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Abstract: Some inter-salt shale reservoirs have high oil saturations but the soluble salts in their
complex lithology pose considerable challenges to their production. Low-field nuclear magnetic
resonance (NMR) has been widely used in evaluating physical properties, fluid characteristics, and
fluid saturation of conventional oil and gas reservoirs as well as common shale reservoirs. However,
the fluid distribution analysis and fluid saturation calculations in inter-salt shale based on NMR
results have not been investigated because of existing technical difficulties. Herein, to explore the fluid
distribution patterns and movable oil saturation of the inter-salt shale, a specific experimental scheme
was designed which is based on the joint adaptation of multi-state saturation, multi-temperature
heating, and NMR measurements. This novel approach was applied to the inter-salt shale core
samples from the Qianjiang Sag of the Jianghan Basin in China. The experiments were conducted
using two sets of inter-salt shale samples, namely cylindrical and powder samples. Additionally, by
comparing the one-dimensional (1D) and two-dimensional (2D) NMR results of these samples in
oil-saturated and octamethylcyclotetrasiloxane-saturated states, the distributions of free movable
oil and water were obtained. Meanwhile, the distributions of the free residual oil, adsorbed oil, and
kerogen in the samples were obtained by comparing the 2D NMR T;-T, maps of the original samples
with the sample heated to five different temperatures of 80, 200, 350, 450, and 600 °C. This research
puts forward a 2D NMR identification graph for fluid components in the inter-salt shale reservoirs.
Our experimental scheme effectively solves the problems of fluid composition distribution and
movable oil saturation calculation in the study area, which is of notable importance for subsequent
exploration and production practices.

Keywords: inter-salt shale; low-field NMR; distribution graph; movable oil saturation

1. Introduction

With the depletion of fossil resources in conventional reservoirs, the exploration and
production of unconventional oil and gas reservoirs are becoming increasingly impor-
tant [1-4]. After the significant breakthrough of advanced hydraulic fracturing technology,
shale oil became one of the most promising unconventional fossil resources [5]. In the
U.S., nearly half of the produced crude oil directly comes from shale reservoirs. Among
the shale reservoirs, inter-salt shale formation is considered a high-quality source rock [6].
The crude oil generated by such shale formations is blocked by the upper and lower salt
layers and cannot be effectively discharged; therefore, it gets trapped and stored in the
source rock. The inter-salt shale represents pore characteristics similar to typical shale,
including both organic pores and inorganic pores. However, the experimental studies of
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inter-salt shale have proved many unique production problems due to the salt dissolution
phenomenon [7] and the special brittleness index [8].

The movable oil saturation is an important physical characteristic of the inter-salt shale,
and its component distribution pattern is of great significance for studying the properties
of fluid components and multiphase flow. Nowadays, there are many typical techniques
used for measuring oil, gas, and water component characteristics in multiphase flow,
such as electrical capacitance [9,10], photon (gamma and X-ray) attenuation [11,12], and
ultrasound technique [13]. However, shale’s complex mineralogical composition and low
permeability make it challenging to study fluid distribution patterns and saturation. Being
a non-destructive technique, low-field nuclear magnetic resonance (LF-NMR) has gained
worldwide attention in many applications [14]. Because it only resonates with spin nuclei
in the formation, in recent years, NMR technology has been greatly developed in petroleum
studies, providing a large number of logging, reservoir evaluation, and fluid distribution
data [15-22]. The application of NMR techniques in exploration wells is called NMR
logging (NMRL). Although NMRL is considered a mature and reliable logging method, it
is not feasible in every exploration well due to its high cost. Oilfield service companies offer
NMRL under extreme conditions in deep boreholes (high-temperature and high-pressure)
with a high vertical resolution, which is one important reason for the high cost [23]. In
addition, the speed of NMRL (245 to 275 m/h) is much lower than that of conventional
measurement logging (approximately 550 m/h), which increases the cost during the
exploration stage. Nowadays, researchers try to put forward more cost- and time-effective
approaches for obtaining NMR relaxations based on statistical algorithms and artificial
intelligent algorithms [24,25]. Moreover, the cost-effective specifically designed NMRL
tool has been applied in near-surface regions for evaluating formation properties [26]. Due
to the great advantages of investigating pore size distributions and fluid types, NMRL is
believed to be a standard logging method for future exploration exercises if the logging
speed becomes reasonably high, interpreting the results is fast, and there exist low-cost,
high-temperature, high-pressure-resistant materials. However, due to the different types of
pores (organic pores and inorganic pores) and complex hydrogen-bearing contents (e.g.,
clay, kerogen, different fluids, etc.), which are crucially complicated in the case of the inter-
salt shale, the evaluation of this type of reservoir by NMR is still very challenging. In shale
reservoirs, identifying and distinguishing fluids is the key to calculating the saturation of
movable oil.

Compared with one-dimensional (1D) NMR, two-dimensional (2D) NMR provides
more valuable information about the intrinsic properties of hydrogen-bearing components.
There are two frequently used 2D NMR methods in oil exploration, namely T,-D and T1-T.
The T,-D method combines transverse relaxation time (T;) and a diffusion coefficient
(D) for identifying fluid types and calculating fluid saturations more accurately [27,28].
Based on the principle of T,-D, fluid identification in a conventional reservoir is simple
and effective due to the differences in oil, water, and gas diffusion coefficients [29]. In
addition, the T,-D method can be applied in conventional reservoirs to characterize pore
geometry [30], pore surface relaxivity [31], and wettability [32]. In deep reservoirs, if
the average pore size is at the level of millimeters, the above applications will be useful
for understanding pores and fluids. However, in unconventional shale or in most deep
reservoirs, the applicability of this method is limited due to the presence of nanopores [33].
It is difficult for water molecules to diffuse in nanopores, and only a few studies have
applied the T>-D method in shale samples [34]. In contrast, the majority of the existing
research works have implemented the T-T, method for studying shale reservoirs [35,36].
The T1-T; method has its unique advantage of identifying hydrogen-bearing contents in
shale samples due to their different longitudinal relaxation time (T7) values. Yan et al. [37]
performed both 1D and 2D NMR measurements on core samples in diverse states to
identify different hydrogen-bearing phases in unconventional oil reservoirs. They also
combined the T;-T, method and imbibition methods to investigate fluids associated with
different types of pores [38]. Zhang et al. [39] determined adsorbed/free oil in shale
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samples by combining 2D NMR and centrifugal experiments. The existing studies have
also conducted an in-depth study on the calculation of oil saturation using 1D NMR. The
amplitude difference of T, spectrums of a rock sample between an oven-dried state and
an oil-saturated state represents the signal of oil, which is often used to calculate the oil
saturation [40]. However, there are only a few studies on the calculation of the movable oil
saturation of shale oil by nuclear magnetic resonance [41], and no study has reported the
calculation method of movable oil saturation for inter-salt shale. Meanwhile, the existing
studies have focused on common shale oil, and fluid distribution analyses in inter-salt
shale have not been reported yet.

Considering all the above-described facts and challenges, in the present study, the
joint 1D and 2D NMR measurements were adopted to (i) identify the distribution pattern
of different hydrocarbon components and (ii) calculate the fluid saturations in the inter-salt
shale reservoirs for the first time. Herein, particularly designed stepwise multi-temperature
anaerobic heating equipment was developed. Moreover, to investigate the fluid compo-
nents and saturations, a novel experimental procedure was developed. By conducting
NMR experiments under simultaneous multi-state saturation on cylindrical samples and
stepwise multi-temperature heating on powder samples, the distributions of inter-salt
shale oil compositions and movable oil saturation were obtained. In addition, based on the
NMR results, an identification graph of fluid components for inter-salt shale was proposed.

In this paper, two major original contributions are represented. The first one is to
develop a novel experimental procedure based on the joint adaptation of multi-state
saturation, multi-temperature heating, and NMR measurements. To achieve the multiple-
temperature heating on large-scale powder samples, special stepwise multi-temperature
anaerobic heating equipment with a big sample chamber was designed. Nevertheless, the
second contribution is to establish the composition distribution graph of inter-salt shale
in the 2D T¢-T, map, which is the key to understanding the fluid distribution and free
movable oil saturation.

2. NMR Principles

When a nucleus with a net nuclear spin is placed in a magnetic field and is excited
by a secondary resonance-frequency oscillating magnetic field, it can undergo a spin-state
transition. This process is called nuclear magnetic resonance (NMR) [42]. For the NMR
measurement of porous media, there is a positive relationship between the detected total
signal and the number of hydrogen nuclei of the sample. In both laboratory measurements
and oil field explorations, researchers and engineers usually use the CPMG (Carr-Purcell-
Meiboom-Gill) pulse sequence to measure the 1D NMR T, spectrum [43]. In CPMG, after
the 90° radiofrequency pulse, multiple 180° pulses are applied to generate multiple spin
echoes. To quantitatively describe the relaxation characteristics of fluids in the porous
medium, Brownstein and Tarr established the Brownstein and Tarr (BT) model [44]. For
a sedimentary rock, the overall relaxation (T,) is the combination of three distinctive
mechanisms [45], including surface relaxation time (T5s), bulk relaxation time (T2g), and
diffusion relaxation time (T5g) expressed as

2
1_1 8 D(GTy) M

T, Tp v 12
where p; is the surface relaxivity, S is the surface area of a pore, V is the volume of a pore,
D is the diffusion coefficient, <y is the gyromagnetic ratio, G is the magnetic field gradient,
and Tg is the echo spacing. The pore size distribution of a rock can be derived from a T
spectrum by setting a small value of echo spacing.

The 1D NMR T, spectrum can only provide limited information, and its interpretation
is rather full of uncertainty when T, curves of different hydrogen-bearing components
overlap. To analyze the rock properties more accurately, researchers usually use an inver-
sion recovery (IR) pulse sequence or a saturation recovery (SR) pulse sequence followed by
a CPMG pulse sequence to measure the 2D NMR T;-T map [46]. The SR-CPMG has more
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advantages than IR-CPMG because of the short polarization time in consecutive scans.
Although the accuracy of Equation (1) has been proved in conventional rocks, it cannot
explain the relaxation mechanisms of organic matters in shale oil, such as semi-solid kero-
gen and highly viscous bitumen. To solve this problem, Bloembergen, Purcell, and Pound
developed the BPP model [47], which can describe the T and T, of hydrogen-bearing
components in a shale oil rock sample. This model is expressed as
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where 7 is the Planck constant, y; and < are the gyromagnetic ratios of nuclei, r is the
spin distance, T, is the molecular rotation-related time, and wj is the resonance frequency.
According to the BPP model, organic matters have long T; values and short T, values.
Therefore, it is feasible to separate the detected signals of free oil and other hydrogen-
bearing components through the T1-T» map.

3. Samples and Experiments
3.1. Two Types of Inter-Salt Shale Samples

The experimental inter-salt shale samples of the present study were taken from the
third member of the Qianjiang Sag of the Jianghan Basin in China. The rock skeleton
contains water-soluble salt minerals, including rock salt, glauberite, gypsum, and other
chemical minerals. In this study, six irregular samples were collected. Two types of
samples including cylindrical shale samples and powder samples were prepared for the
NMR measurements at multi-state saturations and multi-temperature heating states. Each
original sample was cut in a cylindrical shape with a diameter of 2.54 cm and a length
of 5.21 cm using the wire cutting technique. These samples were used to perform the
multi-state saturation NMR measurements. After the wire cutting, the remaining part
of each original sample was crushed into a powder with 80 mesh by a powder machine.
These samples were used for the multi-temperature heating state NMR measurements.

3.2. A Novel Experimental Procedure

The objective of the current study was to investigate the distribution model of fluid
components and movable oil in inter-salt shale. If the inter-salt shale contacts free water
during the experiment, it leads to the dissolution of soluble salt minerals and causes
pore dilation. Therefore, there should be no water in the whole experiment. Design of
experiments (DoE) is a systematic approach to evaluate parameter sensitivity, quantify
uncertainty, and perform optimizations in many oil and gas industrial applications [48,49],
but the experimental procedure in this paper does not necessary to follow the DoE workflow
because the major relevant parameters were fixed. Two series of experiments were designed
and carried out based on different types of samples. Figure 1 shows the flow chart of the
experimental procedure.

Experiment I: One-dimensional T, spectrum and 2D T1-T3 spectrum NMR exper-
iments were conducted for cylindrical samples under different conditions. Before the
experiment, the SCMS-C3 type porosimeter was used to perform helium porosity analysis
and an air permeability test on the cores according to the Chinese industrial standard
(SY/T 6385-2016) and then 1D and 2D NMR experiments were conducted. The detailed
experimental procedure was as follows:

(1) Sample wrapping and original-state NMR test: Each prepared cylindrical sample was
wrapped using a plastic film to prevent possible physical damage in the subsequent
experiments. Then, the NMR tests were conducted in the original state before satura-
tion. It is worth noting that the wrapping film was made of a specific plastic that did
not produce any NMR signal to guarantee the originality of the test results.
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(2) NMR test after oil absorption: First, both oil and shale samples were put into the
vacuum core saturation machine. Then, cylindrical samples were vacuumed for 8 h
and absorbed oil without the external pressure for 30 days. Finally, the oil on the
samples’ external surface was cleaned and 1D NMR T, spectrum and 2D T;-T, maps
were measured.

(3) NMR test of the oil-saturated sample: Oil-saturated shale samples were prepared
under three external pressures. The inter-salt shale in this area has high brittle
mineral content (average 56%) and high brittleness index (average 75.3) [50]. It was
found that when the external pressure was over 2000 psi, the micro-fracture would
exist. Therefore, the maximum external pressure of our research was 2000 psi. The
cylindrical samples were put into the vacuum core saturation machine under external
pressures of 500, 1000, and 2000 psi, respectively. Each saturation state was kept for
7 days. Then, both 1D and 2D NMR measurements were carried out at each of these
saturation states.

(4) NMR test after oil-washing and adding octamethylcyclotetrasiloxane (D4): These
shale samples were washed with alcohol and toluene, and then both clean samples
and D4 were put into the vacuum core saturation machine and the pressure was set

to 2000 psi.
[Irregular inter-salt shale samples ]
|

|

[Cylindrical samples ] [ Powder samples }
i {

[ Sample wrapping ] [ Sample wrapping ]
} }

Oil absorption } [ Heating ]
[ |
v v v ' v v ¥ ¥

(500 psi | (2000 psi | (1000 psi | [ 80°C ][2000C][350°C] |450°C] (600°C |

1

[ D4 saturation ]

Both 1D and 2D NMR are applied on each state

Figure 1. The flow chart of the experimental procedure.

Experiment II: One important purpose of our study was to obtain the distributions of
free movable oil, free residual oil, adsorbed oil, and kerogen from the 2D NMR T1-T, map.
However, it is difficult to identify different fluids only by NMR techniques. In the field of
organic geochemistry, the hydrocarbon generation potential can be estimated by pyrolysis
analysis under multiple temperatures [51]. The fluid distributions from the T1-T map can
be acquired by combining NMR and multi-temperature heating methods. Each 80-mesh
powder sample was divided into five parts to perform the multi-temperature heating and
1D and 2D NMR experiments. The detailed experimental procedure was as follows:

(1) Original-state NMR test: Twenty grams of the powder sample were wrapped with a
plastic film to prevent the powder loss in subsequent experiments and the 1D and 2D
NMR signals of the original samples were measured.

(2) Multi-temperature heating of powder samples: Using particularly designed stepwise
multi-temperature anaerobic heating equipment, five parts of each powder sample
were heated to 80, 200, 350, 450, and 600 °C, respectively. Five different temperature
values were adopted from the study of Jiang et al. [52], which related to different
types of hydrocarbon fractions (free movable oil, free residual oil, adsorbed oil, and
kerogen). When the temperature rises up to 600 °C, no residual oil or adsorbed oil
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exists in the inter-salt shale powder sample. Then, the T, spectrum and T1-T, maps
of these powder samples were measured.

In our research, 1D and 2D NMR experiments were conducted using the NUMAG
MesoMR23-060H-I NMR machine (constant temperature of 32 °C). The CPMG pulse
sequence was used to measure the T, spectrum, and the SR-CPMG pulse sequence was
used to measure the T1-T maps. Due to the difference in pore characteristics between
the salt shale samples and the conventional sandstone samples, the NMR measurement
parameters should be selected very carefully. Among all the measurement parameters, the
echo spacing and the waiting time are the most crucial parameters that affect the shape of
the T, spectrum. When the waiting time is fixed, the T, spectrum moves to the right with
the increase of the echo spacing. Therefore, the echo spacing should be as small as possible
in order to avoid missing the smaller portion of micropores. When the echo spacing is fixed,
the higher the waiting time is, the more it can reflect the entire pore space information.
Therefore, the echo spacing of 0.1 ms and the waiting time of 6000 ms were chosen for the
NMR measurement. Meanwhile, the number of echoes was set to 6000, and the number of
scans was 32.

The multi-temperature heating experiment of powder samples was carried out using
our particularly designed equipment. The traditional way of conducting multi-temperature
heating experiments for shale samples is using the rock pyrolysis analyzer [53], but the
weight of the sample required for NMR measurement is much greater than the upper
limit of the allowed sample weight for the pyrolysis experiment. Special stepwise multi-
temperature anaerobic heating equipment with a big sample chamber was designed to
combine the NMR experiments and multi-temperature heating experiments. Figure 2a
shows the schematic diagram of the equipment, and Figure 2b shows the developed real
equipment. This equipment could ensure oxygen isolation, uniformity, high efficiency, and
heating of large-scale powder samples. The maximum heating temperature is 800 °C, and
the maximum sample weight is 100 g, which ensures that subsequent NMR measurements
can be completed after the powder samples are heated.

(a) (b)

Figure 2. The particularly designed stepwise multi-temperature anaerobic heating equipment. (a) Schematic diagram

of the equipment. 1—pyrolysis chamber, 2—exhaust valve, 3—the first pressure sensor, 4—the second pressure sensor,

5—condenser, 6—collecting tube, 7—suction filter pump, 8—supporting platform, 9—main power switch, 10—suction

pressure indicator, 11—heating switch, 12—pressure indicator in the kettle, 13—power control box, 14—temperature control

meter, 15—pumping switch. (b) The real developed equipment.
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4. Distribution Patterns of Different Fluid Components of Inter-Salt Shale
4.1. Distribution Pattern of Free Movable Oil in Inter-Salt Shale

At the very beginning of the study, the inter-salt shale samples were dry rock samples,
and most of the free moveable oil in the samples (i.e., part S11 in the pyrolysis analysis)
had been lost. Hence, the distribution pattern of the free moveable oil could not be directly
obtained from the sample’s original-state NMR measurements. By comparing the changes
of 1D T, spectrums (Figure 3) and 2D T1-T, maps (Figure 4) of samples before saturation
and after saturation under different pressures, the distribution pattern of free oil in the
inter-salt shale could be acquired.

160 r
140 F —— 2000psi
—— 1000psi
120 ¢ 500psi
100 — Self absorbed oil
—— Original sample
2 80 ¢
12}
=
Q
= 60 |
40
20 f
0 : - —
0.01 0.1 1 10 100 1000 10,000

T, (ms)

Figure 3. T; spectrum of the cylindrical sample (ZY1-1) in various states, including original, self-
absorbed oil, and saturated oil under pressures of 500, 1000, and 2000 psi.

(ms)

10 10 10

(a) (b) (c)

100
10 10
r(ms)

10 10

(d) (e)

Figure 4. Multi-saturation state 2D T¢-T, maps for the cylindrical inter-salt shale sample ZY1-1. (a) Original state, (b) self-
absorbed oil state, (c—e) saturated oil under pressures of 500, 1000, and 2000 psi, respectively.
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The experimental results showed that there was a bright area I (Figure 4a) in the
original T1-T map of ZY1-1, which was the signal of remaining oil or water before our
experiments. This area was temporarily treated as free residual oil (i.e., S;_1 in pyrolysis
analysis) that originally existed within the pore space of the inter-salt shale. After self-
absorption, the position of the highlighted area changed and moved to area II (Figure 4b),
and the signal strength was significantly enhanced. The same kind of change occurred in
the T, spectrum as well, where the peak signal intensity of T, was increased from 20 to
137, and the position was moved from 0.66 to 4.64 ms. The reason for this phenomenon is
the imbibition of the saturating oil into the pore space. This area was temporarily treated
as a free movable oil distribution area. By changing the saturation pressure, from self-
absorption to 500 psi (Figure 4c), the position of the highlighted area in the 2D T1-T, map
was basically unchanged compared to the self-absorption state, but the signal strength was
increased. As the saturation pressure continued to rise to 1000 psi (Figure 4d) and 2000 psi
(Figure 4e), the position of the highlighted area II did not change anymore, but the signal
strength was gradually increased with the pressure increase. Following the same trend,
the position of the peaks on the T, relaxation curve no longer changed with the pressure
increase, but the intensity gradually increased. Through such a comprehensive analysis of
six samples, this area was finally determined as the distribution area of the free movable
oil. In addition, by analyzing the relationship between external pressure and measured
NMR porosity, we obtained the following equation:

¢ = 3.13p0111 )
where ¢ is the measured NMR porosity, %; and F is the external pressure, psi.

4.2. Distribution Pattern of Water in Inter-Salt Shale

The inter-salt shale rock contains water-soluble salt minerals; therefore, it is impossible
to study the distribution of water in the inter-salt shale by the method of water saturation.
The existing literature has found the hydrophilic fluid octamethylcyclotetrasiloxane to
resemble water [54]. In this research, in order to determine the similarity of the NMR
response of octamethylcyclotetrasiloxane and water in shale pores, a shale sample was
saturated with water and octamethylcyclotetrasiloxane separately, and the results were
compared as shown in Figures 5 and 6.

1200

= Distilled water
1000

—_— D4
800

600 f

Intensity

400 f

200 f

0.01 0.1 1 10 100 1000 10,000
T2 (ms)

Figure 5. Comparison of T) spectrums between distilled water and D4.
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— Saturated water

Saturated D4

120 f
100 F
80 |
60 |
40 F
20 f

Intensity

il

0.01 0.1 1 10 100 1000 10,000

T, (ms)

Figure 6. T, spectrums of shale saturated with water and D4.

From Figure 5, it is found that when measuring the fluid properties alone, although
D4 and water T, peaks were slightly different (water T, peak appeared at about 1600 ms,
and D4 Ty peak occurred at about 1000 ms), their overall behaviors were similar. Moreover,
the two fluids behave similarly on the 1D NMR of the shale sample (Figure 6). The similar
behavior of the two samples in the 2D T1-T, NMR test at different states (Figure 7) confirms
the assumption that D4 could be used instead of water to saturate the inter-salt shale
samples. The distribution range was T1: 0.5~4 ms, and T5: 0.2~1 ms. After this validation,
D4 was chosen instead of water to simulate the distribution pattern of water in inter-salt
shale by saturating the studied sample with D4.

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1

Figure 7. T1-T» maps of shale at different states. (a) Saturated with water, (b) saturated with D4.

In this study, the 1D and 2D NMR spectra of six samples before and after saturation
with D4 were analyzed. After saturation with D4, there were two obvious highlighted
areas in the T1-T, maps, namely areas I and II (Figure 8). Among them, the distribution of
area I was the same as that in Figure 4a (T1: 4~30 ms; T5: 0.5~4 ms), which was the part
remaining in the rock sample, and finally, the area was regarded as free residual oil. Region
II was the NMR signal obtained after the shale was saturated with D4, so this region was
regarded as the distribution range of water.
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Figure 8. Two regions in the T;-T, map of inter-salt shale saturated with D4.

4.3. Distribution Pattern of Free Residual Oil and Other Components in Inter-Salt Shale

Considering that the permeability of the experimental shale sample was very low (only
0.01 mD), it was difficult to find the distribution pattern of free residual oil by oil-water
displacement, and the existing free residual oil in the sample could be volatilized when
heating the samples. High-temperature heating can also cause kerogen cracking, which
can be identified on the NMR spectrum. Therefore, in this study, the novel approach of the
joint multi-temperature heating—-NMR test was designed. The experiment set five heating
temperatures of 80, 200, 350, 450, and 600 °C. The T;-T, maps are shown in Figure 9.
Herein, through the changes of the 1D and 2D NMR results after heating at different
temperatures, the distribution patterns of free residual oil and kerogen in the inter-salt
shale were investigated.

,(ms)

(e) ()

Figure 9. Multi-temperature state 2D T1-T, maps for inter-salt shale powder sample ZY1-1. (a) Original state, (b—f) different
temperature states of 80, 200, 350, 450, and 600 °C, respectively.
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Because the NMR signal was weak after the powder sample was heated, the 2D T;-T»
maps of the powder samples obtained after multi-temperature heating experiments were
separately normalized. It can be seen from Figure 9 that there are three highlighted areas
with obvious changes in the T1-T, map of the powder sample. The signal in region I
gradually decreases with increasing temperature. The rate of decrease was significantly
faster after 450 °C, and the signal was weaker after 600 °C. The signal gradually decreases
with increasing temperature in region II, and the signal disappears after 200 °C. The change
of region III is similar to that of region II, and the difference is that the nuclear magnetic
signal of region III disappears after 350 °C. The pyrolysis component at 200 °C was Cjg,
which is mainly light hydrocarbons. Due to sample storage and sample preparation, some
light hydrocarbons in the sample had been lost. It is estimated that region II was free
of residual oil components (part S;.; in pyrolysis analysis). The pyrolysis component of
200-350 °C was mainly Cps, and the pyrolysis component of 350-450 °C had a relatively
high content of high carbon number hydrocarbons, mainly colloidal asphaltenes and high
molecular hydrocarbons. Region Il is regarded as the distribution area of adsorbed oil (S,.;
in pyrolysis analysis). After 450 °C, the kerogen began to thermally degrade hydrocarbon
generation, which caused the signal intensity of area I to decrease significantly. Finally,
region I was regarded as the kerogen distribution range (S, in pyrolysis analysis). In
addition, by analyzing the relationship between heating temperature and measured NMR
porosity, we obtained the following equation:

¢ = 270270481 (5)

where ¢ is the measured NMR porosity, %; and T is the heating temperature, °C. The
existing research studies have divided oil components in shale into oil in inorganic pores
and oil in organic pores through similar experiments [55]. Compared to the results of
previous studies, this paper subdivided the distribution of oil into organic pores and
inorganic pores and subdivided oil components into free movable oil, free residual oil, and
adsorbed oil.

Through the comprehensive analysis of the 1D and 2D NMR results after the six
cylindrical multi-state saturation and 20 pieces of multi-temperature heating experiments,
it is obvious that different components occupy different distribution areas on the 2D T1-T»
map. Although the positions of the fluid components in the T;-T, maps of different inter-
salt shale are not completely consistent, the general trend is similar. Based on the NMR
responses of different components, the region where each component in the 2D T1-T; map
is extracted to form a recognition graph. As shown in Figure 10, the shape boundary of
each hydrogen-bearing component was calculated from the average value of multiple sets
of shales.

The graph includes the distribution of free movable oil, free residual oil, adsorbed oil,
water, and kerogen. The distribution range of each component is shown in Table 1.

Table 1. The distribution range of various components of inter-salt shale.

Component Name T1 (ms) T, (ms) T4/T,
Free oil (movable) 20-290 1.7-13 4-50

Free oil (residue) 3.5-35 0.4-5 1.3-40

Adsorption oil 34-150 1.5-2 16-300
Water 1-8 0.5-2 1-10

Kerogen 0.13-428 0.05-0.4 1-4100
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Figure 10. Composition distribution graph of inter-salt shale established in the present study.

5. Calculating the Fluid Saturation of Inter-Salt Shale

In order to assess the production capability of inter-salt shale reservoirs, calculating
the saturation of each fluid in the reservoir has become one of the most significant aspects
of the reservoir engineering tasks. It is a challenging task to separate the signal of each fluid
through just one measured NMR result. The fluid typing analysis makes the fluid NMR
signal’s identification and fluid saturation calculation easier. There is no doubt that a shale
sample at a specific saturation state has its unique NMR characteristics. Free movable oil
saturation, free residual oil saturation, and adsorbed oil saturation can be calculated based
on NMR responses of a shale sample at four states, including original state, oil injection
under 2000 psi external pressure state, heating at 350 °C, and heating at 450 °C. Therefore,
this study carried out fluid typing analysis for the studied shale samples based on the
conducted experiments as follows:

(1) The amount of oil that enters the pore space of the cylindrical sample under 2000 psi
saturation compared to the original state is the moveable part of the free oil, simply
referred to as free movable oil.

(2) The amount of oil in the powder sample heated at 350 °C compared to the original
state is free residual oil.

(3) The amount of oil in the powder sample between 450 °C and 350 °C heating is
adsorption oil.

To obtain the saturation of different fluids in the studied inter-salt shale, it was
necessary to saturate cylindrical samples under 2000 psi (Figure 11), and at the same time
use the particularly designed stepwise multi-temperature anaerobic heating equipment to
heat the powder samples. The powder sample was heated at 350 and 450 °C, and the 1D
T, spectrum was measured in different states (Figure 12). Once this step was completed,
normalization analysis was carried out, and through the difference of the T, spectral area,
different fluid saturations were calculated.
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Figure 11. T, spectrums and cumulative curves of saturated oil experiments of inter-salt shale.
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Figure 12. T, spectrums and cumulative curves of multi-temperature experiments of inter-salt shale.

Because the experimental sample was shale, the kerogen signal could be counted as the
pore signal, so in the subsequent calculation of the saturation of various fluid components,
the kerogen signal (i.e., after heating at 450 °C) was removed as the background signal.

Through the NMR experiment on a cylindrical sample in the original state and after
the 2000 psi saturated sample, two relaxation curves were obtained where the T, amplitude
changed with the relaxation time. Then, these two T, spectra were converted into the
cumulative T spectra with cumulative relaxation amplitude (Figure 11). According to the
principle of NMR, the T5 spectrum is proportional to the total hydrogen nuclei in the rock
sample, which is dimensionless. Therefore, the signal amount between the accumulated
maximum value of the 2000 psi oil-saturated and the accumulated maximum value of the
heated sample at 450 °C was taken as the total signal amount, and the difference between
the maximum value of the cumulative T, spectrum after 2000 psi oil-saturation and the
maximum value of the original cumulative T spectrum was taken as the signal amount of
free movable oil. The difference was divided by the total signal amount, and finally, the
free movable oil saturation was calculated to be 86.93%. Similarly, the T spectrums of the
powder sample, heated at 350 and 450 °C, and the cylindrical sample were normalized,
and the T, spectrum obtained after the processing was accumulated (Figure 12) to obtain
the cumulative T, spectrum of the three samples. Our research used the same calculation
method as in the classification standards of fluid components to calculate the saturation of
free residual oil and adsorbed oil. The obtained results were, respectively, 9.91% and 3.10%.

Averaging the saturation of the different fluid components calculated from the six
cylindrical samples and their powder samples serves as a reference basis for the calculation
of reserve in the study area, as represented in Table 2. In these six samples, there were
significant variations of saturation of different fluid components. It was mainly caused
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by the heterogeneous pore structures and various mineral components of shales. The
six shale samples were collected from different depths; therefore, their pore structures,
wettabilities, pore connectivities, and mineral components could not be the same, which
leads to various fluid saturations. This phenomenon has been reported in different types
of reservoirs [56,57]. The calculated free movable oil saturations of six samples in our
study were all above 70%. Based on the field freezing and pyrolysis oil bearing evaluation
techniques, the previous study from the Jianghan Oilfield Company has proved that the
free movable oil saturation of the inter-salt shale oil in Qianjiang Sag is more than 70% [58],
which is in good agreement with the results of our research.

Table 2. Saturation of various fluid components in six samples.

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Average

Free residual oil saturation/%

Free movable oil saturation/% 86.93 70.8 80.87 73.24 76.68 78.21 77.79
9.91 20 12.79 17.32 15.1 17.48 15.43
3.16 9.2 6.34 9.44 8.22 4.31 6.79

Adsorbed oil saturation/%

6. Conclusions

The current study made full use of the 1D and 2D NMR techniques to characterize
the inter-salt shale oil reservoir. By comparing and analyzing the NMR results of different
samples in multiple states, this paper obtained the identification graphs for different
components of inter-salt shale reservoirs. In addition, through the study and calculation
of 1D T, spectrums, the saturation of different fluids was obtained. The main conclusions
and understanding drawn from the present study are as follows:

(1) When it is not feasible to study the NMR signal of the water within the pore space of
the sample through direct water saturation because of the mineralogical nature of the
sample, the relevant experiment can be carried out using D4, which behaves similar
to water under the NMR test and has obtained a similar signal.

(2) Through the measurement of the 2D T1-T, maps of the cylindrical and powder sam-
ples in 11 different states, the similarities were summarized, and the fluid component
identification graph of inter-salt shale was obtained. It was found that the T5 value of
the free movable oil was mainly between 1.7 and 13 ms, and the T; value was mainly
between 20 and 290 ms.

(3) In the present research, the particularly designed stepwise multi-temperature anaero-
bic heating equipment and NMR machine were used together to calculate the satura-
tion of free movable oil by the T, spectrum accumulation method, which could be
used as an important basis for the development of shale oil.

Finally, the researchers believe that the finding of the present study would contribute
to improved production of shale oil reservoirs and would increase our understanding of the
fluid distribution and flow behavior of these reservoirs. It should be noted that even though
the 2D NMR T7-T; map has unparalleled advantages in the study of fluid distribution, it
has shortcomings in the quantitative calculation of fluids. Despite the wide usage of NMR
techniques in exploration wells, few oil fields use the T1-T> NMR logging tool because of
the high engineering cost. Therefore, when calculating the saturation of movable oil, the
1D NMR T spectrum is more favorable. This limitation needs to be addressed properly in
future works. Meanwhile, the deeper application of the T>-D method for characterizing
various properties of the shale reservoirs is yet to be investigated in detail.
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