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The quantitative evaluation of fluid saturation is important for formation evaluation of
shale oil. However, there is currently no effective method to identify the fluid
occurrence state and quantitative evaluate the fluid saturation of lacustrine shale
oil because of the complexity of diagenetic minerals and pore types. In this paper, a
method is proposed for the quantitative evaluation of fluid saturation based on
nuclear magnetic resonance (NMR), X-ray diffraction (XRD) and scanning electron
microscopy (SEM) measurements for shale samples of Fengcheng Formation, Mahu
sag in Junggar Basin, China. These studies revealed that the shale oil rocks mainly
contain quartz, feldspar, dolomite, calcite and clay minerals, both develop organic
and inorganic pores. The fluids mainly occur in the form of bitumen, clay bound
water, bound water, bound oil and movable oil in this study area. Based on the
findings from these experiments, a mixed rock index (MI) and mud index (SI) were
proposed to divide the shale oil formations into three types, including sand shale,
dolomitic shale and mudstone. A T1−T2 2D NMR fluid occurrence state
characterization map was established to identify the different fluids by the MI, SI
and NMR characteristics. Furthermore, a method was proposed to quantitatively
calculate the coefficient distribution of bound and movable fluids for shale oil in
different formations. Finally, the proposed method was successfully applied into the
lacustrine shale oil in the Fengcheng Formation to identify fluid occurrence state and
evaluate fluid saturation quantitatively.
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1 Introduction

Lacustrine shale oil is widely distributed in lacustrine lake basins, such as Ordos Basin,
Junggar Basin, China; Uinta Basin, America; Cooper Basin, Chad Bongor Basin, Australia;
Sumatra Basin, Indonesia; Paris Basin, France; et al. (EIA, 2015; Zou et al., 2022) It has become
an important field of petroleum resource exploration and development in current. However,
due to the complexity diagenetic minerals and pore types, there is no effective method to
quantitatively evaluate the fluid saturation and characterize fluid occurrence state of shale oil
(Cao et al., 2020; Tang et al., 2020; Guan et al., 2022). Thus, the highlights of current research is
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the diverse pore types and complex fluid occurrence states which are
important to evaluate oil-bearing accurately for shale oil exploration.

NMRhas emerged as a keymeasurement for characterizing the fluid
components of shale oil in downhole logging and laboratory studies.
Different fluids have different T1/T2 ratio and T2 relaxation time, and
different T2 relaxation time reflect different size of the pores. Thus, T1-
T2 NMR can obtain more information on the fluid composition and
pore types in shale oil. It can identify the fluid component of kerogen,
bitumen, light/heavy oils, gases and brine in the formations and
characterize the pore types of shale oil (Ge et al., 2015; Jia et al.,
2017; Song and Kausik, 2019; Guo et al., 2020; Jin et al., 2021).

Researchers have done a lot of work in the two-dimensional NMR
evaluation methods of shale oil. First, many NMR T1-T2 interpretation
maps have been proposed to distinguish fluid occurrence states and
quantitative evaluate the fluids volume for shale oil and gas, such as the
universal NMR T1-T2 map for all the different constituents of gas and
tight-oil shale at 2 MHz for US shales (Kausik et al., 2016), T1-T2

pattern of oil-bearing shale fluid or protons (Zhang et al., 2020b), the
illustration of the low-field T1-T2 map for all the components in gas-
shale (Zhou et al., 2020), the time-elapsed NMR T1-T2 map for shale
oil core at 22 MHz (Li et al., 2022). Moreover, blind source separation
(BBS) algorithm and non-negative matrix factorization (NMF) have
been employed to determine free oil saturation in recent studies
(Venkataramanan et al., 2018). Base on blind source separation
(BBS) algorithm, the volume fractions of shale oil can be computed
by hierarchical clustering; a method of fast independent component
analysis (FastICA) was proposed for the inverted NMR spectrums to
obtain the fluid components of shale oil; a method of two-dimensional
(2D) principal component analysis (PCA) was proposed to
quantitative evaluate the T1-T2 signatures of different fluids (Zhang
H. et al., 2020; Gu et al., 2021; Gu et al., 2022). However, none of these
studies dealt with the influence of complex lithology on the 2D NMR
evaluation model for shale oil.

In this paper, aiming at the influence of complex lithology on shale
oil, we use mixed rock index (MI) and mud index (SI) to divide the
shale oil formations. A T1-T2 map of fluid occurrence state of shale oil
was proposed by the NMR characteristics and MI value. Based the T1-
T2 map, a 2D T1-T2 NMR quantitative calculation method was
proposed to evaluate the movable oil saturation. The results show
that the proposed method can be used to identify the fluid occurrence
state and to evaluate shale oil-bearing quantitatively.

2 Geological setting

Mahu Sag is located on the northwestern edge of Junggar Basin in
west China. It is mainly composed of Wuxia fault zone and part of the
western slope, with an area of about 2039 km2 (Zou et al., 2022).
Fengcheng Formation (P1f) is the main source rock reservoir of Mahu
Sag. From top to bottom, Fengcheng Formation can be divided into
Feng 3 (P1f3), Feng 2 (P1f2) and Feng 1 (P1f1), which mainly sand shale
and dolomitic shale (Figure 1). The Fengcheng Formation shows a
complex lithological assemblage, which belongs to the mixed rock. It is
the main target of shale oil exploration and development in Mahu Sag
(Hu et al., 2020). There are 3 sets of sweet spots in Fengcheng
Formation, which are characterized by scattered sweet spots and
thin oil layers (Li et al., 2020) The porosity of the reservoir is 1% ~
13%, with an average of 4.4%, and the permeability is mostly less than
0.1mD.

3 Experiments and method

3.1 Experiments

Shale oil rock samples were cut and prepared from Well W1 and
Well W2 in Fengcheng Formation. Each sample was divided into
3 parts. Part 1 crushed for X-ray diffraction (XRD) analysis. Part 2 was
made into thin slices for rock slice analysis and FE-SEM experiments.
Part 3 was for the analysis of T2 and T1-T2 NMR experiments. The
experiment results are shown in Table A1 (Appendix A).

NMR experiments were performed on NMR rock analyzer
(2 MHz, Magritek). The instrument was operated at 30°C with a
magnetic field strength of 0.05T and a frequency of 2 MHz.
These experiments used CPMG and IR-CPMG pulse sequences to
obtain T2 and T1-T2 maps (Hürlimann, 2001). The testing parameters
for T2 were 100 us echo spacing time, 2 s waiting time, 128 scans, and
4,000 echoes. The testing parameters for 2D T1-T2 were 100 us T2 echo
spacing time, 2 s waiting time, 64 scans, 4,000 echoes, 0.1 ms T1 editing
start time, 2000 ms T1 editing stop time.

(1) Original shale samples were subjected to NMR T2 distribution and
T1-T2 map testing.

(2) After saturation, the mass of the saturated oil shales was
measured.

(3) After oil washing, the mass of the dry shales was measured. Before
the NMR T2 distribution and T1-T2 map tests, the shales were
heated at 80°C for 24 hours. The organic solvent used in shale core
washing experiment is a mixed solution of dichloromethane and
methanol.

(4) After saturation, the mass of the re-saturated oil shales was
measured. The fluids used in shale oil core saturation
experiments are all crude oil taken from Fengcheng Formation,
Mahu.

3.2 Method

This paper aims to evaluate fluid occurrence state and fluid saturation
of lacustrine shale oil in Fengcheng Formation. We proposed a reservoir
classification method [mixed rock index (MI) and mud index (SI)] to
divide formations to eliminate the influence of complex lithology for shale
oil. And a formation classification method was proposed to divide the
shale oil formations into three types, including sand shale, dolomitic shale,
and mudstone by the MI and SI. Based on the 2D T1-T2 NMR
experiments and formation classification results, a characterization
model of fluid occurrence state was established to identify fluids
component and quantitative evaluate fluids saturation. Finally, a
workflow of the proposed method for the quantitative evaluation of
fluid saturation of lacustrine shale oil was established (Figure 2).

4 Results

4.1 Composition and structural
characteristics of shale oil

The results of the mineral compositions of shale samples are listed in
Table A1 (Appendix A). Mineral compositions are dominated by quartz,
feldspar, clay minerals, dolomite, calcite and pyrite. Carbonate minerals
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(dolomite and calcite) ranges from 8.5% to 70.9%, with an average of
22.89%. Clay minerals content is low which ranges from 5.4% to 24.1%,
with an average value of 11.85%. The main clay minerals types are
montmorillonite, illite montmorillonite mixed layer, chlorite
montmorillonite mixed layer and illite. Montmorillonite content is 5%
~ 88%, with an average of 31.8%. Illite montmorillonite mixed layer is
between 18% and 85%, with an average of 26.37%. Chlorite
montmorillonite mixed layer is between 11% and 77%, with an
average of 15.6%. Illite content is 6% to 30%, with an average value of

17.2%. The TOC content ranges from 0.01 wt% to 1.07 wt%, with an
average value of 0.38 wt%, shows a low organic matter content.

Based on the findings from these experiments, the rock type of
Fengcheng Formation includes carbonate rocks, tight sandstones,
and mixed sedimentary rock (Figure 3). Moreover, the Feng 3
(P1f3) mainly sand shale, the content of felsic minerals is the
highest, followed by carbonate minerals. And the Feng 2 (P1f2)
mainly dolomitic shale, the content of carbonate minerals is the

FIGURE 1
Alkaline-lake mixed sedimentary model in Mahu Sag (Kuang et al., 2012).

FIGURE 2
Workflow of the proposed method for the quantitative evaluation
of fluid saturation of lacustrine shale oil. FIGURE 3

The rock type of Fengcheng Formation includes carbonate rocks,
tight sandstones, sedimentary tuffs and mixed sedimentary rock.
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highest, followed by felsic minerals. The clay mineral content is low
throughout the Fengcheng Formation. The main clay minerals of
Feng 2 (P1f2) are chlorite montmorillonite mixed layer,
montmorillonite and illite; the main clay mineral components of
Feng 3 (P1f3) are montmorillonite, chlorite montmorillonite mixed
layer, illite montmorillonite mixed layer and illite.

4.2 Pore structure features

The SEM measurement shows that shale oil mainly develops
pores and micro-fractures in Fengcheng Formation. The pores
include intergranular pores, dissolution pores, intercrystalline
pores and organic pores, which mainly composed of nanopores

and micropores (Figure 4). Intercrystalline and dissolution pores
are commonly found in dolomite and calcite. Intergranular pores
are commonly found in clay minerals and detrital minerals such as
quartz and feldspar. Organic pores are pore spaces created in
organic matter and often showing hydrophobicity. The micro-

FIGURE 4
Microscopic characteristics of Fengcheng Formation. (A) Dolomite argillaceous anisotropic sandstone with a small amount of organic residues; (B)
Dolomite-bearingmudstone, dust-spot-like, silk-like organic matter residues; few dissolved pores; (C)Dolomite sandymudstone, 3 dissolution fractures, the
fracture width is 0.01–0.04 mm; (D)Microcrystalline dolomite, intercrystalline pores (SEM); (E) Intercrystalline pores (SEM); (F) Dolomite and feldspar crystals
(SEM); (G) Dissolved pores (SEM); (H) Intercrystalline pores and intergranular pores (SEM); dissolved pores (SEM).

TABLE 1 Classification of shale oil reservoirs in Fengcheng Formation.

Type Mixed rock
index

Felsic minerals, % Mud
index

Sand shale >1.65 >50 <7

Dolomitic shale <1.65 <50 <7

Mudstone - - >7

FIGURE 5
The plot of felsic minerals and carbonate mineral.
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fractures mainly bedding fractures and structural fractures
(Figure 4).

4.3 Reservoir classification method

Mixed sedimentary rock is formed by terrigenous clastic and
carbonate components. The types of mixed sedimentary rock
mainly include calcareous sandstone, silty marl, dolomitic sandy
shale, dolomitic siltstone and lithic sandstone (Mount, 1984;
Mount, 1985). The Fengcheng Formation in Mahu Sag is a typical
mixed sedimentary rock shale oil. In this work, we studied the mineral
composition and lithology of the Fengcheng Formation mixed rocks
by casting thin sections and SEM. The results show that shale
reservoirs were mixed with many sandstones, dolomite and
terrigenous clasts. The carbonate minerals (dolomite and calcite)
ranges from 8.5% to 70.9%. And felsic minerals (quartz and
feldspar) ranges from 30% to 90% (Figure 5). Thus, based on the
previous method of calculating brittleness index according to the
content of quartz, feldspar and carbonate minerals (Eq. 4.1) (Lai et al.,
2015), we propose the mixed rock index (MI) based on the content of
felsic minerals and carbonate minerals to evaluate the oil-bearing of
shale oil reservoirs (Eq. 4.2). Moreover, in order to calculate the
mudstone content, we propose a mud index (SI), using the difference
between CNL and NMR porosity to calculate the shale mudstone of
shale oil reservoir.

BI � Wqz +Wcar

Wqz +Wfels +Wcar +Wclay
(Eq.4.1)

among them, BI is the brittleness index,Wqz,Wfels,Wcar, andWclay are
the percentages of quartz, feldspar, calcite and dolomite, clay
respectively, %.

MI � wquarz + wfledspar

wcalcite + wdolomite
(Eq.4.2)

among them, MI is the mixed rock index, wquarz, wfledspar, wcalcite, and
wdolomite are the percentages of quartz, feldspar, calcite and dolomite
respectively, %.

The shale oil formation in study area can be divided into three
types based on the petrological classification standard, including sand
shale, dolomitic shale and mudstone (listed in Table 1). Sand shale is
rich in felsic minerals and organic matters, with higher MI. The main
lithology is siltstone. Dolomitic shale is rich in dolomite and calcite,
with lower MI and felsic minerals. The main lithology is carbonate
(Figure 6). And mudstone with higher mud index (Figure 7).

4.4 NMR response characteristics of shale oil

4.4.1 NMR relaxation characteristics of shale
Different T2 response characteristics have different lithology and

MI, which have great influence on the NMR response characteristics of
shale oil. The NMR T2 relaxation time distribution of Fengcheng
Formation is narrow, about 0.03 ms ~ 200 ms. The components of
crude oil are complex, mainly medium and high viscosity crude oil.
The comparison between original shale and saturated oil shale shows
that the shale oil samples have good storage space. The saturation T2

spectrum is three peaks or two peaks, including bitumen, clay bound
water, bound water, bound oil, and movable oil. Bitumen exists in
organic pores, which is adsorbed oil. Clay bound water exists in clay
mineral, which is adsorbed water. Bound water develops in inorganic
pores, and the pore size is about several nanometers, which is capillary
bound water. Bound oil develops in both organic and inorganic pores,
and the pore size is about several nanometers, which is adsorbed oil.
Movable oil mostly develops in organic pores and inorganic pores of
micropore, which is free oil. Crude oil with fluidity not only exists in
micropores, but also has good fluidity in nanopores. The T2 signal is
mainly concentrated in the short relaxation part, and the T2 signal in
the long relaxation part is low. The overall relaxation time is short, not
exceeding 700 ms. By analyzing the results of the T2 NMR experiments
(Figure 8), we find that the NMR T2 spectrum of shale cores are mainly
divided into three types.

Sand shale: The fluid signal is distributed in the long transverse
relaxation time component, the main peak is around 10 ms, and the
movable oil signal and the bound oil signal overlap (Figure 8, core 1,
core 2).

FIGURE 6
The relationship plot between MI and felsic minerals content.

FIGURE 7
Shale oil reservoir type classification results.
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Dolomitic shale: The fluid signal is mainly distributed in the short and
medium transverse relaxation components, themain peak is around 1 ms,
and the movable oil signal overlaps with the irreducible water signal and
the irreducible oil signal (Figure 8, core 3, core 4).

Mudstone: The fluid signal is mainly distributed in the short
transverse relaxation component, the main peak is around 0.2 ms, the
movable oil signal overlaps with the irreducible water signal (Figure 8,
core 5, core 6).

4.4.2 T1-T2 experiments
The experimental results of the 2D NMR T1-T2 maps are shown in

Figure 9. The shale T1-T2 map can mainly divided into three types and
consistent with T2 results. Fluids are mainly present in shale in the
form of movable oil, bound oil, bound water, clay-bound water and
bitumen. The T1/T2 of movable oil is about 7 ~ 15, and the signal of
movable oil is distributed in the whole relaxation spectrum. It shows
that the crude oil with fluidity not only exists in the micropores, but
also has good fluidity in the nanopores. The T1/T2 of the bound oil is
about 5 ~ 10, and the fluid signal is mainly concentrated in the short
relaxation component, which occurs in organic pores and nano-scale
inorganic pores. The T1/T2 of the bound water is about 2 ~ 5, and the
fluid signal is mainly concentrated in the short relaxation component,
which occurs in nano-scale inorganic pores. The T1/T2 of clay bound
water is about 1, and the fluid signal is concentrated at 0.05 ms ~ 1 ms.
The T1/T2 of bitumen is about 3~300, the fluid signal is distributed in a
very short relaxation time period, and the signal decays rapidly.

Discussion

5.1 2D NMR T1-T2 interpretation modal of
shale oil

By comparing two-dimensional T1-T2 spectra of shale oil cores under
different states (Figure 9), a 2D NMR logging interpretation map was
established to identify the fluid occurrence state for shale oil (Figure 10).
Based on T1/T2 ratios and T2 cutoff values of fluid signals as the
classification basis, the fluids types of shale oil include movable oil,
bound oil, bound water, clay-bound water, and bitumen. The T1/T2 of
movable oil is about 7̃15, and theT2 signal ofmovable oil is 30̃300ms. The
T1/T2 of the bound oil is about 5̃10, and theT2 fluid signal is 0.3̃30ms. The
T1/T2 of the bound water is about 2̃5, and the T2 fluid signal is 0.3̃30 ms.
The T1/T2 of clay-bound water is about 1, and the T2 fluid signal is 0.01
ms̃0.3 ms. The T1/T2 of bitumen is about 3̃300, the T2 fluid signal is
0.01̃0.3 ms. The T1-T2 interpretation map of shale oil was consistent with
that obtained by NMR T1-T2 experiments (Figures 11–13). Results show
that the T1-T2 interpretation map can be used to determine the porosity,
movable oil and bound oil contents, and saturations of shale oil.

Based on the established NMR T1-T2 fluid identification map, we
divide the T1-T2 distribution map into five areas. The NMR T1-T2

spectral area coefficients of different fluid component were obtained
from NMR measurements. Using the method of 2D area spectrum
coefficient, we establish a fluid saturation calculation model for
shale oil.

FIGURE 8
T2 NMR experiment results of shale cores.
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FIGURE 10
Sand shale.

FIGURE 9
2D T1/T2 NMR experiment results of shale cores. (A)Original sample; (B)After saturation sample; (C) After oil washing sample; (D) After saturation (after oil
washing) sample.

Frontiers in Earth Science frontiersin.org07

Fan et al. 10.3389/feart.2023.1117193

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1117193


FIGURE 13
T1-T2 2D NMR fluid identification map at 2MHz for Fengcheng Formation.

FIGURE 12
Mudstone.

FIGURE 11
Dolomitic Shale.
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5.2 Application

We apply the 2D NMR logging interpretation map and effective
porosity calculation for the actual logging data to identify the
occurrence state of downhole fluids, calculate the movable oil
saturation and effective porosity. The higher MI value, and the
higher movable oil saturation of shale oil in the Fengcheng
Formation. Figure 14 is the 2D NMR logging curve of Well W2 in
the Mahu Sag. From the logging interpretation results, we find that the
XX44m position is sand shale formation, with high mixed rock index,
and high movable oil content, which is consistent with the actual
logging.

6 Conclusion

This paper aims to evaluate fluid occurrence state and fluid
saturation of lacustrine shale oil in Fengcheng Formation. We use
mixed rock index (MI) and mud index (SI) to divide formations to
eliminate the influence of complex lithology. Furthermore, based
on the 2D T1-T2 NMR experiments and formation classification
results, a characterization model of fluid occurrence state was
established. The characterization model was successfully applied
to the lacustrine shale oil in the Fengcheng Formation, Mahu sag,
Junggar Basin, China.

(1) A formation classification method was proposed by the MI value,
SI value and the felsic minerals content to eliminate the influence

of complex lithology on the fluid occurrence state of shale oil. The
shale oil of Fengcheng Formation was divided into three types,
including sand shale, dolomitic shale and mudstone.

(2) A model of NMR 2D T1-T2 logging interpretation map was
established for shale oil through the T1/T2 ratio and T2 cutoff
value. The shale oil fluids are differentiated into movable oil,
bound oil, bound water, clay bound water and bitumen. Based on
2D NMR T1-T2 map, a quantitative calculation method of fluid
saturation was proposed for shale oil. It has implications for
understanding fluid occurrence state and evaluating fluid
saturation in shale oil with similar geological settings.
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Appendix

TABLE A1 Mineral composition and TOC content of shale samples from Fengcheng formation in Mahu Sag, Junggar Basin.

Number Mineral type and content (%)

Quartz Potassium feldspar Plagioclase Calcite Dolomite Pyrite Iron dolomite Clay minerals TOC

W1-1-4 39.5 2.4 17.2 22.1 — 3.4 — 15.4 0.18

W1-1-10 32.2 3.9 20.0 17.2 — 5.4 — 21.3 0.01

W1-1-43 55.3 1.7 4.7 19.5 — 2 — 16.8 0.22

W1-2-12 26.9 3.9 3.8 32.6 — 1.9 — 30.9 0.43

W1-2-15 27.2 3.2 14.5 39.3 — 3.5 — 12.4 0.34

W1-2-22 58.8 2.6 20.9 7.5 — 2.5 1.1 6.4 0.61

W1-2-32 59.8 3.6 14.9 8.3 — 2.5 1.6 9.3 0.59

W1-2-63 11.7 2.6 51.3 11.8 — 2.4 7.6 12.6 0.30

W1-2-75 47.2 3.8 24.8 3.2 — 3.3 2.7 14.9 0.11

W1-2-100 25.6 5.8 25.6 27.0 — 3.7 2.1 10.3 0.47

W2-2-30 65.3 1.2 3.1 19.9 — 0.8 — 9.6 0.64

W2-4-14 63.5 2.3 6.8 18.4 — 1.3 2.5 5.4 0.57

W2-4-30 48.9 1.3 7.1 17.2 — 2.1 13 10.5 0.59

W2-4-31 29.8 5.3 19.0 15.3 — — 6.4 24.1 0.39

W2-4-58 16.4 7.5 48.5 0.8 — 6.3 11.5 9.0 0.18

W2-4-68 37.8 11.4 14.5 0.6 21.5 3.2 — 11 0.27

W2-5-6 55.7 4.1 10.5 3.1 11.2 3.0 — 12.3 0.26

W2-8-7 49.0 6.2 13.7 2.5 12.5 2.6 — 13.6 0.39

W2-8-18 52.3 5.1 19.3 1.5 11.5 2.9 — 7.4 0.80

W2-9-19 30.2 3.0 10.4 1.6 41.8 3.2 — 9.7 0.17

W2-9-38 30.0 3.9 49.7 1.5 3.6 3.5 — 6.8 0.42

W2-10-35 26.7 5.3 44 1.1 7.4 4.3 — 9.9 1.07

W2-11-73 19.9 5.5 36.2 — — 5.7 16.1 14.3 0.29

W2-12-31 19.4 5.0 30.8 1.4 27.3 4.5 — 11.7 0.19

W2-12-39 34.5 7.8 29.4 1 13.9 4.0 — 9.5 0.14

W2-12-40 23.5 6.0 21.0 15.4 19.3 5.5 — 9.4 0.23

W2-12-61 44.8 6.0 14.3 15.5 8.6 2.3 — 8.5 0.64

W2-12-63 8.4 2.2 7.2 57 13.9 1.9 — 7.1 0.36

W2-12-68 30.2 12.7 32.1 1.3 11.2 4.7 — 7.7 0.56

W2-12-98 20.2 4.9 8.6 3.1 51.8 3.7 — 7.7 0.43
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