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reconstruction of fluid saturation
model
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Accurate determination of fluid saturation and organic matter content is essential for the
characterization and assessment of organic-rich source rock reserves. However, few advanced
techniques are available to precisely identify fluid-porous systems and define prospective deposits
throughout various stages of field exploration. This paper explores the combined application of two
widely utilized methods — low-field nuclear magnetic resonance relaxometry (NMR) and Rock-Eval
pyrolysis — using an expanded suite of rock samples. The primary objective of this study is to establish
optimized workflows that offer a more comprehensive quantification of liquid saturation with heavy to
mobile hydrocarbons compared to standard industry practices and help to identify the fluid volumetric
model of the target formation. Main findings demonstrate correlations between NMR-obtained data,
mineral composition of the rock and organic matter components by Rock-Eval pyrolysis. The detailed
analysis and comparison of experimental results is performed using the manual interpretation of NMR
T,-T, maps and Mutual Information regression approach that processed the NMRT, spectrum. The
research lays the groundwork for NMR-based Machine Learning-assisted in situ characterization of
mineral components (quartz and clays), crude oil maturity and volume for shale deposits, along with
determining the ratio between bound and mobile oil components.

Keywords Oil shale, Fluid saturation, Pore structure, Rock-Eval pyrolysis, NMR, Mutual Information
regression

Abbreviations

AR As-received (as-is)

BF Bazhenov Formation

BVI Bound Volume Irreducible

CBW Clay-Bound Water

CPMG Carr-Purcell-Meiboom-Gill sequence
FFI Free Fluid Index

GIT Green Imaging Technologies (Software)
GOC Generative Organic Carbon

HC Hydrocarbon(s)

HI Hydrogen Index (in REP)

ILT Inverse Laplace Transform

IR Inversion Recovery

MI Mutual Information
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MICP Mercury Injection Capillary Pressure (Porosimetry)
ML Machine Learning

LF-NMR  Low-Field Nuclear Magnetic Resonance

NGOC Non-Generative Organic Carbon

NSA Number of Scans Aquired

OH Hydroxyl Group

OM Organic Matter

OSI Oil Saturation Index

PD Pressure Decay

PI Productivity Index

PSD Pore  Size Distribution

RD Recycle Delay

REP Rock-Eval Pyrolysis

SARA Saturates, Asphaltenes, Resins, Aromatics (Analysis)
SCAL Special Core Analysis

SEM Scanning Electron Microscopy
SNR Signal-to-Noise Ratio

TE Time-Echo

TOC Total Organic Carbon (content)
XRD X-ray Diffractometry

XRF X-ray Fluorescence

Characterization of shale reservoirs requires a careful selection of special core analysis tests (SCAL) to cost-
effectively derive a petrophysical model. Typically, shale petrophysical model comprises mineralogy, porosity,
permeability, fluid types, saturation, and organic content. However, unlike conventional reservoirs that
accumulate migrated hydrocarbons (HC), shale oil and gas are generated during kerogen maturation. Increased
kerogen maturity leads to the development of organic porosity filled with saturated hydrocarbons and viscous
resin-asphaltene components in free and adsorbed states'™%. Consequently, shales predominantly consist of
nano- and micrometer-sized pores, including inorganic and organic pores within kerogen® and can be treated
both as reservoirs and organic-rich source rocks.

As such, fluid saturation typing via routine and SCAL experiments has been used with varying success,
particularly when it comes to the characterization of saturation in organic pores by solvents, which are either
partially or completely removed with lighter HC fractions, resulting in incorrect HC quantification and
destruction of samples®”. Rock-Eval pyrolysis (REP) provides far better volumetric estimates of HC components
and organic matter (OM) maturity, but during the sample preparation, the rock sample is ground into powder,
which affects the HC content: free light hydrocarbons evaporate through the newly opened porosity and result
in S1 values decrease®.

To this end, low-field NMR relaxometry has been extensively used to study shale deposits, as a non-invasive
alternative for fluid typing, pore size distribution (PSD) studies, wettability estimates and even for estimation of
HC viscosity®!!. Despite successful applications, challenges persist in resolving overlapping NMR signals from
heavy oils, nano porous organic matter (OM), and clay-bound water in shales. Partial separation of hydrogen
signal in such systems has been achieved using 2D logging by combining T, measurements with T, and self-
diffusion measurements, enabling differentiation in higher-dimensional space.

Reconstruction of complete signals from heavy, solid-like organic matter is hard to achieve with NMR logging
tools as they are limited by their magnetic field strength (400-600 gauss) and corresponding Larmor frequency
(~2 MHz)'>" . Although, benchtop NMR setups can operate at higher frequencies (10-23 MHz) and provide
better hydrocarbon resolution, at this time such technology cannot be extended to well-logging applications.
However, low-field NMR instruments operating at 2 MHz may have limitations in accurately characterizing all
fluid components within complex shale matrices: hydrogen signal from heavy hydrocarbons and bound water
can lead to overestimation of movable fluids if relying solely on T, distribution analysis. Two-dimensional NMR
methods, such as T|-T, correlation or diffusion-relaxation experiments, resolve overlapping signals and improve
the accuracy of fluid typing and mobility assessment in shale samples. Combination of NMR analysis with other
techniques of geochemical and petrophysical analyses can provide valuable insights into quantification of fluids,
especially when differentiating between bound water, movable water, and hydrocarbons, and correlate pore
structure characteristics with oil mobility!>.

Therefore, in SCAL for shale characterization, custom workflows combining NMR tests with other
petrophysical tests are constantly being developed. For instance, Rylander et al.!® utilized mercury injection
capillary pressure (MICP) method and scanning electron microscopy (SEM) to relate HC saturations with pore
and throat distributions of Eagle Ford shales to calibrate the T, volumetric model and determine the cut-off
values separating irreducible and movable fluids. Westphal et al.!” combined NMR and computed tomography
to improve the estimate of free fluids, as well as to describe the pore connectivity in shale rocks. Unified schemes
for classifying fluid types in oil shales constructing a void space model for low-porous and low-permeability
sediments were proposed by Rylander et al.!° and Jian-Ping et al.®.

The Rock-Eval pyrolysis (REP) is also employed with NMR relaxometry to improve typing and quantification
of organic matter and its maturity degree. Khatibi et al.'®used customized 22 MHz benchtop NMR to complement
Rock-Eval pyrolysis and vitrinite reflectance methods in characterizing the Bakken Formation samples with
different OM maturity. Li et al.* introduced a workflow combining 21.36 MHz-NMR and REP data for Shahejie
Formation to successfully resolve signals of free oil, adsorbed oil, and heavy HC components derived from T -T,
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maps and corresponding geochemical parameters. Birdwell and Washburn?® and Romero-Sarmiento! reported
on successful application of 2 MHz NMR in the field of fluid typing in organic-rich source rocks.

Bazhenov shale formation has been a subject of intensive research for the past 20 years?!2. In our earlier
works, we reported results on geochemical and petrophysical studies of the Bazhenov Formation obtained on
limited core collections?*?>. Here we continue the research and report on the findings of an extensive study on
fluid saturation in clay-containing, organic-rich layers. The aims of the present study are threefold. First, we
focus on optimizing the SCAL experimental pipeline for Bazhenov shale samples by designing two different
workflows to compare how the order of sample desaturation, re-saturation, and drying impacts the estimation of
hydrocarbon saturations or ‘cutofts’ from NMR T, and T,-T, tests. Second, in addition to routine core analysis
(RCA), supporting tests from X-ray diffractometry (XRD), and Rock-Eval pyrolysis measurements facilitated
analysis of mineral species and OM properties correlation with HC content by T -T, maps, and NMR T,
distributions. Finally, from the obtained generalizations, we derive an improved fluid volumetric model using
both manual interpretation and data-driven processing of experimental results. To this end, 20 shale samples
(core plugs and duplicate core fragments) were tested in this work.

Materials

Geological settings: target oilfield

The Bazhenov Formation (BF) is one of the most prominent organic-rich source rock formations worldwide
in terms of area and hydrocarbon reserves, which covers more than one million square kilometers area in the
West Siberian Petroleum Basin, Russia?!-23. Upper Jurassic-Lower Cretaceous Bazhenov oil shale formation was
formed mostly in marine anoxic conditions. BF occupies most of the West Siberian Petroleum Basin at the
depth of 2000-3000 m with a thickness of 15-60 m and organic matter content up to 25 wt% 2. The main rock
types are composed of silica, carbonates (calcite and dolomite), clay minerals (mostly kaolinite and illite), and
organic matter?’. Petrophysical properties of the rock complicate the standard core analysis due to extremely low
permeability (< 1 mD) and low open porosity values (< 3%)%. One of the most general patterns for the Bazhenov
Formation is a decreasing organic matter content from the center to the periphery of the basin. Heterogeneity
along the section is reflected in the differentiation of the formation into the lower and upper parts according
to lithological and geochemical properties. Thus, the Upper BF contains more carbonate and clay components,
significantly higher organic matter content and characterized by an increased content of pyrite, while the Lower
part is predominantly siliceous, with a reduced content of organic matter (5-10 wt%).

In the current study, the rock samples were probed from the SN3 well that is located in the Middle Ob
region of Western Siberia (Fig. 1). Samples were selected throughout the section from the most representative
intervals identified by logging data and core studies (XRE, XRD, Rock-Eval pyrolysis). The target well section
was subdivided into 5 members: I and II members correspond to Lower BE, the Upper BF is subdivided into III,
IV and V members (Fig. 1). The member V is characterized by high content of pyrite in organic-rich siliceous
claystone. The member IV is distinguished by the presence of biogenic calcite and composed predominantly of
carbonate, siliceous, and clayey components with high kerogen (up to 15-20 wt%) and pyrite content. Clayey-
siliceous mudstones from the member III are the most organic-rich rocks in the selected interval with organic
matter amount up to 20-30 wt%. The member II, the uppermost member of the Lower part of BE is represented
by siliceous and clayey-siliceous rocks with decreased organic matter content. The members I and II contain a
significant amount of radiolarite interlayers. It is correlated with increased reservoir properties due to the low
kerogen content (<5 wt%) and mineral composition, making it the most interesting part of the BF in terms of
mobile hydrocarbon production.

The studied well is characterized by early-mature organic matter. High content of organic matter with a
fairly large amount of heavy hydrocarbons is typical for low-mature Bazhenov Formation interval?*. With
underdeveloped kerogen porosity at early maturity degree, the most potentially productive rocks are associated
with the radiolarite intervals in the members I and II.

Core sample collection

The collection of rock samples consisted of 20 core plugs (@30 mm) (Table 1). Core fragments were used as
substitutes for XRD and Rock-Eval analysis in intervals where insufficient core material was available to produce
cylindrical plugs. All core samples were recovered from the same well (SN3). The core plugs were drilled using a
proprietary diamond cutter equipped with an air-cooling system. Initial porosity and permeability measurements
were conducted on core plugs using an automated gas porosimeter (PIK-PP) in as-is state.

Methods

Core analysis workflow

Due to the limited core material, all core plugs were divided and subjected to two different workflows: A and B;
the core fragments were analyzed separately (Table 2). The primary difference between these workflows was the
order of core saturation and handling procedure and NMR measurements as shown in Fig. 2. The FFI workflow
(A) was designed to preserve initial saturation in shale samples using desaturation and re-saturation in a least
destructive way, to minimize the fracturing of the rock matrix due to clay swelling. It involves three main steps:
NMR measurement in the as-is state (S, ), the decane-saturated (S, ), and the dried state (S dry). Additionally,
samples were centrifuged to remove mobile fluids and determine their residual saturation (S, ).

Workflow B, in contrast, employs preliminary controlled vacuum-drying to remove free fluids (FFI) and
partially the clay-bound (CBW) and capillary bound fluids (BVI) due to evaporation of light HCs, respectively,
before the saturation stage. Workflow B is commonly used in petrophysical analysis of oil-bearing and source
rocks. However, high temperature drying can deform clay minerals, compromising sample integrity when fluids
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Fig. 1. The simplified Bazhenov Formation map with marked location of the target well, stratigraphic column,
and mineralogical model. The black dots indicate the location of core samples.

Sample ID Depth (m) Volume (cc) Weight (g) Gas porosity (%) Gas permeability (mD) ‘Workflow
1095 XX37.35 2233 48.04 1.09 0.355 A
1095D XX37.35 22.10 48.01 B
1096 XX43.79 22.38 49.18 0.89 0.024 B
1097 XX46.66 23.68 61.25 1.08 0.003 A
1098 XX51.20 2293 49.85 2.07 0.001 A
1099 XX58.30 24.08 54.30 1.21 0.004 A
1099D XX58.30 11.08 24.61 B
1100 XX59.80 23.68 53.87 1.07 0.003 B
1101 XX61.50 23.05 51.81 1.05 0.003 A
1102 XX62.67 23.01 50.17 1.00 0.005 A
1103 XX66.10 22.64 62.04 1.05 0.007 A
1104 XX67.27 23.68 52.88 1.01 0.007 A
1104D XX67.27 21.87 50.12 B
1105 XX70.83 22.78 55.69 B
1106 XX73.23 20.40 51.27 A
1106D XX73.23 22.53 57.38 B
1107 XX74.13 22.38 51.39 1.06 11954 B
1108 XX74.74 23.29 55.06 1.05 1.413* A
1108D XX74.74 22.50 53.70 B
1109 XX79.66 22.78 53.66 1.40 B
Table 1. List of investigated core samples. 2Samples with fractures.
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Workflows Intended aim Protocol Sample type
Preserve native BVI & FFI 1. T, as-is core

A: FFI workflow Minimize clay swelling 2.T, decane-saturated core Whole core plugs (10 pcs.)
Assess total porosity 3.T, dried core

1. T, as-is core
. Identify T|-T, of CBW & BVI 2. Centrifuge to irreducible saturation
B: BV workflow Evaluate plorosity changes after drying and decane saturation 4.T, dried core Whole core plugs (10 pes.)
5. T, decane-saturated
. Support core plug analysis with lithotype classification and OM analysis | 1. Perform Rock-Eval pyrolysis
C: Supplementary workflow Establish correlations with Rock-Eval pyrolysis and XRF/XRD 2. XRD analysis Core fragments (15 pcs.)

Table 2. Description of NMR workflows designed for mapping BVI, FFI, and hcs.

FFI workflow (A) | BVI workflow (B)

Core plugs Core plugs

High-speed centrifuge NMR (Sgs.is)
BVI
fingerprint by
NMR N BVI
NMR (Sjrr) "Saturate with decane ) fingerprint by
2 NMR
2
Gravimetric porosity
\ 4
: Bulk
. . { Saturate with decane ) decane
High-speed centrifuge \ p NMR
FFI ‘ 10
fingerprint by ¢
NMR

NMR Gravimetric porosity

FFI
fingerprint by
NMR

NMR (Sgec)

High-speed centrifuge

NMR (Sirr)

Fig. 2. Experimental FFI (A) and BVI (B) workflows for the two groups of core plugs (number in the box
indicates the number of samples that underwent the current stage).

are later introduced under high pressure. In our study, some samples in Workflow B were damaged. To ensure
accuracy, we monitored sample volume at each stage and calculated porosity using the measured values.

Core fragments were tested by NMR, Rock-Eval pyrolysis, and XRF analysis to support the analysis of core
plugs, particularly in as-is states.

Rock-Eval pyrolysis (REP)

The Rock-Eval pyrolysis was conducted using HAWK RW pyrolyzer (Wildcat Technologies) operating in the
Bulk Rock temperature mode?*>*’. A rock sample of 30-50 mg mass (for rock enriched in organic matter) was
crushed to 60 mesh. The analysis consisted of two stages: pyrolysis and oxidation. The pyrolysis stage began at
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room temperature and heated up to 650 °C at a rate of 25 °C per minute, with two temperature steps: at 90 °C (SO
peak, representing gaseous hydrocarbons) and at 350 °C (S1 peak, representing light hydrocarbons), all under a
helium flow. After the furnace cooled, the oxidation stage started with heating in a pure air flow up to 750 °C at
a rate of 25 °C per minute.

The interpretation of results was based on the principles of pyrolytic data analysis for shale rock®'. The output
pyrolysis parameters are SO (gaseous HC), S1 (light HC), and S2 (products of kerogen treatment and heavy
HC fractions) measured in mg HC/g-rock, as well as the amount of CO and CO, released during pyrolysis
and oxidation of organic matter (S3 and S4). The content of generative (GOC) and non-generative (NGOC)
organic carbon, and the total amount of organic carbon content (TOC) are calculated based on these parameters
(Egs. 1-3). The temperature Tmax is determined at the maximum of S2 peak. The processing of the obtained
data also includes calculation of hydrogen index (HI), productivity index (PI), oil saturation index (OSI) and
coefficient of unconverted kerogen (Kgoc) as expressed in Eqs. 4-7, respectively.

Generative organic carbon : GOC = (50 + S1 + 52) % 0.085 + S3 = % + (SSCO + 93 CO) * %, (1)
Non — generative organic carbon : NGOC = S4C0O2 + S4CO, (2)
Total organic carbon : TOC = GOC + NGOC, (3)
S2

. : _ 4
Hydrogen index : HI TOC (4)
Productivity index : PI = SOS—BS;{?—ISQ’ (5)

. . S0+ S1
1 : = ———— 6
QOil saturation index : O.S TOO (6)
Coefficient of unconverted kerogen : Kgoc = NGOC 100 (7)

NGOC 1+ GoC ™

To avoid influence of heavy hydrocarbons on Tmax and S2 parameters, the pyrolysis was conducted before and
after the solvent extraction of powdered rock with chloroform in Soxhlet apparatus for 1 month. For selected
sample, the extract (heavy HCs and bitumen) was collected during the solvent extraction and separated for
further SARA analysis. The pyrolysis parameters measured on the rock after its extraction are labeled below with

ex”. This two-stage procedure of the pyrolysis enabled reliable evaluation of the heavy hydrocarbon content
(AS2) as follows:

AS2 =82 - 52, (8)

For further comparison with NMR results, we defined the following categories of REP corresponding to fluid
types in shale rocks®*:

1. Light movable hydrocarbons: S0/S0 +S1, in mg HC/g-rock;
2. Heavy hydrocarbons including asphaltenes: AS2/S1+AS2, in mg HC/g-rock;

Nuclear magnetic resonance (low-field NMR relaxometry)

A low-field NMR unit, Oxford Instruments Geospec 2/53 (UK), was used to analyze the core samples
at each step of the experimental workflows. The NMR relaxometer is a laboratory analyzer of core samples
operating at the 2-MHz frequency with a magnetic field of 0.05 T. The core analysis is based on recording
and measuring the polarization and relaxation of hydrogen atoms*~*. Analysis and interpretation of results
employed principles of NMR application in petrophysics®®. The instrument’s calibration used reference samples
supplied by the manufacturer with known parameters, including NMR-registered liquid volume and 90° and
180° pulses duration. The T, relaxation measurements resulted from the Carr-Purcell-Meiboom-Gill (CPMG)
pulse sequence with the time-echo TE =21 where TE was set to 0.1 ms. The utilized parameters of NMR testing
are summarized in Table 3. Initial data processing and interpretation was performed using the Green Imaging
Technologies (GIT) Systems Advanced v.7.5.1 software. In addition to the saturation measurements, the pore
size distribution was estimated based on the obtained T, distributions. The transverse relaxation time (T,) is
sensitive to the surface-to-volume (S/V) ratio of pores. This relationship allows conversion of T, values into pore
size estimates, providing insights into pore structure and distribution. Attenuation of the T, signal is inversely

CPMG parameters
Ne | NMR test | Time-echo (TE) (ms) | Number of scans (NSA) | Recycle delay (RD) (ms) | Signal-to-noise ratio (SNR) | Test duration (h)
1T, 0.1 128 1500 100 <0.5
2 TI—T2 Map | 0.1 16-32 750 50 <2.5-3
Table 3. NMR testing parameters.
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proportional to S/V. If pore geometry is considered, cylindrical and spherical pores will have different pore-to-
throat ratios. Tight shale systems typically assume cylindrical pores where:

vV o _r

T2~ — ~ —
Sp 2p

)

where T, is the relaxation time (in ms), r - is the pore radius (in um), and the p - is the surface relaxivity
coefficient, which depends on the mineralogy. The pore size distribution was generated from the T, distributions
for investigated samples using a surface relaxivity coefficient of 10 pum/sec, which remains a widely accepted
approximation for shale rocks*’~%.

XRD/XRF analyses

Mineralogy analysis on core powder was performed using the benchtop Rigaku Smartlab X-Ray diffractometer
unit. The elemental composition was analyzed using a portable X-Ray fluorescence (XRF) analyzer - Vanta C
manufactured by Olympus. The range of the elements determined is from Mg to U. The XRF data were converted
to mineral composition using nondeterministic inversion approach.

Core preparation and porosity measurement

The rock samples were dried at a temperature of 100 °C in the Memmert VO400 vacuum oven until the constant
weight (A0.001 g). Core saturation procedure consisted of vacuuming the samples, capillary imbibition, and
injection of a saturating fluid (Decane) during 72 h under a pressure of 15 MPa using an automated saturating
unit PIK-SK (Geologika). The residual water saturation of the core plugs was determined by gas drainage in a
Vinci Technologies RC-4500 refrigerated centrifuge operated at a maximum speed of 4,500 rpm, spinning the
samples in 24-, 48-, and 72-hour increments until water production ceased. The pressure drop across the sample
was 1.4 MPa for the capillary pressure of ~4.3 MPa; the centrifugal force (g) equals 5100.

Gas porosity and permeability measurements were carried out at the PIK-PP automated permeameter-
porosimeter (Geologika) using pressure pulse decay technique at confining pressure of 3.4 MPa; Helium was
selected as a gas. The core plugs were tested in as-received state without prior solvent cleaning. Due to the low
open porosity of the samples and the high amount of viscous components, the test was repeated at least three
times, and the average value was selected. The measurement uncertainty in determining the permeability in the
measuring range from 0.1 to 1 mD is £0.05 mD and in the range from 1 to 5000 mD, the total relative error is
+8%.

The open (liquid) porosity of the core samples was determined using the standard liquid saturation or
gravimetric method. The technique consists of saturating a rock sample with a liquid (Decane, density 0.7269 g/
cc at T=24.8 °C) and determining its mass/volume in the air and the saturating fluid utilizing high-precision
laboratory scales A&D GH-202GH with AD1653 gravimetric console.

Results

All core plugs were provided by the oil company in as-is state, without a paraffin isolation. The initial selection
of core samples from the core storage was based on available data for porosity and permeability (by gas), depth,
and mineral composition. During core selection, at least one representative sample from each member of the
Bazhenov Formation was included to the collection (Fig. 1).

Organic matter properties and mineral composition of the rock

The composition of core plugs includes a variety of rock-forming minerals (Fig. 3)*°. For most samples, quartz
minerals dominate with a content of up to 78 wt%. Samples #1103, #1097 and #1098 predominantly contain
carbonate minerals. Kerogen content follows the typical pattern for the Bazhenov Formation, with higher TOC
values (up to 15 wt%) in the Upper Bazhenov Formation. Other components are clay minerals (illite, kaolinite),
pyrite, and N-feldspars. Based on obtained XRF results, we have divided the entire collection into six different
lithological groups: carbonates, mixtites, clays, silicites, silicites with clays, and clays with silica that represent
each member of the Formation (Fig. 4).

The pyrolysis was performed in a bulk-rock mode before and after the solvent extraction (Table Al in
Appendix A). The TOC content ranges from 2.3 to 14.6 wt%, with HC products of kerogen cracking content
(S2ex) varying from 4.3 to 81.7 mg HC/g-rock. The sample maturity degree is confirmed by high hydrogen index
(HIex) values corresponding to the early oil window, averaging around 500 mg HC/g TOC, with local minima
corresponding to intervals of low organic matter content, and also by Tmax,_values ranging from 432 to 439 °C,
and low productivity index (PI), averaging 0.14. These results indicate that the sample collection has excellent
generation potential.

The Upper BF shows a higher heavy hydrocarbon content (AS2), averaging 8 mg HC/g-rock, while the Lower
BF has an average AS2 of 2.4 mg HC/g-rock. Light hydrocarbon content (S0 +S1) in the Upper BF reaches up to
12 mg HC/g-rock, with an average of 7.7 mg HC/g-rock, which is double that of the Lower BE, where the average
S0+S1 is 3.3 mg HC/g-rock. Sample #1105 can be identified as enhanced reservoir properties interval. This
sample exhibit the highest productivity index PI 0.29 and high oil saturation index (OSI) 160 mg HC/g TOC,
and relatively high light hydrocarbon saturation relative to organic matter content. Additionally, we analyzed the
hydrocarbon extract (liquid sample) from the Upper Bazhenov Formation at an interval of XX45.08 m using
REP and NMR measurements on the sample in heated (liquid) and solid states.
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Fig. 3. Organo-mineral composition of the core plugs.
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Fig. 4. Rock typing of core plugs according to the mineral composition.

NMR core analysis

The obtained T, distributions were separated into groups in accordance with the presence of a free fluid signal,
the relaxation time at peak’s maximum, as well as the number, magnitude, and width of peaks. These groups
can be associated with their mineral composition and reservoir properties (Fig. 5). The results show that large
proportion of pores are concentrated in the 0.001 to 0.1 um range (Fig. 5); the differentiation between micropores
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(<2 nm), mesopores (2-50 nm) and macropores (>50 nm) is demonstrated based on the IUPAC classification
of pore sizes in porous media. Most samples show zero free fluid fraction, with signal the most recorded signals
located in the low relaxation times of up to 10 ms. However, samples #1103, #1104, and #1105 have a significant
amount of free fluids within the relaxation time range of 10 to 100 ms and categorized as a separate groups. The
total fluid saturation of as-is samples varies from 0.8 to 2.2 ml while the registered ‘porosity’ ranges from 3.3 to
9.1% (Fig. 6). This porosity is primarily attributed to the partial registration of high-viscosity fluids by NMR,
as well as the presence of a certain amount of closed pores remaining in the rock; empty open pores are not

included.

The NMR total porosity of decane-saturated samples in FFI workflow (A) ranges from 4.2 to 15.8% (Table
A2); the open porosity (differential signal S, -S, ) varies from 0.6 to 7.71%, whereas the gravimetric method
indicates a maximum porosity of 5.8% (Table A3). The observed discrepancy between total and open porosity
measured by NMR arises because the total porosity measurement captures signals from clays and organic
matter*#2, This occurs because the core samples were not cleaned prior to the saturation stage, leaving the
heavy hydrocarbons in the rock. According to the BVI workflow (B), the NMR measurements were repeated

for dried samples, and amount of removed fluids (differential signal S, -

S,.;,)> including clay-bound water,

were determined: the amount varied from 0.14 to 0.88 ml, averaging 0.54 ml (2.46% in absolute values). After
the saturation of samples (B) with Decane, the total porosity by NMR ranged from 6.5 to 11.9%, with an average
value of 8.7%. (Fig. 6). Although some of the mobile fluid was removed during the drying process, the samples
in workflow B were also not cleaned of heavy hydrocarbon components, which contributed to the high total
porosity values. The open porosity varied from 1.7 to 8.3%, average value was 4.1% (Table A4). The NMR
porosity plots show that a significant portion of the NMR-registered fluid (Decane and residual fluids) was
removed during the drying process (Fig. 6) with an average sample weight reduction of 0.66 g.

The goal of FFI workflow (A) was to preserve the initial saturation of shale samples and, at the same time,
to characterize the maximum of the occupied porous space in the rock by high-pressure saturation without
preliminary cleaning or drying the samples. In turn, in the BVI workflow, samples were first dried and then
saturated. Comparison of workflows on two sets of duplicate samples was used to identify the advantages and
limitations of each schemes. From practical point of view, within workflow A, the lower number of samples was
destroyed, which proves an accurate determination of the total porosity on non-destructed samples. Similar to
their initial pore size distributions (Fig. 5), the porosity values of duplicate samples in as-is state vary slightly and
show the maximal difference of 0.8 abs.%. However, in Decane-saturated state, the three samples with high clay
content (pairs of 1095, 1104 1108) exhibit the increased values of porosity when saturation step followed the as-is
step without preliminary drying (Table 4). In this case, the total porosity values included the signal both from
bound and mobile fluids. In contrary, for the sample with 59.6 wt% clay content (1106) the porosity obtained in
BVI workflow (B) is higher than that in workflow FFI (A): it can be explained by damaged clay minerals when
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bars reflects the order of saturation and drying for each workflow.

Sample ID | Lithotype D (S, 1) (%) | D (Sye) (%) | P (Syy,) (%) | Popen (SyeS, iy SaecSary) (%)

1095 8.23 8.86 4.12 0.86
Clays (54.0 wt% clays)

1095D 7.07 6.99 4.16 2.53

1099 7.71 10.93 5.49 2.92
Silicites (7.3 wt% clays)

1099D 7.33 11.96 5.68 593

1104 8.81 12.14 5.45 293
Silicites with clays (37.2 wt% clays)

1104D 9.12 9.80 6.26 3.30

1106 7.90 9.59 2.16 1.67
Clays with silica (59.6 wt% clays)

1106D 6.33 10.99 2.16 8.28

1108 5.35 7.73 2.49 2.10
Mixtite (40.2 wt% clays)

1108D 5.89 6.86 2.60 3.89

Table 4. NMR porosity of duplicate samples subject to different workflows. *Porosity value of dried samples is
based on the remaining fluid in the rock and should not be considered as the actual porosity of the sample.

drying and clay swelling during the high-pressure saturation. The ‘porosity” of dried samples (i.e. remaining
fluid volume) is same for samples of both workflows that confirms that the mass-controlled vacuum drying at
70 °C entirely removed the Decane from samples that underwent the workflow A. The open porosity values are
calculated based on the NMR differential signal between saturated and previous stages of core analysis (S, -
Sas_is for workflow A and S dec™S dry for workflow B), and therefore these results demonstrate how the order of core
analysis can impact the overall values.
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The size of the pores occupied by Decane for duplicate samples with high clay content varies from 0.1 pm
to 1 um with a minimal amount of fluid present in the pores with a radii up to 10 um (Fig. 7). The primary
difference in saturation between the samples from workflows A and B is the increased level of fluid in pores of
the mesopores region for samples of FFI workflow (A), possibly due to the remaining light HCs and bound fluid
that was not removed before saturation. Additionally, it should be noted that the presence of microcracks in the
saturated samples contributes to an increased NMR signal in larger pores, resulting in high relaxation times (T,)
within the 300-1000 ms range that corresponds to macropores region in the pore size distribution.

1D T, analysis: bound and mobile fluids, T, cut-off determination, porosity
To model the residual saturation and determine T2 cut-off, several fluid displacement methods, including
constant temperature drying (at 70 °C under vacuum) and high-speed centrifugation were applied. First, samples
#1103 and 1104 (workflow A) were centrifuged in the as-is state (Fig. 8a, b). The negligible saturation change
from centrifuge confirms the limited application of centrifuging technique to removing the HCs from tight rocks
given the maximal rotation speeds and achieved pressure (1.5 MPa). Next, selected Decane-saturated samples
(#1098 and 1104) were centrifuged to obtain the residual saturation state and determine the T, cut-off values
(Fig. 8c, d). Although the calculated cut-off values (4.6 ms and 8.2 ms) are close to the common range for shales
(8-10 ms), the saturation change before and after centrifugation indicate that the centrifuging method cannot
be applied for reliable determination of the T, cut-off value due to low permeability of samples. Therefore, the
conventional 1D T, analysis with fluid separation into the CBW, BVI and FFI categories can provide incorrect
estimates due to few reasons, First, as described here, is the absence of quick experimental techniques to define
the cut-off values for separation of bound and mobile fluids. Second, in shale rock samples, the major part of
NMR signal registered in CBW and BVI regions includes the signal from heavy and adsorbed HCs. To accurately
quantify these regions, the detailed T|-T, analysis was conducted on entire collection in §_ ., S, and S
saturation states.

For the entire sample collection, the open porosity values by NMR were compared with the gravimetric and
gas volumetric porosity measurements (Fig. 9). The slight discrepancy between NMR-derived and gas porosity
values can be attributed to the different physical principles underlying each measurement technique, as well
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Fig. 9. NMR open porosity vs. porosity by gas (left) and by gravimetric measurements (right).

as technical limitations of the pressure decay method when applied to low-permeability samples. In addition,
the gas porosity tests were conducted on samples in as-is state without prior solvent cleaning, and the obtained
porosity values do not register the pores occupied by residual fluids. The comparison of open porosity values
obtained from NMR and the gravimetric method showed good agreement, confirming the reliability of both
methods for measuring open porosity.

2D T,-T, analysis: identification of fluid clusters
Additionally, two-dimensional T -T, maps were employed for qualitative and quantitative fluid saturation
assessments across all samples (Table A5). Distinct zones on the T,-T, maps were identified, and the proportion
of each fluid type was calculated in both percentage (%) and absolute volume (ml) (Fig. 10). The maps revealed
residual (initial) oil and water saturation for samples in the as-is state, including clay-bound water. The
maps quantified the mobile oil saturation for Decane-saturated samples according to the simplified schemes
proposed for similar object earlier*2. Fluids were classified into the following categories: (1) heavy and adsorbed
hydrocarbons (HC, ), (2) bound fluids (W), and (3) mobile fluids such as mobile oil in as-is samples, and
residual mobile oil and Decane in saturated samples (HC_ . ).

The data obtained from T,-T, maps was further used for comparison of NMR-based HC fluid composition
(HC,., - Wepw HC, pie) Vs the mineral composition of the rock (quartz and clays) and OM components
quantified by Rock-Eval pyrolysis on duplicate core fragments.

Discussion

Correlation of NMR results (fractions from T,-T,) with mineral composition and REP analysis
Integrated analysis of NMR results and mineral composition of the rock shows that the highest residual HC
(Total HC) saturation in as-is state is noted for silicites and silicites with clays (types 4, 5) (Fig. 11a). However,
only samples of lithotype 5 contain a significantly large amount of mobile HCs (Free HC) in macropores, which
is explained by high content of quartz in those layers. Carbonates, mixtites and argillites do not demonstrate
pronounced correlations with residual mobile oil saturation. The most interesting results belong to the intervals
represented by silicites, silicites with clays, and clays with silica rock types (Fig. 11b). The mobile fluid volume
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as-is

(Total HC for S, -S dry) is gradually increasing for lithotypes with codes from 1 to 6; for mobile HCs the same
positive trend remains in less pronounced way.

The relation between the content of clay minerals in the rock and NMR-derived clay-bound water content
(Wegw) can be observed in Fig. 12a. While conventional understanding states that NMR measurements are
matrix-independent, prior studies suggest certain mineral groups—particularly clays and silica—may influence
NMR responses*>*. In the analyzed rocks, quartz and clays are main rock-forming minerals. The quartz content
is directly related to the pore structure geometry and connectivity in larger pores, while clays retain substantial
bound water registered in W, cluster of T,-T, maps. Therefore, there is also a positive relationship between
rock silica content and NMR mobile porosity, showing that rocks with higher silica content have higher mobile
porosity (Fig. 12b). Samples with a different mineral composition (carbonates, clays) in some cases deviate
from the general trend (showing increased mobile porosity), which does not contradict the positive correlation
between silica content and mobile porosity. These correlation validates the accuracy of our T,-T, maps
interpretation approach, confirming that applied fluid typing reliably distinguishes different HC populations for
target samples and linking mineralogy to NMR fingerprints. Moreover, these results align with dependencies
identified by Kazak et al.** on determining water content in shale rocks.

The integration of NMR and REP results and incorporating fluid identification data obtained from pyrolysis
and T,-T, maps for shale rocks was first demonstrated for the similar geological object in our previous research
on limited core collection*>*2, Earlier"” identified a linear correlation (R, =0.9) between the NMR signal intensity
of heavy oil/solid organic matter from T-T, maps (obtained at 20-MHz NMR setup) and Rock-Eval S2 values,
reflecting hydrocarbon generation potential. Similarly® showed that the combined NMR signals from kerogen,
adsorbed oil, and free oil (at 20 MHz) exhibit a direct proportionality to total organic carbon (TOC) content and
the Rock-Eval S1 +S2 index, which quantifies both free and thermally generated hydrocarbons. However, due to
physical reasons, 2 MHz NMR analyzer are not able to register the part of HC clusters captured by 20 MHz units.

Therefore, in this study, we used a simplified fluid model from T -T, dataset as depicted in Fig. 13. The fluid
composition of the target shale formation is heterogeneous in terms of the presence of bitumen & kerogen,
structural & adsorbed oil, and formation water including clay-bound water. Here, we use simplified model of the
rock porous space and fluid saturation that can be characterized by 1D T, NMR analysis (CBW incl. clay-bound
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water and heavy HCs, BVI, FFI incl. HCs and free water, and Technical liquids (if any) and 2D T-T, analysis
(Wepw HC, oy incl. heavy and adsorbed HCs, HC_ ... Free Water and Technical liquids (if any). In both
scenarios, we assume the absence of technical liquids and free water in large pores by results of preliminary T,
analysis of samples in S___, state.

First, a strong positive linear relationship is observed between light oil (S1), and the combined content
variations of light and heavy oils (S1+AS2 and S0+ S1+AS2) (Fig. 14). This correlation also extends to NMR
measurements of heavy and bound hydrocarbons, highlighting the consistency in HC content across different
analytical methods. The most pronounced correlation by R, criteria (0.89) is demonstrated for S1+ AS2 fraction:
values of both NMR and REP-derived volumes are unified to mg/g units. Following previously published
understanding of NMR and REP joint application, we attempted to identify the correlation between SO
parameter (light HCs) and free/mobile HCs by NMR: the linear positive dependance (R,=0.89) was revealed
only for siliceous-clay and clay-siliceous samples that constitute 7 out of 15 samples in the collection, which
can be explained by low values of SO in other lithotypes. Although, the more accurate correlation is observed
for the volumes of heavy and bound HC by NMR and combined components SO+ S1 + AS2 that provide a close
quantitative agreement. The slight discrepancy observed between the pyrolysis results (S1+AS2) and NMR
measurements can be attributed to two factors:

« High viscosity of heavy HCs: the significant amount of asphaltenes, which have extremely high viscosities,
have short T, relaxation times. Consequently, 2 MHz-operating NMR unit registers only part of their total
signal.

o Shale sample destruction during the pyrolysis: the evaporation of light HCs results in saturation change by
REP leading to underscored SO and S1 values. In contrast, non-destructive NMR measurements characterize
these mobile HCs more precisely.
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Dependency of T, spectrum intervals and REP fractions

As demonstrated earlier, typing and quantifying HC saturation is not feasible by T, distribution manual analysis
due to the interfering signals from bound fluids and heavy HCs in the CBW cluster. In general, characterization
of unconventional rocks is challenging, particularly when modeling general dependencies between PSD, pore
geometry, and fluid types. To this end, this gave a rise to application of new mathematical tools, grounded
on information entropy, fractal theory, wavelet analysis in attempt to resolve hidden dependencies in pore-
fluid interactions*>*. We utilized mutual information (MI) regression to map T, signal to different HC types
and resolve their signal interference and estimate the influence of mineral composition to HC volume. This
non-parametric statistical method is used in signal processing and analysis of information-dense experimental
data such as time series and spectrometry*’~*. We used it to quantify information gain between different T,
distribution intervals vs. Rock-Eval parameters and vs. XRD-determined rock composition by estimating their
probability distributions. While this method cannot be used for direct typing of fluids or mineral matrix of the
sample, nor indicate the direction of the correlation between variables, it can be used to identify T, distribution
intervals for which the T, signal amplitudes contribute information to the sample property, such as volume and
type of HC fractions and mineral composition.

Figure 15a, b shows the average information gain for each of 83 discrete T, bins with hydrocarbon fractions
detected by Rock Eval pyrolysis. Light HCs (S0 +S1) content has been found to be dependent on T, amplitudes
at relaxation times associated with adsorbed HCs in nano and micropores (0.01-0.15 ms) and movable HCs in
macropores and cracks (80-110 ms). Heavy HCs (AS2) content exhibits high dependency on the variation of
T, amplitudes around 1 ms, reflecting their primary presence in micro and mesopores, while dependence on
T, signals below 0.2 ms may be related to the presence of asphaltenes and bitumen. Productivity index and oil
saturation index describe HC maturity, production potential and free oil content are primarily associated with
longer T, times, corresponding to meso- and macropores with movable fluids, and their information gain is
lower, as the T, signal originates from HC fluids in the pore space, and the samples tested here is in as-is state
therefore free HC . are underrepresented, also observable in Fig. 15c.

Figure 15c and d illustrate the information gain of T, bins as function of rock composition, where relative
volume fraction of quartz and clay minerals demonstrate highest MI score. The concentration of these minerals
affects the matrix and pore geometry and the wettability of the pores — the properties tightly related to distribution
of capillary and clay-bound fluids. Since quartz and clay minerals content is predominant in the studied samples,
their relative proportions influence the distribution of HCs and pore sizes (T, distribution). For quartz content,
two intervals in T, distribution have significant gain of information — from 0.07 to 0.2 ms where information
gain for T, signals is above 0.4 nats, and at 0.8-5 ms where information gain is 0.3-0.4 nats. For clay content, the
T, intervals with high information gain are almost identical, however the score magnitudes are reversed.

Effect of clay and quartz content to the T, distribution properties can be further studied in Fig. 16. First,
samples containing high volume clays tend to have narrow unimodal distribution with high peaks, while quartz-
rich samples tend to have broader distributions. This confirms the relative content of quartz and clay minerals
is reflected in pore size distribution, where quartz-rich samples in this study have more heterogeneous pore
size distribution. Furthermore, Fig. 17 illustrates the T, distributions color coded by the sample’s oil saturation
index (OSI) and productivity index (PI). It can be observed that samples with broad, bi-modal T, spectrum
and smaller amplitudes exhibit positive relationship with producible light HCs and with the quartz content in
samples (Fig. 16a).

Conclusions
Based on the presented characterization of fluid saturation by NMR and REP in organic-rich source rocks the
following conclusions can be made:

1. Total fluid saturation of ‘as-is’ samples within both FFI and BVI workflows ranges from 0.8 to 2.2 ml, while
total porosity varies between 3.3% and 9.1%, primarily attributed to presence of high-viscosity asphaltenes and
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bitumen. This makes conventional T, analysis inefficient in estimating the CBW, BV1, and FFI regions due to heavy
HCs dominating the signal and complications and in defining the cut-off values. The comparison of duplicate
samples show variation in Decane saturation, total and open NMR porosity (0.6-7.7% for A and 1.7-8.3% for
B workflow) and pore size distribution for samples under different designs of core analyses demonstrating the
advantages and limitations for each workflow. Considering the comparison of porosity results across workflows
A and B, as well as the integrity of core due to lower risks of damage, the workflow A is recommended for rapid
analysis of shale rock saturation.

2. Correlation analysis revealed a positive relationship between pyrolytical parameters by Rock-Eval pyrolysis
and saturation by NMR: comparison of the SI+AS2 fraction and the cluster adsorbed and heavy HCs by T|-T,
NMR shows good qualitative convergence while the correlation with S0+ S1+AS2 has a good prediction range
with R,=0.87 on a limited core collection. In summary, NMR and Rock-Eval pyrolysis complement each other
by providing detailed insights into hydrocarbon composition of shales, and their combined use in NMR log data
analysis can enhance the prediction of fluid mobility and identification of high oil-in-place zones.
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Fig. 17. T, relaxation distribution of 14 core plugs, sorted by maximum amplitude, and color mapped by OSI
and PL

3. The influence of mineral composition and lithotype on the fluid saturation of rocks was demonstrated:
a relationship between the content of clay minerals and NMR-derived volume of bound water is observed. A
positive but less pronounced correlation was revealed between the silica content and the mobile porosity of the
samples: rocks with an increased content of silica are characterized by higher mobile (open) porosity.

4. Mutual Information regression-assisted analysis revealed the information gain between corresponding T,
distribution intervals vs. Rock-Eval parameters (S0+S1 and +AS2) and vs. XRD-determined clay and quartz
content by estimating their probability distributions and their effect on MI score. In addition, the correlation
between PI and OSI parameters and T, distributions was demonstrated. Further application of ML-based
algorithms can be helpful in further development and training the model that can predict and characterize
the OM maturity, fluid composition and clays content based on the T, spectrum obtained by nuclear magnetic
resonance logging.

Data availability
Data is available from the corresponding authors on reasonable request.
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