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Abstract: Characterization of pore throat size distribution (PTSD) in tight sandstones is of substantial
significance for tight sandstone reservoirs evaluation. High-pressure mercury intrusion (HPMI) and
nuclear magnetic resonance (NMR) are the effective methods for characterizing PTSD of reservoirs.
NMR T2 spectra is usually converted to mercury intrusion capillary pressure for PTSD characterization.
However, the conversion is challenging in tight sandstones due to tiny pore throat sizes. In this
paper, the linear conversion method and the nonlinear conversion method are investigated, and the
error minimization method and the least square method are proposed to calculate the conversion
coefficients of the linear conversion method and the nonlinear conversion method, respectively.
Finally, the advantages and disadvantages of these two different conversion methods are discussed
and compared with field case study. The research results show that the average linear conversion
coefficients of the 20 tight sandstone core plugs collected from Yanchang Formation, Ordos Basin
of China is 0.0133 µm/ms; the average nonlinear conversion coefficient is 0.0093 µm/ms and the
average nonlinear conversion exponent is 0.725. Although PTSD converted from NMR spectra
by the nonlinear conversion method is wider than that obtained from linear conversion method,
the nonlinear conversion method can retain the characteristic of bi-modal distribution in PTSD.

Keywords: tight sandstone; HPMI; NMR; pore throat size distribution; capillary pressure; T2 spectra

1. Introduction

Tight oil is an unconventional resource that has attracted substantial attention in recent years [1,2].
However, the effective exploration of unconventional oil and gas is difficult because of the ultra-low
reservoir formation permeability [3,4]. The pore structures of tight sandstones have the characteristic of tiny
pore throat sizes, a wide distribution of micro/nano-scale pores, complex pore structures, and various pore
types [5]. As tight sandstone permeability is mainly dominated by pore throat size distribution (PTSD) [6],
characterizing PTSD in tight sandstones is of significance for tight sandstone reservoirs evaluation.

Several techniques are used for PTSD characterization, including high-pressure mercury intrusion
(HPMI), nitrogen gas adsorption, nuclear magnetic resonance (NMR), micro/nano X-CT, thin-section
analysis, and scanning electron microscopy (SEM) [7–11]. HPMI is an effective technique and has
been widely used for PTSD characterization [12]. However, core samples are usually destroyed
during HPMI measurements. NMR is a non-destructive method for pore characterization, and has
the features of low cost, fast measurement, and high precision. Compared with HPMI characterizing
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pore throat size distribution, NMR T2 spectra mainly reflect the characteristics of pore volumes.
However, considering there is a justified correlation between pore body and pore throat sizes for
the sedimentary rocks, estimating PTSD from NMR T2 spectra is feasible. Numerous studies on
correlating NMR T2 with pore throat sizes were conducted. The combination of HPMI and NMR for
pore structure characterization for PTSD analysis is widely applied [7,8,13–18]. The standard method
of converting NMR T2 spectra to pore throat sizes is cross-correlation of the PTSD from MICP with
NMR T2 spectra [18]. A simplified method is assuming there is a linear relationship between NMR
T2 and pore throat sizes, and the conversion coefficient is obtained by correlating NMR T2 with the
corresponding pore throat size under the same saturation [19]. According to the literature, the value
of the conversion coefficient varies from 0.01 µm/ms to 0.73 µm/ms [16]. In addition to the linear
relationship assumption, a nonlinear relationship between NMR T2 spectra and pore throat sizes has
also been assumed in the literature [5,20–22].

This paper used the linear relationship and the power function relationship between NMR T2

and pore throat sizes to obtain PTSD from NMR T2 spectra. Additionally, the error minimization
method and the least square method are proposed to calculate the conversion coefficients of the linear
conversion method and the nonlinear conversion method, respectively. The obtained PTSD from these
two different methods were compared with the PTSD derived from HPMI. Using tight sandstone
core plugs collected from a tight oil reservoir located in China’s Ordos Basin, the linear and nonlinear
conversion methods were tested.

2. Methodology Description

2.1. Linear Conversion Method

The capillary pressure Pc can be converted to pore throat size r according to Washburn equation [23]:

Pc =
2σ cosθ

r
(1)

where σ the interfacial tension and θ is the contact angle between mercury and air.
The NMR T2 spectra is the superposition of several mechanisms [24,25]:

1
T2

=
1

T2B
+

1
T2S

+
1

T2D
(2)

where T2B is the bulk relaxation of fluid in pores; T2S is the surface relaxation due to the interaction
between pore surfaces and fluids; T2D is the diffusion relaxation. In a uniform magnetic field,
the diffusion relaxation term and the bulk relaxation term can be neglected, and NMR T2 is assumed to
be only caused by the surface relaxation. The surface relaxion term can be expressed as follows:

1
T2

=
1

T2S
= ρs

S
V

(3)

where ρs is the surface relativity; S/V is the pore surface-to-volume ratio, and can be calculated
as follows:

S
V

=
FS
r

(4)

where r is the pore throat radius; FS is the shape factor of the pore throat. For the cylindrical pore
and spherical pore, its value is FS = 2 and FS = 3, respectively. Combining Equations (3) and (4),
the correlation between NMR T2 and pore throat size r can be expressed as follows:

T2 =
r

ρsFS
. (5)

Therefore, the linear correlation between NMR T2 and pore throat size r can be identified:
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r = CT2 (6)

where C is the conversion coefficient for the linear conversion, and C = ρSFS. With the pore throat
size derived from HPMI measurement, the conversion coefficient C can be determined through linear
regression [8,14,16].

The total error σ for the linear conversion can be calculated with the following equations:

σ =

√
n∑
2
ω(r(i))[r(i) −CT2(i)]

2

√
n∑
2
ω(r(i))

(7)

where r(i) is the pore throat size; ω(r(i)) is the incremental frequency of the pore throat size r(i)
measured from HPMI. The total error σ varies with the different value of linear conversion coefficient
C, and the optimal C can be determined when the total error σ is minimal. Then, NMR T2 spectra can
be converted to PTSD using Equation (6).

2.2. Nonlinear Conversion Method

In addition to the linear conversion method, a nonlinear conversion method has been used by
several scholars to convert NMR T2 to the pore throat size r [5,20,21]:

T2 =
rn

ρsFS
(8)

where n the exponent for the nonlinear conversion. Assuming C′ = (ρsFS)
1
n , the pore throat size r can

be calculated from the following nonlinear correlation:

r = C′T
1
n
2 (9)

where C′ is the conversion coefficient for the nonlinear conversion. The unknown parameters C′ and n
can be obtained from the nonlinear regression between pore throat size r and NMR T2.

Taking the logarithm operation on both sides of Equation (9):

lgr = lgC′ +
1
n

lgT2 (10)

The unknown nonlinear conversion coefficient C′ and exponent n can be determined by minimizing
the total error of the converted pore size compared with the pore size derived from HPMI using least
square method:

min
[
lgC′ +

1
n

lgT2(i) − lgr(i)
]2

(11)

After that, with the obtained C′ and exponent n, NMR T2 spectra can be converted to PTSD using
Equation (9).

3. Experiments

3.1. Core Samples

Twenty tight sandstone core plugs collected from the Yanchang Formation, located in Ordos Basin
of China, were used for the study in this paper. These 20 core plugs were collected from 5 different
zones, and 4 core plugs from each zone. The detailed parameters of the core plugs are shown in
Table 1. Both the helium porosity and permeability of all core plugs were determined at the beginning
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of the experiments. The measured porosities vary from 2.1% (B114) to 12.2% (Y75), with an average
porosity of 7.79%, and the values of the permeability range from 0.003 mD (B114) to 0.262 mD (H94),
with an average permeability of 0.08 mD. Reservoir quality index (RQI) and flow zone index (FZI) are

widely used for identifying different flow zones [26]. RQI and FZI calculated by RQI = 0.0314
√

Kair
φ ,

FZI = 0.0314( 1−φ
φ )

√
Kair
φ are shown in Table 1.

Table 1. Parameters of the core plugs.

Zone Core No.
Porosity (%)

Kair (mD) T2mL (ms) r (µm) RQI (µm) FZI (µm)
φg φNMR

A

A24 8.500 8.500 0.062 8.264 0.142 0.027 0.289

A48 7.400 6.700 0.097 18.649 0.176 0.036 0.450

A51 7.300 6.800 0.098 15.052 0.176 0.036 0.462

A58 7.700 7.100 0.099 17.262 0.209 0.036 0.427

Max 8.500 8.500 0.099 18.649 0.209 0.036 0.462

Min 7.300 6.700 0.062 8.264 0.142 0.027 0.289

Avrg 7.725 7.275 0.089 14.807 0.176 0.034 0.407

B

B17 8.100 8.100 0.037 4.891 0.095 0.021 0.241

B19 7.100 6.600 0.028 3.311 0.073 0.020 0.258

B45 11.500 10.900 0.217 8.772 0.187 0.043 0.332

B114 2.100 1.900 0.003 1.436 - 0.012 0.553

Max 11.500 10.900 0.217 8.772 0.187 0.043 0.553

Min 2.100 1.900 0.003 1.436 0.073 0.012 0.241

Avrg 7.200 6.875 0.071 4.603 0.118 0.024 0.346

H

H66 5.200 5.200 0.031 7.250 0.183 0.024 0.442

H90 6.200 6.000 0.103 11.595 0.266 0.040 0.612

H91 9.400 9.400 0.214 22.273 0.422 0.047 0.457

H94 10.000 9.900 0.262 17.148 0.384 0.051 0.457

Max 10.000 9.900 0.262 22.273 0.422 0.051 0.612

Min 5.200 5.200 0.031 7.250 0.183 0.024 0.442

Avrg 7.700 7.625 0.153 14.567 0.314 0.041 0.492

Y

Y15 11.200 10.900 0.105 8.147 0.149 0.030 0.241

Y53 11.000 10.400 0.115 7.071 0.163 0.032 0.260

Y64 9.700 7.600 0.008 3.218 0.061 0.009 0.084

Y75 12.200 11.800 0.075 6.462 0.118 0.025 0.177

Max 12.200 11.800 0.115 8.147 0.163 0.032 0.260

Min 9.700 7.600 0.008 3.218 0.061 0.009 0.084

Avrg 11.025 10.175 0.076 6.225 0.123 0.024 0.191

Z

Z33 7.900 7.700 0.044 3.544 0.097 0.023 0.273

Z39 3.700 3.100 0.007 2.227 0.032 0.014 0.355

Z47 4.700 4.300 0.005 1.971 0.040 0.010 0.208

Z92 4.900 4.600 0.005 1.277 0.028 0.010 0.195

Max 7.900 7.700 0.044 3.544 0.097 0.023 0.355

Min 3.700 3.100 0.005 1.277 0.028 0.010 0.195

Avrg 5.300 4.925 0.015 2.255 0.049 0.014 0.258
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3.2. QUEMSCAN, NMR, and HPMI Measurements

Quantitative Evaluation of Minerals by Scanning Electron Microscopy (QUEMSCAN) was used
to identify the type and content of minerals in tight sandstones. One core plug in each zone and
total 5 core plugs were selected for QUEMSCAN measurements. The distributions of minerals are
shown in Figure 1, and the detailed contents of each mineral are shown in Table 2. The resolution of
QUEMSCAN image is about 25 µm. B19 and Y15 have the similar mineral composition. Quartz is
the main mineral type, and occupies more than 50% of total mineral. The total contents of albite and
K-feldspar are more than 20%. The remaining composites are clay, such as illite, chlorite, muscovite,
biotite, and kaolinite. For the core plugs of A24, H90, and Z33, quartz and albite are the main minerals
with about 30% contents, and the content of K-feldspar is the third, about 10%. Chlorite is the highest
content clay, followed by illite. The sizes of quartz, albite, and K-feldspar of H90 are largest, and the
mineral sizes in B19, Y15, and Z33 are very small.

Table 2. Mineral content obtained from QUEMSCAN measurements.

Mineral
Content (%)

A24 B19 H90 Y15 Z33

quartz 30.92 52.09 30.37 53.43 33.54
albite 31.22 14.5 30.02 14.63 25.88
illite 3.07 9.48 4.36 7.47 9.2

K-feldspar 8.68 7.18 13.8 5.31 9.58
chlorite 9.39 3.68 6.08 2.44 9.86

muscovite 1.17 2.74 1.05 2.45 2.22
dolomite 0.01 2.61 0.01 4.05 2.61

biotite 1.43 1.24 2.01 0.78 1.91
siderite 0 1.25 0 0.97 0

kaolinite 7.62 1.2 1.92 1.04 0.57
calcite 4.14 2.41 8.25 1.73 3.06
rutile 0.56 0.3 0.12 0.27 0.32

apatite 0.43 0.23 0.18 0.18 0.27
smectite 0.13 0.14 0.14 0.14 0.13

paragonite 0.03 0.04 0.01 0.03 0.01
ankerite 0 0.05 0 0.07 0
pyrite 0.03 0.03 0.02 0.03 0.03

gypsum/anhydrite 0.01 0 0 0 0
andesine 0 0.01 0.01 0.01 0.01

other 1.16 0.82 1.65 4.97 0.8

The core plugs were divided into two parts, one part was used for the NMR measurements and
another part was used for the HPMI measurements. NMR measurements were carried out using
a 2 MHz OXFORD MARAN DRX2 spectrometer with an inter-echo spacing of 300 µs, 4096 echoes,
1024 scans, or 2048 scans, and the signal to noise ratio of around 30. The results of NMR measurements
are shown in Figure 2.

HPMI measurements were conducted to derive the PTSD of 19 core plugs, except the core B114,
as shown in Figure 3. The calculated average pore radii for each core plug are shown in Table 1.
Although the maximum mercury saturation is more than 90% for most of core plugs, for the very tight
core plug, such as Z92, the maximum mercury intrusion is less than 80%. Therefore, HPMI cannot
comprehensively characterize the PTSD, especially for the nanoscale pores in the very tight sandstones.
Combination of NMR and HPMI for PTSD characterization is a good approach.



Energies 2019, 12, 1528 6 of 17Energies 2019, 12, x FOR PEER REVIEW 6 of 18 

 

 128 

Figure 1. The types and distributions of minerals in the core plugs from five different zones. 129 

The core plugs were divided into two parts, one part was used for the NMR measurements and 130 
another part was used for the HPMI measurements. NMR measurements were carried out using a  131 
2 MHz OXFORD MARAN DRX2 spectrometer with an inter-echo spacing of 300 μs, 4096 echoes, 132 
1024 scans, or 2048 scans, and the signal to noise ratio of around 30. The results of NMR 133 
measurements are shown in Figure 2. 134 

 135 
Figure 2. Nuclear magnetic resonance (NMR) T2 spectra of 20 core plugs. 136 

Figure 1. The types and distributions of minerals in the core plugs from five different zones.

Energies 2019, 12, x FOR PEER REVIEW 6 of 18 

 

 128 

Figure 1. The types and distributions of minerals in the core plugs from five different zones. 129 

The core plugs were divided into two parts, one part was used for the NMR measurements and 130 
another part was used for the HPMI measurements. NMR measurements were carried out using a  131 
2 MHz OXFORD MARAN DRX2 spectrometer with an inter-echo spacing of 300 μs, 4096 echoes, 132 
1024 scans, or 2048 scans, and the signal to noise ratio of around 30. The results of NMR 133 
measurements are shown in Figure 2. 134 

 135 
Figure 2. Nuclear magnetic resonance (NMR) T2 spectra of 20 core plugs. 136 Figure 2. Nuclear magnetic resonance (NMR) T2 spectra of 20 core plugs.



Energies 2019, 12, 1528 7 of 17
Energies 2019, 12, x FOR PEER REVIEW 7 of 18 

 

 137 
Figure 3. Mercury intrusion capillary pressure curves of 19 core plugs. 138 

HPMI measurements were conducted to derive the PTSD of 19 core plugs, except the core B114, 139 
as shown in Figure 3. The calculated average pore radii for each core plug are shown in Table 1. 140 
Although the maximum mercury saturation is more than 90% for most of core plugs, for the very 141 
tight core plug, such as Z92, the maximum mercury intrusion is less than 80%. Therefore, HPMI 142 
cannot comprehensively characterize the PTSD, especially for the nanoscale pores in the very tight 143 
sandstones. Combination of NMR and HPMI for PTSD characterization is a good approach. 144 

0.001

0.01

0.1

1

10

100

1000

020406080100

SHg（%）

P c
（

M
Pa

）

A24

A48

A51

A58

B17

B19

B45

H66

H90

H91

H94

Y15

Y53

Y64

Y75

Z33

Z39

Z47

Z92

Figure 3. Mercury intrusion capillary pressure curves of 19 core plugs.

4. PTSD Analysis with NMR, HPMI, and QUEMSCAN

Figure 4 compares the PTSD derived from HPMI measurements and the NMR T2 spectra of three
core plugs. For A48, although there is a small peak value of PTSD around the size of 0.01 µm, the pore
throat size mainly distributes around 0.2 µm, and correspondingly, the NMR T2 spectra exhibits a
single peak around T2 = 16.32 ms. The permeability and porosity of H94 are the highest among these
three core plugs, and the bimodal characteristic of PTSD can be identified. The first PTSD peak value
appears at approximately 0.5 µm, and the second PTSD peak value appears at approximately 0.01 µm.
The NMR T2 spectra of H94 also shows a bi-modal characteristic, which is different from that of A48.
The permeability and porosity of Z92 are the lowest among these three core plugs, and PTSD curve
shows that pore sizes mainly distribute between 0.01 µm and 0.1 µm. The NMR T2 spectra mainly
distributes between 0.1 ms and 10 ms, with the peak value appearing at approximately 1 ms. Figure 4
demonstrates that the distribution of NMR T2 spectra is correlated with PTSD derived from HPMI.

Both NMR measurements and HPMI measurements are sensibly to the distributions of pore
volumes which correspond to a certain pore size or a certain pore throat size, respectively. For sandstones,
there is a relationship between pore sizes and pore throat sizes. In NMR measurements, the logarithmic
mean T2 is a comprehensive parameter on the pore radius and the porosity. It can be considered as a
characteristic parameter for the average pore radius. As Figure 5 shows, there exists a relationship
between r and T2ML. Hence, the radius of the pore body is proportional to the radius of the pore
throat. In some ways, NMR measurements and HPMI measurements reflect the same distribution.
This relationship can be influenced by many factors, such as the mineral composition and their mineral
content. As shown in Figure 1 and Table 2, the five core plugs can be divided into two categories.
For B19 and Y15, quartz is the main mineral type, and occupies more than 50% of total mineral, while
for A24, H90, and Z33, quartz and albite are the main minerals and their contents are about 30%,
respectively. Albite is a kind of an unstable mineral, and it is a source of secondary pores. The secondary
pores can influence the regular relationship between permeability and porosity [27]. Besides, clay
minerals can influence the size of pore throats. With the highest content of kaolinite, A24 deviates from
the relationship. The quantitative correlation between NMR T2 and pore throat size will be identified
in this paper.
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Figure 4. Comparison between pore throat size distribution (PTSD) derived from high-pressure
mercury intrusion (HPMI) tests and NMR T2 spectra: (a) Mercury intrusion capillary pressure of three
core plugs; (b) PTSD derived from HPMI test and NMR T2 spectra for the core plug A48; (c) PTSD
derived from HPMI test and NMR T2 spectra for the core plug H94; (d) PTSD derived from HPMI test
and NMR T2 spectra for the core plug Z92.
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5. PTSD Conversion Results

5.1. Linear Conversion Results

Based on Equation (6), different values of the conversion coefficient for the linear conversion C
was selected. NMR T2 was converted to PTSD and subsequently compared with the measured PTSD
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obtained from HPMI. The optimal value of C can be determined when the errors between the converted
PTSD from NMR and measured PTSD from HPMI reaches the minimum. Taking the core plug Z39 as
an example, Figure 6 shows a case of the linear conversion. The cumulative water saturation versus
pore sizes from NMR is compared with cumulative mercury saturation versus pore sizes obtained from
HPMI. The optimal conversion coefficient can be determined when the converted PTSD from NMR T2

spectra can match the measured PTSD from HPMI. As shown in Figure 7, the optimal value of linear
conversion coefficient for the core plug Z39 is 0.0126 µm/ms, and the minimal total error σ is 6.908 µm.
Figure 8 shows the converted PTSD from NMR T2 spectra using the linear conversion method with the
optimal conversion coefficient. The converted PTSD is very close to the measured PTSD from HPMI,
but the bimodal characteristic of PTSD from HPMI is missing during the converting process.
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Figure 8. Comparison between the converted PTSD from NMR T2 spectra and the measured PTSD
from HPMI for Z39.

Table 3 shows the results of linear conversion for total 19 core plugs. The obtained conversion
coefficients of the linear conversion vary from 0.0068 µm/ms (A48) to 0.0266 µm/ms (H66), with an
average value of 0.0133 µm/ms.

Table 3. The optimal conversion coefficients and total errors for the linear conversion.

Core No. Optimal C (µm/ms) Total Error (µm)

A24 0.0101 6.48
A48 0.0068 8.27
A51 0.0072 7.43
A58 0.0071 6.98
B17 0.0153 6.12
B19 0.0185 5.96
B45 0.0143 7.08
H66 0.0266 7.04
H90 0.0113 6.06
H91 0.0077 5.47
H94 0.0091 6.89
Y15 0.0123 9.78
Y53 0.0151 10.15
Y64 0.0105 6.31
Y75 0.0116 9.46
Z33 0.0225 4.4
Z39 0.0126 6.9
Z47 0.0198 7.83
Z92 0.0152 8.92
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5.2. Nonlinear Conversion Results

The principle of nonlinear conversion of NMR T2 spectra to PTSD is the NMR T2 and the
corresponding pore throat radius under the same saturation is fitted with least square method according
to Equation (11). The nonlinear conversion coefficient C′ and exponent n can be determined [5,21].
Core plug Z39 was selected as an example to demonstrate the process of nonlinear conversion.
As shown in Figure 9, the cumulative mercury saturation with different pore throat sizes derived from
HPMI and cumulative water saturation with different NMR T2. The NMR T2 and corresponding
pore throat sizes with the same saturation can be determined. The power function relation is used
to fit the correlation between pore throat sizes and the corresponding NMR T2 value (Figure 10).
The unknown nonlinear conversion coefficient C′ and exponent n can be determined with least square
method. For A48, the obtained nonlinear conversion coefficient and exponent is C′ = 0.053 µm/ms and
n = 2.4834, respectively. Then PTSD can be obtained according to Equation (9). As Figure 11 shows,
the range of obtained PTSD from the nonlinear conversion is wider than that derived from HPMI,
varying from 1 nm to1 µm. The fluctuations in the PTSD curve can be observed, and the characteristic
bimodal distribution is retained.

Table 4 shows the obtained nonlinear conversion coefficients C′ and exponents n for all the core
plugs. The nonlinear conversion coefficients C′ varies from 0.0028 µm/ms (A58) to 0.0249 µm/ms (Z47)
with an average value of 0.0093 µm/ms, and the exponent n changes from 0.37 (Z92) to 0.89 (A51)
with an average value of 0.725. The correlations between the nonlinear conversion coefficients and
core RQI are shown in Figure 12. The correlation between RQI and nonlinear conversion coefficients
are not obvious, but the exponents n increase logarithmically and approach 1 with the increase in
RQI. The nonlinear conversion exponent n introduces a stretching component to NMR T2 spectra for
conversion, and its value may reflect a potential change in the ratio of throat radius to the radius
of pore body. The higher the core RQI is, the larger the exponent n will be. For the core plug with
ultra-low permeability and porosity, the ratio of throat radius to the radius of pore body is small, which
may lead to the small value of the exponent n.
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Figure 10. The pore throat sizes and corresponding NMR T2 are fitted with a power function.
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Figure 12. The correlation between nonlinear conversion parameters and reservoir quality index (RQI)
of core plugs: (a) the correlation between the nonlinear conversion coefficients C′ and RQI of core
plugs; (b) the correlation between nonlinear conversion exponents n and RQI.

Table 4. The obtained nonlinear conversion coefficient C′ and exponent n.

Core No. Nonlinear Conversion Coefficient C
′

Exponent n Determination Coefficient R2

A24 0.0059 0.787 0.91
A48 0.0028 0.787 0.92
A51 0.0050 0.896 0.93
A58 0.0028 0.771 0.93
B17 0.0103 0.755 0.90
B19 0.0130 0.766 0.89
B45 0.0095 0.754 0.91
H66 0.0104 0.805 0.93
H90 0.0039 0.723 0.95
H91 0.0034 0.837 0.96
H94 0.0058 0.852 0.94
Y15 0.0103 0.767 0.89
Y53 0.0117 0.797 0.89
Y64 0.0062 0.710 0.89
Y75 0.0129 0.819 0.87
Z33 0.0114 0.643 0.93
Z39 0.0053 0.403 0.91
Z47 0.0249 0.534 0.75
Z92 0.0206 0.370 0.68

5.3. Discussions

Figure 13 presents the comparisons between the PTSD obtained from HPMI and PTSD derived
from linear conversion and nonlinear conversion. In general, the results of linear conversion and
nonlinear conversion are both acceptable compared with PTSD obtained from HPMI. However, small
differences can be observed. The PTSD range derived from nonlinear conversion is a slightly wider
than that derived using linear conversion, but the maximum PTSD value of linear conversion is higher,
and even greater than PTSD obtained from HPMI. However, compared with linear conversion results,
nonlinear conversion results retain some special characteristics of PTSD, such as bi-modal distribution
and the location of the peak value of PSD distribution. Taking the core plug A48 as an example,
the PTSD obtained from HPMI reveals that pore throat size mainly distributes between 0.1 µm and 0.6
µm, and PTSD derived from the nonlinear conversion method shows the same characteristic, but the
maximum pore radius distribution of PTSD derived from linear conversion is small than that derived
from HPMI.
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Figure 13. Comparisons of linear conversion results and nonlinear conversion results of four typical
core plugs: (a) core plug A48; (b) core plug B17; (c) core plug Z33; (d) core plug Z39.

As show in Table 5, the average pore radius r converted from the linear conversion method
and the nonlinear conversion method are compared with the r derived from HPMI measurements.
The converted r is close to the r derived from HPMI measurements both for the linear conversion
method and the nonlinear conversion method. The average error of nonlinear conversion results is
8.6%, less than that of linear conversion results, which is 11.5%. The linear conversion method converts
the NMR T2 spectra to PTSD through multiplying a constant value, and the shape of the obtained
PTSD curve is the same to NMR T2 spectra, but some special characteristics of PTSD, such as bimodal
distribution, are missing during the process of linear conversion. The nonlinear conversion method is
more flexible than the linear conversion method, and the derived PTSD is closer to that obtained from
HPMI, as shown in Table 5.

Table 5. Comparison of the calculated average pore radius from different conversion methods with the
average pore radius derived from HPMI.

Core No.
r Derived from HPMI

(µm)
Linear Conversion Results Nonlinear Conversion Results

r (µm) Error (%) r (µm) Error (%)

A48 0.176 0.149 15.0 0.185 5.3

B17 0.095 0.099 4.0 0.101 6.7

Z33 0.095 0.092 3.6 0.094 0.7

Z39 0.032 0.025 23.5 0.039 21.8

6. Case Study

The linear conversion method with the conversion coefficient of 0.0099 µm/ms, is used to convert
NMR T2 spectra to PTSD in a well of the Ordos Basin, China. The nonlinear method with conversion
coefficient of 0.0121 µm/ms and the exponent n of 0.803, is used to convert NMR T2 spectra to PTSD
in the same well. Moreover, the radii of averaged pore throats are calculated by the two methods.
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The results are shown in Figure 14. The gamma-ray log (GR) and caliper log (CAL) are shown in the
first track. The compensated neutron log (CNL), density log (DEN), and acoustic log (AC) are shown
in the second track. The resistivity logs are shown in the third track. NMR total porosity data are
shown in the fourth track. T2 distributions are shown in the fifth track. The sixth track includes the
PTSD converted with the nonlinear method, and the seventh track includes the PTSD converted with
the linear method. The eighth track includes the results of the radii of averaged pore throats obtained
by the two methods.

In Figure 14, there are several differences between the results derived from two different conversion
methods. The results of the nonlinear conversion method exhibit a gentle slope in the low-pressure
section and a steep slope in the high-pressure section, and this characterization is consistent with
the NMR T2 distributions of this well. In contrast, the linear conversion results exhibit several large
errors. In the X760m–X762m interval, the NMR porosity is the highest, and the part of the large T2

distributions holds an advantage relative to the part of the small T2 distributions. This interval is the
most high-quality reservoir of this well. The shape of Pc curve obtained by the nonlinear conversion
method is gentle, and the radii of averaged pore throats is big (the blue line), while the shape of Pc
curve obtained by the linear conversion method is steep and the radii of averaged pore throats is
small (the pink line). In conclusion, the results of the nonlinear conversion method confirm PTSD
characterization in this well.
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7. Conclusions

The PTSD characteristics of tight sandstones from Yanchang Formation, Ordos Basin of China are
investigated with NMR and HPMI measurements in this paper. With the assumptions of the linear and
the power function correlations between NMR T2 and pore throat sizes, the linear conversion method
and the nonlinear conversion method are used to convert NMR T2 spectra to PTSD, respectively.
Several conclusions can be drawn, as follows:

• The obtained linear conversion coefficients for tight sandstone core plugs studied in this paper
vary from 0.0068 µm/ms to 0.0266 µm/ms, with an average value of 0.0133 µm/ms.

• The nonlinear conversion coefficients vary from 0.0028 µm/ms to 0.0249 µm/ms with an average
value of 0.0093 µm/ms, and the exponents change from 0.37 to 0.89 with an average value of 0.725.
With RQI increasing, the exponents increase logarithmically and approach to 1.
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• The PTSD obtained from NMR spectra by the nonlinear conversion method is wider than that
obtained from linear conversion method, but the nonlinear conversion method can retain some
special characteristics of PTSD, such as bi-modal distribution.
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