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DRILLING MUD INFLUENCE  
ON SANDSTONE POROELASTIC 
PARAMETERS

Abstract: Perhaps the most critical challenge faced during drilling operations is related to the stabi-
lity of the well. Additionally, drilling mud plays a crucial role in wellbore stability, as one of its main 
uses is to support the wellbore wall during the drilling operation. However, ignorance of the effects 
of drilling mud on the mechanical properties of rock formation can also lead to well failure. The 
stability of the wellbore is also influenced by pore pressure during the drilling process. The analysis 
of changes in rock poroelastic parameters after drilling mud saturation was found to be useful re-
garding the abovementioned issues. Therefore, the measurement of the dynamic Young’s modulus, 
Poisson’s ratio and Biot’s coefficient of sandstone samples was carried out to determine their trends 
of variations with confining pressure in different conditions such as dry, water and drilling mud 
filtrate saturation. The findings indicate that both the dynamic Young’s modulus and the Poisson’s 
ratio of the sandstone rock increased after saturation with water and drilling mud filtrate, while the 
Biot’s coefficient was reduced. Furthermore, the velocity of the P wave, the dynamic Young’s modulus 
and the dynamic Poisson’s ratio of the sandstone rock were proportional to the confining pressure, 
while the Biot’s coefficient were inversely proportional to the confining pressure. The results imply 
that effective stress calculation can be influenced by changes in poroelastic parameters established 
from geophysical measurements, and risk management of wellbore stability stability was increased.
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asurement
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1. Introduction

The drilling process is a  very sensitive stage in the 
petroleum industry that influences the efficiency of 
exploration and production with high capital invest-
ments and risks. Better understanding of the forma-
tion that is being drilled is one way to avoid compli-
cations during this process. For example, knowing the 
effect of drilling mud on the geomechanical properties 
of rock formation is helpful in maintaining the stabil-
ity of the well and minimizing complications during 
drilling operation. The disadvantage is that the chem-
ical composition of the drilling fluid should be taken 
into account to avoid the chemomechanical interaction 
with the reservoir. Young’s modulus, Poisson’s ratio, 
and Biot’s coefficient are fundamental parameters that 
effectively influence porous media. The pore pressure in 
the well is a key variable to maintain during the drilling 
process. The maintenance of well stability during drill-
ing operations in oilfields requires knowledge of rock 
deformation and pore pressure behaviour [1]. Based 
on the values of parameters calculated near the well-
bore stresses, controllable factors and proppants can 
be selected properly [2, 3]. The exact estimation of the 
subsurface pore pressure is crucial for successful well 
design and the reduction of operational costs and risks 
during the drilling process [4].

Drilling and production operations take place in 
porous media such as reservoirs saturated with different 
types of fluids including oil, gas, condensate, and water. 
For example, the compressibility of the rock decreases 
the pore pressure when fluid is injected into the rock. 
Permeability also influences the change in pore pres-
sure where the latter increases in the presence of rock 
saturated with an impermeable liquid, while there is no 
occurrence of variation in pore pressure when the rock 
is permeable because the volume of injected water is 
equal to the volume flowing from the rock [5]. There-
fore, the changes in pore pressure and volume of porous 
formation are the results of activities undertaken relat-
ed to hydrocarbon production or even sequestration 
of carbon dioxide. These changes are very important 
because they can lead to formation compaction and 
subsidence expressed on the surface [6–8]. Therefore, 
understanding the Biot’s coefficient that contributes to 
these changes is very important because this parameter 
is required in order to be able to predict the propaga-
tion of the pore pressure through the skeleton material. 
Therefore, the measurement of the Biot’s coefficient is 
an important parameter for determining the poroe-
lastic effect on porous rock, as it remains the essential 
poroelastic characteristic used to determine the effect 
of pore pressure that leads to a change in the effective 
stress of the rock formation and has a significant impact 
on the wellbore stability [9].

Overbalanced and underbalanced pressure are 
the most common cases encountered during drilling, 
especially in horizontal wells. Drilling mud density is 
used as a tool to balance wellbore pressure with forma-
tion pressure to avoid the loss of formation damage and 
wellbore breakouts [10, 11]. Formation damage is a usu-
al circumstance that occurs at any stage of the oilfield 
cycle. It is caused by many factors such as clay swelling, 
the presence of solid hydrocarbons, and mainly  filtrate 
blockage. This problem contributes to the low efficien-
cy of the well. Therefore, the formulation of the drilling 
fluid should comply with the minimization of the inva-
sion of the drilling mud solid, filtrate, and polymers into 
the formation. This is done by taking into account the 
amount of bridging agents and the viscosifier [12].

Therefore, understanding rock formation is a key 
factor in addressing these challenges, and this arti-
cle describes the experimental results of the dynamic 
Young’s modulus, Poisson’s ratio and Biot’s coefficient of 
sandstone rock formation as a  function of hydrostatic 
stress using an acoustic velocity system in dry, water, 
and mud saturation.

2. Methodology 

The studies of mechanical rock properties in this work 
are done dynamically using acoustic waves. The values 
of primary and secondary wave velocity and the density 
of the specimen are used to calculate these mechanical 
rock parameters. It is important to note that the dynam-
ic moduli of the rock are different from the static mod-
uli due to some assumptions before any calculation, 
such as homogeneous, isotropic and perfect elastic of 
the rock being studied, which is not always true in most 
cases [13]. The dynamic moduli of fine-grained and 
igneous rocks, as well as sedimentary rocks are higher 
than static moduli, including Young’s modulus, shear 
modulus, and Poisson’s ratio [14]. Furthermore, King’s 
experimental studies on the anisotropy and nonlinear-
ity of the mechanical behavior of rocks [14] supported 
such a differentiation between dynamic and static mod-
uli due to randomly oriented cracks within the speci-
men. Therefore, the unconformities between the results 
of the measurement of dynamic and static elastic prop-
erties are mainly related to the variation of the litholo-
gy and microcrack distribution of microcracks in rock 
materials [15–17].

The dynamic mechanical properties of the rock 
were calculated using the ratio between the velocities of 
the P and S waves of the elastic wave through rock sam-
ples, using Newton’s second law of motion and Hooke’s 
law [18]. Therefore, the correlation between dynamic 
and static moduli depends on the adaptiveness of the 
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propagation of elastic wave and Hooke’s law, as Newton’s 
second law is always applicable. Multiple studies have 
been conducted on P-wave velocity, as it is very useful 
for various engineering purposes, such as weathering 
depth related to construction and formation saturation 
related to drilling process [19–21]. The sound velocity 
through the rock sample is affected by the rock type, 
density, grain size and shape, anisotropy, porosity, fluid 
content, stress, temperature, and pre-existing microf-
racture within the specimen. Furthermore, the effect of 
water content on the ultrasonic velocities through sand-
stone samples has been investigated by Wyllie et al., and 
they found that the velocity is decreasing as a function 
of saturation [22]. In addition, Kahraman derived some 
empirical relationship between the compressive veloci-
ty of dry and water-saturated rocks [23]. In the present 
work, the effects of different types of saturation fluids 
as well as the increase of confining pressure on the 
velocities of the compressional wave through sandstone 
rock will be investigated, together with the poroelastic 
parameters that relate to them.

An acoustic velocity system (AVS) is an apparatus 
used to measure the dynamic mechanical properties of 
rock samples using acoustic waves [24]. It is made up of 
a panel, core holder, pressure pipes, acoustic transduc-
ers and receivers, switch box, digital oscilloscope, hand 
pump, heating mantle, and a computer for data storage 
and analysis. The plugs were inserted into the corehold-
er in condition that axial is parallel (Fig. 1). A confining 
pressure of 7 to 45 MPa were applied to the system while 
the pore pressure valve was opened, which meant it was 
equal to atmospheric pressure. Thus, the pore pressure 
was constant throughout the measurement process.

Fig. 1. AVS 1000 apparatus [25]

Acoustic wave velocities were measured to obtain 
geomechanical properties such as Young’s modulus, 
Poisson’s ratio. The low frequency transmitter and 
receiver were placed at each edge of the core holder and 
the time flight of P and S waves through the samples 
was recorded in microseconds [26]. Dynamic Young’s 
modulus (E), Poisson’s ratio (ν) and the bulk modulus 

were calculated using wave velocities and the density of 
sample using Equations (1), (2) and (3) [18, 27]:
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where ν is the dynamic Poisson’s ratio [–], E is the 
dynamic Young’s modulus of the rock [Pa], ρ is 
the  rock density (kg/m3), K is the bulk modulus of the 
rock [Pa], VP is the compressional wave velocity [m/s], 
and VS is the shear wave velocity [m/s].

The Biot’s coefficient is calculated using the rela-
tionship between the rock and the bulk modulus. The 
dynamic bulk modulus is calculated from the P and S 
wave velocities obtained under in situ loading condi-
tions. Biot’s coefficient means the decrease of pore fluid 
induced by solid grains compaction. Biot’s coefficient 
can be determined by Equation (4) [6, 7, 28, 29]:

� � �1
K
K

S

O  
(4)

where KS is the bulk modulus of the rock [Pa], and KO is 
the bulk modulus [Pa]. KS can be calculated using Equa-
tion (5), while KO is measured in hydrostatic load where 
the pore pressure must be equal to the confining pres-
sure so that only the solid grains carry the confining 
pressure [24, 27]. Taking into account the homogeneity 
and isotropic nature of the samples studied, we used KO 
= 85 GPa, as it represents the volumetric bulk modulus 
for sandstone minerals [30].

K V VS dry P dry S� �� �2 24
3  

(5)

It is important to note that the value of the dynam-
ic bulk modulus is different from the static bulk mod-
ulus due to the different strain amplitude of the experi-
mental techniques [18, 31, 32].

Experimental studies

The samples studied in this paper are cored from sand-
stone rock from an outcrop. The length and diameter of 
the samples were 40 mm ±1 mm and 38 mm, respec-
tively. The core samples were cut and polished accord-
ing to the requirements to have a  smooth surface, so 
the coupling between the transducer and the receiver 
will be good and the transit time measurement of the 
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arrival time of the waves will be more accurate, and the 
mechanical error due to the geometry of the sample will 
be minimized (Fig. 2). It is important to have as low 
a measurement error as possible because the uncertain-
ty of the investigated poroelastic parameters influences 
many petroleum projects such as hydraulic fracturing 
[33, 34]. The P-wave velocity is then derived from the 
distance where the wave traveled (the sample length), 
divided by the pulse transit time. The samples obtained 
were kept in an oven at 70°C for at least a day to be dried 
and the weight of each sample was measured.

Fig. 2. Prepared core samples

Later, they were saturated with distilled water to 
calculate the bulk density and porosity. Water and drill-
ing mud were used to saturate the samples in order to 
understand how the poroelastic properties behave with 
different types of fluid used, under incrementation of 
confining pressure. The results found are of 2.63 g/cm3 
and 13% respectively.

In all stages of the life of the well, including drill-
ing, completion, stimulation, flow tests, production, and 
depletion, its stability is very important. During drill-
ing operations, this is mainly concerned with the com-
position of the drilling mud and its density, so that the 
integrity of the wellbore is maintained without losing 
the drilling fluid. Failure occurs easily if one does not 
pay attention to the characteristics of the drilling mud 
and its effects on the formation being drilled [35, 36]. In 
this investigation, the drilling mud filtrate with chemical 
composition in Table 1 was used to saturate the sample to 
investigate its effect on the rock mechanical properties of 
the core samples under confining pressure.

Such research is very important to maximize the 
understanding of formation characteristics such as 
dynamic mechanical properties, which is necessary to 
formulate the mud weight window during drilling, so 
that the reservoir is economically productive and the 
costly problems induced by wellbore instabilities are 
reduced [37].

Table 1. Drilling mud composition

Material Description Quantity 
[%]

CMC viscosifier 1.0
KCl clay stabilizator 1.5
PHPA – 0.3
CaCO3 alkalinity control/ 

mineral bridging agent
10.0

Organic 
bridging agent

– 1.0

3. Results and discussions

Understanding the stability issues during the drilling 
and production process is crucial, especially in case  
difficult geological conditions are encountered such as 
cross faults. The main cause of disasters and difficul-
ties during drilling is related to poor understanding of 
the formation being drilled and the lack of adequate 
chemicals used to formulate the drilling mud. World-
wide, such disasters cost nearly 8 billion USD per year 
[38]. As part of preventive solutions, this study helps 
to understand the behaviour of the dynamic poroe-
lastic parameters of the sandstone under variation of 
the confining pressure after saturation with water and 
drilling mud.

The first result shows the variation of the compres-
sional velocity under the changed conditions. Next, the 
relationship between dynamic poroelastic parameters 
and confining pressure will be discussed, followed by 
an explanation of the possible reasons for the differ-
entiation between the recorded values from water and 
mud-saturated samples. One of utilities of the under-
standing the dynamic mechanical properties of rock is 
its application to seismic response analysis. Dynamic 
shear strength and static strength are slightly differ-
ent for hard rock, such as gneiss, but not necessarily 
the same for soft rock, such as sandstone, because it 
is affected by external and internal conditions, such as 
roughness, hardness, degree of weathering, and grain 
sizes [17, 24]. The compressional velocity through dry, 
water-saturated and mud-saturated sandstone sam-
ples, under increased confining pressure, is presented 
in Figure 3. 

The increase in confining pressure results in lin-
ear increase of P-wave velocity, which is supported by 
the coefficient correlation of 0.94 for dry samples, while 
0.86 and 0.99 for water and mud saturated samples, 
respectively. In addition, fluid saturation does affect the 
speed of the compression wave. It increases to 20% for 
water saturation and about 30% for drilling mud satu-
ration (Fig. 3). It also shows the effects of saturation as 
well as the type of fluid on the velocity propagation of 
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compressional waves through porous media. The effect 
of the saturation of the water and mud filtrate on the 

dynamic mechanical properties of the sandstone sam-
ples at room temperature is shown in Figure 4. 

Fig. 3. Compressional velocity of dry, water-saturated and drilling mud saturated sandstone versus confining pressure

a) 

b) 

Fig. 4. Variation of Young’s modulus (a) and Poisson’s ratio (b), for dry, water saturated,  
and mud saturated sandstone versus confining pressure
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The increase in the dynamic Young’s modulus 
occurred after the sample was saturated with water. 
The results show that the sandstone core samples 
exhibit a slight increase in the Young’s modulus behav-
iour up to 4%, 6.50% (Fig. 4a) and Poisson’s ratio up 
to 5%, 6.10% (Fig. 4b) after being saturated with water 
and drilling mud filtrate, respectively. The increase 
is associated with the high viscosity of the drilling 
mud, which significantly increases the velocities of 
the P  and S waves, which in turn increases both the 
Young’s modulus and Poisson’s ratio [39]. This con-
tradicts what other studies have reported, namely that 
the drilling fluid weakens the rock due to the invasion 
of the loss of fluid with starch contained in the drilling 
mud [40] and the long exposure (24 hours) of sam-
ples with polymers that make up the drilling fluid, and 
this destroys the stiffness of the rock [41]. It is worth 
mentioning that the increase in the dynamic Young’s 
modulus in this research does not mean an increase 
in the static Young’s modulus value. Thus changes in 
the dynamic poroelastic parameters due to satura-
tion could be different for static measurements. The 
Poisson’s ratio increased slightly subsequently with 
the saturation of water and water-based drilling mud. 
Furthermore, the positive correlation between the 
Poisson’s ratio, the Young’s modulus, and confining 
pressure is supported by the significant correlation 
coefficient presented in Figure 4. In Figure  5, water 
saturation significantly decreased the dynamic Biot’s 
coefficient of core samples by 23%. 

Furthermore, the drilling of the mud filtrate has 
presented an important depletion of the Biot’s coeffi-
cient of up to 35.40%. The negative linear correlation 
between Biot’s coefficient and confining pressure is sup-
ported by the good correlation coefficient of 0.99 for 
dry samples, while 0.99 and 0.96 for saturated water and 
mud samples, respectively.

4. Conclusions
The effects of water and mud saturation on the poroe-
lastic parameters of sandstone rock under increased 
confining pressure were carried out using acoustic 
waves. Laboratory results have shown the following:

1. The dynamic elastic modulus tends to increase when 
the rock is filled with fluids such as drilling mud and 
water due to the viscosity coupling phenomenon 
because the saturating drilling mud has high viscosi-
ty, which leads to an increase in wave velocities.

2. Samples filled with drilling mud slightly increase 
their dynamic Poisson’s ratio and the Young’s 
modulus when hydrostatic stress increases due to 
closure of microfractures within the sample and 
decreasing porosity.

3. When stress increases, there is a clear tendency to 
reduce the dynamic Biot’s coefficient of cores satu-
rated with water and drilling mud filtrate.

4. The Young’s modulus and Biot’s coefficient plots 
show convergence behaviour when hydrostatic 
stress increases.

5. An increase in the dynamic elastic modulus due 
to water and drilling mud saturation does not 
necessarily mean an increase in the static elastic 
modulus.
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1. Introduction
The Chyvchyny (Чивчини) and Rakhiv (Рахів) ore 
regions have some common features in terms of geolog-
ical structure (structural-tectonic, petrological, litholo-
gy-stratigraphic [1–5]. Their structural-metallgenetic 
position is caused by belonging to the Chyvchyny and 
Rakhiv outcrops of the Marmarosky massif. The sin-
gle-type ore-bearing formations are spread within its 
boundaries. 

In the Rakhiv ore region in particular, the follow-
ing objects are known: the Sauliak auriferous deposit, 
and the Bilyi Potik (Білий Потік), Kamin-Kliovka, 
Tukalo, Velykiy Banskiy (Великий Банський), Yas-
eniv (Ясенів) ore manifestations. Within the Chyvch-
yny ore region are found the Albin (Альбин), Dobryn 
(Добрин), Lostun, Mokryn (Мокрин), Perkalab 
(Перкалаб), Preluchnyi (Прелучний) and Popadynets 
(Попадинець) ore manifestations.

In our previous scientific papers we presented 
data concerning the typomorphism of minerals-semi-
conductors from the Bilyi Potik, Velykiy Banskiy [6, 7] 
Dobryn and Albin [6, 8] and Kamin-Kliovka ore man-
ifestations [9].

So far as the Tukalo, Lostun and Kamin-Kliovka 
ore manifestations are similar in terms of their geo-
logical formation conditions and mineral composition 
[10], we considered a more detailed study and compari-
son of the peculiarities of physical-chemical conditions 
of mineralization worthwhile.

The thermoelectric properties of different-aged 
generations of pyrite from Lostun (Chyvchyny 
ore region), Tukalo and Kamin-Kliovka (Rakhiv 
ore region) ore manifestations are investigated in this 
paper.

Data (SR-αmed) testifies to the functional connec-
tion of the average values (αmed) of statistically reliable 
selections of thermo-e.m.f. (hole or electron conduc-
tivity) with ranges of these selections (SR). It provides 
an opportunity to reflect not only the peculiarities of 
the thermo-e.m.f. properties of the mineral different 
generations but also different parts of the separate 
crystals and (be thermo-e.m.f. vector) evaluate the 
changes and tendencies acquired during its forma-
tion).

The comparative character of the pyrite thermo-
electric properties from the investigated ore mani-
festations, the Sauliak deposit and other auriferous 
deposits can testify to the supra-ore level of the gold 
mineralization in the Tukalo, Kamin-Kliovka (Fig. 1) 
and Lostun objects, and make it possible to assume 
that the erosion shear of the gold mineralization in 
the Tukalo ore manifestation are similar to the Sauliak 
deposit erosive shear and is deeper in comparison to 
the Lostun ore manifestation.

2. Methods
Thermo-e.m.f. was determined with the help of appa-
ratus assembled in an applied thermobarogeochem-
istry laboratory. The main measuring instrument 
was a  V7-21 microvoltmeter. Also employed were 
electrodes-needles that made it possible to thermical-
ly excite every area of the surface of the investigated 
samples. The tension directed to a  hot electrode was 
stabilized with the help of a VIP-10 feeding block. The 
precision and stability of measurements was checked by 
the periodic measurement of standard thermo-e.m.f. 
(a constantans plate produced from a copper-constant 
thermocouple) and by supporting the constant differ-
ence value between the working surfaces of the hot and 
cold electrodes (100°C) with a help of potentiometric 
control. Therefore the possible systematic error of ther-
mo-e.m.f. measurement was minimized. The measured 
potential difference between the excited and unexcited 
parts of the investigated mineral-semiconductor was 
divided into the difference of temperature between 
the working surfaces of the hot and cold electrodes. 
The coefficient of thermoelectric potential α of inves-
tigated sample were brought to 1 degree (mcV/deg) 
and were plotted onto corresponding diagrams. 
Grouping intervals of thermo-e.m.f. values were 
picked out in conformity with known empiric stredg-
es Formula (1): 

�
� �

�
�

�
( )

. log
max min

1 3 332 n  
(1)

where:
αmax − αmin – selection range,
 n – quantity of measurements. 

Fig. 1. Method for the determination of power thermo-
e.m.f. 50 measurements of thermo-e.m.f. value were realized 

in both the central part of pyrite grains and on its surfaces 
or separate faces (ore manifestation Kamin-Kliovka, 

magnification power 12.5 ×)
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Every investigated crystal or mineral grain was 
tested 50 times; only very fine grains in separate cases 
were studied by fewer measurements. 50 measurements 
of thermo-e.m.f. values were realized in both the central 
part of crystals, the grains and on its surfaces or sepa-
rate faces (Fig. 1).

3. Results

3.1. Lostun ore manifestation

The Lostun ore manifestation is situated 600 m to the 
south-east of the Lostun mount within the Chyvchy-
ny ore region and occurs in chlorite-quartz(SiO2) and 
sericite-chlorite-quartz shists that form the core of the 
anticline fold of the north-western strike. The rocks are 
greatly folded and complicated by forms of a superior 
order.

According to Matkovsky’s data [5], lead-zinc 
mineralization within this ore manifestation is con-
nected with brecciate rocks consisted of fragments of 
sericite-quartz and sericite-chlorite slates, sometimes 
with barite, barite-quartz and quartz-barite-carbonate 
veined formations. 

The main minerals of the ore manifestation 
(Tab. 1) form the following mineral associations: chlo-
rite-quartz, sericite-quartz, sericite-chlorite-quartz, 
pyrite-quartz, pyrite-galenite-sphalerite, pyrrhotite-chal-
copyrite-quartz, quartz-carbonate-barite.

The main ore mineral of this ore manifestation is 
galenite, in close association with sphalerite, pyrite and 
chalcopyrite. As a rule, these minerals form fine impreg-
nations, small (to 5 mm) bunches and thin streaks of 
different sizes (from 0.1 to 2.5–3.5 mm). 

In disintegrated rocks, blocks within the ore mani-
festation boundaries were observed as fragments of ore 
bodies, where some galenite separations reach 5–7 sm 
(centimeters) in size, while chalcopyrite – 3–4 sm and 
pyrite – 2–3 sm.

Table 1. Main minerals of the Lostun ore manifestation

Non-metalliferous Ore
Quartz I, II, III pyrite I, II
Chlorite pyrrhotite
Sericite chalcopyrite
Barite galenite
Carbonate I, II sphalerite

The pyrite is widespread, not only in the ore bodies 
but also in enclosed rocks and was studied in detail. In 
particular, these mineral forms separations in enclosed 
rocks in the form of separate crystalline individuals 
(to 7 mm in size) and separations of an irregular form 
(10–15 mm in size). In the quartz streaks, pyrite has 
a tendency be connected with its selvage parts but may 
occur in the quartz in the form of impregnations, thin 
streaks and irregular separations. The general selection 
of the pyrite thermo-e.m.f. values in the Lostun ore 
manifestation are presented in Figure 2b.

Fig. 2. General selections of thermo-e.m.f. values of pyrite from the Sauliak deposit (a) – upper part [10] and Lostun (b) –  
lower part; ∑n – measurements quantity

a)

b)
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Two pyrite generations (pyrite I  and pyrite II) 
have been revealed by the investigation. The crystals 
belonging to the generations differ morphological-
ly quite vividly (pyrite I has the form of a pentago-
nal dodecahedron, while pyrite II takes the form of 
a  cube) and have different thermoelectrical proper-
ties.

3.2. Tukalo ore manifestation

The Tukalo ore manifestation is situated 700 m above 
the Tukalo stream junction (a left tributary of the Tysa 
(Тиса) ) on the outskirts of Dilove (Ділове) village in 
the Rakhiv ore region. The main minerals of the ore 
manifestation (Tab. 2) form the following mineral 
associations: chlorite-quartz, sericite-quartz, pyrite-
quartz, pyrite-galenite-sphalerite). Gold mineraliza-
tion is spatially connected with an intensive schist for-
mation zone. A  ferruginated and intensive silificated 
gold-bearing zone is situated among the chlorite-seric-
ite-quartz slates. Numerous mainly fine quartz streaks 
with a thickness to the first centimeters (except quartz 
and carbonate) and contain galenite, pyrite, chalcopy-
rite and native gold. These minerals are also super pos-
ited onto enclosed rocks forming its impregnated or 
streaky-impregnated texture. 

Table 2. Main minerals of the Tukalo ore manifestation

Non-metalliferous Ore
Quartz I, II, III pyrite I, II
Chlorite galenite
Sericite sphalerite
Carbonate I, II chalcopyrite

A  general selection of the pyrite thermo-e.m.f. 
values in the Tukalo ore manifestation are presented in 
Figure 3b. 

Two pyrite generations (pyrite I and pyrite II) were 
revealed by the investigation. The crystals belonging 
to the generations differ morphologically quite vividly 
(pyrite I has the form of an octahedron, while pyriteI-
Itakes the form of a cube) and have different thermoe-
lectrical properties.

3.3. Kamin-Kliovka ore manifestation

The Kamin-Kliovka ore manifestation is situated 300 m 
from the Kamin-Kliovka mountain on the outskirts of 
the city of Rakhiv. The main minerals of the ore man-
ifestations (Tab. 3) form the following mineral asso-
ciations: chlorite-quartz, sericite-quartz, quartz-bar-
ite-carbonate, pyrite-quartz, pyrite-galenite-sphalerite).

Two pyrite generations (pyrite I and pyrite II) have 
been revealed by the investigation. The crystals belong-
ing to the generations differ morphologically quite 
vividly (pyrite I has the form of an octahedron, while 
pyrite II takes the form of a  cube) and have different 
thermoelectrical properties.

Table 3. Main minerals of the Kamin-Kliovka  
ore manifestation

Non-metalliferous Ore
Quartz I, II pyrite I, II
Carbonate II pyrite I, II
Quartz II sphalerite

As a rule, pyrite I thermo-e.m.f. values fluctuate from 
−500 to +980 change from 120 to 480 mcV/deg (Tab. 4).

Fig. 3. General selections of thermo-e.m.f. values of pyrite from Sauliak deposit (a) – upper part [10] and Tukalo (b) – lower part); 
∑n – measurements quantity

a)

b)
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Table 4. Pyrite I and II thermo-e.m.f. values for the Lostun ore manifestation in the inner parts of crystals (a) and their faces (b)

Crystal 
number

Simple forms that determine crystal 
habit

Pyrite  
generations

α [mcV/deg] Selection range
[mcV/deg]max. min. average

1 (a) cube II +580 +270 +444 310
1 (b) cube II +670 +270 +460 400
2 (a) cube II +590 +250 +402 340
2 (b) cube II +600 +370 +508 230
3 (a) cube II +610 +320 +435 290
3 (b) cube II +1000 +690 +829 310
4 (a) pentagonal dodecahedron I −390 −100 −235 290
4 (b) pentagonal dodecahedron I +790 +510 +620 280
5 (a) cube II +460 +170 +304 290
5 (b) cube II +750 +470 +594 280
6 (a) pentagonal dodecahedron I +580 +100 +277 480
6 (b) pentagonal dodecahedron I +760 +400 +622 360
7 (a) cube II +600 +320 +476 280
7 (b) cube II +600 +390 +515 210
8 (a) cube II +680 +280 +437 400
8 (b) cube II +810 +410 +610 400
9 (a) cube II +590 +320 +460 270
9 (b) cube II +560 +220 +356 340
10 (a) pentagonal dodecahedron I −500 −150 −315 350
10 (b) pentagonal dodecahedron I +790 +380 +588 410
11 (a) cube II +520 +200 +382 320
11 (b) cube II +620 +370 +514 250
12 (a) cube II +560 +260 +268 300
12 (b) cube II +640 +440 +525 200
13 (a) cube II +590 +280 +465 310
13 (b) cube II +620 +390 +538 230
14 (a) pentagonal dodecahedron I −170 −50 −109 120
14 (b) pentagonal dodecahedron I +380 +180 +280 200
15 (a) cube II +450 +210 +323 240
15 (b) cube II +630 +420 +531 210
16 (a) cube II +640 +280 +438 360
16 (b) cube II +660 +370 +514 290
17 (a) cube II +610 +150 +399 460
17 (b) cube II +780 +500 +632 280
18 (a) pentagonal dodecahedron I +600 +200 +415 400
18 (b) pentagonal dodecahedron I +980 +600 +710 380
19 (a) cube II +350 +140 +229 210
19 (b) cube II +610 +370 +504 240
20 (a) pentagonal dodecahedron I −500 −150 −282 350
20 (b) pentagonal dodecahedron I +640 +320 +454 320
21 (a) pentagonal dodecahedron I +630 +370 +542 260
21 (b) pentagonal dodecahedron I +650 +480 +587 170
22 (a) cube II +300 +100 +206 200
22 (b) cube II +560 +200 +420 360
23 (a) cube II +350 +140 +238 210
23 (b) cube II +610 +370 +524 240
24 (a) pentagonal dodecahedron I −320 −100 −229 220
24 (b) pentagonal dodecahedron I +730 +350 +551 380
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Variational curves of the distribution of the ther-
mo-e.m.v. values for the greater part of the investi-
gated crystals are bimodal. Such a  peculiarity can be 
explained by the probable later growth of the peripheral 
parts of some of the mineral crystals from a  later flu-
id portion. The pyrite I diagram (SR-αmed) (Fig. 4) tes-
tifies to the fact that in the direction from the central 
parts of crystals of a  pentagonal-dodecahedron habit 
to their surface, the thermoelectrical properties essen-
tially change. In particular, the central parts of pyrite 
I crystals have electron conductivity while its faces are 
mainly hole ones. Such essential changes to the ther-
moelectrical properties of the pyrite from the central 
parts of crystals to their peripheral ones are probably 
caused by quantitative changes in the element admix-
tures in the crystalline lattice. Data (SR-αmed) testifies to 
the functional connection of the average values (αmed) 
of statistically reliable selections of thermo-e.m.f. (hole 
or electron conductivity) with ranges of these selections 
(SR). It provides the opportunity to not only reflect on 
the peculiarities of the thermo-e.m.f. properties of the 

mineral different generations, but also different parts 
of the separate crystals and (be thermo-e.m.f. vector) 
evaluate the changes in the tendencies acquired during 
its formation).

The pyrite II thermoelectrical properties results 
testify to the fact that this mineral has only hole-con-
ductivity. All thermo-e.m.f. values fluctuate from +200 
to +600 mcV/deg. The selection range of the pyrite II 
thermo-e.m.f. values are about +210 to −4600 mcV/deg. 
Variational curves of the general selections of ther-
mo-e.m.f. values for many pyrite crystals (especial-
ly crystals with intensive striation of the faces) have 
bimodal similarity with scarcely noted excesses that are 
probably caused by initial and later growth of this pyrite 
generation from different “waves” of the same fluids.

Diagram (SR-αmed) of the pyrite II (Fig. 5) testifies 
to the fact that in the direction from the central parts of 
the cubic habit crystals to their surface, the thermoelec-
trical properties change from low meanings of the hole 
conductivity to superior ones, that is in this case one can 
only see quantitative changes to the thermo-e.m.f. values.

Fig. 4. Thermo-e.m.f. vectors of the pyrite I thermo-e.m.f. average values alterations (vectors of the crystals growth) in direction 
from central parts of crystals with a pentagonal dodecahedral habit to their surface (Lostun, Chyvchyny ore manifestation)

Fig. 5. Thermo-e.m.f. vectors of the pyrite II thermo-e.m.f. average values alternations (vectors of the crystals grown in direction 
from the central parts of the cubic habit crystals to their surface (Lostun, Chyvchyny ore manifestation)
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With the Tukalo and Kamin-Kliovka manifes-
tations, the thermoelectrical pyrite properties from 
quartz streaks in enclosed rocks were investigated in 
detail (Tab. 5).

A  general selection of pyrite thermo-e.m.f. val-
ues from the Tukalo ore manifestation are presented 
in Figure 3. According to their morphology and size, 
the pyrite crystals from this ore manifestation are 
scarcely distinguished so far as their habit is mainly 
determined by cube and octahedron combination. 
At the same time, the results of investigations of the 
thermoelectric properties of pyrite crystalline samples 
the opportunity to assume that its generation, growth 
and later growth took place in a different manner. In 
particular, the general selection of thermo-e.m.f. val-
ues testifies to the presence of an obvious bimodal 
distribution of these parameters while thermo-e.m.f. 
vectors in SR-αmed diagram are oriented in a different 
manner: in one case, in direction from electron con-
ductivity to hole conductivity (or from low values of 
hole conductivity to higher ones): in another case – 

from higher values of hole conductivity to lower (or to 
the electron meanings) (Fig. 6).

Thus, by general thermo-e.m.f. as well as selections 
range, the thermoelectric properties of the pyrite from 
Lostun, Kamin-Kliovka, and Tukalo ore manifestations 
and the Sauliak auriferous deposit (Tab. 6) are similar 
(in particular, by statistically reliable selections of ther-
mo-e.m.f. values investigated crystals posses electron, 
hole or mixed conductivity; at the same time these 
meanings are clearly grouped into two massifs that can 
testify to two acts of pyrite formation).

Within the peculiarities of the pyrite thermoe-
lectric properties from the Tukalo ore manifestation 
it was possible to distinguish two pyrite generations 
(pyrite I and pyrite II).

The pyrite thermoelectric properties data indi-
cate one of the criteria for revealing pyrite generations 
(pyrite I and pyrite II) [11].

The thermo-e.m.f. and selection range of thermoe-
lectric properties of the pyrite from the Kamin-Kliovka 
ore manifestation has its own characteristics (Tab. 7).

Table 5. Thermoelectrical properties of the pyrite crystals from the Tukalo ore manifestation  
(on its faces and inner parts)

Crystal  
number Selection Investigated simple firms that determine 

crystal habit
α [mcV/deg] Selection range

[mcV/deg]max. min. average

1
b cube and octahedron combination +470 +200 +275 270

a crystal inner parts +70 −50 −15 120

2
b on the cube faces +300 +10 +215 290

a crystal inner parts +70 −110 +1 180

3

a on the octahedron faces −20 −110 −60 90

c cube and octahedron combination −20 −100 −50 80

b crystal inner parts +70 −70 −5 140

4
b cube and octahedron combination −20 −110 −60 90

a crystal inner parts +70 −200 −57 270

5
b cube and octahedron combination +630 +380 +460 250

a crystal inner parts +470 +220 +360 250

6

b cube and octahedron combination +250 +20 +80 230

a crystal inner parts +480 +210 +345 270

d cube and octahedron combination +110 −60 +15 170

c crystal inner parts +390 +100 +245 290

7
b cube and octahedron combination −20 −260 −145 240

a crystal inner parts +570 +100 +336 470

8
b cube with a striation on the faces +690 +400 +490 290

a crystal inner parts +720 +430 +565 290

9
a cube −50 −260 −240 210

b octahedron −200 −280 −240 80
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Fig. 6. Vectors of thermo-e.m.f. average values alterations and selections range of the pyrite I (a) and pyrite II (b) crystal growth 
vectors from the central parts of crystals to their surface (Tukalo ore manifestation, Rakhiv region)

Table 6. Thermoelectric properties (in faces and inner parts) of the pyrite crystals from the Sauliak deposit

Crystal 
number Selection Investigated simple firms  

that determine crystal habit
αmed [V/deg] Selection range

[mcV/deg]max. min. αmed

1 2 3 4 5 6 7

1/8
a pentagonal dodecahedron +400 +20 +165 380
c inner part –20 –280 –140 260
b octahedron +460 +200 +325 260

1
a cube + octahedron –20 –200 –60 180
b inner part +90 –90 –25 180

6
a cube with striation –210 –460 –290 250
c inner part –20 –220 –80 200
b octahedron –6 –110 –45 105

38
a cube with striation –35 –280 –185 245
b octahedron –20 –110 –90 90
c inner part +90 –100 –25 190

40
a cube –20 –220 –80 200
b octahedron +260 +20 +80 240
c inner part +8 –250 –60 242

41
a cube +210 –90 +25 300
b inner part +330 –70 +80 400

42 a cube + octahedron +pentagonal dodecahedron –20 –110 –70 90

43
a cube with striation +490 +340 +450 150
b inner part +690 +210 +452 480

44
a pentagonal dodecahedron +680 +400 +540 280
b octahedron +490 +240 +410 250
c inner part +490 +200 +356 290

45
a pentagonal dodecahedron +660 +350 +535 310
b octahedron +490 +260 +410 230
c inner part +460 +280 +380 180

a)

b)
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Table 7. Thermoelectric properties of the pyrite grains from the Kamin-Kliovka deposit

No. Samples ∝ min. ∝max. ∝ average Selection range
[mcV/deg]

1 1. 250 620 428.6 370

2 2 150 520 335.6 370

3 3 260 440 379.2 180

4 97/10 а 130 400 280.4 270

5 97/10 b 170 450 347 280

6 97/25 а 140 420 253.4 280

7 97/25 b 220 410 195.9 388

8 97/25 р/3 150 300 165.1 285

9 97/р/3 а –290 –370 135.2 341

10 97/25 р/4 140 340 251.4 200

11 97/25p/5 40 380 266.4 340

12 97/25 p/6 40 350 210.4 310

13 97/25 p/7 –14 -450 265.8 436

4. Discussion
The Lostun ore manifestation presents two pyrite 
generations (pyrite I and pyrite II) as revealed by this 
investigation. The crystals belonging to the genera-
tions differ morphologically quite vividly (pyrite I has 
the form of a pentagonal dodecahedron, while pyriteII 
takes the form of a cube) and have different thermoe-
lectrical properties. Pyrite I is widespread in ore bodies 
and enclosed rocks and is one of the earliest sulfides. In 
comparison, the spread of pyrite II  is more restricted 
yet occurs more often than other sulfides (in particular 
galenite and chalcopyrite). This mineral mainly occurs 
in the form of monocrystalling formations that are 
often crushed and etched by later pyrite II separations. 
The main habit form of its crystals is that of a pentago-
nal dodecahedron which is sometimes partially ferrugi-
nated. Pyrite II has a classic yellow and sometimes light 
yellow color. Its crystals are sometimes ferruginated. 
With pyrite II separations, mono crystals predominate 
over other forms, with the occurrence of growth, aggre-
gates and streaks of different forms and sizes (from 0.2 
to 1.5 mm). It must be noted that pyrite II cubic crys-
tals have vividly expressed stinting on their faces in the 
quartz-carbonate streaks. Their generations, in associa-
tion with galenite or chalcopyrite in some sections, take 
the form of thin streaks or separations of an irregular 
form. The pyrite II thermoelectrical properties results 
testify to the fact that this mineral has only hole-con-
ductivity.

With the Tukalo and Kamin-Kliovka ore manifes-
tations, pyrite I  has a  habitual form which is mainly 
determined by octahedron faces as well as combina-

tion of cubes and octahedrons. As a rule, the octahe-
dron faces of the investigated crystals almost always 
have flat shimming surface. Poikilitic enclosures of 
chalcopyrite, galenite and sphalerite sometimes occur 
in pyrite 1 connected with crossing fissures that cor-
rode pyrite I crystals. The presence of these minerals 
and native gold were ascertained by the growth zones 
of pyrite I. This mineral is mainly spread throughout 
enclosed rocks (with a thin noncontinuous ferrugini-
zation film) but also occur in compositions of quartz 
and quartz-carbonate veins and streaks. The habitual 
form of pyrite II crystals are determined by a  com-
bination of cubes and octahedrons. Pyrite II crystals 
aspire to selvages of the quartz and quartz-carbonate 
veins and streaks. The sizes of its crystals are mainly 
0.2–2.0 mm; they also have a flat surface, sometimes 
with a blocky structure or uneven striation of the sur-
face of the faces.

5. Conclusions

The Chyvchyny and Rakhiv ore regions have some 
common features of geological structure (structur-
al-tectonic, petrological, lithology-stratigraphic [1–5]. 
Their structural-metallgenetic position is caused by 
belonging to the Chyvchyny and Rakhiv outcrops of 
the Marmarosky massif. The single-type ore-bearing 
formations are spread within its boundaries.

Thus, in terms of the general thermo-e.m.f. as well 
as a selection range of the thermoelectric properties of 
the pyrite from the Lostun, Kamin-Kliovka, and Tukalo 
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ore manifestations and the Sauliak auriferous deposit 
are similar (in particular, by statistically reliable selec-
tions of thermo-e.m.f. values investigated crystals pos-
sess electron, hole or mixed conductivity; at the same 
time, these meanings are clearly grouped into two mas-
sifs that testifies to two acts of pyrite formation).

The comparative character of the thermoelectric 
properties of the pyrite from the investigated ore mani-
festations, the Sauliak deposit (see Figs. 2–4) and other 
auriferous deposits [12–14] testify to the supra-ore level 
of gold mineralization in the Tukalo and Lostun objects 
and make it possible to assume that the erosion shear 
of the gold mineralization in the Tukalo ore manifesta-
tion is similar to the Sauliak deposit erosive shear and 
is deeper in comparison with the Lostun ore manifes-
tation; at the same time, a more reliable estimation of 

the deep horizons of the investigated ore manifestations 
can be realized after a detailed thermobarogeochemical 
study of the productive complexes of the minerals with-
in these ore manifestations.
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