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Abstract Thick tight Ordovician carbonate rocks are present at depths exceed-
ing 5300 m in the Tahe oilfield and their matrix is considered to contain no storage
space. An integrated petrographical and petrophysical study was conducted on a set
of 25 tight carbonate core samples from Ordovician strata, covering a wide range of
lithologies and textures. Six carbonate rock types were characterized by integrating
both petrographical and petrophysical data, including thin-section observations and
porosity, permeability, mercury injection capillary pressure and nuclear magnetic
resonance (NMR) measurements. We found that thick grainstone and limestone with
half-filled fractures exhibited good reservoir properties. NMR testing is an invalu-
able tool for characterizing pore structures in tight carbonate rocks. For example, six
rock types can be identified from the NMR 7, distributions and the changes in pore
volume under different pressures (up to 20 MPa) can be calculated. NMR technol-
ogy can be used to perform rapid and accurate rock-type identification and pore net-
work evaluation in tight carbonate rocks. The results provide an experimental foun-
dation for NMR logging interpretations and advance the understanding of geological
and geophysical characteristics of ultra-deep carbonate reservoirs.
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1 Introduction

Oil and gas production from carbonate reservoirs, an important oil and gas res-
ervoir type, accounts for more than 63% of the total hydrocarbon output of the
world, and approximately 70% of oil reserves and 90% of gas reserves in the Mid-
dle East are located in carbonate reservoirs [1]. The marine carbonate sedimen-
tary deposition area in China is large (250 x 10* km?) and rich in oil and gas
resources [2]. As large carbonate oil and gas fields continue to be discovered,
such as in the Tarim, Sichuan, and Bohai Bay basins, carbonate reservoirs have
become an important aspect of the hydrocarbon resources in China [3]. The Tahe
oilfield, located in the northern uplift of the Tarim Basin, is the largest Paleozoic
marine carbonate oilfield in China. The main hydrocarbon storage space is Ordo-
vician paleocaves and related fractures with burial depths of more than 5300 m
[4]. The host carbonates and paleocaves have undergone a variety of geological
processes, such as karstification, burial, collapse and filling, that have led to gen-
erally poor physical reservoir properties [5]. The distribution of paleokarst reser-
voirs was delineated using seismic datasets [4, 6, 7]. Jin et al. [8, 9] and Lu et al.
[5] discussed the relationship between paleokarst fill and oil and gas production.
However, in some parts of the Tahe oilfield, the volume extracted during cur-
rent oil and gas production is greater than the volume of the paleocaves deline-
ated by seismic data, suggesting that considerable storage space exists outside
the paleocaves. It is unclear whether the host rocks are reservoirs or potential
hydrocarbon migration pathways. Considering the strong heterogeneity present in
carbonate rocks, the physical properties of carbonate host rocks depend largely on
the characteristics of their pore structures. Detailed characterizations of the pore
structure in such deeply buried host rocks have very important theoretical and
practical implications.

In recent years, the nature of the pore structure in carbonate rocks has attracted
more attention. Many new technologies, such as the scanning electron microscope
(SEM), nuclear magnetic resonance (NMR) technology, and computed tomogra-
phy (CT), have been used in laboratory experiments. NMR has been widely used
due to its accurate, rapid and nondestructive evaluation of core samples [10]. Fol-
lowing the initial development of NMR, Mariappan et al. [11] suggested improve-
ments of the experimental methods for this technique. Ge et al. [12], Claverie
et al. [13], and Deng et al. [14] divided carbonate pore structures into different
types using NMR response characteristics. Farooq et al. [15] and Li [16] ana-
lyzed the relationship between porosity and permeability in carbonate reservoirs
using NMR T, spectra. Furthermore, Vik et al. [17] and Rezende et al. [18] used
NMR to analyze the pore connectivity of carbonate reservoirs. However, most of
the studies mentioned above focused on porous carbonate reservoirs. There are
few published studies on the characterization of tight carbonate rocks using NMR
experiments, especially for the deeply buried tight carbonate rocks in the Tahe
oilfield.

To define the pore structure characteristics of deeply buried tight carbonate
rocks in the Tahe oilfield, 25 typical core samples were selected from sections
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without paleokarst development. Based on core sample and thin-section observa-
tions, mercury injection capillary pressure (MICP) profiles and NMR character-
istics, the petrographical characteristics of the samples were identified, and the
petrophysical characteristics of these samples, including their porosity and per-
meability, were assessed. The NMR characteristics of the samples were meas-
ured under both atmospheric pressure and overburden pressure conditions (up to
20 MPa). Based on the petrographical and petrophysical characteristics, a com-
prehensive petrographical-petrophysical analysis was conducted to characterize
the pore structure of the deeply buried tight carbonate rocks in the Tahe oilfield.
The results provide an experimental foundation for NMR logging interpretations
and advance the understanding of geological and geophysical characteristics of
deep carbonate reservoirs.

2 Materials and Methods
2.1 Sampling

The Ordovician strata in the Tahe oilfield experienced multiple stages of karstifica-
tion during the late Hercynian and early Caledonian periods, resulting in the forma-
tion of complex paleokarst systems [4, 18, 19]. Samples were collected from the
Yingshan Formation in six typical wells. This paper focuses on the petrographical
and petrophysical properties of the tight carbonate rocks rather than the paleokarst
sections. According to the needs of this study, cores were sampled by carefully
avoiding paleokarst zones (e.g., caves and fractures around caves). Considering the
carbonate heterogeneity, the samples were taken from homogeneous sections with
lengths of at least 30 cm. The 25 core samples were collected from tight limestone
sections that had not been affected by karstification. Therefore, the core samples in
this study are tight carbonate rocks and do not show evidence of karstification. These
samples were made into cylinders 2.45-2.53 cm in diameter and 3.72-5.05 cm in
length.

2.2 Petrography

In this study, we created 30-um-thick thin sections. Based on detailed observations
of these thin sections and the Dunham carbonate classification, the microscopic sed-
imentary characteristics of the samples were identified, and their rock types were
classified into mudstone, wackestone, packstone and grainstone, with a particle
size limit for mud of 30 pm. For the limestone samples with fractures, two clas-
sifications were added: limestone with half-filled fractures and limestone with fully
filled fractures. In the limestone samples with half-filled fractures, the fractures are
mainly filled with calcite and have widths of 0.2—1 mm. In the limestone samples
with fully filled fractures, the fractures are relatively narrow and have widths of less
than 0.3 mm.
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2.3 Petrophysics
2.3.1 Porosity and permeability

In this paper, the porosity and permeability of 25 core samples are measured. The
porosity was determined using nitrogen adsorption and a continuous flow method
to determinate grain volume and bulk volume based on Boyle’s law of isothermal
expansion [20]. The permeability of core samples was determined by Darcy’s law,
which reflects the ability of a fluid to pass through the rock sample under a pressure
difference [21]. The transfer “down” principle was used to measure permeability in
this study. Helium was used in the core-flooding experiment, in which a known vol-
ume flows through the samples and into the atmosphere, and the flooding pressure
attenuation was monitored over time. For each given time, the gas flow velocity and
pressure drop in the rock can be determined, and the permeability can then be deter-
mined by calculating the changes in inlet pressure over time.

2.3.2 Mercury injection capillary pressure (MICP)

Microscope observations of thin sections and image analysis of pores can be used
to directly observe the shape, size, and connectivity of pores and pore throats in
a planar view, but these methods cannot be used to qualitatively or quantitatively
evaluate a three-dimensional pore throat system. When porous channels have many
twists and turns, the resulting pore throat system in a tight carbonate rocks is very
complex, and thin-section observations show only part of the pore throat system.
Mercury injection capillary pressure (MICP) testing involves injecting mercury as
a non-wetting phase into the pore system to overcome the capillary pressure formed
by the pores and pore throats. The mercury injection pressure and volume can then
be used to find the relationship between pressure and mercury saturation [22]. The
mercury injection capillary pressure curve reflects the pore throat structure and its
probability distribution and can be used to characterize the pore structure parameters
of core samples, such as the mean number of pore throats, pore throat sorting coef-
ficient, and average pore throat radius. Additionally, the shape of the capillary pres-
sure curve depends on the connectivity of the pores and the size distribution of the
pores, and in conjunction with the NMR method, a quantitative characterization of
the pore structure can be achieved.

2.3.3 Nuclear magnetic resonance (NMR)

The principles of the NMR method are described in detail in [23-25]. NMR is a
powerful tool for characterizing the pore size distribution using the magnetization
decay of fluid molecules. According to the NMR theory and NMR relaxation mech-
anism, the NMR T, spectra of a saturated single-phase fluid (water is generally used)
can reflect the internal pore structure.

2
D(yGT,
S>+M (1.1)

2
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where 7,5 is the volume (freedom) relaxation time of the fluid, ms; D is the diffusion
coefficient, pm2/ms; G is the magnetic gradient, Gs/cm; T} is the echo interval, ms;
S is the pore surface area, cm?; Vis the pore volume, cm’; and p, 1s the transverse
surface relaxation strength of the rock, pm/ms, which is a parameter related to the
properties of the rock and is not affected by pressure and temperature.
T,p is usually in the range of 2000-3000 ms, which is much longer than T, that
is, T,g > T,; thus, i can be ignored. G is very small when the magnetic field is
. D(yGT) . . .
uniform, and ———= can be ignored when T} is very short. In this case, the trans-
verse relaxation time is directly related to the specific surface ‘ﬁ/ of the pores. Thus,
the previous equation can be simplified as follows:

TLZZ”ZG/)' (12)

Equation 1.2 shows that for intergranular pore-dominated rocks, the T, size is
mainly determined by the lithology (p,) and pore ratio <‘—S/ > If the pore is an ideal

sphere, \5/ = %, and if the pore is an ideal cylinder, % = rz If the aperture radius is

proportional to the throat radius, Eq. 1.2 can be rewritten as follows:

1 Fg
?2 =P V_c , (1.3)
where Fj is the pore shape factor.

In NMR experiments, the pore radius (r.) is proportional to 75. In sample cyl-
inders with small pores, most of the fluid is in a restrained state, and there is little
movable fluid; hence, the relaxation time is short and plots mainly on the left part of
the 7, spectrum. In sample cylinders with large or medium pores, or even fractures,
there is more movable fluid, and the fluid relaxation time is longer and plots mainly
on the right part of the 7, spectrum.

2.3.4 NMR Online Test System

Using a laboratory NMR experiment to measure the 7, distribution has many
advantages, such as a high degree of automation, simple operation procedure,
short run time, and no damage to rock samples. Hence, this method is suitable
for the study of the pore structures of multiple core sample types. The experi-
mental apparatus used in this study is a high-temperature and high-pressure
online test platform at the Institute of Geology and Geophysics, Chinese Acad-
emy of Sciences. The experimental set-up is mainly composed of a SPEC-023-B
NMR core analyser (Beijing Spike Technology Development Co., Ltd.), a TEL-
EDYNE ISCO pump, a ring pressure pump and a non-metallic, non-magnetic
core holder (Fig. 1). The magnetic field strength of the NMR analyser is 0.23 T,
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Fig. 1 System structure of the NMR online testing instrument

and the magnet net space is 330 mm. The detection coil uses a transmitting and
receiving common coil with an inner diameter of 280 mm. In the experiment,
the Carr—Purcell-Meiboom—Gill (CPMG) measurement sequence was used [26].
The parameters were as follows: the resonant frequency was 10.11 MHz, the
echo time was 150 ps, the number of accumulated scans was 16, the sampling
interval was 1 ps, and the echo number was 8192. The core holder is made of
polyetheretherketone (PEEK) material, which aids in the calculation of the dis-
placement during the NMR online measurements. The core holder is pressur-
ized at a pre-set ring pressure by the ring pressure system to simulate the in situ
formation pressure, and a hydrogen-free perfluorocarbon oil is used as a toroidal
fluid. The TELEDYNE ISCO pump ensures that the fluid is displaced into the
core when the fluid is under constant flow or constant pressure. Computer ter-
minals collect the core data in a T, relaxation time spectrum using special soft-
ware, and the experimental data are saved online.

3 Results
3.1 Petrography

Based on the integration of both the petrographical observations and the NMR
measurements, six rock types were defined: (1) mudstone, (2) wackestone, (3)
packstone, (4) grainstone, (5) limestone with half-filled fractures and (6) lime-
stone with fully filled fractures (see overview of petrographical observations in
Fig. 2 and petrophysical results in Fig. 3 and Table 1).
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Fig. 2 Core and thin sections images from the tight carbonate in the Tahe oilfield. a Mudstone, b wacke-
stone, ¢ packstone, d grainstone, e limestone with half-filled fractures, f limestone with fully filled frac-
tures

3.1.1 Mudstone

Mudstone is a muddy carbonate rock containing less than 10% grains. The term
mudstone is synonymous with calcilutite, except that is does not specify the min-
eralogic composition and thus avoids such ambiguities as dolomite calcilutite.
The significance of mudstone, aside from the implication of calm water during
deposition, is the apparent lack of grain-producing organisms [27]. Mudstone
forms in calm hydrodynamic conditions and appears in lagoons, depressions,
lime mud mounds and interbank sea depositional subfacies. The mudstone in this
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study is very tight and dark gray in color (Fig. 1a). The thin-section observations
reveal no dissolution phenomena, and the mudstone lacks effective pores.

3.1.2 Wackestone

Mud-supported carbonate rocks containing more than 10 per cent grains are
called wackestones. Wackestone forms on the gentle slope of platforms and in
intraplatform depositional subfacies and is mainly composed of mud with some
particles. The cores show that the wackestone is mostly gray with black spots
(Fig. 2b). The thin sections show that it is composed mainly of muddy carbonate
with some suspended carbonate grains.

3.1.3 Packstone

Grain-supported muddy carbonate rocks are called packstones. Grain support is
generally a property of rocks deposited in agitated water, whereas muddiness is
generally a property of rocks deposited in quiet water; packstone is a mixture of
these two sedimentary environments and often forms in sedimentary subfacies
associated with the platforms of internal reefs or grain shoals. The packstone in
the cores is a grayish white color with dark patches. White calcite cements can be
observed between the grains, and there is also some dark mud forming a matrix
between the particles (Fig. 2c¢).
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Table 1 Geometry, density, porosity and permeability of the samples

Rock type Sample Depth (m) Length (cm) Diameter (cm) Porosity (%) Perme-
number ability
(mD)
Mudstone 1 5681.89 4.37 2.45 0.21 0.003
2 5365.06 4.15 2.52 0.32 0.003
3 5679.52 4.26 2.53 0.34 0.009
Wackestone 4 5386.64 4.13 2.53 0.63 0.02
5 5387.31 4.29 2.46 0.72 0.06
6 5389.56 4.53 2.52 0.59 0.006
7 5390.41 4.41 2.53 0.38 0.01
9 5392.47 4.33 2.53 0.51 0.005
11 5394.34 4.42 2.52 0.42 0.01
Packstone 13 5385.47 4.45 2.53 0.93 0.23
15 5905.26 4.42 2.53 1.12 0.36
16 5789.17 3.72 2.52 1.09 0.18
17 5433.37 5.05 2.48 1.02 0.177
Grainstone 18 5702.09 4.39 2.53 1.01 0.49
19 5737.12 3.95 2.52 0.92 0.52
20 5887.29 4.38 2.53 0.81 0.58
21 5897.13 4.46 2.53 1.03 1.33
Limestone with half- 30 5556.66 4.42 2.53 1.41 3.08
filled fractures 31 572595 453 2.53 1.63 8.45
32 5727.37 4.37 2.48 1.54 7.46
33 5891.97 4.29 2.53 1.71 12.5
Limestone with fully- 23 5812.51 4.41 2.52 0.53 0.62
filled fractures 24 581031  4.99 2.53 0.91 2.16
25 5811.48 4.11 2.53 0.69 1.34
26 5753.79 4.35 2.53 0.81 2.76

3.1.4 Grainstone

Grainstone is the term given to grain-supported, mud-free carbonate rocks. The
grains are mainly composed of intraclasts, ooliths and bioclasts. Grainstone usu-
ally forms in intraplatform and grain shoal sedimentary environments and is a
product of highly hydrodynamic conditions. The grains and bright crystalline
cements of grainstone are easily corroded, forming intragranular and intergranu-
lar dissolution pores. In this study, the cores contain mainly pure gray grainstone
(Fig. 2d). The diameters of the grainstone grains in thin section range from 50 to
150 pm, and spar occurs locally between the grains.
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3.1.5 Limestone with Half-Filled Fractures

In the tight carbonate zones, the development of fractures can improve the physical
properties of reservoirs significantly. Dissolution, precipitation and other digenetic
interactions are common, resulting in a strong heterogeneity in the degree of fracture
filling. The fractures in the cores are mainly horizontal fractures, and some unfilled
fractures can also be distinguished with the naked eye (Fig. 2e). Several unfilled
fractures can be found in the thin sections (the red lines in Fig. 2e indicate open
fractures).

3.1.6 Limestone with Fully Filled Fractures

Fractures can become fully filled due to calcite precipitation when the subsurface
water within the fractures is stagnant. In this study, the fractures that are fully filled
with limestone are mostly horizontal fractures with narrow widths (< 0.3 mm). The
material filling the fractures is mainly calcite (Fig. 2f).

3.2 Petrophysics
3.2.1 Porosity and Permeability

In this paper, the porosity of the limestone is 0.2-2%, and the permeability is
0.003-12.5 mD (Fig. 3, Table 1). The porosity of the tight limestone of the six rock
types clearly varies. The porosity of the mudstone is less than 0.5%, and the poros-
ity of the grainstone and packstone is 0.92-1.12%. However, fractures can signifi-
cantly improve the permeability of the limestone. Although the porosity of the fully
filled fractures is 0.53-0.91%, the permeability (0.62-2.76 mD) is higher than that
of the tight limestone. Half-filled fractures have high porosity and permeability val-
ues, with the porosity and permeability reaching peak values of 1.71% and 12.5 mD,
respectively (Fig. 3).

3.2.2 MICP

Storage space is the basic characteristic of a carbonate reservoir. Impacted by
compaction, diagenesis and tectonic activity, the pore structure of deeply buried
tight carbonate rocks is much more complicated than that of sandstones in shal-
low formations. If the pores and pore throats are large enough to be visible to
the naked eye, these systems can be identified by observations. The carbonate
grain and pore throat sizes can be observed with 100 times magnification (Fig. 2);
hence, it is not possible to estimate the rock type and pore geometry with the
naked eye. The mercury curve effectively reflects the pore structure of the cylin-
ders, and the shape of the curve is mainly controlled by the separation of the pore
volume and pore throat size. The slope of the capillary pressure test curve reflects
the volume percentage of the fluid entering the pore, under a certain capillary
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pressure (P,), through a pore throat of a specific size. For specific rock types, the
capillary pressure curve represents a petrophysical description that can be used
to characterize the pore structure of tight carbonate rocks. To analyze the res-
ervoir property using the capillary pressure curve, 25 capillary pressure curves
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Fig. 4 MICP curves for the sample cylinders. a Mudstone, b wackestone, ¢ packstone, d grainstone, e
limestone with half-filled fractures, f limestone with fully filled fractures
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belonging to six rock types were measured (Fig. 4), and three types of pore throat
systems were identified.

3.2.2.1 Pore Throat System I The mudstone and wackestone are mud-supported
carbonate rocks, and they belong to pore throat system I. This pore throat system is
dominated by pore throats, has poor pore connectivity and a large mercury seepage
resistance. The displacement pressure of the mudstone can exceed 10 MPa (Fig. 4a),
and the displacement pressure of wackestone is greater than 1 MPa (Fig. 4b). The
average throat diameter is determined by the smoothest part of the mercury curve,
and Pittman et al. proposed that the mercury curve R,5 represents the typical pore
throat radius of the rock sample [28]. The mercury curve profiles show that the mud-
supported limestone has the most obvious pressure mercury plateaus (approximately
20—40 MPa), and the corresponding pore throat radius is approximately 18-36 nm.
Sample reservoir performance is determined by the steep section on the left side
of the mercury injection curve. For pore throat system I, the volume percentage is
approximately 10%, suggesting that this pore throat system may not form good oil
and gas reservoirs.

3.2.2.2 Pore Throat System II The packstone and grainstone are grain-supported
carbonate rocks, and they belong to pore throat system II. According to the mercury
injection data, this type of pore throat system has better reservoir properties than sys-
tem I. The displacement pressure of the packstone is less than 1 MPa (Fig. 4c), and
the displacement pressure of the grainstone can reach 0.01 MPa (Fig. 4d). The mer-
cury injection curves show that the grain-supported carbonate rocks have the distinct
characteristic of two steep sections. The volume per cent of the right steep section
(small pore size) is approximately 20-30%, indicating a thick layer of high-porosity
particle-supported limestone favorable for oil and gas storage.

3.2.2.3 Pore Throat System III Limestone samples with half-filled fractures and
fully filled fractures in the fractured limestone group belong to pore throat system III.
This pore throat system typically exhibits a double slope characteristic in the mercury
curve, clearly showing two types of pore structures. The mercury displacement pres-
sure of the fractured limestone is generally low, less than 1 MPa and even 0.01 MPa.
There is no obvious plateau characteristic in the mercury curve for the limestone with
half-filled fractures, indicating that the distribution of pore and pore throat sizes is
continuous, and the volume percentage of the steep section of the pressure mercury
curve can reach 40-50% (Fig. 4e). In the limestone with fully filled fractures, the
fracture fill is visible to the naked eye and lacks effective connectivity among large
pores, and the volume percentage of the right steep section on the mercury curve is
approximately 20% (Fig. 4f).

3.2.3 NMR

T, is a characteristic time that represents the magnetic decay of the protons within a
fluid after their polarization. The 7, time of a single fluid-filled pore is proportional
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to the volume to surface ratio (V/S) of the pore, which includes the pore shape fac-
tor and surface rugosity [22]. The logarithmic mean of the T, distribution (7,,,) was
calculated for each sample from the unimodal T, time distribution. The T, relaxation
time spectrum is the distribution of different pore sizes in the sample. The T, relaxa-
tion time is proportional to the size of the pore radius, with longer relaxation times
for larger pores. The results suggest that the NMR features of the six rock types vary
significantly.

For mud-supported limestone (mudstone and wackestone), the NMR character-
istics are a normal distribution with one peak. The mud-supported limestone NMR
response and statistical peak position are shown in Fig. 5 and Table 2. Due to the
pore sizes in the grain-supported limestone (packstone and grainstone) (Fig. 2c, d),
the NMR has a peak on the left side of the response time axis, although the pres-
ence of some larger pores creates a certain response on the right side (> 200 ms
for carbonate), which is especially obvious in the NMR results for the grainstone
(Fig. 5b). The NMR responses of the limestone samples with half-filled and fully
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Table 2 NMR characteristics of different rock types

Mudstone Wackestone Packstone Grainstone Limestone Limestone with
with half-filled fully-filled
fractures fractures

Plug sample 1# T# 13# 21# 314# 25#

Amplitude of  4.85 13.38 9.67 7.53(139.94) 5.21(174.54) 5.17 (191.33)
peak (v/v)

T, of peak (ms) 2.67 3.89 4.29 4.89 (2.17) 4.23 (2.75) 2.53 (2.07)

filled fractures have clear bimodal peaks. Although some fractures appear filled to
the naked eye, the NMR response shows that the fractures are also partially porous,
possibly due to diagenesis (Fig. 5 and Table 2). According to the second peak on the
NMR (Fig. 5¢), we speculate that the limestone with half-filled fractures may have
good-quality storage space.

To study the subsurface characteristics of the pore structure in tight carbon-
ate rocks, NMR experiments were conducted under overburden conditions, with a
pressure range of 2-20 MPa. Under increased pressure, some small changes were
observed in the mudstone NMR curve shapes of the wackestone and packstone: the
peak moved left (7, values decreased), and the amplitude decreased (Fig. 6a—c). The
NMR curves of the grainstone are very interesting. Under pressures of 5-20 MPa,
the volume of the mesopores increased (Fig. 6d). In other words, because the inter-
granular pores in the grainstone can be compacted under certain pressures, the
macropores are compressed into mesopores, and the mesopores are compressed
into micropores. The 7, curve of the sample with half-filled fractures had the largest
change, especially in the region of 7, > 200 ms, and the pores were clearly com-
pressed (Fig. 6e).

4 Discussion

Following an integrated analysis of the available petrographical and petrophysi-
cal data, including thin-section observations, rock-type identification, and porosity,
permeability, MICP and NMR measurements, the NMR analysis appears to be an
invaluable tool for characterizing tight carbonate pore structure. Six rock types can
be identified from the NMR T, distributions; the volume percentages of micropores,
mesopores and macropores can be calculated; and the changes in pore volume under
different pressures (up to 20 MPa in this paper) can be calculated quantitatively.
Consequently, NMR technology can be used to perform rapid and accurate rock-type
identification and pore network evaluation on ultra-deep and tight carbonate rocks.
The spin—spin relaxation time 7, value of the nuclear magnetic resonance is
affected by many factors, such as the paramagnetic substance, temperature, pres-
sure and molecular mobility. The use of finer NMR experimental procedures (for
example, experiments under different temperatures and pressures, measuring the 7
spectrum, T, spectrum, D-T, two-dimensional spectrum, respectively, etc.) is indeed
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Fig. 6 The NMR T, distributions of each rock type under different pressures (up to 20 MPa). a Mud-
stone, b wackestone, ¢ packstone, d grainstone, e limestone with half-filled fractures, f limestone with
fully filled fractures

possible to obtain more accurate information on the pore structure of rock samples.
In account of the practicality, due to the short measurement time of 7, measurement
(in a matter of minutes), the oil industry generally measures 7, spectra to indirectly
characterize the different sizes of pore structures in rocks, both in experimental
measurements and field NMR logging [28-30].

4.1 Comparison of the MICP and NMR pore structure results

The MICP curve shape is controlled by the pore throat system of the tested cylinder.
Hence, the MICP curves reflect the storage space and can be used to calculate the
rock pore throat radius distribution and average pore throat radius [31]. The limi-
tations of the MICP technique are also obvious: the transport media is poisonous
mercury, the measurements include human error, the measurement period is long
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and, therefore, costly, and MICP analysis permanently damages the samples. There-
fore, MICP tests are not appropriate for numerous core samples. Using a sample
of hydrogen atoms and their magnetic resonance to generate signal characteristics,
NMR experiments can detect the fluid in the pore network. NMR is convenient,
quick, and simple to operate; does not involve pollution; and can be used to analyze
numerous core samples. More importantly, the results of NMR experiments can be
linked to the results of MICP experiments.

The following relationship between capillary pressure and pore diameter is
obtained:

Pe= 20'(:059' (14)

e

In this equation, P is capillary pressure, MPa; ¢ is fluid interface tension, N/ecm?; 0

o

is wetting contact angle, °; r, is the capillary radius, pm.
For mercury, o = 49.44 N/cm? and @ = 140°; hence, the equation can be rewrit-

ten as follows:

0.735
Pc = (1.5)
rC
Combining this equation with Eq. 1.3 produces the following:
0.735
P =pp X FgXT, (1.6)
C
0.735
Pe=Cx T (1.7)
2

1

InEq. 1.7, C= PR

is called the conversion coefficient.

With a known MICP curve, the T, distribution can be approximated, producing a
so-called pseudo T, distribution. With the T, distribution, the MICP curve can also
be approximated, producing a so-called pseudo capillary pressure curve.

Carbonate rocks are complex objects. Getting a satisfactory agreement between
the results of NMR and MICP is very important for pore structure characteriza-
tion. As an indirect measurement method to characterize rock pore structures, the
NMR results must be calibrated by pore structure distributions which were obtained
from MICP. The conversion coefficient (C) is a linkage between results of NMR and
MICP. Due to the inherent strong heterogeneity of carbonate rocks, we classified
six rock types based on geological observations. Because the rocks in the same rock
type have similar pore structures, while the rocks in different rock types have obvi-
ously different pore structures, we matched the results of NMR and MICP according
to their own rock types with different C value, respectively (Table 3), and got a satis-
factory agreement between the results of NMR and MICP.
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In this study, we found that the tight carbonate pore structure results based on
NMR experiments closely matched those based on the MICP curves after the rock
typing. Both pore structure results for mudstone feature a unimodal pattern and are
consistent with each other in terms of amplitude (Fig. 7a); hence, the pore throat
system characterizations of the NMR and MICP methods are consistent. For tight
carbonate wackestone, packstone and grainstone, there are some slight differences
in the pore structure results of the MICP and NMR methods: the throat volume
percentage from the MICP experiments is significantly greater than that from the
NMR experiments (Fig. 7b—d). This difference occurs because the main measure-
ment of the mercury injection process is the pore throat breakthrough pressure, and
some of the pores connected to pore throats are calculated as the throat volume [32].
The MICP results reflect the connected pores, while the NMR results reflect the
total pore space saturated with water. Hence, the pore volume of the tested tight
carbonate cylinder is slightly larger in the NMR results than in the MICP results.
In the grainstone (Fig. 7d) and fractured limestone (Fig. 7e, f), the pore structure
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Fig. 7 The pore structure distributions from the MICP and NMR experiments for the six rock types. a
Mudstone, b wackestone, ¢ packstone, d grainstone, e limestone with half-filled fractures, f limestone
with fully filled fractures
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measurements via NMR and MICP are broadly similar, but due to the complexity of
the pore structure of the tight carbonate rock, the MICP pore structure results are not
very continuous, even with numerous test points, whereas the NMR pore structure
has a continuous and smooth pore size distribution curve.

4.2 Pore Compaction Under Pressure

In the process of the MICP tests, the pore volume was compacted under different
pressures, whereas during the NMR experiments, the cylinders were under normal
atmospheric pressure. We believe that this is a key factor in the differences in the
pore structure results between the NMR and MICP experiments, which has been
neglected so far. In deeply buried strata and tight carbonate rocks, the differences
must be considered. Furthermore, the NMR 7, spectrum measured under atmos-
pheric pressure may be different than subsurface measurements.

The NMR online test system used in this paper can detect pore changes at pres-
sures less than 20 MPa, which can provide references for in situ pore structure analy-
sis in the subsurface. By calculating the rate of change in the volume, we found that
the volumetric compression of different rock phases varies. Mud-supported carbon-
ate rocks compress little under high pressure, and the volume at 20 MPa relative to
that at atmospheric pressure is 89.03-95.96% (Fig. 8). In contrast, grain-supported
limestone compresses relatively easily, e.g., the compressed volume of the grain-
stone was 77.61% at 20 MPa. The fractured limestone exhibited clear volumetric
compression, especially the half-filled fractures, which were compressed to 62.14%
at 20 MPa. Therefore, volumetric compression under different pressure conditions
needs to be considered because this compression may be an influential factor in the
differences in the pore structure results of the MICP and NMR measurements.

5 Conclusions

(1) Based on geological observations of the 25 core samples and related thin sec-
tions, the Dunham classification and fracture development, six rock types were
identified in this study: mudstone, wackestone, packstone, grainstone, limestone
with fully filled fractures, and limestone with half-filled fractures. We found that
the thick grainstone and limestone with half-filled fractures represented good
potential reservoirs.

(2) Carbonate rocks are complex objects. Due to the inherent strong heterogeneity
of carbonate rocks, getting a satisfactory agreement between the results of NMR
and MICP is very important for pore structure characterization. A series of com-
parisons between the 7, pore network and mercury injection capillary pressure
(MICP) pore network were analyzed for each rock type, and the results of the two
methods are consistent. We can analyze numerous core samples conveniently,
quickly, and without damage, using the NMR testing method.
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Fig. 8 Pore compaction of each rock type under different pressures. a Mudstone, b wackestone, ¢ pack-
stone, d grainstone, e limestone with half-filled fractures, f limestone with fully filled fractures

(3) Using the overburden pressure NMR online test system, the pore structures
of the six rock types were analyzed at atmospheric pressure and at 20 MPa.
We found that the micropore-dominated mudstone and wackestone are more
resistant to compaction (volumetric compression of approximately 10%). The
packstone and grainstone, which contain mesopores and macropores, exhibit
greater compaction (volumetric compression of approximately 10-25%). The
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fractured limestone can be significantly compacted (volumetric compression of
approximately 25-45%).
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