Figure 7A plots the Thomsen pseu-
do-Gamma parameters calculated using the Li 
method (2006) (blue curve) and in the Petrosite 
system (red curve). In general, the results are fairly 
good in the interval 2600–2860 m, which is char-
acterized by the same order of magnitude. An in-
crease in the value of Thomsen_Gamma_Hallib. 

over Thomsen_pseudo-Gamma_cal. can be seen 
at intervals 2859–2903 m and 2913–2940 m, corre-
sponding in the lower part to the bituminous clay-
stones from Jantar (2890–2907 m) and the forma-
tion of claystones from Sasino (2915–2941 m). The 
correlation dependence in the interval of the larg-
est divergence of curves (2863–2955 m) shows the 
existence of some tendency between both param-
eters (Fig. 7B).

The δ parameter was not calculated because c13 
component was not available.

A B
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A B

Fig. 7. Comparison of Thomsen pseudo-Gamma parameters calculated using the Li method (2004, 2006) (blue curve) and in the 
Petrosite system (red curve) in the L1 well (A). Correlation between both parameters (R2 = 0.46) (B)
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A DESCRIPTION OF  
VARIABILITY OF THE ELASTIC  
AND RESERVOIR PARAMETERS  
IN THE SELECTED SILURIAN  
AND ORDOVICIAN FORMATIONS 
USING SEMIVARIOGRAMS

The geostatistical analysis of the elastic and res-
ervoir properties (VP, VSFast, ε, γ, porosity (PHI), 
RHOB (density), Vclay) was made in order to deter-
mine the character of the variability of the select-
ed Silurian and Ordovician formations in wells 
K1, O2, L1, B1, and W1. 

The structure of the variability of the values 
of these parameters were analyzed by the geo-
statistical method of Matheron (1962, 1963), 
the principles of which are presented in many 
studies and publications (e.g., Isaaks & Srivas-
tava 1989, Deutsch 2002, Mucha & Wasilew ska-
-Błaszczyk 2012).

The geostatistical method can be effective-
ly used if to a certain distance, called the radius 
of autocorrelation, the values of the regionalized 
variable are correlated with each other. As part of 
the geostatistical method, variability is described 
using the so-called semivariograms that capture 
the relationship between the variation of the pa-
rameter under test (expressed in terms of the 
mean square of differences) and the average dis-
tance between the points of its measurement.

The variability structure of these parameters 
was analyzed geostatistically using the classical 
Matheron’s semivariogram and relative standard-
ized for variance (for the comparison of the varia-
bility structure of these parameters in the selected 
formations).

In order to quantitatively characterize the de-
gree of continuity of a  given deposit parameter, 
the following was defined:
– The nugget variance C0, which expresses local 

variability and, simultaneously, represents the 
minimum value of random component of var-
iability. Its value is determined as the value of 
theoretical semivariogram for a  distance be-
tween the observation/sampling sites approx-
imating zero.

– The spatial variance C, which expresses the 
maximum value of non-random component of 

variability in the case of models with asymp-
tote. The share of this value in an overall varia-
bility of given parameter determines the maxi-
mum size of autocorrelation.

– The range of semivariogram a, which shows 
the maximum range of autocorrelation of giv-
en parameter.

– The percentage of the non-random component 
in the total variability of the parameter:

w C
C CN =

+
⋅

0

100%  (5)

The calculations of the semivariograms were 
made using the ISATIS geostatistical software 
package (www.geovariances.com, Bleinès et al. 
2016).

For the geostatistical studies, formations with 
a thickness greater than 10 m and with a sampling 
interval of 0.1 m were selected to ensure reliable 
modeling resulting from a  sufficient number of 
pairs of points.

In Table 2, the depth interval and thickness, 
mean values of porosity, volume of clay and vol-
ume of kerogen content in the selected series of 
Silurian and Ordovician are summarized.

The results of the geostatistical analysis of the 
structure of the variability of elastic and reservoir 
parameters (ε, γ, PHI, Vclay, VP and VSFast) for the 
two shale formations in L1, O2, K1, B1 and W1 
boreholes located along the NNW-SSE line (see 
Fig. 2), using the parameters of the geostatistical 
models matched to the relative semivariograms, 
are summarized in Table 3. 

In Figure 8, for example, the classical Math-
eron’s semivariograms and their spherical the-
oretical models calculated for the anisotropy 
parameter ε in the selected Silurian (A) and Ordo-
vician (B) formations show strong differentiation 
of the level of variability between the boreholes.

The relative semivariograms of elastic and 
reservoir properties and the matched theoreti-
cal models indicate the different levels and types 
of parameters variability in the examined bore-
holes (Fig. 9, Tab. 3). The geostatistical structure 
of the variability described in the vast major-
ity of cases the spherical theoretical model, oc-
casionally Gaussian and the exponential model  
(Tab. 3). 
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Table 2
Selected parameters of the analyzed Silurian and Ordovician series

Name of well Stratigraphy Name of series Depth
[m]

Porosity
Φ

[dec]

Vclay

[dec]

Vkerogen [dec]
aver.
max

L1
Silurian Jantar Member 2895.0–2907.0

12 0.086 0.61 0.053
0.087

Ordovician Sasino Formation 2915.1–2940.7
25.6 0.094 0.44 0.055

0.110

O2
Silurian Jantar Member 2871.0–2884.0

13 0.030 0.62 0.073
0.160

Ordovician Sasino Formation 2892.2–2917.5
25.3 0.052 0.51 0.053

0.165

K1
Silurian Jantar Member 3198.1–3212.0 

13.9 0.017 0.71 0.061
0.149

Ordovician Sasino Formation 3217.6–3236.8 
19.2 0.028 0.61 0.050

0.170

B1
Silurian Jantar Member 3680.0–3693.9

13.9 0.047 0.52 0.066
0.163

Ordovician Sasino Formation 3701.1–3715.8
14.7 0.055 0.49 0.062

0.184

W1
Silurian Jantar Member 3937.5–3951.0

13.5 0.039 0.59 0.022
0.040

Ordovician Sasino Formation 3958.0–3975.0
17.0 0.060 0.53 0.036

0.066

Fig. 8. Example of Matheron’s semivariograms calculated for parameter ε for the selected Jantar Member (A) and Sasino For-
mation (B) and their theoretical (spherical) models (boreholes K1, O2, L1, B1 and W1)

The form of the spherical model describes 
the equation: semivariogram = C0 + Csph (h/a). 
The spherical model is one of the most common-
ly used in geostatistics for the spatial structure 
characteristics. In the initial section, the spherical 

model has the character of a linear function with 
a slope of 3C/2a, where C denotes the variance of 
the non-random component of the parameter var-
iability (sill) and a  is the range of the semivario-
gram or autocorrelation (Stach 2009).

A
SF JM

B
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Fig. 9. Relative semivariograms and theoretical models (red) calculated for parameters ε, γ, PHI, VP, VSFast and Vclay for the Silu-
rian and Ordovician series (Sasino Formation and Jantar Member)
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The share of the non-random component of 
the variability (wN) of these parameters in the in-
vestigated formations is strongly marked (most 

often significantly above 80%) (Tab. 3, Figs. 9, 10). 
The range of semivariograms varies from about  
1 to 8 m. 

Table 3
List of parameters of theoretical models fitted to relative semivariograms for parameters ε, γ, PHI, Vclay, VP, and VSFast for the 
Silurian and Ordovician series (the Jantar Member and Sasino Formation)

Name 
of well Series Parameter Type of theoret-

ical model
Parameters of theoretical model

wN [%] v [%]
C0 C C0+C a

B1

Sasino
Formation

e spherical 0 0.09456 0.09456 3.42 100.0 25.9

g exponential 1.562E-04 0.07265 0.07281 3.79 99.8 25.6

PHI spherical 0 0.20570 0.20570 3.66 100.0 41.8

RHOB spherical 0 0.00057 0.00057 3.95 100.0 2.3

Vclay spherical 3.473E-03 0.04433 0.04780 3.05 92.7 18.9

VP spherical 1.919E-04 0.00527 0.00546 3.93 96.5 6.6

VSFast spherical 0 0.01147 0.01147 2.74 100.0 10.7

Jantar
Member

e spherical 1.601E-04 0.07050 0.07066 2.14 99.8 27.0

g spherical 2.413E-04 0.07102 0.07126 1.94 99.7 26.2

PHI exponential 0 0.14850 0.14850 2.69 100.0 40.6

RHOB spherical 0 0.00030 0.00030 2.47 100.0 2.0

Vclay spherical 8.010E-04 0.03350 0.03430 2.41 97.7 17.2

VP spherical 0 0.00541 0.00541 2.09 100.0 6.6

VSFast gausian 0 0.00740 0.00740 2.24 100.0 7.1

K1

Sasino
Formation

e spherical 2.772E-04 0.09074 0.09102 3.70 99.7 27.6

g spherical 2.432E-04 0.08799 0.08823 3.94 99.7 25.4

PHI spherical 0 0.50520 0.50520 2.20 100.0 68.9

Vclay spherical 2.592E-04 0.05690 0.05716 4.65 99.5 20.3

VP spherical 2.578E-04 0.00288 0.00314 2.85 91.8 5.4

VSFast spherical 0 0.01175 0.01175 4.10 100.0 10.7

Jantar
Member

e spherical 2.005E-04 0.03886 0.03906 1.40 99.5 20.0

g spherical 5.596E-03 0.03933 0.04493 1.38 87.5 20.8

PHI spherical 0 0.66370 0.66370 5.25 100.0 76.2

Vclay spherical 0 0.01975 0.01975 1.43 100.0 13.1

VP spherical 5.381E-04 0.00854 0.00908 7.97 94.1 7.4

VSFast spherical 0 0.00710 0.00710 7.37 100.0 6.6

L1

Sasino
Formation

e spherical 2.372E-02 0.04861 0.07233 7.55 67.2 23.8

g spherical 2.266E-02 0.04726 0.06992 6.08 67.6 23.1

PHI spherical 5.959E-03 0.01162 0.01758 4.72 66.1 12.9

Vclay spherical 1.195E-02 0.09505 0.10700 6.78 88.8 29.4

VP spherical 3.127E-04 0.00212 0.00243 4.46 87.1 4.1

VSFast spherical 2.896E-04 0.00921 0.00950 5.58 97.0 9.1

Jantar
Member

e spherical 5.915E-03 0.02762 0.03354 1.79 82.4 18.1

g spherical 3.509E-03 0.02565 0.02916 1.44 88.0 16.3

PHI spherical 8.575E-03 0.01131 0.01989 6.05 56.9 12.7

Vclay spherical 4.869E-03 0.02028 0.02515 2.55 80.6 14.9

VP spherical 0 0.00254 0.00254 3.90 100.0 4.6

VSFast spherical 1.387E-04 0.00161 0.00175 3.04 92.1 4.2
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Table 3 cont.

O2

Sasino
Formation

e spherical 4.105E-03 0.04924 0.05335 6.10 92.3 19.4

g spherical 3.398E-03 0.05814 0.06154 6.05 94.5 21.4

PHI spherical 1.592E-02 0.11820 0.13412 6.02 88.1 33.9

RHOB spherical 0 0.00077 0.00077 6.49 100.0 2.5

Vclay spherical 1.535E-03 0.04618 0.04772 8.03 96.8 18.0

VP spherical 9.103E-04 0.00402 0.00493 4.36 81.5 6.2

VSFast spherical 2.676E-04 0.01514 0.01541 5.20 98.3 12.7

Jantar
Member

e spherical 1.209E-04 0.04242 0.04254 1.57 99.7 18.9

g spherical 1.997E-04 0.05126 0.05146 1.79 99.6 20.1

PHI spherical 0 0.18460 0.18460 1.69 100.0 39.8

RHOB spherical 0 0.00043 0.00043 8.46 100.0 1.6

Vclay spherical 6.154E-04 0.01757 0.01819 1.72 96.6 12.6

VP spherical 0 0.00310 0.00310 2.70 100.0 5.2

VSFast spherical 0 0.00475 0.00475 7.92 100.0 5.3

W1

Sasino
Formation

e spherical 8.748E-03 0.06669 0.07544 3.00 88.4 26.8

g spherical 4.423E-03 0.10010 0.10452 5.41 95.8 26.1

PHI spherical 2.778E-02 0.46140 0.48918 4.67 94.3 56.5

Vclay spherical 5.667E-03 0.05350 0.05917 4.76 90.4 20.1

VP spherical 0 0.00371 0.00371 1.31 100.0 6.1

VSFast spherical 1.415E-03 0.01267 0.01409 5.02 90.0 10.4

Jantar
Member

e spherical 2.900E-04 0.10470 0.10499 2.70 99.7 31.5

g spherical 3.899E-04 0.10420 0.10459 2.71 99.6 30.7

PHI spherical 0 0.17450 0.17450 2.78 100.0 41.2

Vclay spherical 0 0.06981 0.06981 2.92 100.0 24.2

VP gaussian 1.264E-04 0.00534 0.00547 2.34 97.7 6.0

VSFast gaussian 1.000E-04 0.00807 0.00817 2.36 98.8 6.9

Explanations: a – semivariogram range, C0  – nugget effect, C  – sill, wN  – share of the non-random component of the variability, v  – coefficient of 
variation.

the exception is porosity, which is characterized 
by high variability and reaches 76% in maxi- 
mum.

The ranges of the semivariograms of a  giv-
en parameter in both formations in the test-
ed boreholes as well as comparing the ranges of 
the semivariograms in a given series in different 
wells usually present large variations (Figs. 9, 10). 
The amplitudes of the semivariograms (C0+C) 
of a  given parameter in boreholes are also sig-
nificantly different. Therefore, it is not possible 
to formulate a  generalized model of variability 
of elastic parameters, characterizing the struc-
ture of the variability of a given parameter in all  
boreholes. 

The level of autocorrelation (described by the 
ranges of the semivariograms (a)) characterizing 
Ordovician formation parameters are usually sig-
nificantly higher than in the case of Silurian for-
mation. 

The level of variation of the elastic and reser-
voir parameters in geostatistical terms (expressed 
by the amplitude of the relative semivariogram 
model C0+C) is correlated with the statistical level 
of their variability, expressed in the coefficient of 
variation v (Fig. 10):

v s
x

= ⋅100%  (6)

where: 
 s  – standard deviation of the parameter, 
 x  – mean value of the parameter.

It can be expected that the parameters charac-
terized by the higher amplitudes of the semivario-
gram models will be characterized by the larg-
er errors of their estimation using geostatistical 
methods. The coefficients of variability (ν) of the 
analyzed parameters indicate generally low or in-
termediate variability (they range from 5% to 40%),  
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Fig. 10. Summary of maximum non-random components of variability (wN), ranges of semivariograms (a), amplitudes of semi-
variograms (C0+C) and coefficients of variation (v) for parameters ε, γ, PHI, VP, VSFast and Vclay for the Silurian and Ordovician 
series (the Sasino Formation and Jantar Member)
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CONCLUSIONS

-	 The applied method (Li 2004, 2006) is an at-
tempt to evaluate the parameters of elastic an-
isotropy in Silurian and Ordovician shale de-
posits in several boreholes lying in the Baltic 
basin. 

-	 The measurements of well logging data, and in 
particular the data recorded with acoustic di-
pole tools, made it possible to determine the ve-
locity of the longitudinal P and the shear waves 
of SFast and SSlow and to calculate the pseudo-an-
isotropy parameters ε and γ. 

-	 The obtained results compared with the results 
for similar gas-bearing shale, published in the lit-
erature, confirmed the correctness of the meth-
od and the similarity of the variability range of 
ε and γ parameters (for example Wang 2002).

-	 Geostatistical analyzes of the variations in the 
vertical direction of the parameters, in the se-
lected series of gas-bearing shale, considered as 
sweet spots, in boreholes K1, L1, O2, B1 and W1 
were made only for data from well logging.

-	 Geostatistical modeling proved the presence 
in the structure of the variability of the elas-
tic and reservoir parameters, besides the ran-
dom component, strongly marked non-ran-
dom component. The maximum share of the 
non-random component in the parameter var-
iability exceeds 50%, while in most of the ana-
lyzed cases it reaches 100% (Tab. 3).

-	 The structure of the variability of all of the pa-
rameters in most of the analyzed cases can be 
approximated by a spherical theoretical mod-
el. Autocorrelation of the observations usual-
ly occurs at distances over 1–5 m. This means 
that changes in parameter values in the verti-
cal direction are continuous). 

-	 The share of the non-random component of 
the variability of the elastic and reservoir pa-
rameters and the ranges of semivariograms are 
significant that it is possible to use a geostatis-
tical kriging procedure to estimate their value. 
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