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Abstract: This article deals with the topical problem of estimating water content in water–oil mix-
tures within porous media they saturate, according to low-field NMR relaxometry and dielectric
spectroscopy. The aim of the research is experimental validation of the capability of complex data in-
terpretation to acquire information on the filtration-volumetric properties of drill cuttings, relaxation
characteristics of oil-containing fluids, the water/oil ratio in water–oil mixtures, and their saturation
of drill cuttings to control the composition of liquids produced from boreholes. The studies are
carried out on samples of cuttings and oils taken from fields in the Northern regions of the West
Siberian oil-and-gas province, where NMR studies have not been performed before. Based on the
experimental data obtained, the possibility of water content assessment in water-in-oil mixtures and
porous media they saturate were proved through NMR relaxometry. With the use of the proposed
methodology, the amount of water in oil–water mixtures was established, and their main NMR
characteristics were determined. The relative error in evaluating the proportion of water in mixtures
based on high-viscosity oils is less than 10%, and about 20% for those based on light oils. When
determining the oil–water ratio in the pore space of the drill cuttings, the error is about 15%. It
was proven that joint use of these two techniques makes it possible to increase the reliability of the
oil–water ratio assessment of all the samples studied. Furthermore, it was revealed that the NMR
spectrum shifts to the right, and the spectrum of the complex permittivity shifts downwards during
the transition from high-viscosity oils to light ones.

Keywords: nuclear magnetic resonance; dielectric spectroscopy; water–oil mixture; relaxation charac-
teristic; drill cuttings; West Siberia

1. Introduction

The West Siberian oil-and-gas province is one of the largest petroleum-productive
regions in the world and the richest petroleum province in Russia and the former Soviet
Union [1]. Interest in its hydrocarbon (HC) prospects arose as early as in the 1930s, with
the second half of the 20th century in Russia being marked by the unequaled development
of the West Siberian oil-and-gas complex [2]. However, the situation drastically changed at
the beginning of the 21st century, due to the high depletion of large earlier discovered fields
in the central part of the West Siberia. One of the top priorities for the oil-and-gas complex
of Russia since then has been the formation of new centers of oil-and-gas production in its
northern and Arctic parts. Therefore, the creation of techniques that minimize costs and
errors in the process of geological examination and development is currently an urgent
scientific and practical task.

Water contamination in crude oil may cause severe problems at any stage of petroleum
production. Therefore, water testing is always a part of oil recovery and refining. Water can
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coexist in an oil sample in three phases: dissolved, emulsion, and free. The last two pose
the greatest risk for industrial applications and have to be always under control. There
are various techniques for measuring water in oil [3]. They vary in methodological basis,
extent of application, accuracy, time, and labor expenditures. Presently, the last and a most
promising method of water-in-oil determination is infrared spectroscopy, characterized by
a chemical-free and rapid analysis. However, its equipment is expensive and matching the
results with those of the Karl Fischer titration calls for further investigations.

In addition, such tasks can be addressed through analyzers based on the nuclear
magnetic resonance (NMR) phenomenon. They allow an automatic express-control and
analysis of raw materials’ and oil products’ parameters on a grand scale.

Concerning the petroleum industry, the NMR method is most widely used in relation
to evaluating the petrophysical parameters of rocks exposed by a borehole during nuclear
magnetic logging, or those of rock samples of arbitrary shape and size (cores, drill cuttings)
in laboratory examinations [4–7]. For formation fluids (liquid hydrocarbons, formation
water, etc.), one can carry out their typification, component composition assessment [4,8],
diffusion coefficient and viscosity estimation [9,10]. At the same time, many works in
the field of NMR studies are devoted to the study of high-viscosity oils and oil-saturated
shales [9,11–13], since the issue of effective development of fields with hard-to-recover
reserves is becoming increasingly urgent. As for determining the composition of produced
fluids with the conventional techniques, this is rather a complex technical problem that
requires either separation of the mixture (at least gas separation), or deployment of one of
the methods for accounting for the presence of gas in the mixture. In the NMR method,
when measuring water content, dissimilar values of the nuclear relaxation time for water
and oil protons are given consideration to, whereas gas content manifests itself in the
amplitude of the measured signal only [14]. In the works devoted to the study of the
water–oil ratio by NMR, heavy oils were mainly used for the preparation of emulsions.
In addition, studies at high frequencies (more than 20 MHz) do not allow comparing the
data obtained with logging data (NMR logging frequency is about 2 MHz) [15,16]. The
authors of these works experimentally established that with an increase in the amount
of emulsifier in the emulsion, the distance between the peaks of water and oil decreases,
which makes it impossible to use them in the study of oil–water mixtures based on light oils
and condensates, since the time spectra of transverse relaxation of light oils and distilled
water intersect. In our study, we use oil samples with different viscosity and density values
in order to confirm the influence of physical-chemical properties on NMR characteristics
and the accuracy of determining the water content in the mixture from NMR data.

With advances in instrumentation technology and the appearance of new magnetic
materials, the capabilities of NMR instruments are constantly growing and in perspective
have great potential, including when combined with other methods, such as for instance,
dielectric spectroscopy. It is effective for analyzing such complex systems, such as organic
and water systems, complex viscous liquids, polymers, microemulsions and oil dispersed
systems. A combination of two dielectric spectroscopy methods (time-domain and fre-
quency domain) enables encompassing the frequency range from the micro- to terahertz
region and scrutinize a wide range of substances in the temperature range from −160 ◦C to
+400 ◦C. Numerous studies showed that in the frequency domain from units of kilohertz to
units of gigahertz there can be pronounced a frequency dispersion of the complex dielectric
permittivity (CDP), which some authors associate with a manifestation of the interlayer
(intersurface) polarization at phase boundaries [17,18]. The paper [19] provides a compara-
tive analysis of dielectric and NMR methods in examining the electrophysical parameters
of a medium. It was shown that NMR may serve as an auxiliary tool for interpreting
dielectric data. Thus, the implementation of complex interpretation of NMR relaxometry
and dielectric spectroscopy in appraising water–oil mixtures and drill cuttings they saturate
will make it possible to control the composition of fluids produced from boreholes, as well
as to determine in shortest possible time the filtration-volumetric properties of reservoirs
under development.
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With the use of the proposed NMR-methodology for water content estimation in
mixtures for samples with a known oil–water ratio, the amount of water in oil–water
mixtures was established. The relative error in determining the proportion of water in
mixtures based on high-viscosity oils is less than 10%, and on the basis of light oils is about
20%. When determining the oil–water ratio in the pore space of the drill cuttings, the error
is approximately 15%. Thus, the relevance and scientific novelty of this study is due to
several factors. First, the relevance is attributed to the specifics of the studied objects –of
the oils’ and condensates’ characteristics. Our collection of oil samples includes samples
with different physical-chemical properties, from condensates to very heavy high-viscosity
oils. This approach allows us to study how the physico-chemical properties of oil affect the
accuracy of determining the oil–water ratio from NMR data. Second, the samples under
study have never been examined by NMR-spectroscopy before. Conversely, the fields
where the samples were taken, are characterized by complexities of the geological structure
and development, which makes an examination of their reservoir fluids’ properties an
urgent scientific and practical task. In addition, the last but not the least, we conduct our
experiments at a frequency comparable to the NMR logging frequency, which makes it
possible, if necessary, to introduce correction coefficients for the petrophysical interpretation
of logging data.

2. Research Methods and Sample Preparation

The study was carried out via the standard set of organic geochemistry laboratory
methods, pulsed NMR relaxometry and dielectric spectroscopy, with a comparative analysis
of data from these methods.

NMR measurements were made on the MST-05 relaxometer with an operating fre-
quency of 2.2 MHz and a magnetic field of 0.05 T. The technique is based on recording
the decay of nuclear magnetization from a hydrogen-containing sample and allows for
determining the total hydrogen content of a fluid or rock, pore size distribution, viscosity,
and component composition of the fluid under analysis [4,20]. Processing and interpreta-
tion of the initial NMR signal (relaxation curve) consists of the inverse transformation of
the signal into the spectrum of transverse relaxation times T2 [21–23]. This procedure is
reduced to solving the Fredholm integral equation of the second kind. The inverse problem
is solved by the Tikhonov regularization method [24]. The obtained NMR spectrum is
further analyzed and employed for a quantitative and qualitative interpretation [25].

CDP measurements were performed in the frequency range 100 Hz–5 MHz in a
capacitor cell with the LCR GWInstek meter (Taiwan). The measurement procedure is a
modification of the classical technique for measuring the dielectric permittivity in a flat
capacitor [26]. The diameter of the cell electrodes is selected such that the field in the
central part of the capacitor, where the sample under investigation is placed, is uniform.
At the stage of determining CDP values, the sample is located in the experimental cell in
the form of a flat capacitor with an electrode diameter of 28 mm, and 10 mm interelectrode
distance. The cell is connected with wires to the LCR-G measuring device with an operating
frequency range of 0.02–5000 kHz. After obtaining the impedance components, the values
of the capacitance for the empty cell are calculated, and then for that with the sample. The
data obtained are made use of to find CDP values at the corresponding frequency [19,27].

From a thermodynamic point of view, water–oil mixtures belong to unstable systems
that strive to achieve an equilibrium state with a minimum interface area. Therefore,
the main indicator in this context is their stability, i.e., the ability not to disintegrate
and delaminate for a certain time that depends on the physicochemical properties of the
constituent fluids.

To prepare water–oil mixtures and afterwards saturate drill cuttings, we applied four
oil samples (B, C, D, E) and one condensate sample (A), taken from the Jurassic-Cretaceous
deposits of the West Siberian fields (Table 1).
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Table 1. Characteristics of the hydrocarbon fluids used in the study: oils and condensate from the
fields of West Siberia.

Sample Field
Density,

g/cm3

Dynamic
Viscosity,

MPa·s

Group Composition (Mass %)

Content of Saturated
and Aromatic
Hydrocarbons

Content of
Resins and

Asphaltenes

A Salmanovskoye 0.7751 0.92 99.8 0.2
B Salymskoye 0.8153 3.11 97.1 2.9
C Pravdinskoe 0.8331 5.03 98.7 1.3
D Pravdinskoe 0.8632 6.51 86.9 13.1
E Russkoye 0.9365 34.53 83.7 16.3

The study of the composition and properties of hydrocarbon fluids of these fields is in
itself an urgent scientific and practical task. For some fields, this is due to the peculiarities
of their geological structure, to the properties of hydrocarbon fluids contained in their
deposits and, as a result, to the technical aspects of their development. For other fields, the
significance of such studies is attributed to their weak geological and geochemical state of
knowledge. Thus, the Russkoye gas and oil field is complex in the context of development
due to the high-viscosity of oil in the deposits–more than 200 cP; The Salymskoye oil
field is the largest in terms of reserves and oil production from unconventional reservoirs–
the Bazhenov formation (layer Yu0), where fluid properties are highly variable laterally;
the Pravdinskoe oil field is characterized by a very short period of the waterless period
of oil production, which implies the need to monitor the water content of the extracted
fluids; the Salmanovskoye oil and gas condensate field is located in the north-west of the
Gydan peninsula, the most poorly studied area of the West Siberian oil and gas province,
and despite the unique hydrocarbon reserves, is only going to enter the active phase of
development in 2023 with the launch of the first LNG production line in the “Arctic LNG
2” project.

The samples selected are characterized by a wide range of physico-chemical prop-
erties (Table 1): density (from 0.7751 to 0.9365 g/cm3), dynamic viscosity (from 0.92 to
34.53 MPa·s), content of saturated and aromatic hydrocarbons (from 83.7 to 99.8%), as well
as of resinous-asphaltic components (from 16.3 to 0.2%). The listed characteristics were
determined by the standard organic geochemistry laboratory methods. More specifically,
the density of the samples (kg/m3) was measured at 20 ◦C with the VIP-2MR vibration
density meter [28]; kinematic viscosity (mm2/s) at 20 ◦C—with glass viscometers of various
configurations [29]; dynamic viscosity (MPa·s) by means of recalculation from the kinematic
viscosity [29]; and group hydrocarbon composition by column liquid chromatography after
separating the asphaltenes.

On the basis of each of the five hydrocarbon fluid samples, five oil–water mixtures
were prepared (Table 2). Immediately before the measurements on the NMR relaxometer,
the specified volumes of distilled water and oil/condensate (dry) were homogenized with
a mixer for 2 min, after which they were placed to stand at room temperature for 1 min.
With this approach, the authors tried to obtain samples of water–oil mixtures containing
dissolved, emulsion, and free water.

For the study of the filtration-volumetric properties, seven samples of drill cuttings
were taken from the 960–1040 m depth interval from the Medvezhye oil-gas-condensate
field, located in the northeastern part of the West Siberian oil-and-gas province (Table 3).
According to the data available, the studied samples are characterized by an increased clay
content (about 20%). The clay is mainly represented by chlorite. There is no additional
information about pore sizes in the cuttings’ samples, because the size of the particles does
not allow us to conduct a standard set of petrophysical studies and make their thin sections
to carry out appropriate measurements.
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Table 2. Sample compositions for the water–oil mixtures.

Sample Name Sample Composition Sample Name Sample Composition

Water Distilled water D1 90% oil D + 10% water
A1 90% oil A + 10% water D2 80% oil D + 20% water
A2 80% oil A + 20% water D3 70% oil D + 30% water
A3 70% oil A + 30% water D4 60% oil D + 40% water
A4 60% oil A + 40% water D5 50% oil D + 50% water
A5 50% oil A + 50% water E1 90% oil E + 10% water
B1 90% oil B + 10% water E2 80% oil E + 20% water
B2 80% oil B + 20% water E3 70% oil E + 30% water
B3 70% oil B + 30% water E4 60% oil E + 40% water
B4 60% oil B + 40% water E5 50% oil E + 50% water
B5 50% oil B + 50% water
C1 90% oil C + 10% water
C2 80% oil C + 20% water
C3 70% oil C + 30% water
C4 60% oil C + 40% water
C5 50% oil C + 50% water

Table 3. Lithological description of the drill cuttings.

Sample
Number

Sampling
Depth, m φ (NMR), % Lithological Description

1 960 13.21 argillaceous siltstone with interbedded mudstone,
carbonatized, with HC smell

2 970 18.71 argillaceous siltstone with interbedded mudstone,
carbonatized, with HC smell

3 1000 15.11 argillaceous siltstone with interbedded mudstone,
carbonatized, with HC smell

4 1010 17.36 argillaceous siltstone with interbedded mudstone,
carbonatized, with HC smell

5 1020 14.57 argillaceous siltstone with interbedded mudstone,
carbonatized, with HC smell

6 1030 13.99 argillaceous siltstone with interbedded mudstone,
carbonatized, with HC smell

7 1040 19.52 medium-grained sand admixed with carbonates

At the first stage of sample preparation, the drill cuttings were washed out with hot
extraction with chloroform for 3–4 days. This was followed by holding the samples in an
oven at a temperature of 105 ◦C over 24 h for complete evaporation of the solvent. Then
the samples were placed in 45 cm3 containers and filled with brine with a mineralization
of 6 g/L up to the middle of the sample height, and set under vacuum for 24 h to remove
air bubbles at the bottom of the container. After that, the brine was added to the edges of
the container, and the samples were set under vacuum for another five days for complete
saturation. At the subsequent stage, the samples were put in an oven to evaporate excess
moisture and achieve the required brine content by mass relative to the dry and 100% brine-
saturated samples. On reaching the sought-for brine content, the samples were saturated
with oil according to the same scheme. In this way, we obtained the drill cuttings samples
with a given oil/water ratio (50/50, 70/30 and 90/10). It should be noted that at the initial
stage of sample preparation the attempt was made to use distilled water in the oil-C-based
mixture to saturate the drill cuttings with a 50/50 oil–water content. Nevertheless, the clay
in the samples swelled strongly, which led to partial destruction of the samples. In this
connection, brine with a mineralization of 6 g/L was used for the remaining samples.
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3. NMR Investigations
3.1. NMR Studies of Water–Oil Mixtures

Following the results of the experimental NMR studies, T2 spectra were derived for
each sample. Figure 1 shows the spectra for the most representative samples prepared on
the basis of the oils with very different viscosities and densities (Table 1). With an increase
in the water content in the light- and medium-oil-based mixtures, the spectra shift toward
large T2 times. As concerns those based on the heavy oils, the positions of the spectra on
the relaxation time axis change insignificantly, while the amplitude of the peaks varies in
proportion to the oil/water ratio in the mixture.
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Table 1a shows a unimodal form at any water content (10–50%), the average T2 value
being 1000–1500 ms; the spectra of the mixtures intersect with that of distilled water at
the point of the maximum amplitude. Regarding the spectra of the mixtures based on the
medium-viscosity oil (Figure 1b), they have a unimodal form with the water content in
the sample up to 30%; when the content exceeds 30%, an ‘inflection’ appears in the region
of 1000 ms. The oil and water spectra intersect at 1500 ms. The spectra of the oil-D-based
mixtures (Figure 1c) are bimodal when the water content in the sample exceeds 20%, with
the maximum peaks at the relaxation times of free oil (150–200 ms) and distilled water
(2000–2500 ms), respectively. The oil and water spectra virtually do not intersect; the
separation of the peaks is observed at relaxation times of the order of 1000 ms. In this case,
the amplitude of the water-related peak increases in proportion to the water content growth
in the mixture. Figure 1d shows that the spectra of the mixtures based on the heaviest oil
(E) always have a bimodal form with peak maxima at the times of volumetric relaxation of
oil (20–30 ms) and distilled water (2000–2500 ms), respectively. At the same time, the peaks
corresponding to the oil and water do not intersect, which indicates completely different
NMR properties of these oil and water. The amplitudes of the peaks corresponding to the
water/oil change proportionally to the water/oil content in the mixture, as is the case of
the oil-D-based mixture (Figure 1c).
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To find water content in the mixtures from NMR measurements, we proposed con-
sidering the integral area under that part of the mixture spectrum, which is to the right
of the intersection point of the water and mixture spectra. The calculation results for all
the samples are displayed in Table 4. One can see that for the mixtures based on heavy
oils water content is obtained with the greatest accuracy. This is because the water and oil
spectra do not intersect, their NMR properties being significantly different, which makes it
possible to determine the contribution of each fluid to the signal with high accuracy. We
have to point out that the results obtained for oil–water mixtures based on oil D (density
0.8632 g/cm3) are consistent with the data published in [16]. The authors say that the
relative error is below 3% when the water content exceeds 20%, and the relative error is
greater than 60% when the water content is less than 10%. We obtained an average water
detection accuracy of 11.4%, which equals 4% for a water content of more than 20%. In [17],
the oil–water ratio was determined only for the water content of 30 and 40% in a mixture
of water and white oil. We determined the water content for mixtures based on oils of
different viscosities. At the same time, the greatest error of determination is observed in
mixtures based on light and medium oils with a water content of less than 20%: the error
exceeds 40%. This is due to the fact that the transverse relaxation times of such oils and
water intersect, which makes it impossible to separate the contribution from each fluid
within the framework of studying only the transverse relaxation times. Probably, 2D T1-T2
maps can be used for the solution of this problem. However, the equipment used in this
study does not allow measurements of longitudinal relaxation times. The authors consider
this task as the next major stage and the continuation of the current study. With a water
content of more than 20% in mixtures based on light oils, the error is about 20%.

Table 4. Water content in the water–oil mixtures: actual and calculated from NMR data.

Sample
Number

Actual Water
Content in the

Sample, %

Water Content
Calculated
from NMR

Data, %

Sample
Number

Actual Water
Content in the

Sample, %

Water Content
Calculated
from NMR

Data, %

A1 10 17 C4 40 27
A2 20 32 C5 50 26
A3 30 42 D1 10 6
A4 40 44 D2 20 19
A5 50 55 D3 30 28
B1 10 8 D4 40 38
B2 20 16 D5 50 50
B3 30 27 E1 10 15
B4 40 35 E2 20 22
B5 50 37 E3 30 36
C1 10 6 E4 40 49
C2 20 11 E5 50 62
C3 30 24

3.2. NMR Studies of Drill Cuttings at Mixed Saturation

On the drill cuttings samples (Table 3) saturated with the mixtures from oils C and
E, NMR measurements were performed at a given saturation: 50/50, 70/30, and 90/10
(Figure 2). Since the volumes of oils A, B, and D were limited, the full cycle of drill cuttings
saturation was carried out only with oil–water mixtures based on oils C and E. For the
mixture associated with oil E, we did not manage to obtain a saturation of 70/30, since
the authors had a limited volume of this oil. To minimize “effect” of the bimodal pore size
(inner pores and voids between drill cuttings), after each saturation stage, we removed
the water between the drill cuttings pieces with filter paper. For clarity, the graphs exhibit
the spectrum of the drill cuttings saturated with brine with a mineralization of 6 g/L. It is
unimodal with T2 times < 100 ms, the maximum amplitude of the spectrum occurring at a
relaxation time of ≈10 ms.
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The drill cuttings saturated with the oil-C-based mixture are characterized by bimodal
spectra with a clear peak separation at 50/50 saturation, and by a smooth inflection at 70/30
and 90/10 saturations (Figure 2a). In this case, the inflection point and/or the separation
point of the spectrum into two peaks lie in the region of 10 ms. With the rising oil content in
the mixture, the spectra shift, albeit insignificantly, to the right, their amplitude increasing.
The peak at longer times (about 100 ms) is close to the volumetric relaxation of oil C
(Figure 1b). This fact may indicate that the oil phase does not wet the drill cuttings’ surface
and, as a result, its relaxation occurs at a rate close to that of volumetric relaxation. Some
authors showed that in partially saturated oil/water cores, a volumetric relaxation signal
appears from the non-wetting phase [30,31].

The cuttings with the oil-E-based mixture are distinguished by unimodal spectra
without inflections (Figure 2b). Meanwhile, the spectrum of the sample with a higher
water content is located to the right on the T2 axis. Oil E contains more asphaltenes and
can be more wetting, which eventually leads to lower T2 values than those of water. The
deposition of asphaltenes on the surface of rocks mainly occurs unevenly, depending on
the shape of the pores, surface roughness and mineralogical composition. This can lead to
a complete or partial change in the wettability of the rock. The adsorption of asphaltenes
can change the chemical composition of the pore surface, which will lead to a reduction in
the relaxation time T2, since asphaltenes enhance the surface relaxation processes [32]. It
worth noting that in Figure 2b we observe very low relaxation times (about 2 ms for drill
cuttings saturated with the 90/10 mixture, and about 20 ms with the 50/50 mixture). This
can be explained not only by the increased asphaltenes content in oil E, but also by the
large amount of chlorite clay in the drill cuttings (about 20%), which leads to a high surface
relaxation. The presence of paramagnetic and/or ferromagnetic ions in clays, such as iron,
nickel, and magnesium, can complicate the analysis of NMR data when characterizing
porous media. This is related to the gradient of the internal magnetic field created by clay
minerals [33].

As provided by the described above methodology—through the intersection point of
the water and mixture spectra but regarding the saturation with oil (since the spectrum
is to the right of the water spectrum)—we calculated the saturations of the cuttings from
NMR data and matched them against the mass-derived saturation values (Table 5). The
70/30 and 90/10 saturations are determined most accurately (average error being 16%);
however, in general, this approach does not provide quantitative results, but drawing on
the T2 spectra we can qualitatively determine the presence of water in the mixture.
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Table 5. Oil saturation of the drill cuttings (oil C), calculated by mass and NMR data.

Sampling
Depth, m

Oil Saturation from NMR Data, % Oil Saturation Calculated by Mass, %

50/50 70/30 90/10 50/50 70/30 90/10

960 40.5 64.5 72.1 19.3 40.1 47.5
970 37.0 51.1 64.4 22.3 40.1 54.8

1000 34.9 45.8 60.1 35.8 45.5 64.4
1010 29.1 53.4 56.8 28.0 46.4 46.3
1020 29.2 47.1 62.2 16.9 49.0 45.9
1030 32.7 55.2 63.2 28.9 47.6 51.6
1040 6.9 30.8 31.8 19.2 46.8 33.3

4. Dielectric Studies of Drill Cuttings

Following the results of the experimental study, the CDP spectra were obtained for all
the drill cuttings samples (Table 3). Figure 3 displays the most representative spectra of the
real part of CDP (ε′) for the samples saturated with the oil–water mixture related to oils C
and E (Table 1).
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The graphs demonstrate that for the sample with the high-viscosity oil E (Figure 3b),
the real part of CDP increases with the growing water content in the sample. Accordingly,
in the high-frequency region (f = 1 MHz) it regularly grows larger by about three times
(70–220 rel. units for the sample from 960 m and 90–240 rel. units for the sample from
970 m). When the samples are saturated with the oil-C-based oil–water mixture (Figure 3a),
an unambiguous conclusion cannot be drawn, since the behavior of the curves is irregular.
Perhaps this is because the density of oil C differs from that of brine so much that the liquids
in the pore space of the sample do not form a single system. Instead, they are present in
the pores, for example, in the form of oil droplets in the void space (oil does not wet the
surface of drill cuttings), whereas the water is adjacent to the grain surface. Such being the
case, the oil and water separately contribute to the overall signal. In this regard, there is
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an additional relaxation in the frequency range of 1 kHz in the spectra of the real part of
CDP for the sample from 970 m; this effect was observed by many researchers [34]. Such
relaxation is valid only for the samples saturated with light oil C; for those with heavy oil E
a similar effect is not shown. It seems not to be possible to estimate the amount of water/oil
in the sample, because the liquids in the pore space manifest themselves differently in
the spectra.

The graph in Figure 4 gives the dependence of the real part of CDP on the water
content. For the samples saturated with the mixture from heavy oil E, the value consistently
goes up with the growing water content. As for the samples based on light oil C, the type
of the dependence changes with the water content exceeding 10%. Presumably, at such a
water content, the saturating fluid transforms into a mixture in which a further increase in
the water content leads to a uniform growth of the analyzed signal.

Geosciences 2022, 11, x FOR PEER REVIEW 10 of 13 
 

 

The graphs demonstrate that for the sample with the high-viscosity oil E (Figure 3b), 
the real part of CDP increases with the growing water content in the sample. Accordingly, 
in the high-frequency region (f = 1 MHz) it regularly grows larger by about three times 
(70–220 rel. units for the sample from 960 m and 90–240 rel. units for the sample from 970 
m). When the samples are saturated with the oil-C-based oil–water mixture (Figure 3a), 
an unambiguous conclusion cannot be drawn, since the behavior of the curves is irregular. 
Perhaps this is because the density of oil C differs from that of brine so much that the 
liquids in the pore space of the sample do not form a single system. Instead, they are 
present in the pores, for example, in the form of oil droplets in the void space (oil does not 
wet the surface of drill cuttings), whereas the water is adjacent to the grain surface. Such 
being the case, the oil and water separately contribute to the overall signal. In this regard, 
there is an additional relaxation in the frequency range of 1 kHz in the spectra of the real 
part of CDP for the sample from 970 m; this effect was observed by many researchers [34]. 
Such relaxation is valid only for the samples saturated with light oil C; for those with 
heavy oil E a similar effect is not shown. It seems not to be possible to estimate the amount 
of water/oil in the sample, because the liquids in the pore space manifest themselves 
differently in the spectra. 

The graph in Figure 4 gives the dependence of the real part of CDP on the water 
content. For the samples saturated with the mixture from heavy oil E, the value 
consistently goes up with the growing water content. As for the samples based on light 
oil C, the type of the dependence changes with the water content exceeding 10%. 
Presumably, at such a water content, the saturating fluid transforms into a mixture in 
which a further increase in the water content leads to a uniform growth of the analyzed 
signal. 

(a) (b) 

Figure 4. Dependences of the real part of CDP (at 1 MHz) on the water content for the drill cuttings 
from 960 and 970 m depths, saturated with water–oil mixtures: (a) based on oil C; (b) based on oil 
E. 

Examinations of the dielectric characteristics of the water–oil mixtures were not 
carried out, since the geometric parameters of the available experimental cell do not allow 
measurements of liquid samples with a large real part of CDP as in distilled water (ε = 80 
rel. units). To conduct such investigations, the necessary experimental cell was designed 
and is currently under development. 

5. Conclusions 
The research was aimed at the experimental examination of complex interpretation 

of NMR relaxometry and dielectric spectroscopy data when studying the filtration-
volumetric properties of drill cuttings and NMR characteristics of oil-containing reservoir 
fluids, as well as assessing the water ratio in water–oil mixtures and porous media they 

Figure 4. Dependences of the real part of CDP (at 1 MHz) on the water content for the drill cuttings
from 960 and 970 m depths, saturated with water–oil mixtures: (a) based on oil C; (b) based on oil E.

Examinations of the dielectric characteristics of the water–oil mixtures were not carried
out, since the geometric parameters of the available experimental cell do not allow measure-
ments of liquid samples with a large real part of CDP as in distilled water (ε = 80 rel. units).
To conduct such investigations, the necessary experimental cell was designed and is cur-
rently under development.

5. Conclusions

The research was aimed at the experimental examination of complex interpretation of
NMR relaxometry and dielectric spectroscopy data when studying the filtration-volumetric
properties of drill cuttings and NMR characteristics of oil-containing reservoir fluids, as
well as assessing the water ratio in water–oil mixtures and porous media they saturate. For
the first time, the authors obtained NMR characteristics of oil samples from several fields
in the north of West Siberia. It was experimentally established that the physical-chemical
properties of the oils, which are the basis of oil–water mixtures, affect the accuracy of
determining the water content in the mixture from NMR data. Viscous-oil-based mixtures
are characterized by bimodal spectra of transverse relaxation times, whereas light oil-based
ones are marked by unimodal spectra or having a slight inflection. With a growth in the
water content in the mixture, the spectra shift toward large relaxation times for the mixtures
based on light and medium oils. However, for those based on heavy oils, the position of
the spectra on the relaxation time axis changes insignificantly, while the amplitude variates
proportionally to the water/oil content in the mixture. To estimate the water content from
NMR, we proposed to consider the area under that part of the mixture spectrum, which
is to the right of the intersection point with the distilled water spectrum. At the same
time, for the heavy-oil-based mixtures the accuracy of water–oil ratio calculation is 4%
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with a water content of 20% in the mixture. This is because of their NMR properties being
significantly different, which makes it possible to determine the contribution of each fluid
to the signal with high accuracy. The data obtained are consistent with the data published
in open sources. For mixtures based on the light oils, the accuracy of determination exceeds
20% with a water content exceeding 20%, and 40% with the content less than 20%. The
reason for such a high error is that the intervals of characteristic transverse relaxation times
of water and light oil intersect.

The NMR experiments on drill cuttings present another picture: the spectra are
unimodal when the mixture is based on viscous oil, and bimodal in the case of medium-
viscosity-oil. It was experimentally confirmed that a volume relaxation signal from a
non-wetting phase can appear in rocks partially saturated with oil/water. At the same
time, the increased content of asphaltenes in the composition of the saturating fluid can
lead to a complete or partial change in the wettability of the rock because of the deposition
of asphaltenes on its surface. When studying samples of drill cuttings saturated with an oil–
water mixture based on medium-viscosity oil, it was determined by dielectric spectroscopy
that a sharp increase in the value of the real part of the CDP occurs for all samples at a water
saturation of the sample of 10%, followed by a decrease in the CDP at the saturation of
about 20%. Such a feature in the behavior of the real part of the CDP is most likely related
to the hydrophobicity of the studied samples. When samples are saturated with a mixture
based on heavy oil, the values of the dielectric permittivity increase with a growth in the
percentage of water in the sample, but not proportionally. Thus, it is established that the
actual part of the CDP is disproportionate to the amount of water in the sample. Therefore,
to determine the water saturation of drilling mud samples, an integrated approach should
be applied, including the interpretation of both dielectric and NMR data. The combination
of these two methods makes it possible to estimate the oil–water ratio in the pore space of a
rock with an accuracy of about 15%.

We experimentally established the NMR relaxometry method to be effective for deter-
mining water content in water–oil mixtures based on high-viscosity and medium oils, as
well as in samples of saturated with them drill cuttings. Dielectric spectroscopy, on the other
hand, gives reliable results when studying cuttings partially saturated with light oil. Thus,
with the complex interpretation of these methods, it is possible to obtain reliable data on the
water content in hydrocarbon fluids over a wide range of their physicochemical properties.

Later on, the attained results can make it possible to monitor the composition of fluids
produced from boreholes, as well as to evaluate the petrophysical parameters of reservoirs
under development.
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